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“A thing which is present can be invisible, hidden by what it shows” - R. Magritte

 

This thesis could just as well have been titled “My Love for Gardeners” – referring to 

my growing admiration for the key cellular focus of this thesis, i.e. the microglial cell. 

Microglia are the primary innate immune cells of the central nervous system. They 

survey and protect our brains from harmful invaders, but even in their ‘resting state’ 

they are continuously occupied with a range of ‘housekeeping functions’ that promote 

neuronal well-being and normal operation in the brain. For this reason, microglia have 

adopted nicknames such as “garbage men” and “gardeners”. It is said that ‘gardening adds 

years to your life and life to your years’. This seems particularly true as inadequate or abnormal 

microglial activity has been shown to negatively affect neuronal functioning – causing 

illness. Science has long overlooked the microglial cells, and brain research traditionally 

has been centered solely around neurons. Only in recent years are we beginning to 

unravel and understand the importance of these ‘invisible gardeners’ that relentlessly 

work to keep our brains trim and healthy.  

Schizophrenia is a painful example of the damage that ensues when the microglial 

cells’ housekeeping functions go awry. More than just a psychiatric disorder rooted in 

the biology of the brain, schizophrenia is an illness that epitomizes the complexities of 

modern-day biological psychiatry: it is heterogeneous, mysterious and profoundly 

devastating. The functional deficits are blatantly obvious, but its true nature is shrouded 

in secrecy – per chance we are thrown a clue here and there. I have always felt there is 

something about the illness that makes patients appear present in but somehow distant 

from the world. The nature of the illness along with its stigma imposes many challenges 

on research. Venturing out to study the most enigmatic cells in such an enigmatic illness 

therefore quickly becomes a mission – in pursuit of the invisible which is present.  
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Schizophrenia is a complex central nervous system (CNS) disorder that in its narrowest 

definition affects approximately 0.3-0.66% of the world’s population, or 10.2-22.0 per 

100.000 person-years.1 When a broader definition of psychotic disorders is used, 

including related diagnostic categories such as delusional disorder, brief psychotic 

disorder, and psychotic disorder not otherwise specified —the lifetime rate augments 

to 2-3%.2 

Patients suffer from perturbing psychotic episodes - characterized by hallucinations 

and delusions (positive symptoms) - and chronic disability related to emotional and 

motivational scarcity (negative symptoms) and cognitive deficits, causing profound 

impairment in psychosocial functioning.3 Current treatment with antipsychotic drugs 

remain unsatisfactory, with harmful side-effects that compromise patients’ quality of life 

and lower their treatment adherence. Antipsychotic drugs also lack efficacy evidenced 

by the absence of clinically relevant improvements on negative and cognitive symptoms, 

and up to one-third of schizophrenia patients not responding at all.4-6 While a chronic 

disease course and progressive brain structural changes seen in longitudinal 

neuroimaging studies suggest a neurodegenerative process, magnetic resonance imaging 

(MRI) has also indicated subtle grey and white matter abnormalities to be detectable in 

early prodromal stages. Epidemiological documentation of pre- and perinatal 

environmental risk factors (e.g. maternal infection) and delayed developmental 
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milestones in those who eventually develop the disease, strengthen the notion of a 

disease process that emerges prior to birth or during postnatal brain development; an 

interaction of genetic, epigenetic and environmental factors during a critical perinatal 

phase is assumed to result in brain abnormalities and altered ongoing neuroplasticity, 

providing a background of susceptibility for new stressors to catalyze neurodegenerative 

effects. Whether early treatment can prevent this progression is a key question that 

cannot be answered without insight in its cause and connection to the main disease 

process.7 

Neuroinflammation is critically involved in the reorganization of the neuronal 

network. Extensive scientific research has identified immunological mediators at the 

core of both the neurodevelopmental and neurodegenerative processes in 

schizophrenia. The harmful influence of pro-inflammatory cytokines on foetal 

neurodevelopment and the mechanisms by which activated microglia - the brain 

macrophage - can provoke or aggravate neuronal damage have been extensively 

described, providing a basis for the microglial hypothesis of schizophrenia.8 As microglia are 

key facilitators for neuronal plasticity during brain development and in adult life, this 

hypothesis recognizes deficient neurogenesis and aberrant microglial responses to 

changes in the environment as a driving factor behind the psychotic relapses and 

macroscopic brain changes that occur in schizophrenia.  The reduction in 

neuroplasticity intensifies with age and can cause a cumulative loss of functions which 

emerges as negative symptoms.9 Because similar changes are observed with normal 

ageing, schizophrenia has been explained as a disease of accelerated or altered brain 

ageing.10 

The beneficial effect of anti-inflammatory drugs and inhibitors of microglial 

activation as add-on therapy for antipsychotic drugs in both acute and chronic 

schizophrenia marks the importance of further establishing the precise role of microglial 

cells in the illness course. Activation of microglia is characterised by alterations in 
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morphology and upregulation, or de novo expression, of a number of proteins, which 

can be detected in vivo with positron emission tomography (PET) or in brain tissue.11  

The kynurenine (IDO/TDO) pathway, a major catabolic route of L-tryptophan, is 

upregulated in activated microglia and astrocytes by pro-inflammatory cytokines and 

plays a key modulatory role in the CNS immune response.12 Additionally, the 

degradation of tryptophan along the IDO/TDO pathway generates kynurenic acid 

(KA) and quinolinic acid (QA), neuroactive compounds able to interact with NMDA 

receptors. Augmented levels of KA, provoking schizophrenia-like cognitive dysfunction 

in animal models, have been found in cerebrospinal fluid and post-mortem brains of 

schizophrenic patients. Since other NMDA-antagonists reputably cause schizophrenia-

like behavioural, perceptual and cognitive alterations, a link is provided with 

schizophrenia’s leading glutamate hypothesis, based on NMDA receptor 

hypofunction.13 Because most studies have only focused on KA and its effects on 

positive and cognitive symptoms, it is unknown how the different IDO-metabolites are 

balanced with each other and how they relate to the negative symptoms of 

schizophrenia. A better knowledge of the interaction between potentially 

neuroprotective and neurotoxic metabolites is imperative if one wishes to manipulate 

the concentration of one of the metabolites for therapeutic intervention. 

The work in this book reflects the outcomes of two clinical studies in patients 

suffering from psychotic illness (schizophrenia spectrum): (1) “A Longitudinal and 

Multimodal Exploratory Study to Evaluate a Neuroinflammatory Hypothesis in Patients 

with Schizophrenia Compared to Young Healthy Subjects (Psychosis-Associated 

Neuroinflammation in Schizophrenia)”, which ran between 2013 and 2017 (Chapters 

III, IV and V); and (2) “An Exploratory Study to Measure and Contrast Implicit and 

Explicit Learning Performance in Patients with Stable Schizophrenia and Young and 

Elderly Healthy Subjects (Learning Curves)”, which ran between 2012 and 2014 

(Chapter VI). 
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At the outset of our work, previous research had suggested increased peripheral 

expression of immune signalling molecules (cytokines) and possibly also immune-

related neuroendocrine (immunometabolic) pathways in schizophrenia patients. 

Additionally, a few cross-sectional neuroimaging studies had found increased microglial 

activity in the CNS. However, the mutual interactions of these alterations and their 

relation to disease course had not been sufficiently studied. There was no research 

linking peripheral findings to central neuroinflammatory changes, nor did we know if 

the altered microglial activation patterns are subject to longitudinal changes. We 

therefore aimed to explore the interaction of neuroinflammatory mechanisms in 

patients suffering from psychotic illness, in a longitudinal and multimodal fashion with 

following objectives: 

1. To compare levels of central and peripheral markers of immune dysfunction 

between psychosis patients and healthy subjects; 

2. To contrast levels of central and peripheral markers of immune dysfunction in 

different illness states in psychosis patients; 

3. To explore the within-subject relation between CNS immune activation and 

peripheral expression profiles of cytokines and immunometabolic pathways; 

4. To relate immunological alterations in psychosis patients to symptom levels. 

 

Our overarching hypothesis read “Neuroinflammation is critically involved in not 

only premorbid neurodevelopmental but also subsequent symptom generation and 

ageing processes of brain change in psychotic illness. A complex interplay of central and 

peripheral immune and neuroendocrine dysregulation leads to altered neuroplasticity 

and clinical symptoms related to psychosis and schizophrenia. During psychotic 
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episodes, activated microglial cells release pro-inflammatory cytokines and neurotoxic 

substances, leading to dysregulation of the immunometabolic pathways, causing further 

neurotoxicity and clinical symptomatology.”   

 

 opens with an overview of the already existing evidence linking 

alterations in microglial functioning and neuroplasticity to psychosis symptom 

development and disease progression, using the wide-angle perspective of a meta-

review, i.e. a review of meta-analyses and systematic reviews. Meta-analyses and 

systematic reviews are at the highest level on the pyramid of scientific evidence. Our 

meta-review therefore creates a panoramic overview of the combined evidence from 

different research lines and perspectives. 

 summarizes the overall findings from the ‘Psychosis-associated 

neuroinflammation in schizophrenia’ clinical study, in which we explored the existence 

of state and trait markers in the peripheral immune system and two immune-associated 

neuroendocrine pathways (IDO/TDO and GTP-CH1 pathway) in a longitudinal 

sample of psychosis patients. Plasma concentrations of peripheral blood markers were 

measured in 49 psychosis patients and 52 matched healthy control subjects. Samples 

were obtained in patients within 48 hours after hospital admission for an acute psychotic 

episode (before initiation of antipsychotics), after 2 weeks and 8 weeks of treatment. 

Kynurenine, KA, 3-hydroxykynurenine (3-HK), QA, phenylalanine, tyrosine, nitrite and 

neopterin were measured using HPLC and LC-MS/MS analysis. Concentrations of 

CRP, MCP1/CCL2 and cytokines were determined with multiplex immunoassay. 

PANSS interviews and cognitive tests were performed at baseline and follow-up to 

evaluate associations of neuropsychiatric symptomatology with peripheral blood 

markers. We conclude that the acute psychotic state is marked by state-specific increases 

of immune markers and decreases in peripheral IDO/TDO pathway markers. Increased 
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CRP, MCP/CCL2 and IL1RA, and decreased KA and KA/Kyn are identified as trait 

markers of psychotic illness. 

 describes the innovative method used to quantitatively measure CNS 

immune activation in vivo using positron emission tomography and novel radioligand 
18F-PBR111. Activated microglia express the translocator protein (TSPO) on the outer 

mitochondrial membrane. 18F-PBR111 is a second-generation PET ligand that 

specifically binds the TSPO, allowing in vivo visualization and quantification of 

neuroinflammation. We demonstrate that 18F-PBR111 can be used for monitoring of 

TSPO binding, as shown by medium test–retest variability and reliability in a subgroup 

of 12 healthy control subjects who were scanned twice. 

 continues to report how CNS immune activation as measured with 18F-

PBR111 PET changes throughout the course of an acute psychotic episode in 14 male 

psychosis patients and 17 male age-matched healthy control subjects.  Patients were first 

scanned during an acute psychotic episode followed by a second scan after treatment. 

Prior genotyping of subjects for the rs6917 polymorphism distinguished high- and 

mixed-affinity binders. The main outcome was regional volume of distribution (VT), 

representing TSPO binding. PANSS interviews and plasma concentrations of CRP, 

cytokines and kynurenines were also measured at each timepoint to evaluate correlations 

between TSPO binding and clinical symptoms as well as peripheral blood markers. As 

our data indicated age-dependent differences in VT existed between cohorts during the 

psychotic state, we revisit the accelerated ageing hypothesis from the perspective of 

upregulated microglial activation.  

 further investigates if schizophrenia can be considered a generalized 

syndrome of accelerated ageing. Using a series of implicit skill learning tasks, we 

examined if the cognitive changes in schizophrenia resemble those observed during 

normal ageing. A sample of 30 patients with stable schizophrenia, 30 young control 

subjects and 30 elderly control subjects was asked to perform the cognitive tasks on 

three separate days (day 1, day 2 and day 7) for evaluation of both short-term and long-
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term learning effects.   

We compared group differences on a pure sensorimotor learning task to tasks which 

require both motor and implicit or explicit sequence learning components.  
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 Schizophrenia poses a tremendous health, social, and economic burden 

upon patients and society, indicating current treatment options remain inadequate. 

Recent findings from several lines of evidence have pointed to the importance of 

immune system involvement in not only premorbid neurodevelopmental, but also 

subsequent symptom generation and ageing processes of brain change in schizophrenia. 

In this meta-review, we use the summarized evidence from recent quantitative 

systematic reviews and meta-analyses of several subspecialties to critically evaluate the 

hypothesis that immune-related processes shape the symptomatic presentation and 

illness course of schizophrenia, both directly and indirectly through altered 

neuroplasticity.  

 We performed a data search in PubMed for English-language 

systematic reviews and meta-analyses from 2010 to 2017. The methodological quality 

of the systematic reviews was assessed with the AMSTAR instrument. In addition, we 

review in this paper 11 original publications on TSPO PET imaging in schizophrenia. 

We reviewed 26 systematic reviews and meta-analyses. Evidence from 

clinical observational studies of inflammatory or immunological markers and 

randomized controlled drug trials of immunomodulatory compounds as add-on in the 

treatment of schizophrenia suggests psychotic exacerbations are accompanied by 

immunological changes different from those seen in non-acute states, and that the 

symptoms of schizophrenia can be modified by compounds such as NSAID and 

minocycline. Information derived from post-mortem brain tissue analysis and PET 

neuroimaging studies to evaluate microglial activation have added new perspectives to 
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the available evidence, yet these results are very heterogeneous. Each research domain 

comes with unique opportunities as well as inherent limitations. A better understanding 

of the (patho-)physiology of microglial cells and their role in neuroplasticity is key to 

interpreting the immune-related findings in the context of schizophrenia illness 

exacerbations and progression. 

Evidence from clinical studies analyzing patients’ blood and 

cerebrospinal fluid samples, neuroimaging and post-mortem brain tissue suggests that 

aberrant immune responses may define schizophrenia illness’ course through altered 

neuroplasticity representing abnormal ageing processes. Most findings are however 

prone to bias and confounding, and often nonspecific to schizophrenia, and a 

multidisciplinary translational approach is needed to consolidate these findings and link 

them to other schizophrenia hypotheses. 
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Schizophrenia is a devastating and complex central nervous system (CNS) disorder that 

affects approximately 1% of the world population. Despite antipsychotic drugs being 

available for several decades, personal and societal costs remain highly expensive: the 

World Health Organization estimated that the direct costs of schizophrenia range 

between 7% and 12% of the gross national product in Western countries.14 Current 

treatment options are inadequate, both due to side-effects that disable patients and 

threaten their compliance to treatment6 as well as the drugs’ lack of efficacy evidenced 

by the absence of clinically relevant improvements on negative and cognitive symptoms, 

and up to one third of schizophrenia patients not responding at all.4,5,15 Acute psychosis 

is common and relapse prevention represents an important treatment issue in 

schizophrenia. An estimated 82% of patients have an illness relapse within 5 years after 

recovery from first episode psychosis (FEP), and a majority will experience multiple 

relapses throughout their illness course.16 Furthermore, an high relapse rate is associated 

with poorer outcomes, including more treatment-resistant symptoms, cognitive deficits 

and functional disability.17,18  

These problems emphasize the urgent need for novel therapeutic approaches 

implicating the identification of new pathophysiological substrates. The illness is 

syndromic, of heterogeneous presentation and course and while there are well-

established criteria in place for making the diagnosis of schizophrenia, the causes are 

still under debate. This is partly due to the complexity of this human disease that cannot 

be wholly replicated in animal models19, as well as the methodological difficulties related 

to studying brain functionality in living patients. With increased understanding of 

heritability and ongoing brain changes, a vulnerability-stress model (sometimes 

described as a two-hit model) has become a prominent hypothesis to explain the 

pathophysiology of schizophrenia, in which an interaction of genetic, epigenetic and 

environmental risk factors is assumed to result in brain abnormalities that continue to 
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generate abnormal responses throughout life upon exposure to relevant stressors.20 This 

presents a modification of the original neurodevelopmental hypothesis which proposed 

that “a fixed lesion early in life interacts with normal brain maturational events that 

occur much later”.21 Indeed, it now appears that the neurodevelopmental concept 

should be extended to encompass altered ongoing neuroplasticity22-24 creating a 

background of susceptibility for new insults later in life to catalyze neurodegenerative 

effects.  

In the late 20th century, the investigation of astrogliosis as hallmark for an 

inflammatory reaction in the schizophrenic brain combined with the expansion of 

neuropsychiatric genetics shape the debate about the etiology of schizophrenia. The 

absence of neuroinflammation and the presence of heritable candidate genes was 

thought to indicate a neurodevelopmental origin and a static rather than a 

neurodegenerative disease course. Although the earliest study reported the presence of 

low-grade inflammation25, subsequent efforts did not replicate this finding. 

Consequently, the consensus was that reactive astrogliosis is absent in schizophrenia. 

However, the refinements of immunohistochemistry and modern stereological 

microscopy have yielded evidence for glial changes and, at the same time, brain imaging 

studies have increasingly demonstrated that the schizophrenic brain is not static during 

its clinical course. Over the last decades, immune system involvement has increasingly 

been implicated in the pathophysiological processes in schizophrenia.8,26,27 It has been 

hypothesized to be a driving factor behind both psychotic relapses and the macroscopic 

brain changes that occur in schizophrenia, including the characteristic enlarged ventricle 

size and reductions in grey matter volume, whole-brain volume, and white matter 

anisotropy.24  

The field has now advanced enough for several major meta-analyses and systematic 

reviews to have come out in recent years, each compiling the evidence derived from 

individual studies and large groups of subjects in a variety of sub-disciplines contributing 

to this work. This meta-review aims to condense the evidence that immunological 
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factors are critically involved in the schizophrenia illness course - modifying 

symptomatology and prognosis due to progressive brain changes. We critically appraise 

the current literature, identifying the opportunities and methodological limitations 

arising from each of the different lines of evidence. We identify areas where crucial 

information is still lacking and defend the position that opportunities can emerge by 

adopting a multidisciplinary translational approach to consolidate current findings and 

link this field of research to other key hypotheses of schizophrenia research. As the 

schizophrenia psychoneuroimmunology literature is very large, the scope of this review 

is necessarily limited. The focus will be on specific topics in the schizophrenia literature 

on neuroinflammation: (1) in vivo neuroimaging and (2) neuropathological studies of 

microglial activation; (3) systemic inflammation and its link to psychosis; (4) clinical 

trials of immunomodulatory drugs as add-on treatment and (5) neuroplasticity. Other 

relevant domains such as epidemiological studies, genetic studies, animal studies and 

clinical studies on changes in related mechanisms such as the kynurenine pathway and 

oxidative stress markers have their own sub-literature and will not be dealt with here.  

 

We undertook a qualitative "review of reviews" outlining the summarized evidence for 

immune system involvement in the illness course of schizophrenia. The PubMed 

database was searched for English-language publications from January 2010 to August 

2017. The different search strings employed per domain are detailed below. For each of 

these, the PubMed filter ‘Article Type’ was set to categories ‘Systematic Review’ and 

‘Meta-analysis’. Besides the articles found through the PubMed database, a manual 

review of reference lists of included articles was performed to identify additional papers. 

A consensus was reached among authors on the studies retained or discarded on the 

basis of the following inclusion and exclusion criteria. The included articles 1) were 

meta-analyses and systematic quantitative reviews; 2) were investigating immune-related 
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alterations in the blood, cerebrospinal fluid (CSF) or brain 3) of patients meeting DSM-

IV or DSM-V criteria for the schizophrenia spectrum. All included studies are 

summarized in Table 1. We excluded publications focusing on preclinical research, or 

premorbid immunological risk factors such as epidemiological or genetic background 

risks. Articles were excluded if they: 1) were narrative or qualitative review articles 2) 

were reviews on topics outside the scope of this paper (as indicated in the inclusion 

criteria); 3) were reviews of in vitro or animal studies; 4) were reviews of genome or gene 

expression studies; 5) were reviews of epidemiological risk factors for schizophrenia; or 

6) were not published in English. We assessed the methodological quality of the 

systematic reviews using the AMSTAR instrument28; scores are presented in Table 1. 

Meta-analyses of immunological or inflammatory changes in the blood, CSF and 

brain of schizophrenia patients were identified using the following search string: 

schizophrenia[Title/Abstract]) AND (*inflamm*[Title/Abstract] OR *immune*[Title/Abstract] 

OR cytokine*[Title/Abstract] OR chemokine*[Title/Abstract] OR *glia*[Title/Abstract]). 82 

articles were retrieved, of which 15 were included. Other studies were excluded because 

they did not study schizophrenia patients (n=15); concerned genome or gene expression 

studies (n=11); were narrative or qualitative review papers (n=13); or were outside the 

scope of this paper (n=24). Two additional articles were added manually after review of 

the reference list. 

To identify meta-analyses pertaining to randomized clinical trials (RCTs) of anti-

inflammatory agents in schizophrenia, the following search string was used: 

schizophrenia[Title/Abstract]) AND (RCT*[Title/Abstract] OR randomized[Title/Abstract]) 

AND (minocycline[Title/Abstract] OR NSAID[Title/Abstract] OR 

*inflamm*[Title/Abstract]). This generated 11 articles, of which 8 were included. 3 studies 

were excluded for the following reasons: does not concern clinical trials (n=1); is a 

narrative review (n=1); compound is outside the scope of paper (n=1).  
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Because no meta-analysis or systematic review could be identified on positron 

emission tomography (PET) studies of microglial activation in schizophrenia, we chose 

to add the eleven original studies to this paper, as we believe this is an important sub-

discipline in this research field. These papers were identified using a Pubmed and 

Medline search executed in August 2017 without limitation of time, language or 

publication type. The search string combined following terms: 

(schizophrenia[Title/Abstract]) OR psychosis[Title/Abstract]) AND (TSPO*[Title/Abstract] 

OR Translocator[Title/Abstract] OR *PK11195[Title/Abstract] OR *PBR*[Title/Abstract]). 

 

The hallmark of neuroinflammation is the activation of microglia, the resident immune 

cells in the CNS11, which are central to the current immune-related hypothesis in 

schizophrenia. Microglia are critically involved in the organization of the neuronal 

network during brain development29 by primarily pruning excess synapses.30 

Experimental models of schizophrenia showed that maternal infection during 

embryogenesis contributes to the presence of activated microglia in the offspring.31 This 

suggests that neonatal infections might induce perinatal microglia priming32, a process 

in which highly sensitized microglia lead to an exaggerated response by example during 

the maturation processes occurring at the adolescent age and which can result in 

behavioral changes.33-35 This has led to the so called “microglia hypothesis” of 

schizophrenia, positioning exaggerated microglial activation as a key factor in the 

etiology of schizophrenia.8 In this hypothesis, exposure to inflammatory responses 

and/or genetically rooted excessive synapse pruning in the perinatal period36 triggers an 

activated or primed state of microglia in adulthood8, leading to ongoing systemic and 

central abnormal immune responses which drive schizophrenia symptoms such as 
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psychotic episodes, and cause an unfavorable illness course, with progressive loss of 

function.  

The presence of such ongoing microglial activation in schizophrenia patients has 

been supported both by some post-mortem studies ase well as a few in vivo PET imaging 

studies using  specific ligands 37,38 that visualize and quantify microglial activation.  
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Neuroimaging studies on microglial activation 

PET radioligands for microglial activation have recently been developed allowing for 

the first time functional imaging of neuroinflammation in vivo.  These radiotracers 

selectively bind to the 18-kDa translocator protein (TSPO; previously called peripheral 

benzodiazepine receptor), which is expressed on the outer mitochondrial membrane of 

microglia in their activated states. Interestingly, although the (patho-)physiological 

function of the TSPO, which is related to cholesterol transport for steroid production 

in microglia, is not well understood39, these tracers have been proven very useful and 

are now increasingly being used for the prospective in vivo study of human microglial 

activation in several CNS conditions. This means the evolution of early and late 

inflammatory changes can be followed over months and correlated with symptom 

severity in clinical longitudinal studies. The technique also allows to monitor the effects 

of treatment and to evaluate new anti-inflammatory or neuroprotective strategies. The 

oldest and most frequently used tracer is PK11195 radiolabeled with carbon-11, but its 

high lipophilicity and non-specific binding are thought to impede accurate 

quantification of tracer uptake.  Since then, several newer second-generation tracers 

have emerged for use with either carbon-11 or fluor-18 labelling, boasting an improved 

pharmacokinetic profile and an up to 80-fold higher specific binding as demonstrated 

by animal blocking studies.40 Second generation tracers radiolabeled with 18-F, which 

has a longer half-life, have made this technique available for nuclear imaging centers 

without cyclotron. although their use is complicated by the existence of a polymorphism 

(rs6971) in humans that occurs in 30% of the European population.  Therefore, 

genotyping of study subjects at this locus is essential to allow interpretation of TSPO 

PET studies, by stratifying between genetic groups and exclusion of low-affinity 

subjects.   

As a meta-analysis is lacking for this specific research domain, the results of the 

existing studies are summarized in Table 2. Interestingly, whereas some PET studies 

have revealed that activated microglia are present in frontal and temporal lobes and total 



26 
 

grey matter in: participants at ultra-high risk of psychosis41, patients within the first 5 

years of disease onset42 or during a psychotic state43; other PET studies have shown no 

difference in microglial activation between healthy controls and patients in various 

clinical states (ultra-high risk, first-episode psychosis, after a recent diagnosis of 

schizophrenia or in chronic phases of the illness)44-49 or even decreased uptake in first-

episode medication-naïve patients.50  With four new negative papers published in the 

last year47-49,51, it seems this field is experiencing an episode of catharsis after the initial 

enthusiasm that accompanied the first positive exploratory results almost ten years 

earlier, and it is becoming increasingly unclear whether there is indeed enhanced TSPO 

uptake in schizophrenia. 

One major drawback of this new technology is that it comes with considerable 

technical requirements. First, the kinetic properties of the TSPO tracers currently 

require complex dynamic scanning protocols (60-125 minutes PET scan, often with an 

arterial line) which are considered a challenging and relatively invasive procedure 

towards patients. Secondly, because of the low resolution yielded by PET, co-

localization with additional MRI images is essential to assess regional specific uptake. 

Taken together with the restriction for patients not to use benzodiazepines prior to the 

scan, these technical requirements arguably compromise the generalizability of PET 

study samples due to significant non-response bias in patient groups with the highest 

symptomatic burden and limit the future clinical use of the procedure.  

For studies to be conducted effectively, adequate statistical power is necessary, yet 

because of the high technical and financial burden of these studies, sample sizes are 

typically rather small. Even after stratifying for genotype, high inter-subject variability 

is seen in imaging with TSPO tracers. This variability may be due to technical variables 

such as (i) the degree of tracer plasma protein binding, which is estimated to introduce 

up to 30% of variability in primary outcome measure VT
41, (ii) a relatively low signal-to-

noise ratio (particularly with first-generation tracers), or (iii) other unidentified technical 

or clinical confounders. Intra-subject variability, measured as test-retest reliability, 
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depends upon a number of factors including scanner noise, input function noise, tracer 

kinetics and any fluctuating biological variability of the target within the inter scan 

period, with decreased reliability causing a loss of statistical power that is not accounted 

for in typical sample size calculations. For second-generation TSPO tracers, intraclass 

correlation coefficients have been reported around 0.76-0.92 for grey matter and 0.32-

0.64 for white matter.50,52  

Furthermore, a complicated kinetic modelling procedure is involved, in which the 

kinetic properties of the tracer together with the chosen mathematical model and 

outcome measure have a large impact on the results, as evidenced by the inconsistent 

results found across the TSPO PET imaging studies. The dominant methodology has 

been to adopt a regular two tissue compartmental model (2TCM). However, a model 

which also accounts for endothelial and vascular TSPO binding (2TCM-1K) was 

recently shown to have improved performance in second generation TSPO tracers, 

probably because in these tracers a higher ligand specific TSPO affinity leads to 

considerable endothelial binding in the blood-brain barrier. Additionally, a less invasive 

reference tissue model was developed to study TSPO binding using first generation 

tracer PK11195 without arterial input function.47 A second important consideration is 

that the outcome measure is normally either BP (binding potential, i.e. a combined 

measure of the density of available receptors and the affinity of the radioligand to that 

receptor) or VT (total volume of distribution; i.e. the ratio of the radioligand 

concentration in the region of interest to that in plasma at equilibrium). This means the 

increased uptake observed in a certain region of interest could reflect either increased 

non-specific tracer binding as well as a true biological signal.53 Strikingly in one of the 

studies, no difference was found between patients and controls when using the regular 

outcome measure VT; yet when the authors accounted for inter-subject variability in the 

input function by using DVR (distribution volume ratio, i.e. the ratio of the VT in the 

region of interest to VT in the whole brain) as their outcome measure, large effect sizes 

(Cohen’s d >1.7) were found. 41 This alternative region-based approach has been subject 
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to the criticism that it does not clarify whether the higher distribution volume ratio 

values in schizophrenia subjects are a result of greater microglial activation in the region 

of interest or of lesser microglial activation in other regions included in the denominator 

of the outcome measure, such as the cerebellum or white matter.54 The authors of the 

original study thereupon defended their choice by explaining DVR is superior to VT 

when plasma input function measures are unreliable (such as is the case with TSPO 

tracers, which generally have <5% free fraction in plasma) or subject to systematic 

group differences, for instance caused by elevated acute phase plasma proteins and 

cytokines in schizophrenia.55 

Also remarkably, when one of the pioneering author groups in this field replicated 

their study in a larger patient sample and using a reference region instead of arterial 

input function, they no longer found a difference between patients and controls as they 

did in the original study.42,47 

Finally, the direct biological relationship between microglia and TSPO binding in 

vivo is still not fully understood. The exact cellular source of the upregulated TSPO 

binding in CNS pathology remains subject to discrepancy, caused by the extrapolation 

of in vitro data to the in vivo situation and differences in the models used (for instance 

lesions with or without blood-brain barrier damage) with literature reporting TSPO 

expression not only on microglial cells but also on astrocytes and some neuronal 

subtypes, as well as endothelial cells. In non-human primates endotoxin-induced 

systemic inflammation caused marked increases in the signal of a second generation 

TSPO tracer, confirmed post-mortem to be largely due to microglial binding.56 

Although this animal model is not suitable to study the brain changes of schizophrenia 

patients - which are much more subtle than those in many “typical” inflammatory 

disorders and autoimmune disorders - the source of TSPO radioligand binding has not 

yet been studied in more relevant models such as the (maternal) Poly I:C viral mimetic 

challenge. Given the subtlety of these changes as well as the different cell types involved, 

it is possible to imagine a scenario in which small increases and decreases in different 
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cell types could cancel each other out causing no diagnosis-related differences regarding 

TSPO- binding to be found despite biological changes being present. 
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Finally, even if increased TSPO binding truly reflects increased microglial activation, 

PET images do not provide the detailed morphological and functional data required to 

appreciate the function of microglia in pathophysiological states. Interpretation of such 

findings is therefore complex as they may reflect both a protective response, or a 

neuroinflammatory process which causes psychotic symptoms and/or 

neurodegenerative effects.  

 

Neuropathological studies on microglia 

A recent paper of two mega-analyses of combined micro-array data in brain and blood 

tissues re-emphasizes the raised expression of innate immune system genes in the brain 

but also in the blood of people with schizophrenia.57 However, anatomopathological 

investigation has been the gold standard for thorough characterization and investigation 

of human tissue. It offers the best possible resolution to evaluate changes at the cell 

level as well as interactions between microglial cells and other brain functional 

components such as neurons. Although data derived from post-mortem brain tissue of 

schizophrenia patients is scarce, an association between schizophrenia and microglial 

activation, particularly in white matter regions, has been observed.34 Yet a definitive 

statement cannot be made on whether neuroinflammation is present in schizophrenic 

post-mortem brain samples due to the significant number of negative studies and 

conflicting results that have been published by different groups with sometimes the use 

of the same microglial marker.45  

As the largest meta-analysis in this field, Trepanier et al reviewed a total of 119 articles 

on neuroinflammation in post-mortem schizophrenic brains, 22 of which looked at a range 

of microglial markers. Of these, 11 studies reported an increase in microglial markers in 

post-mortem brains, whereas 8 studies found no effect and 3 studies found a decrease in 

microglial markers. HLA-DR is the strongest risk factor for schizophrenia and a 

component of the major histocompatibility class II involved in “non-self” recognition, 
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antigen presentation and the most used marker of microglial activation in schizophrenia. 

The systematic review by Trepanier et al reported differential expression of HLA-DR 

by immunohistochemistry in 11 out of 13 post-mortem studies (9 studies reporting 

increased and 2 decreased expression). The same review reported unchanged expression 

in 3 out of 3 studies using CD68, a marker of microglial lysosomes indicative of 

phagocytic microglia and involved in clearance of neuronal debris in neurodegeneration, 

and 2 out of 2 studies with Iba1 (ionised calcium-binding adapter molecule 1), a protein 

involved in membrane ruffling58 and thus a marker associated with microglial motility, 

a function essential to brain surveillance.59  

More recently, Van Kesteren et al reviewed 41 studies on immune involvement in 

post-mortem schizophrenic brains, with 11 studies investigating microglia on 181 patients 

and 159 controls. A significant increase in microglia was observed (SMD = 0.69**) over 

all studies, yet again with significant heterogeneity. The authors also reported a 

significant increase in the overall expression of pro-inflammatory molecular 

components (14 studies on 330 patients and 323 controls; SMD = 0.37**). 

It is worth noting that these two main meta-analyses included among their results a 

paper which demonstrated increased microglial staining and increases in IL1β and 

TNFα expression in the frontal cortex, but was retracted afterwards.60 The most evident 

problem for this kind of study is the limited availability of patients’ brain tissue. Since 

post-mortem research is by definition at the end of life, many clinical confounders related 

to the life and illness history of both patients and controls may complicate the 

interpretation of data. Known confounders include gender, age at death, use of 

medication etc. The cause of death should also be considered, as the presence of 

systemic inflammation, hematological malignancies or neurological illness may 

confound the results, as can suicide, which is common in schizophrenia and has been 

linked to the presence of elevated pro-inflammatory cytokines regardless of diagnosis.61 

It is therefore essential that all tissue samples are accompanied by detailed clinical 

information and that the control group has been mindfully selected. Heterogeneity may 
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also be explained in part by the qualitative vs. quantitative analysis, the brain region and 

cortical layer in which the markers are measured.45 Furthermore, there may be 

differences in the diagnosis methods, inclusion and exclusion criteria, storage 

conditions, and demographics variables among the brain banks which provide the brain 

samples.  

Besides the microglial cells, structural and functional abnormalities in the other two 

glial cell types have also been studied in relation to inflammation in schizophrenia. For 

instance, evidence related to reduced numbers and impaired cell maturation of 

oligodendrocytes has been linked to white matter abnormalities and disturbed inter- and 

intra-hemispheric connectivity. Astrocyte dysfunction, as suggested by some studies 

demonstrating abnormal expression of a variety of astrocyte-related genes as well as 

S100B protein, may contribute to certain aspects of disturbed neurotransmission in 

schizophrenia.62 However, these studies fall outside the scope of this paper and are not 

reviewed here. 

 

Clinical research has focused to a great extent on peripheral immune system alterations 

in adult schizophrenia patients. Clinical observational studies in adult patients are 

relatively easy to organize and considered non-invasive, as blood sampling is often part 

of routine medical practice. The resulting large sample sizes and a lower selection bias 

imply study samples are generally more representative of clinical populations. 

Furthermore, the identification of potential peripheral biomarkers will be useful to 

confirm diagnostic or prognostic questions in clinical practice.  
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To assess the role of immunity in illness symptomatology, it is important to carefully 

differentiate patient groups according to their clinical characteristics. This was done for 

the first time by Miller et al, who reviewed published data of levels of cytokines (or 

cytokine receptors or antagonists), and later also of blood monocytes or lymphocytes, 

toxoplasma gondii and auto-antibody titers in patients with schizophrenia or related 

psychotic disorder and healthy control subjects in a series of meta-analyses. Their 

analyses included both cross-sectional studies and longitudinal studies in patients with 

an acute exacerbation of psychosis at baseline and following a period of antipsychotic 

treatment. All studies included in this paper met strict criteria for defining patients’ 

clinical status (as either acutely relapsed inpatients (AR), first-episode psychosis (FEP), 

stable medicated outpatients (SO) or treatment resistant psychosis (TR)) and the meta-

analyses perform quite well on the AMSTAR scale. Yet together, the meta-analyses 

published by this group of authors make up 6 out of the 12 meta-analyses on blood 

inflammatory/immunological markers in schizophrenia.63-67 

Based on these meta-analyses, alterations in cytokines, chemokines, lymphocytes and 

oxidative stress markers have been demonstrated in the blood of patients with 

schizophrenia during an acute psychotic event which normalize with antipsychotic 

treatment (“state” markers IL-1β, IL-6, TGF-β and increased CD4/CD8 ratio), as 

opposed to other “trait” markers that remain elevated throughout the stages of the 

illness. 64,68 In general, effect sizes for FEP are similar in direction and magnitude to 

those in AR, indicating prior exposure to antipsychotic medication does not change the 

“acute” profile. Interestingly, a similar finding was reported in patients with chronic 

schizophrenia infected by toxoplasma gondii, with positive IgM antibody titers (a marker 

of acute/recent infection, or also potentially persistent infection or reinfection, possibly 

with a different genotype) linked to acute psychotic exacerbations.66 Thus it seems that 

differential patterns of immunological activation exist in different “states” of the 

schizophrenia illness course, in which patients who are experiencing an acute psychotic 

episode can be distinguished from those who are in symptomatic remission.  
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Yet the correlation between peripheral and brain inflammation is far from certain. 

Data from CSF samples might be better at representing brain immunity changes than 

the peripheral blood samples; however such CSF samples are much less readily available 

67. In their meta-analysis, Wang et al identified 16 studies of cytokines in CSF, but did 

not stratify according to patients’ clinical state.67 Although the authors cautioned that 

their findings needed to be interpreted with caution due to the small numbers of studies 

and subjects, they reported that in schizophrenia many CSF alterations were also 

concordant with those reported in the peripheral blood. Communication between the 

systemic immune system and the brain and its consequence on microglia is a critical 

poorly understood component of the inflammatory response to systemic disease.69  

Systemic infections activate neural and humoral pathways that communicate with the 

brain and initiate a coordinated set of metabolic and behavioral changes.70 However, 

these adaptive responses may become maladaptive when microglia have been “primed” 

by an ongoing pathology and respond to a systemic inflammatory challenge by switching 

their phenotype to an aggressive pro-inflammatory state32, adversely affecting neuronal 

function and potentially leading to a psychotic decompensation through modulating 

effects of pro-inflammatory cytokines on neurotransmitter function.32  

Another recurring problem in the abovementioned clinical observational studies 

seems to be that although the effect sizes found in meta-analyses are moderate to large, 

for a majority of cytokines (or cytokine receptors or antagonists) assessed, there was 

significant heterogeneity in effect size estimates.64 Indeed it appears that due to the 

heterogeneity encountered, no individual assay seems apt to reliably differentiate 

between different patient groups in clinical practice, and large sample sizes are needed 

to detect these immunological disturbances which may reflect that they are either very 

low-grade and subtle differences, or they only occur in a subgroup of patients. The 

result is that both selection bias and methodological factors such as the choice of assay 

or analysis method and controlling for various confounding variables have a large 

impact on the results. In the meta-analysis on blood cytokine levels by Miller et al, 97% 
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of studies controlled for age and gender as confounding factors, whereas the potential 

effects of race (41%), body mass index (35%), and smoking (24%) were often not 

considered.64 Furthermore, similarities have been found in the pattern of cytokine 

alterations during acute and chronic phases of illness in schizophrenia, bipolar disorder 

and major depressive disorder, pointing out the possibility of common underlying 

pathways that are not specific to schizophrenia.71 

 

Following the concept that neuroinflammation may play a central role in the 

symptomatology and prognosis of schizophrenia, novel therapeutic prospects have 

arisen which aim to modulate immune effects to influence schizophrenia disease course. 

Nonsteroidal anti-inflammatory drugs (NSAIDs) such as aspirin and celecoxib have 

been investigated for therapeutic intervention, as well as other compounds with anti-

inflammatory properties which readily cross the blood-brain barrier such as davunetide 

(derived from activity-dependent neurotrophic protein (ANAP), a growth factor 

released by glial cells), fatty acids such as eicosapentaenoic acids and docosahexaenoic 

acids, estrogens, minocycline (a broad-spectrum tetracycline antibiotic with inhibitory 

effects on microglia), N-acetylcysteine (NAC), and even potent immunosuppressant 

drugs such as methotrexate. These drugs are being investigated as augmentation to 

antipsychotics in patients with a diagnosis of a schizophrenia spectrum disorders, and 

effects measured as change in symptom severity on the Positive and Negative Syndrome 

Scale (PANSS) or Brief Psychiatric Rating Scale (BPRS). The results of the most well 

studied compounds (i.e. minocycline and NSAID) are summarized in Table 3. Well-

designed clinical trials offer the clinical relevance the healthcare field and community 

are waiting for. Since these trials are run with immunomodulatory drugs that are already 
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available on the market, they come with the additional advantage of immediate usability 

and well-known clinical profiles in the case of positive outcome.  

 

A first meta-analysis on the effect of NSAIDs as add-on to antipsychotics was 

published by Sommer et al in 2012 and included 5 double-blind, randomized, placebo-

controlled trials (Four studies on celecoxib, and 1 on acetylsalicylic acid), reporting on 

264 patients. The authors reported a mean effect size of 0.43, which was significant at 

P = 0.02 in favor of NSAIDs on total symptom severity.72 This paper was subsequently 

criticized by Nitta et al, who replicated the meta-analysis, adding 3 more unpublished 

studies to the analysis demonstrating an overall less convincing case.73 Nitta et al 

conducted subanalyses based on treatment setting and disease phase, demonstrating a 

significant improvement in PANSS total scores with NSAIDs in studies of inpatients 

(Hedges’ g = 0.44, P = 0.029) and first-episode patients (Hedges’ g = 0.39, P = 0.048), 

but not in outpatients and chronic patients.73  

In 2014, Sommer et al reviewed double-blind randomized placebo-controlled trials 

of a broad range of immunomodulatory compounds. Weak to moderate beneficial 
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effects were reported with the use of aspirin (Hedges’ g = 0.3, P = 0.001), NAC 

(Hedges’ g = 0.45, P = 0.009), and estrogens (Hedges’ g = 0.9, P = 0.001); while addition 

of celecoxib, EPA/DHA fatty acids, davunetide, and minocycline did not show 

efficacy.73,74 That same year, a second meta-analysis by Oya et al was published reviewing 

RCTs with minocycline.75 Compared to Sommer et al, this meta-analysis included two 

more original studies and excluded one study which was only published as congress 

proceeding. In this meta-analysis, minocycline was superior to placebo for decreasing 

PANSS total scores.75 Finally, during the course of 2017, two more meta-analyses on 

RCTs of minocycline in schizophrenia were published around the same time. Both 

Solmi et al and Xhiang et al demonstrated minocycline’s superiority versus placebo for 

reducing PANSS total scores, negative symptom scores and general psychopathology 

scores. While standard mean deviations (SMDs) for the different outcome measures are 

quite similar across the last three meta-analyses, only in Xiang et al the effect on positive 

symptom scores reached significance level –probably due to the higher number of RCTs 

and study subjects included in this meta-analysis.76,77 A third meta-analysis published in 

2017 evaluated celecoxib as add-on for schizophrenia once more, this time 

demonstrating a significant improvement of total and positive symptoms scores.78  

Clearly the major limitation of these studies is that for each compound, the number 

of individual studies is relatively low. As a result, even though they have been well 

executed and gain the highest scores on the AMSTAR assessment, the outcomes within 

and between the different meta-analyses remain relatively heterogeneous. It seems 

therefore too early to make conclusions on the efficacy on symptom severity of 

schizophrenia of augmentation with anti-inflammatory agents. Stratifying results per 

symptom domain makes sense, as celecoxib seems to be more effective against positive 

symptoms, and minocycline against negative symptoms. Overall, we would argue that 

too little information is currently available about the clinical determinants of groups that 

may benefit from these treatments to optimize study cohort selection, as well as the 

nature of the immune alterations – causing the choice of study drug to be virtually 
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unguided and ranging a complete spectrum from food supplements to potent 

immunosuppressant drugs. 

 

Besides the specific limitations of the studies mentioned above, one of the main 

problems underlying their limited clinical usefulness is our very limited basic knowledge 

about one of its key players in human brain, the microglial cell. Our understanding about 

the physiology of microglia is derived mainly from studies of tissue macrophages.11  

However, in contrast to the latter, microglia are derived from myeloid precursors 

migrating from the yolk sac to the CNS early in embryonic development (E8.5)79, and 

throughout life reside behind the blood-brain barrier where they are difficult to study in 

vivo.  They account for 0.5 to 16.5% of the total number of cells in the human brain 

depending of the region explored.80 Microglia are highly plastic cells59 that can adapt 

their behavior and morphology to changes in their environment and adopt different 

profiles.11 This defines microglial activation as a spectrum, in which transient microglial 

activation can include adaptive and beneficial physiological and behavioral responses, 

whereas maladaptive immune responses can lead to neuronal dysfunction and tissue 

damage. Microglia are critically involved in the organization of the neuronal network.29 

They have an important role in synaptic pruning36,81 during brain development as well 

as in adult life, optimizing synaptic communication.82 Microglia can develop a range of 

functional phenotypes beyond the classic M1 (classical activation; an activation state in 

which microglia would adopt a deleterious function) versus M2 (alternative activation; 

in which immune cells adopt a regulatory or tolerance-inducing profile) paradigm11. 

However, it is the specific manner in which microglia are activated and the phenotype 

that they adopt that is important in determining the influence of microglia in 

neurodegeneration.69 Morphology does not indicate the function of microglia, which 

means that even if the presence of enhanced microglial activation in certain patient 
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groups or disease states is proven unequivocally, we still do not know what this means 

in terms of microglial activity and whether to interpret this as beneficial or harmful. The 

activation may be pathological or part of an endogenous compensatory response to 

some other aspect of the disease process. 

Neuropathological studies remain the gold standard to gain answers to these 

questions. Therefore, the use of a single microglial marker, often different between the 

post-mortem studies (Iba1, CD68 or HLA-DR), is not sufficient to identify the phenotype 

expressed by microglia. Furthermore, if their phenotype is related to a certain clinical 

state or illness phase, knowledge of the time course of the microglial activation is 

relevant. Adding to the complexity of microglia, some authors have argued that the 

microglial activation status is most probably a reflection of the history of life events 

(defined as innate immune memory83), including prenatal and perimortem influences, as 

well as an individual’s genetic background84, emphasizing the need for detailed clinical 

information in post-mortem or PET investigations of microglia.  

 

Neuroplasticity refers to the ability of the brain to develop and finetune its neural 

connections, including adjustments in response to changes in the environment, by 

alteration in the neurons or glial cells via cell division/apoptosis and synaptic/neurite 

remodeling. Microglia are key facilitators for neuronal plasticity during brain 

development29,30 and in adult life.85 Constant surveillance of the microenvironment by 

microglial processes59 and their attraction to active rather than non-stimulated synapses 

imply that microglia might monitor the functional state of synapses leading to plastic 

changes in healthy adult brain.86 This could occur through remodeling of the 

extracellular spaces and elimination of synaptic elements, regulation of the 

neurotransmitters present in the synaptic cleft such as glutamate, or by direct contact 

with synaptic elements86,87 via the complement components.36   
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Research, summarized in this paper, has identified alterations in the key actors and 

mechanisms involved in neuroplasticity. A quantitative meta-analytic summary of 

studies focused on neuron density provides support for the finding of altered neuron 

density in schizophrenia, with variation dependent on age.24 The vertical micro-circuits 

within the cortex, known as minicolumns, normally become thinner with age in controls 

88, indicating a reduction in neuropil, but not in schizophrenia.89 The role that microglia 

may play in this process is strongly suggested by the finding that microglia are involved 

in synaptic pruning during healthy brain development.67 Given that neuropil expansion 

is a correlate of synapse number, an abnormality of microglia may be understood to be 

a basis for reduced synaptic and neuropil modulation. 

The quantitative neuropathological changes in the cerebral cortex of schizophrenia, 

suggest that the “reduced neuropil hypothesis”90 applies in early life in schizophrenia, 

but subsequently it is “reduced neuroplasticity” which leaves the cells and minicolumns 

relatively widely spaced in later life, compared to the typical pattern of healthy control 

neuropil thinning. This is consistent with neuroimaging data and offers a 

microanatomical explanation to account for many of the larger scale functional–

anatomical changes observed in structural neuroimaging studies24, which have shown 

that over time schizophrenia is associated with progressive decreases of whole brain 

volume and whole brain grey matter91, frontal grey and white matter, parietal white 

matter and temporal white matter.92  

Consequently, an altered ageing trajectory is implicated as a factor in the 

pathogenesis of schizophrenia. This hypothesis is supported by the finding that the 

decrease in brain-derived neurotrophic factor (BDNF) which occurs in older age is 

amplified in schizophrenia. BDNF is a regulator of microglial-mediated synaptic 

plasticity93, suggesting a greater reduction in neuroplasticity with advancing age in 

schizophrenia.9 The progressive anatomical abnormalities of brain structure recorded 

in longitudinal studies indicating greater severity following the first episode of illness, 

may be the cumulative effect of reduced neuroplasticity over time. One of the 
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consequences at the level of symptoms may be that a shift from positive symptoms to 

more negative symptoms, which has been reported during the disease course, is 

consistent with the implications of reduced plasticity – i.e. negative symptoms represent 

a relative loss of functions, that may become more dominant due to insufficient 

plasticity to keep up with ongoing cognitive demand, rather than the presence of 

additional cognitive phenomena described as positive symptoms. 

 

The evidence from the psychoneuroimmunology research field converges on a 

progressive illness model of schizophrenia in which primed microglia contribute to 

altered neuroplasticity, leading to structural and chemical abnormalities that accumulate 

as patients age. This model integrates both neurodevelopmental and neurodegenerative 

hypotheses in schizophrenia, as the combination of a pre- or perinatal immunological 

vulnerability serves as a background for ongoing abnormal peripheral and brain immune 

responses which throughout life constitute a basis for illness exacerbation and 

progressive defects.  Yet although the psychoneuroimmunology field provides a 

compelling pathophysiological model, at this moment it has not attained a clinically 

significant level of relevance to comprehensively explain the etiology, diagnosis or 

potential treatment of the disorder. In addition many of the findings appear non-specific 

to schizophrenia. To enhance the clinical relevance of this field, further links are needed 

to connect the immune-related hypotheses to other major research fields and 

hypotheses of schizophrenia psychopathology.  
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Such an interesting new link between immune alterations and neuroplasticity, in 

which aberrant microglial activation could cause reduced synaptic and neuropil 

modulation, has recently emerged, but still needs to be comprehensively investigated in 

the human brain. Furthermore, knowledge on the physiology and functional phenotypes 

of microglia, as well as their link with systemic inflammation, is crucially insufficient to 

interpret current findings. We would therefore argue that studies acting as a bridge 

between the preclinical and clinical studies are crucially missing. We therefore advocate 

multimodal research studies that explore neuroinflammatory mechanisms both in 

experimental models and schizophrenia patients; using in vivo multimodal imaging and 

analysis of immunological markers and microarchitectural changes in post-mortem brain 

tissue as translational means. In particular the underutilized human brain approach has 

a powerful translational nature in complex neuropsychiatric conditions.19 Overcoming 

individual limitations, this combined approach evidently generates added value and has 

a high feasibility, as it is supported by literature, preliminary data and active involvement 

of highly skilled research teams situated within the field that already possess the 

necessary know-how. The advent of a greater recognition of the role of the immune 

system and its effects on neuroplasticity in schizophrenia will allow identification of 

potential novel therapeutic avenues, thereby finally bringing the 

psychoneuroimmunology research field to its full potential. 
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Different patterns of immune system upregulation are present in the 

acute versus post-treatment states of psychotic illness. We explored the existence of 

state and trait markers in the peripheral immune system and two immune-associated 

neuroendocrine pathways (IDO and GTP-CH1 pathway) in a longitudinal sample of 

psychosis patients. We also evaluated the association of these markers with 

neuropsychiatric symptomatology. 

 Plasma concentrations of peripheral blood markers were measured in a 

transdiagnostic group of 49 inpatients with acute psychosis and 52 matched healthy 

control subjects. Samples were obtained in patients within 48 hours after hospital 

admission for an acute psychotic episode (before initiation of antipsychotics), after 1-2 

weeks and again after 8 weeks of treatment. Kynurenine, kynurenic acid (KA), 3-

hydroxykynurenine (3-HK), quinolinic acid (QA), phenylalanine, tyrosine, nitrite and 

neopterin were measured using HPLC and LC-MS/MS analysis. Concentrations of 

CRP, CCL2 (MCP1) and cytokines were determined with multiplex immunoassay. 

PANSS interviews and cognitive tests were performed at baseline and follow-up. Mixed 

model analyses were used to identify trait and state markers.  

 Patients had significantly higher plasma concentrations of CRP, CCL2, 

IL1RA and lower concentrations of KA and KA/Kyn at all time points (F7.5-17.5, all 

p<.001). Increased concentrations of IL6, IL8, IL1RA, TNFα and CCL2 and decreased 

QA and 3-HK (F8.7-21.0, all p<.005) were found in the acute psychotic state and 
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normalized after treatment. Low nitrite concentrations at admission rose sharply after 

initiation of antipsychotic medication (F42.4, p<.001). PANSS positive scale scores 

during the acute episode correlated with pro-inflammatory immune markers (r≥|0.5|), 

while negative scale scores correlated inversely with IDO pathway markers (r≥|0.4|). 

Normalization of KA and 3-HK levels between admission and follow-up corresponded 

to a larger improvement of negative symptoms (r0.5, p<.030) A reverse association was 

found between relative improvement of SDST scores and decreasing KA levels (r0.5, 

p.010). 

 The acute psychotic state is marked by state-specific increases of 

immune markers and decreases in peripheral IDO pathway markers. Increased CRP, 

CCL2 and IL1RA, and decreased KA and KA/Kyn are trait markers of psychotic 

illness. 
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Premorbid dysregulation of the immune system has been identified as an important 

factor of vulnerability for schizophrenia.94-96 Immune system activation could also be 

involved in schizophrenia symptom development by upregulating two neuroendocrine 

pathways which affect the biological availability of the two main monoamine 

neurotransmitter precursors: tryptophan (Trp) and tyrosine (Tyr) (cfr. Figure 1).  

Stimulation by inflammatory molecules, particularly IFNγ, strongly activates 

indoleamine-2,3-dioxygenase (IDO) and the closely related tryptophan 2,3-dioxygenase 

2 (TDO2), the first and rate-limiting enzymes of tryptophan breakdown into kynurenine 

(Kyn). In particular IDO has been linked to immune functioning: the enzyme is found 

in a variety of immune cells, including microglia in the central nervous system (CNS), 

and is often upregulated when the immune response is activated.97 Kynurenine is further 

degraded into downstream metabolites such as 3-hydroxykynurenine (3-HK), quinolinic 

acid (QA), and kynurenic acid (KA), which directly affect neuronal functioning. KA is 

an endogenous antagonist of all ionotropic excitatory amino acid receptor activities and 

therefore considered a protective metabolite against neurotoxic NMDA receptor 

agonist QA.98 However, abnormal accumulation of KA could lead to glutamatergic 

hypofunctioning and induce psychotomimetic effects.99,100 In animal models, elevated 

KA levels are associated with sensory gating deficits and schizophrenia-like cognitive 

dysfunctions (e.g. deficits in set-shifting tasks, spatial working memory, hippocampal 

long-term potentiation and attentional processing of environmental stimuli).101-105 

A second neuroendocrine pathway which is upregulated by proinflammatory 

cytokines runs through GTP cyclohydrolase 1 (GTP-CH1), producing neopterin and 

tetrahydrobiopterin (BH4). BH4 is an essential cofactor of phenylalanine-hydroxylase 

(PHA), tyrosine-hydroxylase, tryptophan-hydroxylase and nitric oxide synthases (NOS) 

and plays a fundamental role in the synthesis of monoamine neurotransmitters.106 

Neopterin is released by activated human monocytic cells at the expense of BH4 activity. 
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BH4 is particularly sensitive to oxidative stress and BH4 deficiencies have been reported 

in patients afflicted with various chronic inflammatory conditions as well as 

schizophrenia.107,108,109 In summary, the IDO and GTP-CH1 pathways may represent a 

neuroendocrine link between the immune system abnormalities and neuropsychiatric 

symptoms of psychosis patients. 

Meta-analyses have confirmed peripheral changes in the levels of cytokines, 

chemokines, lymphocytes and oxidative stress markers of patients with schizophrenia 

during acute exacerbations (acute psychotic relapse or first psychotic episode), which 

normalize with antipsychotic treatment (summarized in De Picker et al).110 These 

“state” markers are differentiated from other “trait” markers that remain significantly 

altered throughout the disorder.64,68 Thus, different patterns of immune system 

upregulation are present in the acute versus post-treatment states of psychotic illness. 

We hypothesized similar state-dependent changes to exist in the immune-associated 

neuroendocrine pathways. 

The aim of this study was to identify state and trait IDO and GTP-CH1 pathway 

markers together with immune system markers in a longitudinal sample of patients 

during acute psychotic exacerbation, and to evaluate the association of these markers 

with neuropsychiatric symptomatology. 

 

Participants 

We recruited a transdiagnostic group of 49 inpatients fulfilling the Diagnostic and 

Statistical Manual of Mental Disorders (DSM–5) criteria for a diagnosis within the 

spectrum of primary psychotic illnesses (DSM-5 #295.1–295.6, 295.9, 298.9). Patients 

were newly admitted to one of three major psychiatric hospitals in the Antwerp region 

of Belgium (University Psychiatric Hospital Antwerp Campus Duffel, Multiversum  
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Both IDO and GTP-CH1 neuroendocrine pathways are upregulated by proinflammatory cytokines. Legend: 
Biological compounds indicated in orange are included as biomarkers in this study. 
 

Campus Alexianen and Campus Amedeus) for first-episode psychosis or for acute 

relapse of psychosis, as defined by Positive and Negative Syndrome Scale (PANSS) 

interview scores111,  and were antipsychotics-naïve or –free for at least 4 weeks prior to 

hospital admission. Additionally, 52 healthy age-, gender- and BMI-matched controls 

from the same area were enrolled. All controls were considered healthy based on clinical 

evaluation with vital signs and laboratory tests (including liver enzymes, haematology, 

HBV, HCV and HIV serology and urinalysis). Individuals with a personal medical 

history of (1) auto-immune disorders or any chronic or recent acute physical illnesses 

associated with abnormal immune changes or who used anti-inflammatory or 

immunomodulating drugs or systemic corticosteroids within the last 3 weeks; or (2) 

substance use disorders according to DSM-5 criteria (except nicotine or caffeine) within 
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the last 3 months were excluded. Control subjects with a personal history of any 

psychiatric disorders or family history (first degree relatives) of psychotic or bipolar 

disorders were also excluded. 

Patients’ symptom severity was measured using the Positive and Negative Syndrome 

Scale (PANSS). Psychotic exacerbations were defined by a total score of ≥14 on the 

positive scale of the PANSS and at least a score of 5 on 1 item or a score of 4 on 2 

“psychotic” PANSS items P1, P3, P5 or G9 at Screening.111,112 PANSS interviews were 

conducted with patients during the acute psychotic state and at follow-up (within one 

week of each blood sampling) by a trained interviewer. Together with the interviews, 

cognitive measures (Symbol-Digit Substitution Task Test and WAIS IV Letter-Number 

Sequencing Task) were obtained. 

The study procedures were described in detail to all participants, who gave written 

informed consent. The local ethics committees of University Hospital Antwerp, 

Emmaüs, Brothers of Charity and Spes et Fides approved the study.  

 

Blood sampling 

Non-fasting blood samples were obtained from all participants in a standardized 

manner at three different occasions in patients and two occasions in controls. Whenever 

possible, a first (Unmedicated Psychosis; UMP) sample was obtained from patients within 

48 hours of hospital admission (available for 37 of 49 patients), after which 

antipsychotic medication was initiated as determined by clinical needs. Subsequently, a 

sample was obtained during the first two weeks of hospitalization (Psychosis, in some 

patients this represented the first study sample; mean 10.2±5.6 days after UMP sample) 

together with the first PANSS interview and cognitive tests. Finally, the last (Follow-up) 

sample was obtained after at least 8 weeks of treatment (mean 81.2±25.9 days after 

Psychosis sample) together with the second PANSS interview and cognitive tests. In 

controls, two samples were drawn at the same time of day at least 6 weeks apart (mean 
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77.1±43.2 days). Blood samples were collected from January 2014 to May 2016 without 

any dietary or fasting protocols and drawn via a forearm vein in EDTA and citrate 

containing tubes. See Supplementary Figure 1 for timing of blood draws. Blood 

samples were transferred to the laboratory (<30 minutes) on cold packs and centrifuged 

for 10 minutes at 4°C immediately after arrival. The resulting plasma was aliquoted into 

Eppendorf tubes which were frozen immediately at -80°C and kept frozen until analysis.  

 

LCMS Quantitative analysis of Trp, Kyn, QA, and KA by LC-MS/MS 

IDO pathway analytes Trp, Kyn, QA and KA were measured in citrate plasma samples 

using liquid chromatography–tandem mass spectrometry (LCMS) analysis at the 

Institute of Legal Medicine and Core Facility Metabolomics of the Medical University 

of Innsbruck, Austria as described elsewhere.113 Samples were shipped frozen to 

Innsbruck where they were stored at -20°C until analysis. Samples were processed in 

batches of 20-30 samples. Additionally, two quality control samples were analyzed with 

each batch of patient samples added to each batch. These plasma samples were kindly 

donated by the blood bank of the Medical University of Innsbruck. They were stored 

at -20 °C prior to use. The order in which the samples were processed was prespecified 

to make sure all samples belonging to the same participant were in the same batch, and 

each batch contained a similar number of patient and control samples (see also 

Supplementary Material). 

 

HPLC quantitative analysis of Phe, Tyr, Nitrite and Neopterin 

Free concentrations of phenylalanine (Phe), Tyr, nitrite and neopterin were measured 

in EDTA plasma samples by high performance liquid chromatography (HPLC) analysis 

at the Center of Chemistry & Biomedicine of the Medical University of Innsbruck, 

Austria as described elsewhere.97,106 For an estimate of NO production, the stable NO 
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metabolite nitrite (NO2-)-) was determined in the cell-free culture supernatants by the 

Griess reaction assay (Promega, Madison, Wisconsin). 

Plasma aliquots were shipped frozen to Innsbruck at two different timepoints (6 

months interval) and were stored at -20°C until analysis. They were processed in batches 

of 20-30 samples with a prespecified order, as above. 

 

HPLC quantitative analysis of 3-HK 

3-hydroxykynurenine (3-HK) was measured at the University of Antwerp Department 

of Pharmaceutical Sciences by HPLC with electrochemical detection as described 

elsewhere114.  200 ml of citrate plasma sample was deproteinized with 40ml of 0.23 M 

perchloric acid.  To 120 ml of deproteinized sample was added a solution of 20 g/l 

sodium decane sulphonate and 1 g/l EDTA in acetonitrile:water (40:60) and injected 

into a HPLC system equipped with a Chromolith Performance 3.0 X 100 mm column 

with a Chromolith guard cartridge. Elution solvent was 2.0 g/l decane sulphonic acid, 

100 mg EDTA and 5.9 ml phosphoric acid in 1250 ml of water and 130 ml ACN. pH 

is brought to 3.5 with trimethylamine. Flow was 1.7 ml/min. Detection was 

coulometrically using an ESA electrochemical detector at 350 mV. Recovery of 3-HK 

was more than 95%. Within-assay CV was 4.7%, between-assay CV was 14.7%. 

Specificity was checked by observing retention by changing solvent composition. 

 

Quantitative immunoassays 

Immune markers of interest were measured in duplicate in EDTA plasma by an 

electrochemiluminescence immunoassay technique developed by Mesoscale Discovery 

(Rockville, USA), according to the manufacturer’s instructions. We used standardized 

kits V-PLEX Proinflammatory Panel 1 Human Kit (for detection of IFNγ, IL10, 
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IL12p70, IL1B, IL6, IL8 and TNFα), V-PLEX Cytokine Panel 1 Human Kit (for 

IL17A), V-PLEX Chemokine Panel 1 Human Kit (for monocyte chemoattractant 

protein-1, MCP1/CCL2) and V-PLEX Vascular Injury Panel 2 Human Kit (for C-

reactive protein, CRP). Additionally, IL-1RA was detected using a custom 4-Spot 

Prototype Human IL-1RA kit. Concentrations for each cytokine were calculated by 

fitting the sample signals on a 4-parametric logistic calibration curve. Assays were 

excluded if concentrations were below detection threshold in >50% of participants (as 

was the case for IFNγ, IL10, IL12p70, IL17A), as well as all data points with an intra-

assay coefficient of variation >15%.  

 

Statistical Analysis 

To estimate the activity of PHA, the ratio of the substrate Phe versus the concentrations 

of the enzyme product Tyr (Phe/Tyr) was calculated.  A similar ratio was calculated for 

Kyn/Trp and KA/Kyn as indices of IDO and KAT, respectively. 

All statistical analyses were performed in JMP version 13 and Review Manager 5.3. 

Non-normally distributed markers were log normalized prior to the use of parametric 

statistics (IL1RA, IL6, IL8, CCL2, TNFα, CRP, QA, QA/KA). We applied a reflected 

transformation to the distribution of neopterin because of negative skew. Outlier 

plasma concentrations of markers (> 3x z-score) were excluded from analysis.  

Baseline differences in clinical and demographic parameters between cohorts were 

examined by two-tailed independent t-tests for continuous variables and Pearson chi-

square test for categorical variables. Pearson correlation analyses tested the association 

between different markers and symptom severity. All medium-to-high strength 

correlations (r>|0.3|) are reported. All data are presented as mean±SD unless 

otherwise indicated. 
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A series of linear mixed model restricted maximum likelihood (REML) analyses were 

performed with the different immune and neuroendocrine markers as the dependent 

variables. To model trait differences in peripheral immune and neuroendocrine markers 

between the cohorts as well as differences related to the acute psychotic state versus 

post-treatment state in patients, Subject was included as random effect and Cohort, 

State (i.e. the psychotic state, including both UMP and Psychosis timepoints) nested in 

Cohort and Batch as fixed effects (marker = [SubjID] + Cohort + State[Cohort] + 

Batch). Because the graphical presentation of the identified markers (demonstrated in 

Figure 2) indicated distinct results for the samples taken at admission (during 

Unmedicated Psychosis; UMP), the above linear mixed model for each marker was 

repeated using UMP as State. Dependent variables which demonstrated significant 

effects for State[Cohort] in either of two mixed models were considered state markers, 

whereas variables for which Cohort was significant in both mixed model analyses were 

considered trait markers. Subsequently, the models were adjusted for sex, age, BMI and 

smoking.  

All significance levels are reported as two-sided P-values, corrected for multiple 

testing using the Benjamini-Hochberg implementation115 of the False Discovery Rate 

(FDR) correction. An FDR adjusted p-value of .05 was used as cutoff for significance 

(significant p-values are indicated by *). 

 

Demographics 

We enrolled 52 controls and 49 patients, of whom 7 dropped out of the study prior to 

the last timepoint. The first unmedicated Admission blood sample was available for 34 

out of 49 patients. Demographic information and patients’ PANSS scores are presented 
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in Table 1. PANSS scores were not available for analysis in three patients. Patients’ 

baseline PANSS total scores, positive subscale and general psychopathology subscale 

scores were significantly higher than at follow-up.  

 

Trait and state markers of psychosis 

Increased concentrations of IL6, IL8, TNFα, CCL2 and decreased Nitrite were 

identified as markers of the unmedicated acute psychotic state (State[Cohort] for UMP: 

all F=8.68-42.36; p=.004-<.001), whereas increased IL1RA (F=8.33; p=.005) and 

decreased 3-HK (F=12.81; p=.001)  and QA (F=16.07; p<.001) were state markers of 

the whole acute psychotic episode, both before and after initiation of antipsychotic 

medication. We identified increased IL1RA, CRP and CCL2 and decreased KA and 

KA/Kyn as trait markers (Cohort: all F=5.96-17.39; p=.017-<.001) (see Figure 2). No 

significant differences were identified for Trp, Phe, Tyr, Phe/Tyr and Neopterin. 

Results of the analyses are summarized in Supplementary Table 1. 

 

Adjustment for confounders 

The above analyses was adjusted for the effects of sex, BMI, smoking and age: (1) A 

significant interaction between cohort and sex existed in KA (F=17.39; p<.001) and 

KA/Kyn (F=13.64; p<.001), with male controls demonstrating higher KA and male 

patients demonstrating lower KA; (2) Nitrite levels were lower in men compared to 

women in both cohorts (F=12.0, p<.001); (3) Higher BMI significantly increased 

concentrations of CRP, IL1RA and QA in both cohorts; (4) The effect of smoking was 

not significant; (4) A significant interaction between cohort and age was found for IL1B 

(F=7.96; p=.006) and Kyn/Trp (F=8.94; p=004) and a significant main effect of age 

for IL6 (F=7.45; p=.008). Results are summarized in Supplementary Table 1. 
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(A-C) Trait markers for psychotic illness: KA/Kyn, KA, CRP; (D-I) State markers for the acute psychotic state: IL6, 
IL8, TNFα, QA, 3HK, Nitrite; (J-K) Trait ánd state markers for psychotic illness and the acute psychotic state: 
IL1RA, CCL2/MCP1; Error bars represent mean±SE. Dotted lines indicate control subjects, full lines patients.  
“UMP” (unmedicated psychosis) represents the first blood sampling in patients; “Psychosis” represents the 

second blood sampling in patients and the first blood sampling in controls; “Follow-up” represents the last 

timepoint in patients and controls. 
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 Patients Controls Test statistic 
N 49 52  
Age range 19 - 49y 18 – 47y  
Age mean + SD 32.4 ± 7.5y 28.5 ± 7.0y t2.66, df99, p.010 
M:F (absolute) 42:7 39:13  
M:F (pct) 86:14 75:25 χ1.82, p=.177 
BMI mean + SD 24.9 ± 4.0 23.9 ± 3.7 t1.29, p=.201 
Smoking 63.8% 5.9% χ36.77, p<.001 
THC use prior to study  
(heavy use defined as more than 3 times 
per week) 

18.8% light 
20.8% heavy 

3.9% light χ19.5, p<.001 

Duration of illness 6.1 ± 5.9y   
1st episode 26.1%   
  
 Acute psychosis 

(n=46) 
At follow-up 

(n=39) 
 

PANSS Total score 83.4 ± 14.6 59.1 ± 12.1 t10.9, df37, p<.001 
PANSS Positive scale score 
 

24.8 ± 5.0 10.8 ± 2.9 t17.9, df37, p<.001 

PANSS Negative scale score 18.4 ± 7.4 17.2 ± 7.0 t1.3, df37, p.197 
PANSS General Psychopathology scale 
score 

40.6 ± 7.9 30.9 ± 7.1 t6.9, df37, p<.001 

SDST score (numbers correct) 44.0 ± 12.0 48.0 ± 11.7 t2.84, df37, p.008 
LNS adjusted score 5.0 ± 2.2 5.2 ± 2.4 t0.77, df37, p.446 

Data are expressed as mean values ± SD. 

 

Relationship between immune and neuroendocrine markers 

TNFα concentrations in patients but not controls correlated with Kyn (r=0.310-0.509), 

Kyn/Trp (r= 0.361-0.451), QA (r=0.432-0.481) and QA/KA (r=0.349-0.518), but not 

with KA at each of the three timepoints. In contrast, in controls CRP and IL1RA 

concentrations correlated with IDO pathway metabolites. Results are summarized in 

Supplementary Table 2. 

 

Relationship with clinical symptoms and patient characteristics 

PANSS positive scale scores during the acute psychotic state correlated with 

concentrations of IL1B (r.463, p.026), IL6 (r.541, p.008) and CRP (r.507, p.014) and 
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correlated inversely with Neopterin (r-.427, p.021), whereas PANSS negative scale 

scores correlated with Kyn (r.458, p.013), QA/KA (r.379, p.040) and inversely with 

KA/Kyn (r-.400, p.032). Furthermore, the relative change in PANSS negative scale 

scores between the acute and post-treatment states ((acute - post-treatment)/acute) 

correlated inversely with the relative change in KA (r-.470, p.024) as well as 3-HK (r-

.465, p.026).  

Both groups improved between the first and second rounds of cognitive testing but 

patients performed significantly poorer compared to controls (SDST controls 

70.0±12.1, versus patients 45.6±12.1, within-pairs F0.76, p.386, among-pairs F85.0, 

p<.001; LNS controls 9.96±2.9 versus patients 5.10±2.3, within-pairs F5.6, p.020, 

among-pairs F85.4, p<.001). The relative change in SDST performance over time in 

patients ((acute – post-treatment)/acute) correlated inversely with the relative change in 

KA (r-.489, p.010) and KA/Kyn (r-.358, p.067).  

Trait and state markers of psychotic illness 

In the present study, we tested the hypothesis that state or trait increases in levels of 

pro-inflammatory cytokines may be accompanied by state-specific IDO and GTP-CH1 

pathway abnormalities in schizophrenia spectrum disorders. We defined five immune 

(IL1RA, IL6, IL8, TNF, CCL2) and three neuroendocrine (QA, 3-HK, Nitrite) state 

markers of acute exacerbations which normalized after treatment with antipsychotics. 

Five trait markers (IL1RA, CRP, CCL2, KA, KA/Kyn) differentiated between patients 

and controls at any of the timepoints. IL1RA and CCL2 were both state and trait 

markers, distinguishing patients from controls as well as patients during a psychotic 
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episode from those at post-treatment follow-up. Kyn/Trp was a trait marker only in 

participants older than 30 years of age. 

Our findings confirm the association of schizophrenia and the acute psychotic state 

with increased peripheral (pro-inflammatory) immune markers, as described earlier by 

Miller et al in two meta-analyses of blood cytokine and CRP levels. Miller et al identified 

IL1B, IL6, and TGFβ as state markers for acute exacerbations, while IL12, IFNγ, 

TNFα, sIL2R and CRP were trait markers. IFNγ and IL12p70 were measured in our 

study but did not meet quality control criteria required for further analysis. CCL2 was 

also identified as a trait marker (defined here as elevated in both first- and multiple-

episode schizophrenia patients irrespective of treatment) in another recent meta-

analysis.116  

However, although our patients exhibited state and trait immune activation, the 

GTP-CH1 pathway did not differentiate patients from controls (except for nitrite) and 

the IDO pathway appeared overall downregulated in patients versus controls. Although 

this finding contradicts our original hypothesis of immune-activated IDO upregulation, 

it is in line with results from two recent amino-acid profiling studies (one cross-sectional 

study in 208 first episode psychosis patients and one 7-month follow-up study in 38 

schizophrenia patients) in which tryptophan and kynurenine were decreased in 

participants with schizophrenia versus controls.117,118  

Furthermore, subgroup analyses of a recent meta-analysis by Plitman et al. of 13 

studies in schizophrenia demonstrated that KA levels were increased centrally 

(cerebrospinal fluid and brain tissue, n=7 studies) but not peripherally (n=5 studies). 119 

However, two studies of peripheral IDO pathway metabolites which have emerged 

since then suggest a relative decrease in KA even in the presence of a pro-inflammatory 

state.120,121 We therefore repeated this meta-analysis using the same methods, while 

adding the data of the two newer studies plus our own findings. Significant study 

heterogeneity existed in the main analysis (I² = 90%), with the funnel plot indicating the 

smallest and oldest study (Ravikumar 2000) acted as an outlier, influencing the overall 
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result. When this study was excluded, the meta-analysis of the remaining 7 studies 

indicated KA levels were mildly but significantly decreased in the blood of patients with 

schizophrenia compared to controls (SMD -0.35, p.020, Figure 3). 

Funnel plot depicts standardized mean differences (SMDs) of studies on peripheral KA levels. Forest plot 
excludes Ravikumar et al. from analysis.

Our study has looked at state-specific changes of neuroendocrine markers. Only a few 

other studies have longitudinally investigated IDO pathway metabolite concentrations 

in both arms downstream from kynurenine in psychosis patients. Myint et al (2011) 

studied 53 medication-free patients with schizophrenia admitted to hospital with 

psychotic symptoms and treated with antipsychotic medication over 6 weeks. They 

also identified decreased KA and KA/Kyn as trait markers, but found increased 3-HK 

at admission, which normalized after 6 weeks of treatment.122 Fazio et al (2015) found 

decreased QA and 3-HK in first- and multiple-episode schizophrenia patients, the 

latter of which increased significantly in first-episode patients after one year of 

treatment.  
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Compound UMP (at 
admission) 

 

Psychosis (<2 
weeks in 
hospital) 

Follow-up (>8 
weeks 

treatment) 

Control 
 

Datapoints 
excluded 
or missing 

IL6 (pg/ml) 3.09 ± 6.83 0.38 ± 1.12 0.20 ± 0.21 0.16 ± 0.26 N=11 

IL8 (ng/ml) 0.98 ± 4.17 1.30 ± 4.61 0.20 ± 0.77 0.03 ± 0.08 N=4 

IL1RA (ng/ml) 0.33 ± 0.16 0.28 ± 0.15 0.25 ± 0.07 0.22 ± 0.07 N=16 

IL1B (pg/ml) 0.07 ± 0.29 0.03 ± 0.08 0.02 ± 0.08 0.27 ± 1.86 N=25 

TNFα (pg/ml) 8.01 ± 5.55 6.23 ± 5.51 6.35 ± 6.41 5.44 ± 4.02 N=41 

CRP (μg/ml) 4.03 ± 6.22 2.18 ± 3.10 2.20 ± 1.99 1.00 ± 1.22 N=4 

CCL2 (pg/ml) 99.12 ± 36.96 82.99 ± 24.80 88.85 ± 36.06 75.17 ± 27.46 N=3 

Trp (μg/ml) 10.68 ± 2.66 10.57 ± 2.19 10.21 ± 1.93 10.88 ± 1.76 N=0 

Kyn (ng/ml) 172.30 ± 36.58 165.64 ± 40.45 179.38 ± 43.41 185.16 ± 47.09 N=0 

KA (ng/ml) 5.22 ± 1.62 5.05 ± 2.03 5.35 ± 1.99 6.83 ± 2.66 N=0 

QA (ng/ml) 72.39 ± 24.79 78.55 ± 30.59 91.43 ± 38.88 88.39 ± 25.17 N=0 

3-HK (nmol/l) 27.95 ± 8.98 28.77 ± 14.55 32.04 ± 16.09 35.69 ± 15.53 N=16 

Nitrite 26.16 ± 15.86 59.86 ± 34.151 63.64 ± 34.25 39.47 ± 30.16 N=6 

Neopterin 5.80 ± 2.07 5.44 ± 2.31 6.50 ± 5.15 5.56 ± 2.74 N=6 

Data are expressed as mean values ± SD. Phe and Tyr are not represented due to significant batch effects 

 

KA levels were found to be increased in their study, however this result may have 

been confounded by a gender imbalance in this study (69% male in patients versus 44% 

in controls), considering KA levels are lower in females than males.123,124 Szymona et al 

(2017) analyzed blood levels of KA and 3-HK in 51 chronic schizophrenia patients 

during acute relapse, after four weeks of therapy and at remission. KA levels were 

significantly lower in comparison with controls throughout the study, whereas 3-HK 

did not differ from controls at admission and during therapy but increased at remission 

and correlated negatively with the improvement of negative symptoms (SANS scores) 

at discharge - matching our findings for PANSS negative scale scores. Finally, Wurfel 

et al demonstrated reductions in serum KA and KA/QA in acutely ill inpatients with 

affective psychosis. 
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Age and sex effects 

The term “inflammageing”125 has been coined to indicate significant relationships 

between ageing and circulating concentrations of immune markers such as IL-6 and 

neopterin, as well as increased tryptophan breakdown in the presence of immune 

activation in the elderly.126 Moreover, we have recently demonstrated important age 

effects on microglial activity during psychosis in a subpopulation of our current sample, 

in whom TSPO radioligand uptake was measured using Positron Emission 

Tomography. 127,128  

In the current study, we observed that state and trait increases in IL1RA and IL6 

became more pronounced in older patients, while state-dependent changes of QA and 

3-HK were more pronounced in younger patients. Not unimportantly given the sexual 

dimorphism in age of onset and progression of schizophrenia, a significant interaction 

between cohort and sex existed in KA.  

 

Limitations 

There are some noteworthy limitations to the present study. Firstly, the number of 

samples obtained was not the same in all patients. Our aim was to obtain blood samples 

at the earliest possible time during the acute psychotic episode. Therefore, some patients 

were enrolled in the study within 48 hours of being admitted to hospital and before the 

initiation of antipsychotic medication (UMP timepoint), whereas others only entered 

the study at a later timepoint (Psychosis, timepoint) within the first two weeks of 

hospitalization. We therefore preferred methods of analyses which are less affected by 

missing or unbalanced data, such as linear mixed models.  Secondly, our naturalistic 

study design does not allow us to differentiate to which extent changes between the 

different illness states can be accounted for by effects of treatment with antipsychotic 

medication, nonspecific aspects of being hospitalized or natural illness course. 
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Furthermore, although there is a significant reduction between baseline and follow-up 

PANSS total and positive subscale scores, our follow-up period of 8 weeks may still 

have been too short for the immune markers to normalize. A longitudinal study with  

longer follow-up period would be needed to monitor the evolution of state makers and 

to verify if the trait markers indeed remain altered in patients irrespective of their clinical 

course.129 

All patients in our study were started on a regimen of antipsychotic treatment during 

the follow-up period. Unfortunately, our data did not allow us to compare 

neuroimmune markers against the type and dose of antipsychotic treatment. 

Antipsychotics in general have been suggested to increase nitric oxide plasma levels, 

which would explain the sharp increase in nitrite levels in patients after antipsychotics 

were initiated.130 Thirdly, our findings concern peripheral measures which cannot be 

generalized to the central nervous system and are susceptible to confounding by factors 

which affect peripheral bioavailability. We repeated our analysis controlled for albumin 

concentration which did not alter our findings. All samples were taken in nonfasting 

conditions, except UMP which were usually drawn together with routine clinical 

sampling in early morning fasting conditions – as plasma kynurenine is typically lower 

in nonfasting conditions, it is unlikely this would explain our findings (Badawy AA et al 

2009). Our IDO pathway results were very consistent despite having been generated in 

two different labs (University of Antwerp and University of Innsbruck) and with two 

different methods (LC-MS/MS versus HPLC). In contrast, the GTP-CH1 pathway 

results were subject to considerable batch effects which could have nullified any 

biological differences in Phe, Tyr and Neopterin. 

The importance of IDO pathway metabolites is usually linked to their actions in the 

central nervous system. TRP, KYN and 3-HK readily cross the blood-brain barrier 

while KA and QA cannot.131 Human brain kynurenines are not autonomous but are 

linked to, and influenced by, the peripheral IDO pathway.98 60-80% of cerebral KYN 

– the predominant source of downstream cerebral IDO pathway metabolites - is 
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contributed from the periphery, where the highly regulated IDO pathway accounts for 

approximately 80% of non-protein-bound Trp metabolism.132,133 During inflammation 

and enhanced tryptophan breakdown, increased amounts of peripheral KYN are 

transported across the blood-brain barrier and become available for further downstream 

metabolization in astrocytes and microglia of the central nervous system. Finally, while 

our work has focused on IDO-initiated kynurenine metabolism, it is worth pointing out 

the existence of an alternative – albeit less well studied – route catalyzed by TDO2. 

While TDO2 expression in mammals is mostly restricted to the liver, one study has 

demonstrated a 1.6fold increase in TDO2 mRNA as well as increased density of TDO2-

immunopositive astrocytes in postmortem tissue of patients with schizophrenia.134 

Clearly further work is needed to elucidate the differential pathophysiological roles of 

IDO- versus TDO2-mediated kynurenine metabolism in pro-inflammatory states. 

 

Clinical relevance and recommendations for future research 

After adjustment for potential confounders and multiple testing we find that immune 

and neuroendocrine profiles of patients differ throughout the course of a psychotic 

episode. Future studies evaluating these compounds in both exploratory or 

interventional designs should therefore carefully select or differentiate between patients 

in different illness stages.  

While positive symptom scores during the acute episode correlated mostly with 

markers of the pro-inflammatory state, IDO pathway markers were associated with 

negative symptom scores. Normalization of KA and 3-HK levels between admission 

and follow-up corresponded to a larger improvement of negative symptoms. A reverse 

association was found between relative improvement of SDST scores and decreased 

KA levels, which could represent the first evidence in humans of the preclinical findings 

that sudden increases in brain kynurenic acid impair cognitive flexibility.101 More 
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comprehensive research in larger samples would be needed to further explore this 

relationship. 

Clearly, the most unexpected finding of this study is the global downregulation of 

both arms of the IDO pathway in psychosis. The IDO or kynurenine pathway has been 

of interest to schizophrenia research because of its strong relation to the immune system 

as well as the fact that KA tightly controls glutamatergic and dopaminergic 

neurotransmission and influences behavior in animals.135 In humans, exogenous 

glutamate receptor antagonists induce schizophrenia-like phenomena in healthy 

controls. 

Based on our findings, which are echoed by recently published evidence on 

decreased peripheral KA concentrations, a critical re-evaluation of the kynurenic acid 

hypothesis is needed. Alternative hypotheses to identify the origins of the IDO pathway 

abnormalities in schizophrenia, their relation to treatment responses and in particular 

the striking discrepancies between central and peripheral findings should be 

considered.120 Similar to a mechanism proposed in glioblastoma patients, in whom 

plasma concentrations of Trp, Kyn, KA, and QA were found to be decreased compared 

with healthy controls in the context of CNS IDO1 upregulation,136 decreased peripheral 

KA could be indicative of an increased demand for and transfer of Trp or Kyn through 

the blood–brain barrier to serve as substrate for local synthesis of KA in brain tissue. 

This corresponds to increased KA concentrations in the CSF of patients with 

schizophrenia.137 This hypothesis however does not explain why KA remains decreased 

throughout the illness course as trait marker while, especially in younger patients, 3-HK 

and QA concentrations increase post-treatment. Nor does it clarify why we found Kyn, 

3-HK and QA concentrations to correlate with TNFα concentrations in patients while 

KA levels did not.  

Despite several decades of increased attention for kynurenines in the field of mental 

health research, many basic issues about their pathophysiology remain unsettled as 

recently extensively reviewed by Schwarcz and Stone.131 The effect of persistent up- or 
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downregulation of kynurenine pathway metabolism in the periphery on the dynamics 

of blood-brain barrier transport have not yet been studied. Future work is needed to 

clarify the functional dynamics of IDO pathway metabolism in the CNS as well as the 

implications of peripheral kynurenine changes. Ideally future studies in psychosis 

patients should look at both kynurenine pathway arms, comparing both CSF and plasma 

and longitudinally following patients throughout the course of their illness. 

 

To our knowledge, this is the first study to comprehensively and longitudinally evaluate 

state and trait changes of IDO and GTP-CH1 pathway metabolites in parallel to 

immune markers in psychosis patients. Our study confirmed that the acutely psychotic 

(and unmedicated) state is marked by specific state increases of immune markers (IL6, 

IL8, TNFα, CCL2, IL1RA) and decreased Nitrite. We also demonstrated these increases 

in peripheral pro-inflammatory immune markers are accompanied by state-specific 

decreases in peripheral 3-HK and QA. Trait markers which differentiate psychosis 

patients from healthy controls throughout the illness course were increased CRP, CCL2 

and IL1RA, and decreased KA and KA/Kyn. While PANSS positive scale scores during 

the acute episode correlated with pro-inflammatory immune markers, IDO pathway 

markers were associated with negative scale scores and normalization of KA and 3-HK 

levels between admission and follow-up corresponded to a larger improvement of 

negative symptoms. A reverse association was found between relative improvement of 

SDST scores and decreasing KA levels. 



67 
 

 

LCMS quantitative analysis of Trp, Kyn, QA, and KA of plasma samples  

IDO/TDO pathway analytes Tryptophan (TRP), Kynurenine (Kyn), Quinolinic Acid 

(QA) and Kynurenic Acid (KA) were measured in citrate plasma samples using liquid 

chromatography–tandem mass spectrometry (LCMS) analysis at the Institute of Legal 

Medicine and Core Facility Metabolomics of the Medical University of Innsbruck, 

Austria. Samples were shipped frozen to Innsbruck where they were stored at -20°C 

until analysis. Samples were processed in batches of 20-30 samples. Quality control 

samples were added to each batch as quality control samples. The order in which the 

samples were processed was prespecified to make sure all samples belonging to the same 

subjects were in the same batch, and each batch contained a similar number of patient 

and control samples.  

Chemicals and reagents. TRP, KYN, KA, QA, formic acid, aqueous ammonium 

hydroxide solution (25 %), and activated charcoal (Darco, 100 mesh), acetonitrile, and 

water were purchased from Sigma Aldrich (St. Louis, MO, USA). TRP-d5, KA-d5, and 

QA-d3 were obtained from Toronto Research Chemicals (North York, Ontario, 

Canada).  

Surrogate matrix. Surrogate matrix for preparing reference standards was obtained 

from treating pooled drug-free human plasma with activated charcoal. 

Preparation of standard and quality control samples. Individual stock solutions containing 

1.0 mg/ml of each analyte or the internal standards (IS) were prepared in 

water/acetonitrile (50:50, v/v) and stored at -20 °C. Working solution mixtures 

containing TRP, KYN, KA, and QA at concentrations 0.2-100 µg/ml, 0.02-10 µg/ml, 

1-500 ng/ml, and 0.02-10 µg/ml, respectively, were prepared by dilution of the stock 

solutions with water. The IS working solution contained 121 ng/ml KA-d5, 1210 ng/ml 

QA-d3 as well as 60.5 µg/ml TRP-d5, and was prepared by dilutions of the stock 

solutions with water. Calibration samples were prepared by spiking 50 µl of charcoal 
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purified plasma with 5 µl of IS working solution and 25 µl of working calibrator 

solutions resulting in calibration levels 0.2, 0.5, 1.0, 5.0, 10, 50 µg/ml for TRP, 20, 50, 

100, 500, 1000, 5000 ng/ml for KYN and QA, as well as 1.0, 2.5, 5.0, 25, 50, 250 ng/ml 

for KA.  

Quality control samples. Plasma samples were used as quality controls (serum B, serum 

D), and they were kindly donated by the blood bank of the Medical University of 

Innsbruck (Austria). They were stored at -20 °C. 

Sample preparation. Sample preparation included protein precipitation with 

acetonitrile. Therefore, 50 µl plasma sample were mixed with 5.0 µl IS working mixture, 

25 µl water, and 70 µl acetonitrile and sonicated for 5 min. Next, the mixture was 

centrifuged at 4500 rpm for 5 min at room temperature and 100 µl of the supernatant 

were transferred to a glass autosampler vial and 5 µl aqueous ammonium hydroxide 

solution (25%) was added. Samples were analyzed within 24 hours after extraction by 

injecting 5.0 μl into the LC/MS/MS system. Extracts were stored at 8°C in the 

autosampler system. 

Liquid chromatography–tandem mass spectrometry. The chromatographic system consisted 

of an Ekspert nanoLC 425 pump (Eksigent, Dublin, CA, USA) and an Ekspert nanoLC 

400 autosampler (Eksigent) equipped with a 10 µl injection loop. The autosampler tray 

temperature was set to 8 °C. Chromatographic separations were accomplished on a 

Luna NH2 column (150 x 1.00 mm, 3 µm, 100 A, Phenomenex, Torrance, CA, USA) 

protected by a guard column (SecurityGuard equipped with an Luna NH2 4 x 2.0 mm 

cartridge, Phenomenex) by applying a linear gradient of 50-5% acetonitrile in aqueous 

ammonium acetate solution (5 mM, pH 9.5) within 6 min. After flushing the column 

with 5% acetonitrile for two minutes, the column was re-equilibrated with 5 mM 

ammonium acetate (pH 9.5) containing 50 % acetonitrile for 20 min. The flow rate was 

set to 35 µl/min and the total run time was 28.5 min. The column temperature was set 

to 30 °C applying a column oven (Eksigent). Mass spectrometric analysis was performed 

on a quadrupole-quadrupole time-of-flight instrument (TripleTOF5600+, Sciex). The 

mass spectrometer was equipped with a DuoSpray ion source, and was operated in the 
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negative electrospray ionization mode. The spray voltage was set to -4.5 kV. Gas flows 

of 30 arbitrary units were employed for the nebulizer gas the turbo gas. The temperature 

of the turbo gas was adjusted to 300 °C. For MS/MS experiments, Q1 was set to unit 

resolution and MS/MS spectra were recorded at m/z 50-300 in high sensitivity mode. 

Compound-specific HR-MRM parameters are summarized in Table 1. The instrument 

was operated at a mass resolution of ∼15,000 for MS/MS and automatically recalibrated 

every five sample injections using APCI negative calibration solution delivered via an 

integrated calibration delivery system (AB Sciex). Data acquisition was performed on a 

personal computer with Analyst TF 1.6 software and quantitative data analysis was 

performed with MultiQuant 2.1.1 software (both Sciex). 

CT1: first blood sample in controls; CT2: second blood sample in controls; PT0: UMP sample in patients; PT1: 
Psychosis sample in patients; PT2: Follow-up sample in patients. PT0 samples were drawn together with routine 
clinical lab draws during early morning rounds and therefore drawn significantly earlier compared to the other 
samples. Blood draws at T1-T2 were matched as closely as possible in each individual subject; matched pairs T-
test no significant difference between T1 and T2 (t-1.8, p.071) and no difference between cohorts (within pairs 
F0.02; among pairs F1.09). 
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Outcomes of the final longitudinal linear mixed models, including relevant confounders. 

Model State = acute psychotic episode 
(UMP + Psychosis timepoints) 

State = UMP timepoint 

Marker Term F-ratio p-value F-ratio p-value 

IL6 Cohort 
State[Cohort] 
Age 

4.02 
3.85 
7.45 

.048 

.052 
.008* 

10.34 
21.03 
6.41 

.002* 
<.001* 
.013* 

IL8 Cohort 
State[Cohort] 

4.94 
3.25 

.028 

.074 
9.23 

15.88 
.003* 

<.001* 
IL1RA Cohort 

State[Cohort] 
BMI 

8.30 
8.33 

14.15 

.005* 

.005* 
<.001* 

14.82 
11.20 
12.44 

<.001* 
.001* 
.001* 

IL1B Cohort*Age 
State[Cohort] 

7.96 
0.71 

.006* 
.402 

6.52 
0.81 

.012* 
.369 

TNFα Cohort 
State[Cohort] 

2.46 
0.17 

.121 

.679 
3.38 
8.81 

.070 
.004* 

CRP Cohort 
State[Cohort] 
BMI 

5.96 
0.03 

24.17 

.017* 
.866 

<.001* 

7.51 
2.02 

22.65 

.007* 
.158 

<.001* 
CCL2 Cohort 

State[Cohort] 
10.45 
0.01 

.002* 
.969 

12.92 
8.68 

<.001* 
.004* 

Kyn Cohort 
State[Cohort] 

2.09 
2.39 

.151 

.125 
2.23 
0.18 

0.139 
0.672 

Kyn/Trp Cohort*Age 
State[Cohort] 

8.94 
5.04 

.004* 
.027 

9.04 
0.01 

.003* 
.952 

KA Cohort*Sex 
State[Cohort] 

17.39 
0.47 

<.001* 
.050 

17.50 
0.13 

<.001* 
.721 

KA/Kyn Cohort*Sex 
State[Cohort] 

13.64 
0.56 

<.001* 
.454 

13.56 
0.12 

<.001* 
.732 

QA Cohort 
State[Cohort] 
BMI 

3.36 
16.07 
5.39 

0.07 
<.001* 
.022* 

7.50 
6.34 
5.42 

.007* 

.013* 

.022* 
QA/KA Cohort 

State[Cohort] 
3.99 
4.50 

.048 

.035 
1.51 
6.63 

.222 
.011* 

3-HK Cohort 
State[Cohort] 
Batch 

2.55 
12.81 
22.96 

.114 
.001* 

<.001* 

5.93 
5.39 

22.11 

.017* 

.022* 
<.001* 

Nitrite Cohort 
State[Cohort] 
Sex 
Batch 

3.85 
11.76 
12.07 
0.91 

.053 
.001* 
.001* 
.342 

0.01 
42.36 
13.35 
0.79 

.971 
<.001* 
<.001* 
.374 

Phe/Tyr Cohort 
State[Cohort] 
Batch 

.085 

.144 
260.33 

.359 

.705 
<.001* 

1.49 
2.95 

268.71 

.224 

.088 
<.001* 

Neopterin Cohort 
State[Cohort] 
Batch 

.262 

.832 
14.26 

.610 

.363 
<.001* 

.223 

.187 
15.05 

.638 

.666 
<.001* 
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Patients  Kyn Kyn/Trp QA QA/KA 3-HK KA KA/Kyn 

TNFα (Admission) r .310 .461 .481 .518 .210 -.193 -.330 

p-value .151 .027 .020 .011 .335 .377 .124 

TNFα (Psychosis) r .466 .361 .451 .446 .362 -.153 -.392 

p-value .016 .070 .021 .023 .069 .456 .048 

TNFα  

(Follow-up) 

r .509 .556 .432 .349 .556 .122 -.241 

p-value .018 .009 .051 .121 .009 .599 .292 

Controls  Kyn Kyn/Trp QA QA/KA 3-HK KA KA/Kyn 

CRP r .268 .283 .516 .275 .389 .080 -0.08 

 p-value .004 .003 <.001 .004 <.001 .404 .391 

IL1RA r .253 .329 .416 .278 .206 .016 -.097 

 p-value .010 <.001 <.001 .005 .037 .872 .328 
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 Activated microglia express the translocator protein (TSPO) on the 

outer mitochondrial membrane. 18F-PBR111 is a second-generation positron emission 

tomography (PET) ligand that specifically binds the TSPO, allowing in-vivo 

visualization and quantification of neuroinflammation. The aim of this study is to 

evaluate if the test-retest variability of 18F-PBR111 in healthy controls is acceptable to 

detect a psychosis-associated neuroinflammatory signal in schizophrenia.  

 Dynamic 90-min 18F-PBR111 scans were obtained in 17 healthy male 

controls (HC) and 11 male schizophrenia patients during a psychotic episode (SP). Prior 

genotyping for the rs6917 polymorphism distinguished high- (HAB) and mixed-affinity 

binders (MAB). Total volume of distribution (VT) was determined from two-tissue 

compartment modelling with vascular trapping and a metabolite-corrected plasma input 

function. A subgroup of HCs (n = 12; 4 HAB and 8 MAB) was scanned twice to assess 

absolute test-retest variability and intraclass correlation coefficients (ICC) of the 

regional VT values. Differences in TSPO binding between HC and SP were assessed 

using mixed model analysis adjusting for age, genotype and age*cohort. The effect of 

using different scan durations (VT-60min versus VT-90min) was determined based on 

Pearson’s r. Data was presented as mean ± SD.  

 Mean absolute variability in VT ranged from 16 ± 14% (19 ± 20% HAB; 

15 ± 11% MAB) in the cortical gray matter to 22 ± 15% (23 ± 15% HAB; 22 ± 16% 

MAB) in the hippocampus. ICCs were consistently between 0.64 – 0.82 for all tested 

regions. TSPO binding in SP compared to HC depended on age (cohort*age: p < 0.05) 

and was increased by +14 ± 4% over the regions. There was a significant effect of 



76 

genotype on TSPO binding, and VT of HABs was 31 ± 8% (HC: 17 ± 5%, SP: 61 ± 

14%) higher than MABs. Across all clinical groups, VT-60min and VT-90min were strongly 

correlated (r > 0.7, p < 0.0001).  

 18F-PBR111 can be used for monitoring of TSPO binding, as shown by 

medium test-retest variability and reliability of VT in HCs. Microglial activation is 

present in SPs depending on age and needs to be adjusted for genotype. 
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Microglia act as macrophage-like cells within the central nervous system (CNS) and 

form the first-line defence against invading pathogens. In their resting state microglia 

maintain homeostasis of local tissue environments and produce anti-inflammatory and 

neurotrophic factors essential for sustaining neural function.138 In response to CNS 

injury, infection or neurodegeneration, microglia change from a resting to an activated 

phenotype. Immune activation of microglia is associated with an upregulation of the 

18-kDa translocator protein (TSPO), predominantly found on their outer mitochondrial 

membranes and formerly known as the peripheral benzodiazepine receptor (PBR). High 

densities of the TSPO are expressed in various neurological and psychiatric disorders.139  

Positron Emission Tomography (PET) with radioligands targeting the TSPO can 

detect patterns of neuroinflammation in-vivo. Monitoring activated microglia is of great 

interest to assess disease severity and progression as well as therapeutic efficacy of anti-

inflammatory drugs.140 Several recent lines of evidence support that neuroinflammation 

plays an important role in schizophrenia.141 For the past decades, the first-generation 

radiotracer 11C-PK11195 has been widely used as biomarker, but suffered from low 

brain extraction and thus poor signal-to-noise ratio.42,43,47 In recent years, several 

second-generation TSPO tracers were applied such as 11C-PBR2841,50, 11C-DPA71346, 
18F-FEPPA45,142 and 11C-DAA110644, however yielding inconsistent results. This was 

most likely due to the use of various TSPO tracers, patient heterogeneity, 

methodological considerations, and the contribution of distinct TSPO mechanisms to 

the total PET signal (e.g., impaired cell metabolism, microglia, astrocytes, transcriptional 

events).143 Another source of bias may arise from tracer binding to the vascular wall 

(i.e., endothelium and smooth muscle cells of the tunica media). In this respect, Rizzo 

et al. recently proposed a pharmacokinetic model with a vascular trapping 

compartment.144 An additional complicating factor for second-generation radioligands 

is their susceptibility to the rs6971 polymorphism, responsible for differences in binding 
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affinity.145 Hence prior genotyping of the target subjects into low-affinity, high-affinity 

(HAB) or mixed-affinity (MAB) binders became required. 

In the present study, we examined whether test-retest variability of TSPO binding 

with 18F-PBR111 in genotyped healthy controls enables detection of a disease-related 

signal in genotyped schizophrenia patients with a psychotic episode. The radiometabolic 

profile of 18F-PBR111 as well as the inclusion of a vascular trapping component in the 

pharmacokinetic compartment model were investigated based on dynamic PET data 

with arterial sampling. Minimal scan duration needed for stable binding measures was 

determined as well. 

 

Subjects 

Thirty-one male subjects (aged 30 ± 7 years) were enrolled in the study, including 14 

patients with schizophrenia during a psychotic episode and 17 healthy controls. Healthy 

controls underwent a 90-min dynamic 18F-PBR111 PET-scan at two separate occasions 

(test-retest), 23 ± 10 weeks apart and at the same time of day. Patients were dynamically 

scanned at two occasions (i.e., during a psychotic episode and in remission), however 

the present study only reports data from the psychotic episode. All subjects underwent 

structural Magnetic Resonance Imaging (MRI) within six months after PET. Prior 

genotyping of subjects for the rs6971 polymorphism within the TSPO gene 

distinguished HABs and MABs, while low-affinity binders were excluded. The 

demographics are summarized in Table 1. In the HC group, the test or retest data of 

five subjects had to be excluded because of technical issues during elaborate 

radiometabolite analysis (n = 3) or head movement artifacts during 90 min PET imaging 

(n = 2), leaving 12 HCs (4 HAB and 8 MAB) for test-retest analysis. In the SP group, 

three patients had to be excluded because of technical issues during the first 5 min of 
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continuous arterial blood sampling (n = 1) or head movement artifacts during 90 min 

PET imaging (n = 2), leaving 11 SPs (6 HAB and 5 MAB) for analysis. PET scans were 

considered as motion-affected if the co-registration between CT and at least two 

subsequent motion-corrected PET frames showed significant mismatch (>1 mm 

translation), resulting in atypical increases or decreases of the TAC during the 

equilibrium phase. 

Unmedicated patients with schizophrenia (DSM-5 #295.4-9, 298.8-9; aged 18 to 50 

years inclusive) were admitted to the University Psychiatric Hospital Campus Duffel 

and the Psychiatric Hospital Multiversum (campus Boechout and Mortsel) with a 

psychotic episode (first-episode psychosis or acute relapse), as defined by a total score 

of ≥14 on the positive scale of the "Positive and Negative Syndrome Scale" (PANSS) 

interview combined with a score of at least 5 on 1 item or a score of 4 on 2 of the 

"psychotic" PANSS items P2, P3, P5 or G9. Antipsychotic therapy was initiated upon 

admission based on clinical needs, but no use of benzodiazepines was allowed for three 

times their half-life prior to PET-scan.43 Main exclusion criteria were the use of 

nonsteroidal anti-inflammatory drugs, paracetamol, systemic corticosteroids, 

immunosuppressant or immunostimulating drugs within 21 days of participation; a 

personal history of auto-immune disorders or other chronic or acute physical illness 

associated with abnormal immune changes within 2 weeks before the study; positive 

test for abuse of drugs or alcohol at screening, except cannabis; and a score >6 on the 

Calgary Depression Scale for Schizophrenia. The cohort of healthy controls was 

recruited amongst hospital staff, university students, relatives and colleagues within the 

same area. They had no personal or family history of psychotic or bipolar disorders.  

Approval for the study was obtained from the Committee for Medical Ethics of the 

University Hospital Antwerp (13/37/348; CT.gov number NCT02009826) and of all 

participating hospitals (GGZ Broeders van Liefde; vzw Emmaüs). All participants 

provided informed consent. 
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Data Acquisition 

A 3-dimensional T1-weighted magnetization-prepared rapid gradient echo scan was 

performed on a Siemens Magnetom Aera 1.5T MRI scanner with 1 mm isotropic voxels. 

PET data was acquired using a Siemens Biograph mCT time-of-flight PET-scanner and 

recorded over 90 min following an intravenous bolus injection of 192 ± 19 MBq with 

a specific radioactivity of 91 ± 31 GBq/μmol. The images were reconstructed using a 

3-D iterative algorithm (TrueX ultraHD-PET), with 4 iterations and 24 subsets, into 26 

frames (8x15,3x60,5x120,5x300,5x600s) followed by a Gaussian filter of 2 mm full-

width at half-maximum on a 200x200x74 mm matrix with a 2x2x3 mm voxel size. 

Simultaneously with the dynamic 18F-PBR111 PET acquisition, continuous arterial 

blood sampling was performed by a coincidence detector system (Twilite, Swisstrace, 

Switzerland) to measure radioactivity in blood. Additionally, arterial blood samples (3 

mL each) were manually collected at 5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80 and 90 min 

p.i. and centrifuged for 5 min at 4 °C (4500 x g) to collect the plasma. Total radioactivity 

in the whole blood and plasma samples (300 µL each) was measured in a cross-calibrated 

automated gamma-counter (Wizard2 2480, Perkin Elmer). Next, the plasma (100 µL) 

was mixed with 200 µL of water, 10 µL of natriumfluoride (NaF, 1 mg/mL) and 10 µL 

of non-radioactive PBR111 reference standard (0.5 mg/mL) and loaded onto an Oasis 

HLB Sep-Pak cartridge (Waters corp.) conditioned with methanol (1 mL) and water (5 

mL). Sequentially, the cartridge was washed with water (1 mL), acetonitrile 

(ACN)/water (20/80, 1 mL) and ACN (1 mL) for elution of the polar radiometabolites, 

semi-apolar radiometabolites and intact 18F-PBR111, respectively. All fractions were 

collected into separate counting tubes. The radioactivity of each fraction was measured 

with the gamma-counter. 
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Data Analysis 

Automatic brain segmentation of the anatomical MRIs was performed using PMOD 

v3.6 (PMOD Technologies Ltd., Zurich, Switzerland) for each subject. Delineated 

regions of interest included the cortical lobes and cingulate cortex (cortical grey matter 

(GM)), whole white matter (cortical WM), cerebellum, brainstem, thalamus, basal 

ganglia, amygdala and hippocampus. Inter-frame motion correction of all dynamic PET 

images was performed via normalized mutual information registration with mid frames 

(5-15 min) as a reference. The motion-corrected 18F-PBR111 data was coregistered onto 

the MRIs to extract regional time-activity curves (TACs). Region-based partial volume 

correction using a Gaussian kernel with full-width at half-maximum of 5.1x5.1x5.1 mm 

was performed to correct the regional TACs.146 

The time-course of the whole blood activity was created from (a 3-exponential fit 

to) the first 5 min of the calibrated whole blood activity concentration as continuously 

recorded by the Twilite, while the remaining part of the curve was estimated by 

interpolating the 12 discrete blood measurements. The blood function was then 

multiplied by (a linear fit to) the plasma-to-whole blood ratio time-course and (a Watabe 

fit to) the parent fraction time-course to derive the metabolite-corrected plasma input 

function. All blood data processing was performed in PMOD v3.6.  

Pharmacokinetic Analysis. For pharmacokinetic model selection, both the 2-tissue 

compartment model (2TCM) and 2TCM with an additional irreversible vascular 

trapping component (2TCM-1K) were applied to the dynamic data.144 A delay between 

the coincidence detector system and the PET measurements was estimated from a 

coupled fit across the cerebral lobes. Additional regional fit parameters included a blood 

volume fraction and an endothelial binding rate constant (Kb, 1/min) for the 2TCM-

1K. The fitting weights of the individual data points were set to the inverse of the 

variance of the PET measurement error. Total volume of distribution VT was 

determined from the model fit for each region (VT = K1/k2(1+k3/k4), with K1 
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(mL/min/mL) and k2 (1/min) the tracer transport rates from plasma to tissue and back, 

and k3 (1/min) and k4 (1/min) the tracer transport rates from the non-displaceable to 

the specific binding compartment and back, respectively). 

Time Stability. To investigate the minimal scan duration required for reproducible 18F-

PBR111 binding outcomes, VT was calculated in a subgroup of 10 HCs from 0 - 40 min 

to 0 - 90 min, with 10 min increments. The Pearson’s correlation coefficient r was 

calculated to examine the relationship between regional VT-90min and VT-60min across all 

subjects. 

Voxel-Wise Analysis. Voxel-wise estimates of VT were derived with a Spectral Analysis 

Iterative Filter (SAIF) implemented in PMOD v3.8. To validate the use of SAIF for 

voxel-wise modeling, regions of interest were applied to the parametric VT images and 

regional means were correlated with the region-wise VT estimates from 2TCM-1K 

(uncorrected). 

 

Statistical Analysis 

Differences in the time evolution of parent and metabolite fractions, plasma-to-blood 

ratios and input functions between the clinical groups were investigated using linear 

mixed models in JMP Pro v12 (SAS Institute Inc., USA).147 The absolute test-retest 

variability of regional 18F-PBR111 uptake in HCs was calculated as the absolute 

difference in regional VT between their first and second scan, relative to the mean of 

the two values (i.e., test/retest (%) = 100 x absolute ((VT-scan1 – VT-scan2)/(0.5(VT-

scan1+VT-scan2))). The between-subject variability was expressed using the coefficient of 

variation. A two-way mixed model reliability analysis for absolute agreement was 

performed in JMP for calculation of the intraclass correlation coefficient (ICC). 

Genotype, length of test-retest scan interval and specific tracer activity were entered as 

fixed effects in the model to estimate their effect on the reproducibility of test-retest 
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results. A linear mixed model analysis, with regional VT values as the dependent 

variables, cohort and genotype as fixed factors, age as a covariate and subject number 

as random effect, was performed in JMP for each region separately. Interaction effects 

(cohort*age, cohort*genotype, age*genotype) were evaluated as well. All data was 

presented as mean ± standard deviation (SD), unless otherwise stated. 

 

Subjects  

Injection parameters were similar between test and retest scans (p = 0.25, paired 

Student’s t-test), and between MABs and HABs as well as HC and SP (p > 0.05, 

unpaired Student’s t-test) (Table 1). 

 

Metabolism of 18F-PBR111 

18F-PBR111 showed fast metabolism in arterial plasma with 36 ± 5% of parent 

remaining at 30 min and 23 ± 4% at 90 min post-injection (Figure 1A). The time-course 

of the plasma-to-whole blood ratio showed a linear increase and was significantly lower 
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in SP compared to HC (p = 0.01; Figure 1B). Post-hoc Tukey’s HSD testing for 

multiple comparisons revealed that the time-course in SP HAB was significantly lower 

than HC MAB (p = 0.020) and HC HAB (p = 0.047), and that SP MAB was lower than 

HC MAB (p = 0.047). The cohort*time interaction revealed that there was a significantly 

steeper increase in SP compared to HC (p = 0.003). The resulting metabolite-corrected 

plasma input functions are depicted in Figure 1C. Shortly after parent administration, 

polar and (to a lesser extent) semi-apolar radiometabolites appeared in the plasma 

(Figure 1D). 
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Pharmacokinetic Analysis  

Regional TACs for the frontal lobe, hippocampus and cortical WM are shown in 

Supplemental Figure 1. All brain regions required the 2TCM-1K to adequately 

describe the TACs as reflected by the lowest Akaike Information Criteria (AIC) scores 

(140 ± 9) and the improved fits to the initial parts of the TACs (Figure 2). Significantly 

higher AIC scores were recorded for the 2TCM fits across all regions (159 ± 10, p < 

0.01 via 2-way ANOVA for each region and model with Sidak’s multiple comparisons 

test), although not significant in the hippocampus (p = 0.8). The 2TCM consistently 

overestimated VT compared to those from the 2TCM-1K (+63 ± 30%). Nevertheless, 

there was moderate to strong correlation (Pearson’s r: 0.60 – 0.93, p < 0.01) between 

both VT estimates (Supplemental Table 1).  

Blood volume fraction in tissue was significantly different between the two kinetic 

models (p ≤ 0.01) and was 0.08 ± 0.02 for 2TCM and 0.06 ± 0.02 for 2TCM-1K. The 

endothelial binding rate constant Kb from the 2TCM-1K was significantly increased in 

SP HAB compared to the other groups in all regions (except amygdala, hippocampus 

and thalamus), and ranged from 0.17 ± 0.22 in the amygdala to 0.49 ± 0.19 in cortical 

WM.  
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Time Stability Analysis  

In the larger cortical GM regions, percentage normalized VT (i.e., VT/VT-90min) plateaued 

between 60 and 90 min and decreased for scan lengths shorter than 60 min 

(Supplemental Figure 2). Truncating the scan data from 0-90 to 0-40 min consistently 

increased the standard error. Correlation analysis including all subjects showed that VT-

60min was similar to VT-90min in all brain areas (Pearson’s r ranging from 0.68 in the 

hippocampus to 0.99 in cortical GM, p < 0.0001). The difference in VT-60min compared 

to VT-90min was highest in the cortical WM (-11 ± 9%) and hippocampus (-5 ± 21%), 

whereas for all other brain regions the difference ranged between -0.3 ± 3% (cortical 

GM) and -4 ± 10% (brainstem).  

 

Test-Retest Variability and Reliability in Healthy Controls 

Cortical GM VT and absolute test-retest variability are presented in Figure 3 for both 

binding affinities. VT did not significantly differ between the test and retest scans (Table 

2). The absolute test-retest variability was similar across brain regions and ranged from 

16 ± 14% (19 ± 20% HAB; 15 ± 11% MAB) in the cortical GM to 22 ± 15% (23 ± 

15% HAB; 22 ± 16% MAB) in the hippocampus (Table 2). The ICC values were 

moderate to strong across all regions and ranged from 0.64 in cortical WM to 0.82 in 
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the amygdala (Table 2). There was 

no significant effect of binding 

affinity, length of test-retest scan 

interval or specific activity of the 

tracer on reproducibility of VT.  

 

 

 

 

 

 

 

 

 

 

 

 

Patients with Schizophrenia versus Healthy Controls 

There was a statistical significant interaction between the effects of cohort and age on 

VT for all regions (ranging from F(1,35)= 4.53, p = 0.043 in WM to F(1,35)= 9.80, p = 

0.005 in amygdala) (Table 3). The effect of genotype was significant in most of the 

brain regions (Table 3) and the unadjusted VT of HABs was 31 ± 8% (HC: 17 ± 5%, 

S: 61 ± 14%) higher than MABs over the different regions. The average increase in 

tracer uptake in SP compared to HC adjusted for the other variables in the model ranged 
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from +7% in the cortical WM to +19.6% in the hippocampus (Table 3). Post-hoc 

Tukey’s honestly significant difference testing for multiple comparisons, adjusted for 

age effects, revealed that there was a trend of significant increase in SP HAB compared 

to HC MAB (+55.4% (p = 0.06) in the hippocampus, +64.8% (p= 0.07) in the amygdala 

and +55.3% (p = 0.07) in the brain stem; +49±4% over all regions); differences in 

uptake between the other groups were non-significant (Figure 4). Group-averaged 

parametric maps of (not age-adjusted) VT are presented in Figure 5, confirming our 

regional-based results. There was significant correlation between VT of the 2TCM-1K 

and SAIF graphical analysis (r = 0.86 for hippocampus, r > 0.97 for other regions, p < 

0.0001) and SAIF represented a constant overestimation by +7 ± 2% over the regions. 
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Metabolite analysis revealed that 18F-PBR111 rapidly decreased over time with 

formation of both polar and semi-apolar radiometabolites in the arterial plasma. The 

polar radiometabolite has been identified previously as 18F-fluoropropionic acid.148 

According to other studies none of the radiometabolites entered the brain within 60 

min p.i..148,149 Parent and metabolite profiles did not vary across the clinical groups. The 

plasma-to-whole blood ratio was significantly lower in SP than HC, and showed faster 

increase over time. This might be 

related to a potential higher 

expression of TSPO on blood cells 

and faster redistribution of intact 

tracer and its radiometabolites to 

the plasma in SP.150 

Pharmacokinetic analysis showed 

that the 18F-PBR111 kinetics could 

be best described by 2TCM-1K. 

Voxel-wise quantification using 

SAIF confirmed the presence of 

vascular trapping.147 A previous 

study on 18F-PBR111 quantification 

in healthy humans by Guo et al. 

reported an underestimation of the 

tail of the regional TACs by 2TCM, 

which they attributed to either 

radiometabolites slowly entering the 

brain or binding of TSPO to 

endothelial cells.145 It appears from 
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our study that 2TCM-1K significantly improved the fits to the initial phase of the TAC 

while weighting already accounted for the tail data points, in line with recent TSPO PET 

studies.41,144 Rizzo et al. however reported a poor correlation with VT estimates from 

2TCM144, as opposed to the relatively strong correlations we found. With regard to 

reproducibility, VT from 2TCM showed comparable test-retest variability to 2TCM-1K 

but markedly lower reliability, i.e. lower ICCs (data not shown). Validation of the 

2TCM-1K model and evidence of endothelial TSPO is further supported by high 

correlations between Kb and TSPO mRNA expression144,151, as well as by a recent 

pharmacological blocking study152 reporting that TSPO positive vessels accounted for 

30% of the vascular network in cortical and white matter.  

Future 18F-PBR111 studies may reduce scan duration to 60 minutes. However 

caution is warranted in the cortical WM, hippocampus and brainstem, as respectively 

60%, 50% and 30% of subjects (n = 40) showed more than 10% variation compared to 

VT-90min. The study by Guo et al. demonstrated that regional VT continued to increase 

for scan durations up to 120 min, resulting in 10-20% underestimation of VT-60min 

compared to VT-120min.145 Discrepancies from our study are likely of methodological 

nature, as we applied 2TCM-1K instead of 2TCM and assigned increased weights to the 

tail data points of the TACs.  

18F-PBR111 can be used for monitoring of TSPO binding in both large and small 

brain regions, as shown by medium test-retest variability (16 – 22%) and reliability (ICC: 

0.64 – 0.82) of VT in healthy controls compared to other TSPO tracers. The 18F-PBR111 

binding reproducibility in cortical GM versus 11C-PBR28 was similar (variability: 16 ± 

14% versus 18 ± 13%; ICC: 0.76 versus 0.92), and outperformed 11C-PBR28 in cortical 

WM (variability: 20 ± 8% versus 48 ± 40%; ICC: 0.64 versus 0.32).50 Regional test-retest 

variability did not differ between HABs and MABs. In comparison to first-generation 

radioligands including 11C-(R)-PK11195 (ICC ranging from negative to 0.57, BPND 

variability up to 33%153), markedly better ICCs as well as lower absolute test-retest 

variability in the small regions were found. 
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In SP compared to HC, VT was elevated in cortical gray matter regions and to a lesser 

extent in white matter regions, for which the difference between both diagnostic groups 

increased with age. Moreover, a substantial effect of genotype was detected especially 

in the SP group. However, the age-adjusted (mean age: 28.58y) increase in SP HAB did 

not reach the level of significance. Future studies should consider the test-retest 

reliability (measured as on average 0.75 in our study) as an a priori when calculating 

sample sizes, in order to compensate for the loss of power related to decreased 

reliability. For instance, in case one wishes to longitudinally monitor disease progression 

or treatment effects, the actual statistical power for paired-samples dependent t-tests at 

two-tailed α = 0.05 for a large effect size (d = 0.8) with a sample size of n = 15 decreases 

from 0.82 to 0.61 when reliability is lowered to 0.75. Similarly, whereas sample sizes in 

our study are in line with those in previous PET studies using the second-generation 

radiotracers and adjusting for genotype45,46,154, effect sizes are most likely 

underestimated because of the decreased reliability and it is likely that the number of SP 

HAB patients was therefore too small to reach significant differences at group level. 

This problem, together with the use of various TSPO tracers and methodological 

differences, most likely underlies the inconsistent results across TSPO PET studies in 

schizophrenia, reporting both increased41-43 and decreased50,155, as well as unchanged44-

46,142 TSPO levels compared to controls. Finally, as a heterogeneous disease, variable 

patient cohorts in terms of clinical determinants such as symptom severity, duration of 

illness and the effects of antipsychotic treatment represent another major cause of 

variability.110,143,156  
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18F-PBR111 VT can be used for monitoring of TSPO binding if one takes into account 

its medium test-retest variability while compensating for the reduced reliability by 

increasing the sample size. In this way, regional and whole brain microglia activation 

can be detected in schizophrenia patients during a psychotic episode depending on age 

and following adjustment for genotype. Finally, we have shown that a kinetic model 

accounting for endothelial TSPO binding improves the quantification of 18F-PBR111 

PET data.    
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 To determine whether state-associated changes in microglial activity, 

measured with translocator-protein positron emission tomography (TSPO PET), can 

be identified in psychosis patients through longitudinal evaluation of their regional 

tracer uptake over the clinical course from acute psychosis to post-treatment follow-up, 

and comparison to healthy controls. We also evaluated the relation between tracer 

uptake, clinical symptoms and peripheral immunological markers. 

 Second-generation radioligand 18F-PBR111 TSPO PET-CT was used 

for longitudinal dynamic imaging in 14 male psychosis patients and 17 male age-

matched healthy control subjects. Patients were first scanned during an acute psychotic 

episode followed by a second scan after treatment. Prior genotyping of subjects for the 

rs6917 polymorphism distinguished high- and mixed-affinity binders. The main 

outcome was regional volume of distribution (VT), representing TSPO binding. Plasma 

concentrations of CRP, cytokines and kynurenines were measured at each timepoint.  

 We found a significant three-way interaction between time of scan, age 

and cohort (cortical grey matter F6.50, p.020). Age-dependent differences in VT existed 

between cohorts during the psychotic state, but not at follow-up. Patients’ relative 

change in VT over time correlated with age (cortical grey matter Pearson’s r.574). 

PANSS positive subscale scores correlated with regional VT during psychosis (cortical 

grey matter r.767). Plasma CRP and quinolinic acid were independently associated with 

lower VT. 
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 We identified a differential age-dependent pattern of TSPO binding 

from psychosis to follow-up in our cohort of male psychosis patients. We recommend 

future TSPO PET studies in psychosis patients to differentiate between clinical states 

and consider potential age-related effects.  
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A role for neuroinflammation in the pathophysiology of schizophrenia and psychosis 

has been implied by genome-wide association studies, postmortem and PET imaging 

studies, with a prominent role for the central nervous system’s main immune regulators: 

the microglia.8 Exposure to inflammatory responses and/or genetically rooted excessive 

synapse pruning in the perinatal period36 is thought to result in an activated or primed 

state of microglia in adulthood8, leading to ongoing abnormal immune responses which 

drive psychotic episodes and cause an unfavorable illness course, with progressive loss 

of function and cumulative brain changes. Evidence from clinical studies suggests that 

psychotic exacerbations are accompanied by systemic immunological changes different 

from those seen in non-acute states, with patients during an acute psychotic event 

demonstrating increased IL-1β, IL-6, TGF-β and CD4/CD8 ratio which normalize after 

treatment.64,110 We hypothesized the psychotic state to be accompanied with microglial 

activation in the brain, paralleling the state-associated changes observed in peripheral 

immunological markers. 

In neuroinflammation, activated microglial cells increase their expression of the 

translocator protein 18kDa (TSPO) on the outer mitochondrial membrane. The 

detection of activated microglial cells is acquired in vivo through Positron Emission 

Tomography (PET) of the brain using a radioligand for TSPO. Previous studies of 

TSPO binding that were performed in relatively small samples of schizophrenia or 

psychosis patients in various stages of the illness and using different tracers and methods 

of analysis have generated mixed results.110 In this study we evaluated central nervous 

system TSPO levels with fluoropropoxy-substituted-2-(6-chloro-2-phenyl)imidazo[1,2-

a]pyridine-3-yl)-N,N-diethylacetamide (18F-PBR111), a novel second-generation tracer 

with high specific in vitro and in vivo binding to TSPO, which is best described by a 2-

tissue compartment model with an additional vascular trapping component.52 Similar to 

other second-generation TSPO tracers, the use of 18F-PBR111 is complicated by the 
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rs6971 polymorphism, requiring prior genotyping of study subjects to allow 

interpretation of tracer binding data.  

We previously found the regional test-retest variability of 18F-PBR111 uptake in 

healthy controls from our sample to be 16-22%, which represents an acceptable 

standard for evaluating the longitudinal binding in these regions.52 To our knowledge, 

this is the first study to perform longitudinal TSPO PET imaging of acutely psychotic 

patients with follow-up examination post-treatment. Our primary aim is to evaluate if 

longitudinal changes of patients’ regional 18F-PBR111 uptake differ from healthy age-

matched controls. As secondary outcomes, we evaluate the relationship between 18F-

PBR111 uptake and clinical symptoms or peripheral immunological markers, 

respectively. 

Subjects 

We included 14 male patients with a diagnosis within the spectrum of primary psychotic 

disorders (DSM-5 #295.4-9, 298.8-9.; aged 18 to 50 years) who were admitted between 

January 2013 and December 2016 to the University Psychiatric Hospital Campus Duffel 

and the Psychiatric Hospital Multiversum (campus Boechout and Mortsel) for an acute 

psychotic episode (first-episode psychosis or acute relapse; defined as total score ≥14 

on the positive scale of the Positive and Negative Syndrome Scale (PANSS) + a score 

of ≥5 on one or a score of ≥4 on two of the "positive factor" PANSS items P1, P3, P5 

or G9).111,112 PANSS interviews were performed by a trained interviewer within one 

week prior to each PET scan, but not obtained for two subjects. All patients had been 

free of antipsychotic therapy for >4 weeks before hospitalization, after which 

medication was initiated based on clinical needs. Because benzodiazepines were found 

to have affinity for the TSPO receptor, no use of benzodiazepines was allowed for three 

times their half-life prior to each PET-scan.43 A second cohort consisted of 17 male 
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age-matched healthy controls without personal history of any primary psychiatric 

disorder nor family history of psychotic or bipolar disorders.  

Main exclusion criteria were the use of any immunomodulating drugs within 21 days 

of participation; medical history of auto-immune disorders or other physical illness 

associated with abnormal immune changes within 14 days of participation and a positive 

test for alcohol or drugs of abuse, except cannabis or benzodiazepines (provided 

subjects did not meet DSM-5 criteria for substance use disorders within 3 months prior 

to the study).  

Subjects underwent two 90-min dynamic 18F-PBR111 PET-scans at least 8 weeks 

apart at the same time of day. Patients were first scanned during the psychotic episode 

and again after ≥8 weeks of treatment in the absence of psychosis (PANSS positive 

scale total score ≤13 and ≤3 on items P1, P3, P5 or G9) - further indicated as “follow-

up” in this paper. In addition, subjects underwent MRI for evaluation of brain 

morphology within six months after PET imaging.  

Approval for the study was obtained from the Committee for Medical Ethics of the 

University Hospital Antwerp (13/37/348) and of all participating hospitals. The project 

was registered under clinicaltrials.gov (NCT02009826). All participants provided 

informed consent. 

 

Genotyping 

Prior genotyping of subjects for the rs6971 polymorphism within the TSPO gene 

distinguished high- and mixed-affinity binders (HABs and MABs, respectively) while 

low-affinity binders were excluded. Following DNA extraction of whole venous blood 

samples collected at screening, we performed a PCR reaction using following primers: 

GAT-CTC-CTG-CTG-GTC-AGT-GG and TGC-AGA-AAG-CAC-AGG-ACA-CT. 

This reaction yields a PCR fragment surrounding the rs6971 SNP in the TSPO gene. 

The resulting fragments were purified using Calf Intestine Alkaline Phosphatase (Sigma-
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Aldrich, USA) and sanger sequenced using a Big Dye Terminator Cycle Sequencing kit 

(ThermoFisher, USA). Next, the reactions were loaded on an ABI 3130XL genetic 

analyzer. Resulting sanger traces were evaluated in CLC workbench version 5.7.1 (CLC 

Bio, Denmark).  

  

Peripheral blood measurements 

Non-fasting blood samples were acquired in a standardized manner at the same time of 

day and within one hour prior to each PET scan. Blood was drawn in EDTA and citrate 

containing tubes via a forearm vein, transferred to the laboratory (<5min) and stored at 

4-8°C until centrifugation (<30min). Samples were centrifuged for 10min at 4°C and 

the resulting plasma aliquots were frozen immediately at -30°C until analysis.  

Kynurenine pathway analytes Kynurenine (Kyn), Quinolinic Acid (QA) and 

Kynurenic Acid (KA) were measured in citrate plasma at the Institute of Legal Medicine 

and Core Facility Metabolomics (Medical University of Innsbruck, Austria) using a 

validated liquid chromatography–tandem mass spectrometry (LCMS) method of 

analysis.113  

Cytokines of interest were measured in duplicate in EDTA plasma by an 

electrochemiluminescence immunoassay technique developed by Mesoscale Discovery 

(Rockville, USA), according to the manufacturer’s instructions. We used standardized 

kits V-PLEX Proinflammatory Panel 1 Human Kit (for detection of IL6, IL8 and 

TNFα) and V-PLEX Vascular Injury Panel 2 Human Kit (for CRP). Additionally, IL-

1RA was detected using a custom 4-Spot Prototype Human IL-1RA kit. We calculated 

concentrations for each cytokine by fitting the sample signals on a 4-parametric logistic 

calibration curve. We excluded an individual assay if concentrations were below 

detection threshold in >50% of subjects, as well as all data points with an intra-assay 

coefficient of variation >15%. For all analyses, we prespecified the samples’ processing 

order so samples belonging to the same subject were in the same batch, and each batch 

contained an equal distribution of patient and control samples. Quality control samples 
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were added to each batch. Plasma sample data were not obtained in one control and 

three patients.  

 

PET and MRI data acquisition and analysis 

Procedures for acquisition and analysis of PET and MR images are described in Ottoy 

et al.52 In short, a 3-dimensional T1-weighted magnetization-prepared rapid gradient 

echo (MPRAGE) scan was performed on a Siemens Magnetom Aera 1.5T MR scanner 

(Erlangen, Germany), while PET data were acquired using a Siemens Biograph mCT 

time-of-flight PET-scanner and recorded over 90 min following an intravenous bolus 

injection of 192±19MBq of 18F-PBR111.   

A metabolite-corrected hybrid plasma input function was created from 5min 

continuous arterial blood sampling (Twilite, Swisstrace, Switzerland) complemented by 

8 manual samples. A metabolite-corrected hybrid plasma input function was created 

from 5min continuous arterial blood sampling (Twilite, Swisstrace, Switzerland) 

complemented by 8 manual samples. Plasma-to-whole blood was lower in 

schizophrenia patients compared to healthy controls as shown earlier.52 The plasma free 

fraction did not differ significantly between clinical groups (Supplementary  Figure 1, 

one-way ANOVA corrected for multiple comparisons via Tukey), and was not 

considered for VT calculation.145  

Regional volume of distribution (VT) was derived using a region-of-interest (ROI) 

based two-tissue compartmental analysis with an additional irreversible vascular 

trapping component. To account for progressive loss of whole brain volume and whole 

brain grey matter associated with schizophrenia91, all TACs were corrected for partial 

volume effects based on the region-based geometric transfer matrix method (GTM as 

described by Rousset et al.) and a 5x5x5mm PET scanner resolution.146 ROIs for this 

study were delineated based on automatic brain segmentation of the MRIs (PMOD 

Technologies Ltd., Zurich, Switzerland) and included total cortical grey matter (cortical 

GM), total cortical white matter (cortical WM), cerebellum, brainstem, cingulate cortex, 



104 
 

thalamus, basal ganglia, amygdala and hippocampus. Interframe motion correction of 

the dynamic PET scans and PET-MRI co-registration were performed for each subject 

separately using PMOD v3.6 (PMOD Technologies Ltd., Zurich, Switzerland). 

 

Statistical analysis 

Baseline differences in clinical and demographic parameters between cohorts were 

examined by two-tailed independent t-tests for continuous variables and Pearson chi-

square test for categorical variables. All data are presented as mean ± SD. 

We performed a series of linear mixed model analyses, with regional VT values as the 

dependent variables. The full model included subject number as random effect and 

genotype, cohort, time, age, age² (and their interactions) as fixed factors, which was 

simplified by stepwise backward elimination of the non-significant terms. Because a 

significant three-way interaction between time, age and cohort was observed in our 

primary model, we repeated this linear mixed model analysis after splitting the data from 

the patient cohort by time. The control cohort data were not split for time as we 

consider them to be part of the same sample, based on our earlier test-retest analysis. 

We also calculated differential scores representing the relative change in VT from the 

first to second scan (∆VT=(VT1 - VT2) / VT1) for each subject and used these as 

dependent variable in a linear regression analysis with age, cohort and their interaction 

as independent variables. Additionally, adjusted models with subject characteristics 

(smoking, cannabis use and BMI) and peripheral blood variables as covariates were 

tested. P-values were corrected for multiple testing (across 9 ROIs) using the The 

Benjamini-Hochberg implementation115 of the False Discovery Rate (FDR) correction. 

An FDR adjusted p-value of .05 was used as cutoff for significance (significant p-values 

are indicated by *). 

All statistical analyses were performed in JMP version 13, except for partial 

correlation analyses, which were done in IBM SPSS version 24. These latter analyses 
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tested the association of VT with symptom severity and peripheral immune markers, 

accounting for covariates age and genotype.  

 

 

Subjects  

Demographic information is presented in Table 1. Three patients discontinued the 

study after the first scan. Data of 6 PET scans were excluded from analysis because of 

technical issues during arterial blood sampling (n=1 patient) or due to artefacts caused 

by subjects’ head movement during 90 min PET imaging (n=3 patients and n=2 

controls). This resulted in data for n= 11 patients and n=16 healthy controls available 

for analysis at the first scan point and n=10 patients and n=16 healthy controls at 
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follow-up (10). Patients’ baseline PANSS total scores, positive subscale and general 

psychopathology subscale scores were significantly higher than at follow-up.  

 

Patients with schizophrenia versus healthy controls 

To model differences in VT over time between the cohorts, allowing for effects of 

genotype and age, we fitted linear mixed models. Our primary linear mixed model (VT 

= [SubjID] + genotype + cohort + time + cohort*time) could not demonstrate a 

significant difference in the longitudinal change of VT between patients and controls 

within any of the regions. Yet when a possible interaction effect with age was 

considered, we observed a significant three-way interaction between cohort, time and 
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age, indicating that the difference in VT between the cohorts varied depending on 

subjects’ age, and that this relationship behaves differently across the two time points.  

Based on the graphical presentation, we further improved the fit of the model by 

operating a quadratic age effect (AICc 110 for the quadratic effect versus AICc 112.5 

for the linear effect in cortical GM). The final model (VT = [SubjID] + genotype + 

cohort + time + age + age² + cohort*time + cohort*age² + age²*time + 

cohort*time*age²) demonstrated a significant three-way interaction between cohort, 

time and age² in all regions (cortical GM F6.50, p.020; Figure 1.1; Supplementary 

Table 1.1). Duration of illness, cannabis use, smoking and BMI were not significant 

covariates. 

To further evaluate the interaction between cohort, age and time, a second linear 

mixed model analysis was performed in which healthy control data were compared to 

data derived from patients during the psychotic episode. We again observed a significant 

interaction between age and cohort with a quadratic age effect (cortical GM cohort*age 
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F18.92, p<.001; age² F16.99, p<.001; cfr. Figures 1.2 and 2; Supplementary Table 

1.2).  

We subsequently performed a similar analysis using the data of patients at follow-

up. Age was significant as a covariate, but there was no significant interaction between 

age and cohort. When adjusted for age and genotype, schizophrenia patients 

demonstrated slightly elevated VTs compared to healthy controls in most regions, yet 

only in the brainstem (F9.28, p.006), amygdala (F6.70, p.016) and hippocampus (F9.64, 

p.005) the differences surpassed the FDR significance threshold (cfr. Figure 1.3; 

Supplementary Table 1.3). 

Finally, strong correlations between ∆VT and age were found in the patient group in 

all regions, with the highest correlations in the hippocampus (r.901, p.002), brainstem 

(r.827, p.011) and amygdala (r.784, p.021), while in the control group no relevant 

correlations with age (|r|<0.3) in all regions) were found (cfr. Figure 3, 

Supplementary Table 2.1). Regression analysis (∆VT = age + cohort + age*cohort) 

confirmed medium effect sizes for the interaction term in the brainstem (η² .243, p.016), 
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cerebellum (η² .216, p.025), amygdala (η² .210, p.021), hippocampus (η² .196, p.029) and 

cortical gray matter (η² .137, p.086), yet these did not reach FDR significance level in 

any region. 

 

Relation with clinical symptomatology and peripheral immune markers 

Peripheral immune markers (CRP, TNFα, IL1RA, IL6, IL8, KA, QA, QA/KA ratio, 

KA/Kyn ratio) were measured together with each PET scan to evaluate their 

association with TSPO uptake. There were no major group or longitudinal differences 

in plasma concentrations except for a lower concentration of KA in patients (linear 

mixed model analysis after adjusting for BMI and age, cohort F13.7, p.001). The 

QA/KA ratio increased significantly between the first and follow-up scans in patients 

but not in controls (cohort*time F26.7, p<.001).  

We analyzed partial correlations between regional VT and PANSS subscale scores or 

peripheral immune markers, accounting for age and genotype. For patients during a 

psychotic episode, we identified strong positive correlations with scores on the PANSS 

positive subscale in all regions of interest (cortical GM r.767, p.026), but not with other 

subscales (cfr. Supplementary Table 2.2). The regional VT of patients during a 

psychotic episode also correlated positively with QA/KA ratio (cortical GM r.873, 

p.010) and negatively with KA concentrations (cortical GM r-1.000, p<.001). Regional 

VTs of patients at follow-up correlated negatively with KA concentrations (cortical GM 

r-1.000, p<.001) and QA concentrations (except for amygdala region, cortical GM r-

1.000, p<.001). Finally, in healthy controls, 18F-PBR111 uptake correlated negatively 

with CRP concentrations (cortical GM r-.530, p.005) as well as IL8 concentrations 

(cortical GM r-.482, p.013).  

Addition of peripheral immune markers QA*cohort and CRP as covariates (defined 

by stepwise comparison of different linear mixed models) improved the fit of our earlier 

linear mixed model significantly (AICc 80.8 for cortical GM). (cfr. Supplementary 

Table 3).  
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Interpretation of Findings 

The outcomes of our study point towards a differential pattern of tracer uptake from 

psychosis to post-treatment follow-up, mediated by patients’ age. Older patients were 

more likely to demonstrate higher TSPO binding in the psychotic state and an associated 

decrease at follow-up, whereas younger patients exhibited a reverse pattern with lower 

uptake in the acute phase followed by a relative increase (cfr. Figure 4).  

Previous TSPO studies in psychosis patients (summarized in De Picker et al 2017110) 

have been heterogeneous in their choice of tracer, kinetic model, outcome measure and 

patient population, leading to mixed results which have been difficult to interpret. A 

recent meta-analysis of TSPO PET studies with second generation tracers (n=5 (15-

19)) by Plavén-Sigray et al concluded the evidence in favor of a relative decrease in tracer 

uptake in psychosis patients compared to healthy controls largely outweighs the 

evidence for a relative increase, however age was not included as a covariate.157 

Compared to these studies, the patients in our sample were significantly older than those 

from Coughlin et al (t3.26, df17, p.004) and significantly younger than those from Kenk 

et al (t2.48, df24.3, p.020) and Bloomfield et al (t4.25, df21.8, p<.001), who found a 

significant correlation between age and 11C-PBR28 VT in total gray matter.41,45,46 

Autoradiographic studies have reported both higher40 and lower158 TSPO binding in 

patients. Our data suggest that, depending on the clinical state and the age of the patient 

at the time of the investigation, both hypotheses may be true.  

Our data seem to indicate an age-related increase in TSPO binding in psychotic 

patients which is different from or accelerated compared to healthy controls. Such age-

related increases in microglia and TSPO have been reported in animal, human and 

postmortem studies and are usually considered consequences of age-related oxidative 

damage to DNA and accumulation of glycated proteins, causing a compensatory 

upregulation of microglial ‘housekeeping’ functions. We however did not find any 
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significant effect of duration of illness on TSPO uptake. Our findings in psychosis 

patients may therefore reflect the premature onset of physiological changes associated 

with normal ageing. Moreover, a similar accelerated ageing trajectory has been observed 

in schizophrenia patients related to age-related decreases in neuroplasticity.9,93 Increased 

TSPO binding in older patients could therefore also signify the compensatory effects 

of a microglial system struggling to keep up amidst failing neuroplasticity. Interestingly, 

these age-related cumulative changes may offer a microanatomical explanation for the 
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progressive anatomical abnormalities of brain structure recorded in longitudinal studies 

of psychosis patients, including the characteristic enlarged ventricle size and reductions 

in grey matter volume, whole-brain volume, and white matter anisotropy.24   

Besides age, we identified peripheral immune markers from two separate 

immunological pathways as independent predictors of TSPO binding. The acute phase 

protein CRP correlated inversely with tracer uptake in controls, while kynurenine 

pathway metabolites such as quinolinic acid but also kynurenic acid were negatively 

associated with uptake uniquely in patients. To our knowledge, no prior studies have 

investigated the effects of kynurenines or CRP on TSPO binding in psychosis patients. 

Coughlin et al did not identify any significant effect of plasma IL1β, IFNγ, IL-10, IL-6 

and TNF-α concentrations on 11C-DPA-713 uptake in recent-onset patients46, nor did 

Di Biase et al for serum IL-1β, TNF-α and IL-6 on 11C-PK11195 uptake in ultra-high 

risk, recent-onset and chronic patient groups.48 Several meta-analyses have 

demonstrated increases in pro-inflammatory markers, such as cytokines and CRP, in 

CSF and plasma of patients suffering from psychotic illness.64,159,160 In the brain, 

microglia and astrocytes are the key players involved in the immune response.37 

Therefore, increases in numbers or activity of these cells have been hypothesized to 

accompany peripheral pro-inflammatory changes. Interestingly, we observed an inverse 

correlation between CRP and TSPO binding in healthy controls. Based on the 

hypothesis that systemic inflammation can trigger microglial activation, one would 

expect the opposite. However, while the relationship between systemic immune 

responses and the brain remains poorly understood69, it was recently suggested that 

systemic pro-inflammatory signals provoke a compensatory decrease in TSPO signal in 

the brain.155,161  

Finally, we observed significant correlations between PANSS positive subscale 

scores and the tracer uptake of patients during a psychotic episode, though only when 

corrected for age and genotype. This suggests that during an acute episode, the severity 

of the psychotic symptoms mediates the amount of TSPO expression, although our 
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study design did not allow us to further evaluate this hypothesis. In their meta-analysis, 

Plavén-Sigray et al found little to no evidence for a correlation between regional VT and 

PANSS scores. In comparison, the PANSS positive scores in our sample were 

significantly higher (24.1±5.4 at the time of the first scan in our patient sample versus 

18,2±4,2 pooled mean of Plavén-Sigray et al; t3.47, df11.3, p.004).157 

 

Limitations 

Whereas our sample sizes are in line with those of previous studies, our a priori power 

was decreased due to the less than perfect test-retest reliability of the tracer.52 Missing 

data and exclusions related to technical difficulties related to the scanning protocol 

caused additional loss of power. We therefore preferred methods of analyses which are 

less affected by missing data, such as linear mixed models. Analyses which were more 

vulnerable to missing data were the correlation analyses stratified by subgroups and the 

regression model for ∆VT. VT values were derived from a metabolite corrected plasma 

input function but VT was not corrected for plasma free fraction as fp values cannot be 

accurately measured through ultrafiltration. However, no significant differences in fp 

were found between the different groups. Further technical challenges related to this 

study are discussed in Ottoy et al.52 It has been our concern that the complexity and 

invasiveness of the scanning protocol combined with the restrictive inclusion criteria 

(including a requirement for patients not to use benzodiazepines prior to the scan) 

arguably represented a significant cause of missing or excluded data and non-response 

bias. Although patients in our sample demonstrated symptom severity scores in the 

same range or higher than previous TSPO studies, less demanding scanning protocols 

are clearly needed particularly for patient groups with a high symptomatic burden 

and/or during an acute psychotic episode. 

Our study was not a priori designed to examine age-related effects and included only 

two patients older than 40 years of age. These results therefore require cautious 

interpretation and need to be replicated in studies specifically designed to compare 
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different age groups of psychosis patients. Furthermore, the mean age of HAB and 

MAB subjects differed significantly in controls (HAB mean 29.6±1.35y; MAB 

25.5±1.13y; t2.31, p.030), but not in patients (t0.42). We therefore cannot exclude that 

the age-dependent increase in VT observed in controls is caused by a genotype 

imbalance. The effect of age on TSPO expression in healthy human brains as examined 

by 11C-PK11195 162-165 or by newer TSPO radioligands 11C-vinpocentine, 11C-DAA1106 

and 18F-FEPPA 166-168 has generated mixed results. 

Almost all patients in our study were medicated during the scans and so we cannot 

rule out changes in the patient group may be due to antipsychotic treatment. However, 

a recent 3H-PBR28 autoradiography study in rats demonstrated haloperidol does not 

affect microglial cell density, morphology or TSPO expression.169 Another potential 

confounder could be the higher proportion of smokers among schizophrenia patients 

compared to healthy controls. Although smoking status was not found to be a 

significant covariate in our analysis, one study found whole brain standardized uptake 

values of 11C-DAA1106 in smokers to be significantly lower compared to non-

smokers.170 Moreover, for statistical as well as safety reasons, our study only included 

male subjects and our findings may therefore not apply to female psychosis patients. 

Finally, the direct biological relationship between microglia and TSPO binding in 

vivo is still not fully understood. Not only microglial cells, but also astrocytes as well as 

endothelial cells have been revealed as cellular sources of TSPO expression in CNS 

pathology171. Even if changes in TSPO tracer uptake truly reflect altered microglial 

activation, PET images cannot differentiate between the various morphological and 

functional states which activated microglial cells can display, ranging from pro- to anti-

inflammatory. Contrary to the widespread notion that increased TSPO expression is a 

hallmark of pro-inflammatory states, recent in vitro data suggests that pro-inflammatory 

macrophages may show reduced TSPO expression.172 Interpretation of altered TSPO 

binding is therefore complex, as it may reflect both a protective response or a damaging 

neuroinflammatory process and will require accompanying neuropathological studies.  
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In this paper we provide, to our knowledge, the first longitudinal evidence that TSPO 

binding of male psychosis patients from acute psychosis to post-treatment remission 

changes could be dependent on patients’ age.  We also show that TSPO binding in 

patients during a psychotic episode increases with their age and the severity of the 

psychotic symptoms. Peripheral concentrations of acute phase protein CRP and 

kynurenine pathway metabolite quinolinic acid correlated negatively with TSPO 

binding. We strongly recommend investing in more longitudinal studies, while 

considering the need for a larger sample size due to less than ideal tracer reliability. 

Secondly, we advocate study designs that allow to differentiate patients in different 

clinical states and assess potential age-related effects.   

 

 

 

  
mean 3.27 ± 0.75%.  
C= controls; P= patients; TP1= first scan, TP2= follow-
up scan.  
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(1) all patient and control data.  
(2) patients during a psychotic episode vs. controls;  
(3) patients in remission vs. controls. 

(1) Longitudinal model for all 
patients and control data 

VT = [SubjID] + genotype + cohort + time + age + age² + 
cohort*time + cohort*age² + age²*time + cohort*time*age² 

Region Term F ratio (effect 
size) 

p 

Cortical GM Cohort*time*age² 
Genotype 

6.50 
9.50 

.020* 

.005* 
Cortical WM Cohort*time*age² 

Genotype 
4.59 
3.11 

.044* 

.090 
Cerebellum Cohort*time*age² 

Genotype 
9.29 
9.54 

.006* 

.005* 
Brainstem Cohort*time*age² 

Genotype 
12.19 
9.07 

.002* 

.006* 
Cingulate Cohort*time*age² 

Genotype 
4.74 
10.77 

.042* 

.003* 
Thalamus Cohort*time*age² 

Genotype 
6.37 
9.81 

.021* 

.005* 
Basal Ganglia Cohort*time*age² 

Genotype 
6.01 
11.31 

.024* 

.003* 
Amygdala Cohort*time*age² 

Genotype 
12.93 
11.59 

.002* 

.003* 
Hippocampus Cohort*time*age² 

Genotype 
8.68 
7.87 

.008* 

.010* 
(2) Patients during a psychotic 
episode vs. controls 

VT = [SubjID] + genotype + cohort + age + age² + cohort*age 

Region Term F p 
Cortical GM Cohort*age 

Age² 
Genotype 

18.92 
16.99 
2.91 

<.001* 
<.001* 
.102 

Cortical WM Cohort*age 
Age² 
Genotype 

12.53 
14.28 
0.13 

.002* 
<.001* 
.726 

Cerebellum Cohort*age 
Age² 
Genotype 

14.69 
11.90 
3.86 

<.001* 
.002* 
.062 

Brainstem Cohort*age 
Age² 
Genotype 

13.58 
11.46 
4.12 

.001* 

.002* 

.055 
Cingulate Cohort*age 

Age² 
Genotype 

22.28 
18.83 
4.10 

<.001* 
<.001* 
.055 

Thalamus Cohort*age 
Age² 
Genotype 

22.15 
15.67 
3.13 

<.001* 
<.001* 
.091 

Basal Ganglia Cohort*age 
Age² 
Genotype 

15.37 
6.74 
4.12 

<.001* 
.016* 
.055 

Amygdala Cohort*age 
Age² 
Genotype 

23.57 
14.38 
5.02 

<.001* 
<.001* 
.036 

Hippocampus Cohort*age 
Age² 
Genotype 

13.74 
4.57 
4.79 

.001* 

.043 

.040 
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(3) Patients in remission vs. 
controls 

VT= [SubjID] + genotype + cohort + age 

Region Term F p 
Cortical GM Cohort  

Genotype  
Age  

4.90 
9.12 
5.07 

.037* 

.006* 

.034* 
Cortical WM Cohort  

Genotype  
Age  

3.95 
3.71 
5.92 

.057 

.066 

.022* 
Cerebellum Cohort  

Genotype  
Age  

5.27 
8.02 
8.77 

.031* 

.010* 

.007* 
Brainstem Cohort  

Genotype  
Age  

9.28 
8.34 
12.28 

.006* 

.009* 

.002* 
Cingulate Cohort  

Genotype  
Age  

4.65 
8.60 
2.45 

.042 

.008* 

.132 
Thalamus Cohort  

Genotype  
Age  

4.58 
9.29 
5.74 

.043 

.006* 

.025* 
Basal Ganglia Cohort  

Genotype  
Age  

3.35 
7.98 
4.40 

.080 

.010* 

.047 
Amygdala Cohort  

Genotype  
Age  

6.70 
11.06 
9.36 

.016* 

.003* 

.006* 
Hippocampus Cohort  

Genotype  
Age  

9.64 
5.93 
12.99 

.005* 

.023* 

.001* 

 

(1) correlation analysis between relative change in VT over time and age; 
(2) partial correlation analysis between VT during a psychotic episode and PANSS positive subscale scores 
(corrected for age and genotype) 

 (1) ∆VT versus age (2) VT during psychotic 
episode versus PANSS 
positive subscale 

 r P (two-
tailed) 

r P (two-
tailed) 

Cortical GM .574 .136 .767 .026* 
Cortical WM .617 .103 .647 .083 
Cerebellum .724 .042 .900 .002* 
Brainstem .827 .011* .778 .023* 
Cingulate .499 .208 .847 .008* 
Thalamus .604 .113 .789 .020* 
Basal Ganglia .562 .148 .869 .005* 
Amygdala .784 .021 .812 .001* 
Hippocampus .901 .002* 1.00 <.001* 
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 VT = [SubjID] + genotype + cohort + time + age + age² + cohort*time + 
cohort*age² + age²*time + cohort*time*age² + CRP + QA + QA*cohort 

Region Term F p 
Cortical GM Cohort*time*age² 

Genotype 
CRP 
QA*cohort 

13.55 
1.40 
13.34 
13.34 

.002* 

.252 

.001* 

.001* 
Cortical WM Cohort*time*age² 

Genotype 
CRP 
QA*cohort 

6.85 
0.24 
14.60 
4.79 

.018* 

.633 

.001* 

.037 
Cerebellum Cohort*time*age² 

Genotype 
CRP 
QA*cohort 

12.48 
2.50 
8.42 
4.73 

.003* 

.130 

.008* 

.038 
Brainstem Cohort*time*age² 

Genotype 
CRP 
QA*cohort 

16.85 
1.68 
10.50 
4.82 

<.001* 
.211 
.003* 
.036 

Cingulate Cohort*time*age² 
Genotype 
CRP 
QA*cohort 

10.80 
2.39 
10.23 
13.85 

.005* 

.139 

.004* 
<.001* 

Thalamus Cohort*time*age² 
Genotype 
CRP 
QA*cohort 

11.33 
1.56 
10.77 
10.37 

.004* 

.228 

.004* 

.003* 
Basal Ganglia Cohort*time*age² 

Genotype 
CRP 
QA*cohort 

5.99 
1.18 
6.90 
2.64 

.030 

.294 

.016* 

.115 
Amygdala Cohort*time*age² 

Genotype 
CRP 
QA*cohort 

12.39 
1.91 
10.88 
5.67 

.004* 

.187 

.004* 

.024* 
Hippocampus Cohort*time*age² 

Genotype 
CRP 
QA*cohort 

11.45 
0.92 
2.77 
0.63 

.005* 

.351 

.108 

.435 
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 Schizophrenia has been previously hypothesized as a generalized 

syndrome of accelerated ageing and cognitive changes in schizophrenia resemble those 

observed during normal ageing. In contrast to extensively demonstrated deficits in 

explicit learning, it remains unclear whether implicit sequence and sensorimotor learning 

is impaired in schizophrenia and normal ageing. We therefore compared performance 

and learning in stable schizophrenia patients, healthy age- and sex-matched controls and 

elderly controls by using an implicit sequence learning task (IPLT) and two variations 

of the same Rotary Pursuit task set-up, one of which incorporated also a sequence 

component.   

 In the Circle Pursuit (true sensorimotor learning) a target circle, 

rotating with increasing speed along a predictable circular path on the computer screen, 

must be followed by a cursor controlled by a pen on a writing tablet. In the Figure 

Pursuit (mixed sensorimotor and sequence learning), subjects learn to draw a complex 

figure by pursuing the target circle that moves along an invisible trajectory between and 

around several goals. The outcome measure used to assess performance was accuracy 

(% of time that cursor is within the target). The IPLT (mixed sensorimotor and 

sequence learning) differentiated between sensorimotor and sequence learning by 

intermixing fixed sequence trials with random trials, in which the response time of the 

sequence trials were subtracted from that of random trials. Explicit knowledge of the 

IPLT sequence was assessed using three different awareness tasks. All tasks were 

administered thrice (day 1, day 2, day 7) to 30 patients with stable schizophrenia (S), 30 
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healthy age- and sex-matched controls (Y) and 30 elderly participants (>65y; E) and 

were recorded with a digitizing tablet and pressure-sensitive pen.  

 We observed significant group differences in accuracy in all tasks and 

strong learning effects in each group. Learning gains over the three sessions of 

schizophrenia patients and age-matched controls were equal in the Circle Pursuit and 

both were larger than those of the elderly in Figure Pursuit. In the IPLT, all groups 

learned equally well during sessions 1 and 2. In session 3, control subjects showed 

significantly larger learning scores than patients with schizophrenia (p.012) and elderly 

subjects (p.021). Both patients with schizophrenia and elderly had less explicit sequence 

recall. 

 Despite the reduced sensorimotor performance that was found in the 

schizophrenia patients, their sensorimotor learning seems to be preserved. In implicit 

sequence learning tasks, short- and long-term learning deficits may become more 

apparent in schizophrenia patients and elderly controls, probably caused by a larger 

explicit sequence knowledge in the healthy controls. The better performance and 

learning rate of the patients compared to the elderly controls in the Figure Pursuit Task 

was unexpected and deserves further study. 

 

 Circle Pursuit Figure Pursuit IPLTrandom IPLTsequence 

 True sensorimotor Mixed sensorimotor & 
sequence 

True 
sensorimotor 

Mixed sensorimotor 
& sequence 

ACCURACY Y>S>E Y>S>E Y>S=E Y>S=E 

SHORT-TERM 
LEARNING 

Y=S=E Y>S>E E>Y=S Y=S=E 

LONG-TERM 
LEARNING 

Y=S=E Y=S>E E>Y=S Y>S=E 

EXPLICIT 
SEQUENCE 

AWARENESS 
   Y>E>S 

Y=young controls; S=schizophrenia patients; E=elderly controls. 
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The functional outcome of schizophrenia patients is highly impacted by the severity of 

their cognitive symptoms and their capacity to learn new skills.173 The fast and 

progressive cognitive decline led initially to the conceptualization of schizophrenia as a 

disorder of chronic brain deterioration.174 Although the neurodegenerative nature of 

schizophrenia is currently under debate, there is evidence supporting the hypothesis that 

schizophrenia is associated with accelerated ageing at a genetic and neuroanatomical 

level.175 On a clinical level, both patients with schizophrenia and normal ageing subjects 

show a decline in cognitive functioning. However, patients with schizophrenia 

experience the greatest cognitive decline over a shorter period of time (mainly during 

the premorbid and prodromal stage of the illness) compared to changes associated with 

normal ageing.176 For this reason, Kirkpatrick et al. 2008 argued that the early stage of 

schizophrenia can be considered as a period of ‘compressed ageing’.177 Importantly, 

there is a strong overlap between the cognitive domains that are affected in 

schizophrenia and those that are also vulnerable to decline in normal ageing with 

processing speed, high load information processing and explicit learning being the 

cognitive domains that are most consistently demonstrated to be affected.178 Even 

though both groups seem to display similar deficits on identical neurocognitive tasks, 

to our knowledge, a direct comparison of implicit sequence and sensorimotor learning 

performance between schizophrenic and elderly individuals has never been conducted. 

Therefore, comparing the performance of schizophrenia patients to elderly individuals 

could offer secondary, but valuable information as to what extent and in which domains 

the cognitive decline in schizophrenia resembles age-related cognitive impairment, 

referred to as “mild cognitive impairment.” Based on earlier findings from the literature, 

we expected both schizophrenia subjects and elderly participants to perform poorer 

than young control subjects. 
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Two variants of learning are generally distinguished: declarative and procedural 

learning, the latter referring to skill, habit, or knowledge acquisition that occurs in an 

implicit manner, i.e. automatically and outside of conscious awareness.179 While deficits 

in declarative tasks have been extensively demonstrated180,181, the literature is still 

inconclusive whether procedural or implicit learning is impaired in both 

schizophrenia182,183 and normal ageing.184,185 Procedural learning is a complex cognitive 

domain covering different learning paradigms.186 Sensorimotor learning  (i.e. the 

incremental spatial and temporal accuracy of movements with repetition) and implicit 

sequence learning (i.e. unconscious incremental acquisition of sequential information) 

represent two forms of procedural learning.187 Both sensorimotor and implicit sequence 

learning primarily involve the dorsolateral striatum, the primary (pre)motor cortex and 

cerebellum188,189 and are considered fundamentally different from explicit sequence 

learning, which involves the anterior striatum and the prefrontal cortex.190 

Designed as a tool to evaluate sensorimotor learning, the Rotor Pursuit task has been 

first used in 1947.191 It measures the ability to keep a stylus on a rotating target, requiring 

motor control over the proximal upper limb (including shoulder-elbow control and 

postural control), as well as the ability to continuously process and adapt to sensory 

(visual and proprioceptive) feedback. Considering the outcomes of previous studies 

using the Rotor Pursuit task, we hypothesized that true sensorimotor learning would be 

preserved in schizophrenia patients192-196 and reduced in elderly subjects.184 However, 

many tasks that measure procedural learning also include a cognitive aspect, e.g. in the 

form of an implicit sequence to be learned. It has been postulated that motor and 

cognitive aspects of procedural tasks are governed by different brain processes; motor 

or skill learning aspects have been associated with a corticostriatal motor circuit 

involving the putamen, whereas aspects of cognitive or sequence learning are suggested 

to operate the dorsolateral prefrontal cortex circuit involving the caudate.195 In this 

study, we aim to differentiate the cognitive and motor aspects involved in implicit skill 

learning by using two variations of the same Pursuit task and an implicit sequence 
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learning task, which involve different levels of sensorimotor and sequence components. 

Furthermore, a longitudinal set-up with repeated sessions over several days offers the 

added value of distinguishing between early (encoding and acquisition) and late 

(retention/consolidation) phases of learning, as distinguished in literature.197  

 

Study design 

For all subjects enrolled the study consisted of an eligibility screening examination (Up 

to 21 days prior) and three cognitive assessments. Cognitive assessments were made in 

two subsequent days (Session 1 and 2) which were separated by overnight sleep. An 

additional third session was performed on day 7 (Session 3). The Pursuit Rotor task 

(RP) and Implicit Pattern Learning Task (IPLT) were part of a cognitive test battery of 

approximately 90 minutes that was administered to all subjects in the same way and is 

reported elsewhere.198 The time of day for completion of the cognitive test batteries was 

comparable on all test days for each subject, but not identical for all subjects. All 

participants were examined individually. 

The study was conducted in accordance with the ethical principles that have their 

origin in the Declaration of Helsinki and that are consistent with Good Clinical 

Practices, applicable regulatory requirements, and in compliance with the study 

protocol. The study protocol was reviewed and approved by the Institutional Ethics 

Committee. 

 

Participants 

After giving written informed consent, subjects were screened to ascertain their 

eligibility for the study according to the in- and exclusion criteria specific for the 

population enrolled. The patient sample consisted of thirty outpatients aged 18-55 with 
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a known history of schizophrenia or schizoaffective disorder (based on DSM-IV 

criteria) of at least 12 months, as confirmed by the referring psychiatrist. Exclusion 

criteria were current use of drugs with anticholinergic properties (including tricyclic 

antidepressants) and benzodiazepines, or comorbid DSM-IV diagnosis of substance 

dependence within 3 months prior to screening evaluation (except for caffeine and 

nicotine dependence); patients with a positive drug screen at screening could be 

included provided they did not meet DSM-IV diagnosis of substance dependence and 

consented to abstain from illegal drugs at any time during the study. An alcohol breath 

test and urine drug screening were performed at each of the cognitive assay days. All 

patients were stably treated with antipsychotic medication for at least 6 weeks, with no 

more than two different antipsychotic drugs used concurrently. Patients were judged to 

be in stable clinical condition at the time of testing through subject interview and 

medical history review by a trained clinician. Symptom severity of patients was rated at 

screening by a trained psychology assistant using the scale for the assessment of negative 

symptoms and positive symptoms (SANS-SAPS).199,200 

Thirty age- and gender-matched control participants, as well as thirty gender-

matched elderly participants (>65 years of age) were recruited from the local 

community. They met the same exclusion criteria as the patients. They were also 

interviewed by a clinician to verify that they had no personal history of psychiatric 

disorders nor first-degree relatives with psychotic disorders and that they were not using 

any psychotropic medication.  

 

Implicit Pattern Learning Task (IPLT) 

 Participants were seated in front of a laptop computer and performed the IPLT writing 

task on a sheet of plastic that was fixed on a digitizing (WACOM1218RE) writing tablet. 

To control the cursor movements to different targets on the computer screen subjects 

used a normal-looking, non-inking pen to move across the plastic sheet. The position 

of the pen tip was recorded on and up to 5 mm above the tablet. Sixteen 10 mm-
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diameter target circles were continuously displayed on the computer screen, positioned 

in a rhombus of four by four targets on equal distances from each other (see Figure 

1A). Each trial consisted of one target turning dark blue. Participants were instructed to 

move the cursor (a turquoise dot with a 4mm diameter) toward the dark blue target as 

quickly as possible by moving the non-inking pen on the digitizing tablet. The cursor 

had to be held inside that target circle for 100ms. A correct hit (and stay of 100ms) of 

the target circle by the cursor, was indicated by a beep and a color change of that target 

circle to turquoise. From the moment the beep sounded, there was a short inter trial 

interval lasting for 100-108ms, which was needed to write the data of the previous trial 

away. After this, the next trial started with a new, adjacent target turning dark blue. The 

turquoise starting position remained visible until the dark blue target was reached. The 

trials were presented either in learning blocks, consisting of repetitions of a fixed 12-

target sequence and pseudo-random blocks, consisting of eight random targets which 

did not contain a fixed sequence. The total duration of one IPLT session took on 

average in 15 minutes.  

In session 1, a first 60-trial pseudo-random block (R1) was followed by five 100-trial 

learning blocks (L1-L5), where the eight random targets followed by the 12-target fixed 

sequence was repeated five times. The five learning blocks were followed by a seventh 

pseudo-random block (R2) of 60 trials at the end of the session. Session 2 and 3 were 

largely similar to session 1 but consisted of only three learning blocks (L1-L3) instead 

of the original five. Before every IPLT session, a practice exercise was performed in 

order to get familiar with the use of a digital writing tablet, the non-inking pen and the 

connection/coordination between pen movements and cursor movements on the 

computer screen. 
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Turquoise circle: starting position, i.e. the 
previous target after being hit by the cursor. 
Dark blue target: the next target. Dark blue 
trajectory: the trajectory of the twelve 
consecutive fixed sequence targets starting 
from target 11: 15, 14, 10, 13, 9, 10, 5, 6, 
1, 5, 2, and 7. Black bold trajectory: an 
example of pen movements on the fixed 
sequence targets. Black trajectory: 
possible pen movements on eight random 
targets. A target error is shown on the pen 
trajectory on fixed trial 6 and five movement 
errors in which the movement started in the 
wrong direction (directional errors, DE) are 
marked. The display seen by the 
participants consisted solely of the 
turquoise pen cursor, the sixteen circles 
(without the numbers), the turquoise 
starting position and one target circle being 
filled dark blue. 

 

The participants were not informed about the repeated sequence. Yet, by debriefing 

following each IPLT assessment a subjective awareness test was performed. Participants 

were asked if they had noticed anything with respect to the task to probe whether they 

had become aware about the tasks’ fixed sequence. Because the participants needed to 

remain naïve with regards to the fixed sequence until the end of the session 3 this 

question was asked in a sensitive, non-suggestive fashion. A degree of explicit awareness 

was scored when participants were able to verbalize that there seemed to be a repeating 

pattern in the task or found the middle (learning) blocks went smoother. After this 

debriefing on session 3, participants were informed about the existence of a fixed 

sequence, after which two additional awareness tests, one recognition test and one recall 

test, were performed. In the recognition test, four blocks of twenty trials were 

performed with the third block containing the fixed sequence and the other three blocks 

being entirely different from the fixed sequence. The participant was asked to estimate 

how likely it was that this sequence appeared during the IPLT by scoring each block on 

a scale of 0-100% with 0% meaning absolute certainty that the sequence did not appear 

in the IPLT and 100% indicating that the subject was entirely certain that the presented 

sequence was identical to the fixed sequence in the IPLT. In the recall test, participants 
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were asked to try to actively regenerate the pattern on two identical test blocks, 

consisting of the twelve sequence targets. The next target was not signaled automatically 

anymore and as soon as the right circle was hit, a beep sounded and this circle colored 

turquoise as in the normal IPLT, after which the next target could be searched for. 

The dependent variable in the IPLT was the mean total response time per target 

(TT). We considered the general decrease in TT across learning block L1 to L5 to 

depend on the combination of task- and sequence-specific learning. The difference in 

TT on sequence trials from random block R2 to the preceding learning block L5 or L3 

was regarded as a measure of sequence learning and the decrease across random trials 

to be caused by task-related (i.e. mostly sensorimotor) learning. The averaged 

differences in TT between the fixed and random trials and their increase over 

consecutive learning blocks provide an estimate of the learning rate within one session. 

 

Pursuit task 

Based on the classical Rotary Pursuit task201, we used two variants of the Pursuit Rotor 

(PR) continuous sensorimotor task, which required subjects to follow the movements 

of a target circle (12 mm in diameter) on the computer screen with a cursor they could 

control by manipulating a pressure sensitive pen on the digitizing writing tablet. In the 

Circle Pursuit (CPR) task, the target circle rotates along a predictable circular path with 

a radius of 7.5 cm (see Figure 1B). This task consisted of two trials of 30 seconds 

duration with six rotations each. The speed of the target was gradually increased from 

10 sec per 360-degree rotation (6 RPM) to 3 sec per full rotation (20 RPM).   

The CPR was directly followed by the Figure Pursuit (FPR) task, in which subjects had 

to follow a trajectory between and around several on-screen goals (see Figure 1C). This 

task can be perceived as learning to draw a complex figure in a so-called ‘Pursuit’ 

condition in which a person is asked to keep the pen cursor on a target circle that moves 

along the (invisible) trajectory that is to be learned. The start and end positions of the 

sequence are marked by white and black circles, signaling with a high and low beep, 
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respectively, when the cursor reaches them (see Figure 1C). This task consisted of eight 

identical trials of 10 sec duration.  

Both during Circle and Figure Pursuit, subjects were able to follow their level of 

performance throughout the task, with vertical score bars appearing on the right side of 

the screen after each trial, indicating their relative level of target contact (see Figures 

1B and 1C). The total time of the PR tasks was approximately 3 minutes. 

Performance in the PR tasks was quantified by the variable accuracy (% of time that 

the cursor is within the target circle, higher numbers indicating better performance). To 

provide a measure for the amount of learning over sessions in the PR tasks, we 

computed two learning measures for each session: the mean and the cumulative learning 

gain, the latter correcting for the participant’s starting level (performance on the first 

trial in the first session). In the Figure Pursuit, the cumulative learning gain was 

calculated as (T1+T2+T3+T4+T5+T6+T7+T8)/8-S1T1. In Circle Pursuit, this was 

(T1+T2)/2-S1T1. 

 

 Grey line indicating pursuit 
trajectory, not seen by participants. On the right-hand side, 
performance bars appeared as feedback after each trial. 

Grey line indicating pursuit 
trajectory, not seen by participants. On the right-hand side, 
performance bars appeared as feedback after each trial.
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Statistical analysis 

We performed all statistical analyses in IBM SPSS Statistics for Windows, Version 22.0. 

(Armonk, NY, U.S.A.). Demographic features were analyzed using independent 

samples T-tests to evaluate significant group differences.  

We tested each participant on three sessions (day 1, day 2, day 7). Within each 

session, several identical trials were performed (2 trials in CPR, 8 trials in FPR and 5 

trials in IPLT).  All data were analysed with ANOVA (GLM) repeated measures. 

Because the time variable is accounted for by two separate variables in our study design, 

we the overall analysis is conducted with two within-subjects factors (Session, Trial) and 

one between-subjects factor (Group, 3 levels). The schizophrenia group was compared 

with the control group and the elderly group was compared with the same control group 

for the measures of significance (planned comparisons). Bonferroni post-hoc analysis 

was used to compare the schizophrenia with the elderly group. We also evaluated the 

between-group differences in learning rate within the first session, where we expected 

to find the largest differences. Alpha was set at 0.05 throughout the study analyses. 

 

Demographics and baseline assessments 

Demographic features, baseline assessment results and group differences are 

summarized in Table 2. Schizophrenia patients (S) had a significantly lower level of 

education compared to the young controls (Y), whereas the young controls and elderly 

participants (E) did not differ significantly for this parameter. (See Table 2). Composite 

symptom scores for schizophrenia patients were 25.67±17.39 on the SANS scale and 

14.24±19.68 on the SAPS scale. A summary of the use of antipsychotic drugs in 

schizophrenia patients included in the study is provided in Table 3. 
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 Schizophrenia 
Patients (S) 

Young 
Controls (Y) 

Elderly 
Participants (E) 

T-test 
S-Y 

T-test 
E-Y 

N 30 30 30 Matched Matched 

Age; mean 
(range) 
 

36.4 (23-53) 37.3 (18-52) 69.2 (65-79) t(58) = 0.16 
p = .875 

t(58) = 18.99 
p < .001** 

Sex M:F 20:10 20:10 20:10 Matched Matched 

Education years; 
mean (SD) 

12.2 (±2.4) 15.1 (±2.6) 14.5 (±3.4) t(58) = 4.50 
p < .001** 

t(58) = 0.74 
p = .465 

T-test differences are reported as t(df) and p-values (** significant at the 0.01 level). 

 

Antipsychotic drug name Number of prescriptions Dose range 

Clozapine 8 50-700 mg/d 

Amisulpride 7 200-800 mg/d 

Haloperidol decanoate 7 75-200 mg/m 

Quetiapine 6 50-600 mg/d 

Olanzapine 3 5-20 mg/d 

Paliperidone 3 3-6 mg/d 

Paliperidone depot 3 75-200 mg/m 

Aripiprazole 2 10-30 mg/d 

Olanzapine depot 2 210-405 mg/m 

Risperidone depot 2 50 mg/m 

Clotiapine 1 40 mg/d 

Flupentixol 1 1 mg/d 

Bromperidol decanoate 1 125 mg/m 

Zuclopentixol depot 1 200 mg/m 

Risperidone 1 4 mg/d 
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Circle and Figure Pursuit 

Sensorimotor performance and learning over all trials and sessions. Over all groups, ANOVA 

(GLM) showed a significant Trial*Session interaction both in the Circle Pursuit task 

(CPR F(2,88)=13.34; p<.001) and the Figure Pursuit task (FPR F(14,76)=4.17; p<.001), 

indicating that the learning curves over trials for each session were different (see 

Figures 2B and 2C). Upon addition of Group as between-subjects factor, in both PR 

tasks a significant main effect of Group was found (CPR F=30.80; p<.001; FPR 

F=31.59; p<.001)). Post-hoc analysis with Bonferroni correction demonstrated that the 

performance of schizophrenia patients and elderly participants was significantly poorer 

than the young control subjects at all stages of the task, and that the elderly participants 

were the worst performing group (E-S CPR mean difference -13.62, SE 3.11, p<0.001; 

E-S FPR mean difference -14.42, SE 2.97, p<0.001). 

The interaction of Trial*Session*Group was only significant in FPR 

(F(28,148)=1.97, p=.005), indicating that the learning curves of the groups also 

followed different slopes (with significant linear, quadratic and cubic components). In 

CPR, the slopes were similar for the three groups.  

Learning the PR tasks over trials in the first session. In the FPR, the controls demonstrated 

different learning slopes compared to the patients and elderly, demonstrated by a 

significant Trial*Group interaction (Y-S F(7,52)=2.80, p=.015 and Y-E F(7,52)=3.42, 

p=.004). This interaction was not significant in the CPR, but there was still a significant 

difference in performance between groups (Group Y-S F(1,58)=6.51; p=.013 and Y-E 

F(1,58)=43.63, p<.001). 

Cumulative learning gain. The mean accuracy over trials was compared across sessions 

1 to 3 with the learning measure cumulative learning gain, which corrects the mean 

accuracy per session for the participant’s starting level performance on the first trial in 

session 1. When the controls were compared to the schizophrenia patients, neither the 

Session*Group interaction, nor the between-subjects effect of Group was significant in 
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either of the PR tasks.  In the comparison of young and elderly controls, a significant 

interaction of Session*Group was maintained for FPR (F(2,57)=3.42; p=.039). 

 

 

 

 

 

IPLT 

Sensorimotor performance and learning over all trials and sessions (random trials). Figure 2A 

shows that in general the control group was much faster than the schizophrenia and the 

elderly group. ANOVA (GLM) on the random sequences of the IPLT showed a 

significant group effect (F(2,86)=26.99, p<.0001). Contrasts of group C (423ms) with 

group S (531ms) and with group E (541ms) were significant (both p<.0001), whereas 

groups S and E were not different (p=.564). Across all groups, we found considerable 

sensorimotor learning over the three sessions (F(2,85)=157.42, p<.0001) and over the 

blocks within the sessions (F(4,83)=50.88, p<.0001). Group differences in 

sensorimotor learning rate were found, as shown by a significant trial*group interaction 

(F(8,166)=5.25, p<.0001) and session*group interaction (F(4,170)=4.04, p=.004). 
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These significant interactions seem to be driven largely due to elderly persons struggling 

more with the very first trials of the IPLT task in sessions 1 and 2 (see Figure 2A).  

 

 

R1 and R2 are the Random blocks and L1-L5 are the 
Learning blocks on session 1, 2 and 3. 

 

 Session 1 Session 2 Session 3 
Controls 453ms 416ms 399ms 
Schizophrenia 567ms 527ms 499ms 
Elderly 592ms 532ms 499ms 

 

Sequence learning over all trials and sessions (sequence trials). In the present study, the 

amount of sequence learning was determined by calculating for each session the 

difference in mean TT of random block R2 and the preceding fixed sequence learning 

block (L5 in session 1 and L3 in sessions 2 and 3). Figure 2A shows marked increases 

in TT from the last learning block to the subsequent random block (R2) for all groups 

in all sessions. ANOVA (GLM) on session (3 levels) and block (2 levels: last learning 

block vs. R2) as within-subject variables and group as between-subject factor showed a 

strong effect of sequence learning. In this analysis, the effect of session was also 
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significant as well as the block by session interaction. The group by session interaction 

was significant (F(2,86) = 3.61, p = .031) and simple contrasts on TT differences in 

session 3 yielded significant group differences between the control group and the other 

two groups (Y–S: p = .012; Y–E: p = .021). 

Sequence learning in the first session. In session 1 the degree of sequence learning was 

substantial (F(1,86) = 159.64, p < .0001) and equal for the three groups (F(2,86) = 0.28, 

p = .754). 

Awareness. The three different awareness tasks are significantly different from each 

other, but these tasks also correlated with each other. The degree to which explicit 

knowledge of the fixed sequence had developed over the IPLT was assessed after each 

session by a subjective awareness questionnaire and—only after session 3—by a 

recognition test and a recall test. In order to split the data of the three awareness tasks 

into the dichotomous categories ‘has explicit knowledge’ and ‘does not have explicit 

knowledge,’ the participants that scored higher than a criterion were counted. This 

criterion was set to a positive answer to the first question for subjective awareness and 

to the median score over all 89 participants for the recognition and recall tests. The 

percentage of participants who scored higher than these criteria is presented in Table 

5. The schizophrenia group, as compared to the control group, was significantly lower 

on subjective awareness in session 1 (χ2=4.39; p=.036) and session 3 (χ2=7.04; p=.008) 

and on the recall test (χ2=8.96; p=.003). The elderly group was significantly higher than 

the schizophrenia group on subjective awareness in session 3 (χ2=5.15; p=.023) and on 

the recognition test (χ2=4.88; p=.027). It differed significantly from the control group 

only in the recall test (χ2=6.70; p=.010). The relation between explicit knowledge and 

the amount of sequence learning (assessed by the TT difference between blocks R2 and 

L5/L3) was explored by calculating correlations (Spearman’s ρ and for recall Pearson 

r). These correlations are presented in Table 5. 
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 Subjective awareness Recognition Recall 

Session 1 2 3 3 3 

Percentage of participants scoring above the criterion score 

E 70 83 90 67 37 

S 59 76 66 38 32 

C 83 90 93 57 68 

Correlation coefficients with IPLT sequence learning 

E .48* .76** .52* .28 .54* 

S .03 .25 .17 .21 .43* 

C .52* .53* .31* -.05 .34* 

Percentage of participants per group scoring above the criterion score on subjective awareness in sessions 1, 2 
and 3, and on the recognition and recall tests in session 3; Correlation coefficients between the final measure for 
sequence learning (TT difference of R2–L5 or L3) and awareness scores on subjective awareness in sessions 1, 
2 and 3, and on the recognition and recall tests in session 3. Correlations higher than or equal to 0.3 are significant 
and marked by an asterisk (*). Correlations higher than 0.6 are marked by a double asterisk (**) 

 

 

General performance  

Our results demonstrate poorer performance across all tasks both in schizophrenia 

patients and in elderly participants compared to young controls, thereby matching 

findings of previous Rotary Pursuit studies.193,195,196,202,203 In the PR, after the mean 

performance per session was corrected for the initial starting level, there was no longer 

a significant difference in performance across sessions between patients and controls. 

This finding suggests that the lower mean performance of patients is caused by a 

significantly lower starting level, which is not recovered by additional practice. However, 

in two other recent PR studies an individual equation of the target speed was applied to 

account for participants’ starting level performance, yet the general performance in 

schizophrenia patients was found to be impaired nonetheless.195,196  Thus, adjusting the 

difficulty of the task does not seem to solve the performance gap. Further study is 

needed to understand these seemingly contradictory findings. Regarding the elderly 

participants, their poorer mean level of performance was amended in the CPR but 
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remained in the FPR after correction for their significantly lower starting level. In the 

first and second sessions of the IPLT, elderly subjects also appeared to struggle with 

the first trials of the session, but later were able to compensate for this shortcoming.   

 

Skill learning rate  

We found that all groups learned the new FPR, CPR and IPLT sensorimotor skills over 

trials and sessions, but whereas the overall learning rate of schizophrenia patients and 

elderly participants was preserved in the ‘true sensorimotor’ tasks (i.e. CPR and the 

random trials of the IPLT), it differed between the three groups the tasks which 

included an implicit sequence learning component (FPR and the sequence trials of the 

IPLT). 

In the FPR, the early phase of learning was characterized by a significantly different 

learning curve of the schizophrenia patients and the elderly participants compared to 

young controls, who reached their peak performance earlier. The CPR consisted of only 

two trials in the first session, and therefore by definition the learning rate was marked 

by a linear increase, of which the slopes did not differ between the three groups. In the 

later phase of learning of both PR tasks, schizophrenia patients and control subjects 

showed comparable learning gains over sessions, but elderly participants learned 

significantly less.  

In the IPLT, all subjects showed an equally increasing amount of learning on the 

first two consecutive test days. However, when retested after 1 week, no further learning 

improvements were detected in patients with schizophrenia and the elderly in contrast 

to the controls who showed an ongoing linear improvement in their performance on 

the learning task. Explicit sequence recall was correlated with sequence learning in all 

subjects, indicating that the impaired performance in patients with schizophrenia and 

elderly subjects after 1 week might be related to explicit learning deficits.  The elder 

subjects were slower on the first random trials of each session, which might indicate 

difficulties to initiate the task or a poorer between-session sensorimotor skill 
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consolidation in the elderly, although this group difference disappeared in the following 

learning blocks. The elderly showed more task-specific sensorimotor learning than 

patients with schizophrenia and controls during sessions 1 and 2, which is in line with 

previous SRTT findings in ageing.204 This enhanced sensorimotor learning may be 

explained as a compensational mechanism for the explicit learning deficits in ageing205 

as compensatory increases in motor cortical and the cerebellar activation has been 

observed in older individuals.206 

 

Study limitations 

By using several variations of sensorimotor tasks, we have attempted to distinguish 

motor and sequence learning components, yet it remains difficult to single out and 

evaluate separately the processes involved in sensorimotor learning and performance. 

We cannot rule out the impact of declarative and spatial memory, attention capacity and 

motor coordination on our skill performance and learning results. We also used a 

different methodology regarding the number of trials and rotation speed, which 

complicates the comparison of our results in the CPR to those of previous PR studies. 

It is possible the number of trials per session in our CPR was too limited to establish 

within-session learning differences, which were found in FPR but not in CPR. 

This study included only schizophrenia outpatients who were able to complete the 

test batteries and results can therefore not necessarily be generalized to the whole 

population of patients with schizophrenia. However, the mean SAPS and SANS 

composite scores in our sample concurred with scores found by van Erp et al. in a 

sample of 205 schizophrenia patients: mean composite SAPS 16.8±14.2 compared to 

14.2±19.7 in our sample, and mean composite SANS 23.0±14.6 compared to 25.7±17.4 

in our sample.207 Our patient population can therefore not be presumed to differ 

significantly in terms of symptom severity from other schizophrenia patient samples.  

A large within-group heterogeneity in performance existed, particularly in the 

starting performance level of schizophrenia patients and the final performance level of 
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elderly subjects. The relatively higher performance heterogeneity of the patients and 

elderly participants compared to the young controls may imply performance in these 

groups was influenced by other variables. Problems with the evaluation of cognition of 

schizophrenia patients include lack of motivation and attention problems caused by 

negative symptomatology. Patients were instructed to complete the tasks to the best of 

their ability and our experience during test procedures was that being able to follow the 

feedback of their performance live on-screen provided an additional stimulus for 

performance optimization to subjects in all groups.  

 

Although the elderly were found clinically healthy and free from disorders that might 

impair task performance, factors such as arthritis, sarcopenia, atrophy of the basal 

ganglia and a declining dopaminergic function which might have contributed to the 

slowing of their hand movements208 could not be excluded. In schizophrenia, 

performance might be influenced by psychomotor slowing that is inherent to the 

illness209 and by extrapyramidal symptoms due to the dopaminergic antagonist action 

of most antipsychotic drugs.210,211 However, all patients were stably treated with 

antipsychotic medication at the time of testing and we found no dose–response 

relationship between the used antipsychotic dosage (in chlorpromazine equivalents) and 

sensorimotor performance on the PR tasks. 

 

Implications for future research and clinical perspectives 

In summary, sensorimotor learning was found to be preserved in the elderly and in 

patients with schizophrenia. Schizophrenia patients may demonstrate some short-term 

learning deficits upon introduction of an implicit sequence component to the 

sensorimotor task, but in the long term (i.e. after an extended number of trials) match 

the learning rate of young controls. However, the young controls do clearly outperform 

the schizophrenia patients once they acquire explicit knowledge of the implicit 

sequence. Despite having been exposed to the same amount of trials, schizophrenia 

patients were not able to benefit as much from this explicit sequence awareness. An 
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age-related decline in sensorimotor learning has been previously recognized203,212, and 

in our study indeed the elderly participants demonstrated both poorer performance and 

lower learning gains in all tasks which included a sequence component. 

Based on our results, it seems schizophrenia patients have a mostly preserved 

capacity to learn sensorimotor skills, with any deficit related more to the early learning 

phase of sequence-holding skills and depending largely on the starting level performance 

and explicit sequence awareness of patients. Unexpectedly, the schizophrenia patients 

even outperformed the elderly healthy participants in implicit sequence learning 

(without explicit component). Although this finding needs to be confirmed, it governs 

a more optimistic message about the functioning of patients than has hitherto been 

assumed. Equally optimistic was the finding that patients with schizophrenia and elderly 

subjects had a similar task performance in the first two sessions of the IPLT, although 

they seemed to utilize different working strategies. This knowledge may prove 

important to the development and evaluation of therapies to improve such deficits in 

both groups. In schizophrenia, such therapies should be part of standard care, as it is 

clear that these patients do maintain the ability to acquire new skills, of vital importance 

to everyday functioning, given extra room for rehearsal and a focus on increasing 

awareness and how to utilize it (e.g., improving the active verbalization of possible 

underlying task rules and structures). On the other hand, since more complex skills 

often also require additional cognitive components related to planning and organization, 

it remains to be proven whether this can be successfully translated to all real-life skills.  

Our study provides important caveats towards future research on procedural 

learning in schizophrenia. Researchers should be aware that sensorimotor tasks 

including a sequence component should be distinguished from true sensorimotor 

learning tasks. As shown in this study, small variations applied to commonly used 

procedural tasks may allow to distinguish between operationally different components 

that may be important to further elucidate the nature of the deficits in schizophrenia. 

Particularly the combination of different sensorimotor learning tasks with imaging 
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techniques can be valuable to evaluate structural and functional brain alterations in the 

motor system. Furthermore, a longitudinal design should be a key feature of any study 

design interested in aspects of learning and memory, with differentiation of early and 

late learning phases. It might also be interesting for future studies to include both elderly 

and non-elderly schizophrenia and control participants to differentiate between the 

mechanisms of cognitive impairment related to ageing and schizophrenia. 

Cognitive functioning, and specifically also executive functioning as measured with 

the Wisconsin Card Sorting Test, has been shown to be a major predictor of functional 

outcome in schizophrenia.173 Motor learning in schizophrenia has been less studied, and 

its relation to  functional outcome is currently unknown. However, evidence that motor 

performance is not only related to cognitive and executive functioning, but also a 

predictor of cognitive deficits in schizophrenia patients at one year follow-up213, 

suggests an association between motor performance or learning capacity and functional 

outcome may exist that merits further investigation. 

 

In both true sensorimotor as well as mixed sensorimotor and sequence learning tasks, 

short- and long-term learning was evident in all groups. True sensorimotor learning was 

preserved in schizophrenia patients and elderly controls. In implicit sequence learning 

tasks, short- and long-term learning deficits may become more apparent in 

schizophrenia patients and elderly controls, probably because of crescent explicit 

sequence knowledge in the healthy controls. Unexpectedly, schizophrenia patients still 

outperformed elderly controls in a mixed sensorimotor and sequence learning variation 

of the Rotary Pursuit task. In terms of general performance, the schizophrenia patients 

fell between the young controls and the elderly participants. 
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The (unmedicated) acute psychotic state is accompanied by inflammatory 

changes and represents a separate neuroimmune condition of psychotic illness 

The key finding of our work has been that the immune and neuroendocrine profiles of 

patients change throughout the course of a psychotic episode. This finding pairs with 

earlier literature (Chapter II) which suggests differential patterns of immunological 

activation exist in different “states” of the schizophrenia illness course. State-dependent 

alterations in cytokines, chemokines, lymphocytes and oxidative stress markers have 

been demonstrated in the blood of patients with schizophrenia at meta-analytic level. 

Our data add to this knowledge by demonstrating for the first time that a similar pattern 

exists for the immune-linked neuroendocrine IDO pathway (Chapter III) and microglial 

activation in the CNS (Chapters 3 and 4) – carrying us one step closer to understanding 

the neurobiology of schizophrenia. This finding brings design implications for all future 

studies looking into immunological changes in psychotic illness. 

 

Psychotic illness is characterized by increases in pro-inflammatory cytokines, 

immune regulatory proteins and c-reactive protein 

Cytokines are key signaling molecules of the immune system that exert effects in the 

periphery and CNS, by binding specific receptors on a variety of target cells. They 

orchestrate the innate and adaptive components of the immune system and are key 

regulators of acute and chronic inflammation, as well as a host of other physiological 

processes throughout the body.214,215 Meta-analyses have confirmed peripheral changes 
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in the levels of cytokines and immune markers in patients with psychotic illness during 

acute exacerbations (acute psychotic relapse or first psychotic episode), which normalize 

after antipsychotic treatment.110 These “state” markers are distinguished from the 

“trait” markers that remain significantly altered throughout the disorder.64,68 In our 

study, several pro-inflammatory (IL1b, IL6, IL8, CRP) and regulatory (IL1RA, 

CCL2/MCP) cytokines and immunologically active proteins demonstrated both trait 

and state-level increases in psychotic illness. The concentration of several pro-

inflammatory markers (IL1b, IL6, CRP) also increased with the severity of psychotic 

symptoms (Chapter III). 

Our findings are in line with results from earlier studies who found state increases in 

pro-inflammatory markers (Chapter II; Table 1). 

  

Increased concentration of… Finding Literature 

IL1b (cytokine) State in <30y State64 

IL1RA (cytokine receptor antagonist) Trait N/A 

IL6 (cytokine) State State64 

IL8 (cytokine) State N/A 

IL12 (cytokine) N/A Trait64 

sIL2R (cytokine) N/A Trait64 

TNFa (cytokine) State Trait64 

TGFb (cytokine) N/A State64 

IFNy (cytokine) N/A Trait64 

CCL2/MCP1 (complement protein) Trait Trait116 

CRP (acute phase protein) Trait Trait160 

 

Cytokines are often grouped according to the subtype of T-helper cells involved, 

with Th1-profile relating to the expression of IFNγ, TNFβ and IL2 by CD4+ T-cells 

(cell-medicated immunity), while the Th2 humoral immune response is marked by the 

expression of IL4, IL5, IL6, IL9, IL10 and IL13.   



145 
 

The ratio between Th1-Th2 has been found to be increased in the plasma of drug-

naïve and drug-free schizophrenia patients and was reversed by 6 weeks of antipsychotic 

treatment.216 However, this overly simplified model does not consider overlapping 

activities of some cytokines (such as TGFβ and IL10 which inhibit both Th1 and Th2 

subsets), along with the existence of less common profiles such as the Th3 subset of T 

helper cells and other types of T cells that can influence the expression and activation 

of T helper cells, such as natural regulatory T cells. Given these limitations, we have 

chosen not to report on Th profiles in our study but rather prefer to report on individual 

cytokines. 

IL1RA is a natural inhibitor of the pro-inflammatory effect of IL1β secreted by 

various types of cells – thereby allowing the body to control and modulate systemic 

inflammation caused by IL1. Variants of the IL1RN gene which codes the IL1RA has 

been found to be associated with risk of schizophrenia while elevated levels of IL1RA 

have been found in serum of schizophrenia patients217-219. IL6 acts as both a pro-

inflammatory cytokine and an anti-inflammatory myokine (by inhibition of TNFα and 

IL1 and activation of IL1RA and IL10) and can cross the blood-brain barrier. Following 

IL6 secretion by macrophages or T cells, the liver is stimulated to release acute-phase 

protein CRP, which in turn activates the complement system. CRP has been identified 

as a trait marker of psychotic illness in our study as well as in two meta-analyses, which 

found a 28% prevalence of elevated blood CRP (defined as >5mg/l) in patients with 

schizophrenia160, and a medium-to-large effect size (ES 0.60) for significantly higher 

blood CRP in patients with schizophrenia compared to controls220 independent of 

initiation of antipsychotic medication. CCL2/MCP1, also known as CD46 complement 

regulatory protein, has an inhibitory effect on complement components C3b and C4b, 

the latter of which was recently identified as a genetic risk factor for schizophrenia.36 

Lastly, IL8 - also known as neutrophil chemotactic factor - is an important mediator of 

the immune reaction in the innate immune system response. It has been linked to 

schizophrenia both as a prenatal risk factor as well as a predictor of response to 

antipsychotic medication.221,222 Other cytokines identified as trait or state markers in 
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earlier literature were not included in our analysis because the immunoassay data did 

not meet criteria for quality standards. 

 

Psychotic illness is characterized by peripheral downregulation of the IDO 

(kynurenine) pathway.  

Tryptophan is one of the nine essential amino-acids and a precursor to various 

metabolic pathways, resulting in different end-products, such as melatonin, serotonin 

and kynurenines. The kynurenine pathway represents a major route for tryptophan 

catabolism both peripherally and in the CNS and is executed mainly in immunologically 

active cells. Stimulation by inflammatory molecules strongly activates the first enzyme 

of the kynurenine pathway, indoleamine-2,3-dioxygenase (IDO). Thus, the IDO 

pathway is often upregulated when the immune response is activated and might play a 

key modulatory role in the immune response. Additionally, some of the kynurenines, 

such as quinolinic acid (QA), 3-hydroxykynurenine (3-HK) and kynurenic acid (KA), 

exert direct action on neuronal functioning. 3-HK and QA, primarily formed by 

microglia in the IDO-triggered branch of the pathway, appear to be neurotoxic and QA 

is an NMDA agonist accounting for considerable excitotoxicity. Formed in another 

branch of the pathway initiated by tryptophan 2,3-dioxygenase (TDO), KA counteracts 

the effects of QA and is an NMDA-receptor antagonist. NMDA antagonism has been 

linked to both psychotic and negative symptoms of schizophrenia.100,223 In rodents, 

elevated levels of KA provoke schizophrenia-like symptoms, including some of its 

characteristic cognitive dysfunctions. KA levels were also found to be increased in the 

central nervous system (as measured in cerebrospinal fluid and brain tissue) of psychosis 

patients.119 In spite of this, we have identified peripherally decreased KA as a trait 

marker of psychotic illness both in our full patient sample (Chapter III), in our imaging 

subgroup (F13.7, p.001) (Chapter V) and at meta-analytic level (Chapter III). A potential 

explanation could be a shift of KA from the periphery to the central nervous system. 

Moreover, KA concentrations correlated negatively with the level of microglial 
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activation on PET in patients, both during a psychotic episode and in remission (cortical 

GM r-1.000, p<.001). Furthermore, the QA/KA ratio increased significantly between 

the acute and follow-up scans in patients but not in controls of our imaging subgroup 

(cohort*time F26.7, p<.001) and this ratio correlated with the amount of microglial 

activation during a psychotic episode (cortical GM r.873, p.010). A similar increase in 

QA/KA over time was seen in the full sample (cohort*time F8.49, p.004), and this 

pattern was more pronounced in patients under 30 years of age in both samples. We 

explored the relationship between psychosis symptom domains and kynurenine 

pathway metabolites. Our findings suggest that IDO pathway markers are primarily 

associated with negative symptom scores, and possibly also cognitive symptoms. 

Normalization of KA and 3-HK levels between admission and follow-up corresponded 

to a larger improvement of negative symptoms. A reverse association was found 

between relative improvement of SDST scores and decreased KA levels, which could 

represent the first evidence in humans of the preclinical findings that sudden increases 

in brain kynurenic acid impair cognitive flexibility. These results appear somewhat 

paradoxical as (i) based on its NMDA-antagonistic function, one would expect negative 

symptoms to be associated with increased KA223 and (ii) negative and cognitive 

symptoms are often suggested to correlate with each other and follow the same 

course.224 The role of KA in the context of inflammation and psychosis certainly 

deserves further study and may eventually turn out to be a double-edged sword in which 

a shift of KA from the periphery to the CNS represents a compensatory mechanism to 

counteract the harmful effects caused by secretion of QA by activated microglial cells, 

at the expense of developing negative and/or cognitive symptoms. Since direct 
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transport of KA to the brain is limited under intact BBB integrity, such a shift can 

normally only be accomplished indirectly through increased transfer of Trp or Kyn 

through the blood–brain barrier to serve as substrate for local synthesis of KA in brain 

tissue.131 To test this hypothesis, KA and QA would need to be measured in brain 

and/or CSF, preferably together with peripheral measures and in vivo imaging of 

microglial activation.  

 

Inconclusive evidence on GTP-CH1 pathway alterations in psychotic illness 

In chronic inflammation, activation of guanosine triphosphate cyclohydroxylase 1 

(GTP-CH1) by pro-inflammatory cytokines results in increased neopterin production 

at the expense of tetrahydrobiopterin (BH4). Neopterin is a marker of activated cell-

mediated immunity and increased oxidative stress, while BH4 is an essential cofactor in 

the synthesis of monoamine neurotransmitters such as dopamine, noradrenaline and 

serotonin.126,225,226 We therefore expected to find altered neopterin and 

Central immune activation

Microglial 
activation QA release

IL6

CRP

TNFα

KA shift from 
periphery to 

central
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phenylalanine/tyrosine during the increased inflammatory condition which 

accompanies the acute psychotic state. We could however not find any significant 

alterations in the GTP-CH1 pathway, except for a change in Nitric oxide which could 

be related to a medication effect of antipsychotics (Chapter III). Unfortunately, our 

GTP-CH1 pathway findings were subject to major batch effects which could have 

obscured any biological differences. Both the IDO and GTP-CH1 pathway are 

upregulated by immune responses. Theoretically, it would make sense for both 

pathways to demonstrate alterations in immune activation conditions. Whether this is 

indeed the case is a question we unfortunately could not answer based on our findings.  

 

18F-PBR111 is a suitable test-retest tracer of TSPO 

Positron Emission Tomography with radioligands targeting the translocator protein 

(TSPO) can detect patterns of neuroinflammation in vivo. Monitoring activated 

microglia is of great interest to assess disease severity and progression as well as the 

therapeutic efficacy of immunomodulatory compounds. We have shown for the first 

time that 18F-PBR111 can be used for monitoring of TSPO binding in both large and 

small brain regions, as shown by medium test–retest variability (16%–22%) and 

reliability (ICC: 0.64–0.82) in healthy controls (Chapter IV). The 18F-PBR111 binding 

reproducibility and regional test–retest variability performs similarly or better than other 

tracers (cfr. Table 2). 

Tracer and model used 

18F-PBR111 
2TCM + vascular 

trapping 

11C-PBR28  
2TCM  

[Collste 2016]227 

11C-(R)-PK11195  
2TCM  

[Jucaite 2012]153 
Cortical GM 0.76 0.92 0.47 

Cortical WM 0.64 0.32 0.73 

Basal Ganglia 0.76 0.90 0.09 

Thalamus 0.78 0.91 0.06 

Hippocampus 0.69 0.94  

Cerebellum 0.78  0.07 
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We have also demonstrated that scan duration may be reduced to 60minutes with 

less than 10% increase in variation (except for cortical white matter, hippocampus and 

brain stem). Scan protocol complexity is a source of data exclusion (due to higher 

number of movement artefacts) and inclusion bias (excluding those who are unwilling 

or unable to undergo the long scanning protocol). Other studies have experimented 

with protocols using ‘reference tissue models’ instead of an arterial input function. If 

these protocols become validated for 18F-PBR111 or similar 2nd generation TSPO 

tracers in the future, this would further improve practical applicability of TSPO PET 

scanning for research or clinical practice in these vulnerable populations. 

 

Microglial activation is decreased or increased in acute psychosis dependent on 

age 

At the start of our imaging study, only two small studies had investigated TSPO uptake 

in schizophrenia patients, both showing increases in certain brain regions using first 

generation TSPO radioligand 11C-PK11195. During the lifespan of our project, several 

other studies have been completed around the world using different methods and 

tracers. These new findings have however not helped to generate clarity in the field. 

Heterogeneous and contradictive findings (some studies demonstrating increased 

TSPO uptake in psychosis, others decreased) have muted down the initial enthusiasm 

for TSPO PET scanning in schizophrenia to a more ambiguous sound. Our study was 

the first to measure TSPO longitudinally in psychosis and remission, and we expected 

to answer the question how the increased TSPO uptake in the acute stage evolves over 

the course of the psychotic episode. However, it appears the mechanisms for microglial 

activation in psychosis are more complex than anticipated and are influenced 

significantly by age. In young patients, the microglial activation was decreased compared 

to healthy controls. Around the age of 30, they reach a tipping point after which patients’ 

TSPO uptake increased exponentially with their age at the time of the scan. This 

mechanism has not been described by either of the two recent meta-analyses of studies 
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using second generation TSPO PET in psychosis patients. However, neither of those 

studies accounted for age as confounding variable. We would encourage the authors to 

rerun their meta-analyses with stratification of subjects older and younger than 30 years 

and/or to test the effect of age in a meta-regression. 

Although not fully conclusive, age-dependent variations in microglial activity have 

been described in normal ageing as well. We therefore view this unexpected finding in 

the light of “accelerated ageing” hypotheses which have been used to describe and 

explain the progressive brain volume loss and altered brain plasticity observed in 

schizophrenia. These findings confirm schizophrenia as not only a neurodevelopmental, 

but also a progressive illness in which ongoing (immune-related?) mechanisms continue 

to wreak havoc during the course of the illness. 

 

Schizophrenia patients do not demonstrate accelerated ageing in implicit skill 

learning tasks 

Despite the abovementioned evidence suggesting accelerated ageing mechanisms in 

psychosis patients, we were not able to confirm this theory at the functional level. 

Indeed, a vast amount of literature has described cognitive deficits in schizophrenia in 

explicit learning and declarative memory tasks. Cognitive functioning, and specifically 

also executive functioning has been shown to be a major predictor of functional 

outcome in schizophrenia.173 Implicit skill learning in schizophrenia has been less 

studied, and its relation to functional outcome is currently unknown. In our work we 

demonstrate that such the learning potential of schizophrenia patients in skill learning 

tasks is mostly preserved (Chapter VI). In line with earlier literature203,212, our elderly 

control participants demonstrated an age-related decline in both performance and 

learning gains compared to younger control participants in both true and mixed 

sensorimotor learning tasks. Unexpectedly, the schizophrenia patients even 

outperformed the elderly healthy participants in one of these tasks. However, findings 

of our research group suggest that in other cognitive domains elderly participants may 
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do equally well198 or outperform schizophrenia patients.228 This suggests that despite 

the accelerated brain volume loss and associated loss of neuroplasticity (Chapter II), 

some cognitive functions are preserved – a hopeful finding which justifies further 

translational research. We would encourage future studies to include both elderly and 

non-elderly schizophrenia and control participants to differentiate between the 

mechanisms of cognitive impairment related to ageing and schizophrenia.  

 

Peripheral versus central immunological changes 

Most studies on immunological changes in psychosis have focused on blood markers, 

with a relative paucity of evidence coming from CSF, neuroimaging or postmortem 

research (Chapter II). Nor is there much research on correlations between peripheral 

and central markers of immune dysfunction. The brain is considered an 

immunoprivileged site because it lacks the adaptive arm of the immune system. The 

blood-brain barrier (BBB) secludes the brain parenchyma from the vasculature of the 

meninges, choroid plexus and CSF, where T-cells patrol. Nevertheless, bidirectional 

communication lines exist between the general immune system and the central nervous 

system (CNS): peripheral inflammatory responses can elicit physiological and behavioral 

changes in the CNS through secretion of cytokines and direct neuronal activation.229 

Microglia are the primary innate immune cells that reside in the CNS. In their quiescent 

state, they actively survey for pathogens and help regulate synaptogenesis and neuronal 

functioning. Activated microglia exhibit macrophage-like functions, including 

proliferation, cytokine production (IL1b, TNFα, IL6, IL10, TGFβ) and phagocytosis. 

These cytokine cascades lead to production of chemokines and secondary messengers 

including nitric oxide and neurotransmitter metabolites.  
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The term neuroinflammation is used to broadly describe immune-related processes 

that occur within the CNS, hallmarked by the activation of microglia and their 

production of cytokines and other secondary messengers in response to immunological 

stimuli. Yet at the same time neuroinflammation represents a phenomenologically 

heterogeneous, context-dependent response. Much of our understanding of 

neuroinflammatory processes is based on experimental models on neurological disease, 

often in the presence of BBB breakdown.229 However, these models may not provide 

good insight of the chronic, low-grade neuroinflammation associated with psychiatric 

conditions. To truly assess neuroinflammation, we would therefore ideally need to 

develop reliable ways to investigate low-grade immunological alterations in the central 

nervous system in vivo.  

One of our research objectives was to link peripheral to central immune changes, 

specifically activation of microglia as measured by TSPO PET. We describe for the first 

time how TSPO uptake (as a marker of central microglial activation) is linked to 

peripheral changes in cytokines and IDO pathway metabolites (Chapter V). However, 

we recognize that due to the sample size our data probably did not have sufficient power 

to fully explore these relationships. Shockingly, our findings in peripheral KA suggest 

that IDO pathway markers may behave very differently on both sides of the BBB in the 

context of inflammatory responses (Chapter III) – and thereby appear to discredit the 

validity of peripheral measurements as a direct proxy for CNS neuroendocrine changes.  

 

Immunological changes as cause or consequence of psychosis 

Although several studies, including our own, have identified both central and peripheral 

immunological changes in patients suffering from different states of psychotic illness, 

these associations do not explain whether the observed changes signify a cause or 

consequence of the illness symptoms, or even represent merely a bystander effect. 

Indeed, several important limitations in the current literature preclude definitive 
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conclusions regarding a potential causative association between immune dysfunction 

and schizophrenia (cfr infra).  

Putative causative mechanisms include immune-related genetic risk factors, maternal 

immune activation, auto-immune encephalopathy and neurotropic virus infections. At 

the same time, we can imagine patients during a psychotic episode will demonstrate 

behavioral changes in self-care, diet, substance use, social interactions etc. which could 

directly or indirectly (through increased exposure to pathogens) elicit peripheral pro-

inflammatory responses. Additionally, patients will usually have prior or current use of 

different psychopharmacological compounds which may further confound 

immunological findings. Other translational types of studies, such as genetic or animal 

research will therefore be needed to further elucidate the associations observed in 

clinical studies. 

 

Immunological changes in schizophrenia versus other psychotic states 

The study of immune-related mechanisms has not been limited to primary psychotic 

illnesses such as schizophrenia, but rather has been an area of interest for all major 

psychiatric illnesses. In addition to schizophrenia, cytokine and IDO pathway 

abnormalities have been demonstrated in bipolar disorder and major depressive 

disorder. A meta-analysis of blood cytokines in acutely ill (68 studies) and chronically ill 

(40 studies) patients from these three major psychiatric disorders identified increased 

levels of IL6, TNFα, sIL2R and IL1RA state markers for acutely ill patients with 

schizophrenia, bipolar mania and MMD compared with controls (with levels of these 

cytokines significantly changing after treatment of the acute illness).71 In chronically ill 

patients, increased levels of IL6, sIL2R and IL1b were found in schizophrenia and 

euthymic bipolar disorder.71 In another longitudinal project from our research group, 

bipolar disorder patients were also found to demonstrate trait decreases in KA, as well  
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 as mood- and age-dependent alterations in the interaction between inflammatory 

markers and immunometabolic pathways suggestive of accelerated ageing 

mechanisms.230,231 Besides the apparent overlap with other psychiatric syndromes, 

physiological findings reliably associated with a given diagnosis can be remarkably 

absent in any given individual with the same condition. This lack of sensitivity and 

specificity certainly represents a problem in the hypothesis of immune dysfunction as a 

cause of schizophrenia. A potential explanation for the heterogeneous findings of 

immune system dysfunction in schizophrenia may be the inherent limitation of our 

phenomenologically-based nosology. The Bipolar-Schizophrenia Network on 

Intermediate Phenotypes (B-SNIP) identified three more homogeneous, 

neurobiologically distinct phenotypes (biotypes) of patients with psychosis that did not 

respect DSM clinical symptom-based diagnostic categories.232 It appears that immune 

system changes may underlie several psychiatric illnesses, in which case it is worthwhile 

questioning if immunological dysfunction represents a form of multifinality – a 

common cause leading to several phenotypical outcomes depending on other variables, 

or equifinality – a final common pathway in all forms of psychopathology. Just as there 

Immunological changes

Psychosis

MDD

Bipolar

Psychosis
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are many underlying etiologies of fever, distinct etiological pathways may lead to 

psychosis through immunologically triggered neuroendocrine cascades.  

 

An unexpected but interesting finding of our study has been the observation of age-

dependent effects on microglial activation in patients. In normal ageing, microglia have 

a ‘primed’ or ‘sensitized’ phenotype with a corresponding increased neuroinflammatory 

potential.229 Primed microglia in aged rodents respond to inflammatory stimuli with 

amplified and prolonged neuroinflammation that causes extended behavioral 

consequences.233,234 This concept has been coined “inflammageing”.  Such ‘priming’ of 

the immune system has also been proposed as a mechanism for immunogenetic or 

prenatal immune changes to exert effects during adolescence and adult life. At the same 

time, schizophrenia has been described as an illness of segmental progeria, i.e. 

demonstrating some aspects of accelerated ageing such as brain plasticity, as well as 

being associated with increased physical morbidity and early mortality.10,235 This theory 

accompanies the emerging notion that several classical non-ageing diseases are either 

associated with segmental ageing or accelerated ageing. In other words, disease may 

cause ageing which in turn causes disease. For instance, chronic viral infection (in 

particular CMV) may accelerate ageing of the immune system (Frasca and Blomberg, 

2016). In a recently published systematic review of 42 studies investigating systemic age-

related biomarkers (including markers of inflammation, cytotoxicity, oxidative stress, 

metabolic health, gene expression, and receptor/synaptic function), most of the studies 

reported abnormal biomarker levels among individuals with schizophrenia, with 

medium to large effect sizes. One third of the studies also observed differential age-

related declines in schizophrenia.235 Arguments in favor and against this hypothesis are 

summarized in Table 2. Clearly more research is needed in both the study of normal 

ageing as well as the impact of age in schizophrenia and psychotic illness. In particular, 

longitudinal follow-up studies are needed to define whether the abnormal ageing 
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trajectories in schizophrenia and psychotic illness are marked by a higher rate of age-

related decline (i.e. “excessive ageing”) or by a leftward shift of the normal ageing curve, 

meaning normal ageing processes are taking place at a precociously young age (i.e. 

“precocious ageing”). 

 

Arguments in favor Caveats 

Age-dependent TSPO uptake Insufficient knowledge on normal ageing processes 

e.g. unclear if TSPO uptake changes in normal 

ageing 

Progressive brain volume and gray matter loss Confounding by use of antipsychotics 

Cognitive decline Patients outperform elderly controls in implicit skill 

learning tasks 

Reduced neuroplasticity Only cross-sectional study designs 

Amplified BDNF decrease  

Abnormal age-related biomarker levels  

  
The blue line represents 
the normal ageing 
trajectory in healthy 
controls. The orange line 
is the normal trajectory 
shifted to the left (i.e. 
precocious ageing), while 
the red line has an 
increased rate of ageing 
(i.e. excessive ageing). 
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The main limitations of our study are related to methodological problems caused by 

practical or ethical constraints. In terms of our study design (‘Psychosis-Associated 

Neuroinflammation in Schizophrenia’ study), unequal distribution of blood sample data 

points between groups (two samples in controls, up to three samples in patients) as well 

as the relatively large (though not unexpected) number of drop-outs and missing data 

has limited our choice of suitable statistical methods. We chose to work with mixed 

model analyses to reduce the impact of missing data, at the expense of certain research 

questions being left unanswered. A lack of power was most apparent in some analyses 

of the imaging subgroup. 

Furthermore, from the recruitment phase of the study it became clear that, especially 

in acutely ill psychotic subjects, selection bias is a cause for concern. A further source 

of confounding is the no-matching of study groups for smoking and cannabis use, and 

the lack of standardized medication regimens in patients. About half of patients with 

schizophrenia have a lifetime diagnosis of a substance use disorder and Illicit drug use 

can modulate immune function. Yet its effects in schizophrenia are largely unknown as 

the vast majority of studies excluded recent illicit substance use.236 We therefore cannot 

rule out a confounding effect of substances on our biological parameters, although by 

measurement of intra-individual changes in a longitudinal design, we were able to 

minimize potential confounding effects. Finally, should we have been able to perform 

the blood sampling at a fixed time of day in fasting conditions and at a fixed interval for 

each subject this would have further improved the standardization. 

Lastly, insight into the molecular characteristics of neuroinflammation are largely 

lacking, which hinders the interpretation of our findings. In contrast to macrophages, 

known to express both phenotypes of “classical” activation (M1) and “alternative” 

activation (M2, with expression of anti-inflammatory cytokines), the mechanisms by 

which the microglial phenotype is regulated in the CNS are poorly understood and will 

require more fundamental research. 
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The “temporality” criterion 

In their influential review paper, Miller and Goldsmith wrote that whereas the strength 

and consistency for the association between inflammation and schizophrenia can be 

considered robust and plausibility is modest, evidence is currently lacking for a biological 

gradient, specificity and temporality as important epidemiological criteria (i.e. the Bradford 

Hill Criteria, 1965) to evaluate the evidence of causation (cfr. Table 4). They went on 

to prioritize several future research directions regarding the study of immune changes 

in schizophrenia to fill these evidence gaps. One of those priorities was the design of 

longitudinal studies with serial measurements of intra-individual changes in immune 

markers across the clinical course of the disorder.236 Our work has now provided 

evidence for such a temporal association between clinical state and immune dysfunction 

in the context of schizophrenia and psychotic illness. However, this design cannot infer 

if exposure to immunological changes preceeds the onset of (symptomatic) illness. To 

do so, many (at-risk) individuals would need to be followed prospectively from 

adolescence to document the central and peripheral immunological and biomarker 

changes in relation to the onset and progression of clinical symptoms. 

The main take-home message of our study should therefore be that it is imperative 

for future studies investigating immunological changes in psychosis patients to consider 

the timeline of the illness course when building a study cohort, and preferably include 

patients during the most acute (and unmedicated) state. For obvious practical and 

ethical reasons, these acutely ill patients are often not included until later stages of the 

illness when their clinical condition has become more stable and they are willing and 

able to go through the different steps of study enrollment. However, our findings clearly 

demonstrate that the most acute state is accompanied by the largest alterations and is 

different from a slightly later point two to three weeks into treatment. 
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Other priorities which have been addressed in our work were the concurrent 

measurement of multiple immune parameters and imaging of neuroinflammation in the 

CNS.236  

 

1. Strength: the larger the effect size of the association, the more likely that it is causal. 

2. Consistency: Findings are reproducible when repeated by different persons in different 

places with different samples 

3. Specificity: Causal factor relates only to the outcome in question 

4. Temporality: Temporal association between exposure and outcome 

5. Biological gradient: If a dose response is seen, it is more likely that the association is 

causal 

6. Plausibility: A reasonable mechanism between cause and effect exists  

7. Coherence: Coherence between epidemiological and laboratory findings increases the 

likelihood of an effect.  

8. Reversibility: If the cause is deleted then the effect should disappear as well 

 

Translational implications 

Although we knew in advance it would not generate direct implications for clinical 

treatment, our research work nonetheless still reveals several interesting opportunities.  

Firstly, the neuro-immunological profiles of psychosis patients as distinguished in this 

study by peripheral and central alterations can serve as potential biomarkers to enriched 

clinical trials, i.e. increasing the effectiveness of ongoing trials of adjunctive anti-

inflammatory agents in the treatment of schizophrenia through identification of specific 

subgroups that may benefit from this kind of treatment. Secondly, novel 

immunomodulatory strategies for the treatment of schizophrenia can be identified 

through the discovery of alterations in immunometabolic pathways such as the IDO 

pathway as new therapeutic targets. Such a new therapeutic strategy would have a major 

impact and signify a welcome addition to the therapeutic arsenal of clinicians treating 

schizophrenia worldwide, for whom present antipsychotic drugs still disappoint due to 

the high percentage of therapy-resistant patients and unsatisfactory effects on cognitive 
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and negative symptoms. It also has significant potential for early intervention in 

prodromal stages and ultra-high-risk subjects. Lastly, we hoped the confirmation of 

neuro-immunological alterations as a hallmark of etiopathogenesis and clinical course 

of schizophrenia would lead to clues that can be used to identify specific genes 

responsible for the disease. The latter was accomplished during the course of our study 

with the discovery of a 1.4 fold greater expression of complement C4A RNA across 

five brain regions in schizophrenia by Sekar et al in 2016.36 Given that complement 

proteins can influence synaptic pruning during critical periods of the brain development, 

such an immunogenetic risk factor could lead to the abnormal microglial activity and 

structural brain changes observed in schizophrenia. Although prenatal genetic 

engineering is not yet feasible (or desired) in humans, prevention of prenatal maternal 

inflammation can be an important way to decrease the vulnerability to schizophrenia. 

Promising reports that pretreatment of pregnant mice with N-acetylcysteine and/or 

iron supplementation can reverse the adverse effects of a maternal immune challenge 

on the fetus, including cytokine induction, hypomyelination, cognitive impairments and 

intra-uterine death certainly generate hope (Buhimschi et al 2003, Lante et al 2008, 

Paintlia et al 2008, Aguilar-Valles et al 2010). 

 

Anti-inflammatory drugs. Current research for new drugs based on the 

neuroinflammatory hypotheses include animal studies and preliminary clinical trials with 

COX-2 inhibitors, aspirin, minocycline and N-acetylcysteine, which show in vivo anti-

inflammatory properties and have been associated with small-to-moderate effect sizes 

for the improvements in schizophrenia psychopathology (cfr Chapter II). Although this 

most likely reflects the fact that immune system dysfunction occurs only in a subset of 

patients with schizophrenia, another possibility is that more potent antiinflammatory 

agents are needed for more robust effects. Studies of other immunomodulatory 

treatments in schizophrenia (azathioprine, methotrexate, cytokine-based 

immunotherapy) have been very limited (Levin et al 1997, Chaudry et al 2005, Gruber 

et al 2014, Miller 2016) and usually demonstrate a certain proportion of patients might 
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benefit from this type of intervention. The next step to take would be to design enriched 

randomized clinical trials by carefully selecting those patients most likely to benefit from 

such interventions. 

Kynurenine modulators. The IDO pathway consists of a complex interplay of 

metabolites whose function in illness and health is not well understood. Elevated KA 

has been a consistent finding in CSF, which we have demonstrated is accompanied by 

decreased KA in the periphery. It is unclear whether this signifies KA has a detrimental 

effect or is directly involved in symptom generation. Trials with pharmacological 

interventions aimed towards downregulation of KAT (to alter KA concentrations) as a 

means to reduce psychotic and cognitive symptoms therefore seem premature as these 

could also lead to unwanted effects such as an upregulation of neurotoxic compounds 

such as QA and 3-HK. A better knowledge of the complex interplay between cytokines 

and IDO pathways metabolites in the periphery and CNS is needed before targeted 

interventions can be developed. 

 

Proposed directions for future study designs 

Adapted from the research priorities published by Miller and Goldsmith in 2017, from 

which we have already addressed three in our research project (longitudinal 

measurement for assessment of temporality, concurrent measurement of multiple 

immune parameters and in vivo imaging of neuroinflammation in the CNS) we propose 

a new priority table for future research projects to elaborate on the attained knowledge 

(cfr Table 5). Most importantly, given the heterogeneous nature of psychotic illness, 

we recognize the need to stratify patients according to clinical confounders, illness state 

as well as parameters of immunological dysfunction (such as presence of NMDA auto-

antibodies or elevation of CRP or IL-6) for improvement of clinical course and 

treatment effect predictions. A biological gradient for the association between 

schizophrenia and immune dysfunction, or the existence of multiple 

immunophenotypes may be more readily identified using such an approach. We believe 
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the evidence to date has afforded the field a unique opportunity for further studies of 

immune function which will lead to a greater understanding of the etiopathogenesis and 

towards new potential diagnostics and therapeutics in schizophrenia.  

 

Study design 

Matching samples on potential confounders/moderating factors OR longitudinal design 

Understudied populations: prodromal, first-episode drug naïve, treatment-resistant schizophrenia, relatives of 

patients with schizophrenia. 

Is there a psychosis immunophenotype that cuts across clinical diagnoses? 

Compare effects of ageing on immune response in schizophrenia versus controls 

Does immune response to inflammatory stimuli (e.g. infection) differ in schizophrenia versus controls? 

Patients with immune dysfunction as an inclusion criterion for trials of anti-inflammatory medications 

Does immune response to inflammatory stimuli predict relapse risk? 

More trials of CNS immune response (CSF, postmortem brain alterations and imaging of neuroinflammation) 

(Adapted from Miller and Goldsmith 2017)236 
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This has been the first study to longitudinally and multimodally explore peripheral 

together with central inflammatory changes in psychosis patients. We have shown that 

the acute psychotic state represents a separate immunological condition characterized 

by peripheral increases in pro-inflammatory markers together central age-dependent 

changes in microglial activation. We have also demonstrated that peripheral IDO 

pathway metabolites are decreased and that sensorimotor learning is preserved in 

psychotic illness. New questions that arose were how we should interpret peripheral 

downregulation of the IDO pathway in the context of peripheral and central 

inflammation, and if the age-dependent microglial activation signifies accelerated ageing 

in schizophrenia. Future work is needed to explore the mechanisms by which 

neuroinflammation is regulated in the CNS and how this connects to systemic 

immunological processes. To end, the time has come to translate these fundamental 

findings into clinical practice through clinical trials of anti-inflammatory treatments and 

prevention of maternal immune activation. 

 

❖ Immune and neuroendocrine profiles differ throughout the course of a 

psychotic episode 

❖ Increased CRP, CCL2/MCP1, IL1RA and decreased kynurenic acid are trait 

markers of psychotic illness. 
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❖ Acute (unmedicated) psychotic states are hallmarked by increases in pro-

inflammatory cytokines (IL6, IL8, IL1RA, CCL2/MCP1, TNFα) and decreases 

in concentrations of quinolinic acid, 3-hydroxykynurenine and nitrite. 

❖ Changes in kynurenic acid predict post-treatment outcomes of negative and 

cognitive symptoms 

❖ Patients show age-dependent changes in TSPO binding from psychosis to 

follow-up 

❖ Acutely psychotic patients’ TSPO binding increases with age 

❖ TSPO binding during psychosis correlates with severity of psychotic symptoms 

❖ Peripheral CRP and kynurenines correlate negatively with TSPO binding 

❖ Learning potential of schizophrenia patients in a sensorimotor learning task is 

mostly preserved  

 

  



167 
 

 

Schizophrenia is one of the most invalidating and poorly understood psychiatric 

disorders. At a global prevalence of 0.5-1%, it infers major economic and societal costs. 

Patients suffer recurrent episodes of hallucinations and delusions (‘psychosis’), as well 

as a chronic deterioration of affect and cognitive functions which is largely unresponsive 

to treatment and leads to important functional impairments. Several lines of research 

reveal neuroinflammatory mechanisms underlying the disorder. Inflammatory cytokines 

and activated microglial cells in the central nervous system (CNS) are hypothesized to 

contribute to neurotoxic processes and upregulation of neuroendocrine metabolites 

which generate the clinical symptoms of schizophrenia and related psychotic disorders.  

We performed a longitudinal exploratory study in a cohort of fifty patients over the 

course of an acute psychotic episode and used a multimodal approach to evaluate 

neuroinflammatory alterations: microglial activation in the CNS was visualized and 

quantified by Positron Emission Tomography imaging using TSPO ligand 18F-PBR111, 

while concentrations of pro-inflammatory cytokine and chemokine responses and 

relevant neuroendocrine kynurenine (IDO/TDO) and GTP-CH1 pathway metabolites 

were measured in peripheral blood with multiplex ELISA and HPLC/LC-LCMS. 

Patients were first evaluated during the acutely symptomatic (unmedicated) psychotic 

state and followed-up after 8-week treatment with antipsychotics. This approach 

allowed us to investigate if the neuroinflammatory alterations are specific to the acutely 

symptomatic psychotic state and how they evolve intra-individually over the illness and 

treatment course. Biological variables in our sample of psychotic patients were 

compared to a cohort of healthy age- and sex-matched controls as well as correlated 

with demographic and clinical features.  

We found that (I) psychotic illness is associated with an overall downregulation of 

the kynurenine  (IDO/TDO) pathway; (II) pro-inflammatory cytokines are state-



168 
 

specifically increased in acute psychosis; (III) 18F-PBR111 can be used to monitor TPSO 

binding in healthy controls; (IV) increased TPSO uptake during an acute psychotic 

episode is age-dependent and could signal accelerated ageing processes; (V) 

schizophrenia patients do not demonstrate accelerated ageing in implicit skill learning 

tasks.  

This has been the first study to simultaneously evaluate the state-specific nature of 

neuroinflammatory alterations in peripheral blood ánd the central nervous system in 

psychotic illness. Further study is needed to address the clinical and therapeutic 

relevance of our findings.  
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Schizofrenie is een van de meest ernstige en tegelijk onbegrepen psychiatrische 

aandoeningen. Met een prevalentie van 0.5-1% is de ziekte wereldwijd verantwoordelijk 

voor grote economische en maatschappelijke kosten. Episodes van hallucinaties en 

wanen (‘psychose’) komen herhaaldelijk voor, naast een algehele vervlakking en 

cognitieve vertraging die voor belangrijke functionele beperkingen zorgen en bovendien 

zeer moeilijk te behandelen zijn. Bevindingen uit meerdere onderzoekslijnen wijzen op 

onderliggende neuro-inflammatoire afwijkingen. Volgens deze ‘immuunhypothese’ 

leiden inflammatoire cytokines en geactiveerde microgliale cellen in het centraal 

zenuwstelsel tot neurotoxische processen enerzijds en een verhoogde vorming van 

bepaalde neuro-endocriene metabolieten anderzijds, welke vervolgens de klinische 

symptomen van schizofrenie en gerelateerde psychotische stoornissen veroorzaken.  

We voerden een longitudinale exploratieve studie uit bij een cohort van vijftig acuut 

psychotische patiënten. Een multimodale aanpak werd gebruikt om neuro-

inflammatoire veranderingen in kaart te brengen tijdens het verloop van hun ziekte: 

microglia-activiteit in het centraal zenuwstelsel werd gevisualiseerd en gekwantificeerd 

via Positron Emission Tomography (PET) scan met TSPO-ligand 18F-PBR111, terwijl 

concentraties van cytokine- en chemokinewaarden alsook relevante metabolieten uit de 

neuroendocriene kynurenine (IDO/TDO-) en GTP-CH1-pathways werden gemeten in 

perifeer bloed met multiplex ELISA en HPLC/LC-LCMS. Metingen vonden telkens 

plaats tijdens de acute (onbehandelde) psychotische fase met follow-up na 8 weken 

behandeling. Op deze manier werd onderzocht of de neuro-inflammatoire 

veranderingen specifiek zijn voor de acute symptomatische fase van een psychotische 

stoornis en hoe deze evolueren tijdens het verloop van de ziekte en behandeling. 

Biologische parameters bij patiënten werden vergeleken met deze van gezonde 

vrijwilligers met dezelfde leeftijd- en geslachtsverdeling en gecorreleerd aan 

demografische en klinische kenmerken.  
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Uit onze bevindingen blijkt dat (I) psychotische stoornissen in het algemeen 

gekenmerkt worden door een downregulatie van de kynurenine (IDO/TDO) pathway; 

(II) pro-inflammatoire cytokines specifiek verhoogd zijn in een toestand van acute 

psychose; (III) 18F-PBR111 geschikt is om longitudinaal TSPO binding te monitoren 

bij gezonde controles; (IV) TSPO binding tijdens een acute psychose leeftijdsafhankelijk 

toeneemt, wat zou kunnen wijzen op een versneld proces van veroudering; (V) patiënten 

met schizofrenie geen versnelde veroudering vertonen tijdens het aanleren van nieuwe 

vaardigheden op impliciete wijze.   

Deze studie onderzocht voor het eerst of neuroinflammatoire veranderingen in het 

perifeer bloed én centraal zenuwstelsel van patiënten met schizofrenie specifiek tijdens 

een toestand van acute psychose optreden. Toekomstig onderzoek zal uitwijzen hoe 

deze bevindingen vertaald kunnen worden in betere klinische zorg en nieuwe 

therapeutische mogelijkheden. 
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3-HK  3-hydroxy-kynurenine 

α7nACh-R  alpha 7 nicotinic receptor 

BBB   blood-brain barrier 

BDNF   brain-derived neurotrophic factor 

BH4   tetrahydrobiopterin 

BPRS  brief psychiatric rating scale 

CCL2 chemokine (C-C motif) ligand 2 (also referred to as monocyte 

chemoattractant protein 1; MCP1) 

CNS  central nervous system 

CRP   C-reactive protein 

CSF   cerebrospinal fluid 

DSM  Diagnostic and Statistical Manual of Mental Disorders 

ELISA  enzyme-linked immunosorbent assay 

FEP  first-episode psychosis 

GTP-CH1  guanosine triphosphate cyclohydroxylase 1 

IDO-1   indoleamine 2,3 deoxygenase 

IFN-y   Interferon gamma 

IL  Interleukin 

HPLC  high-performance liquid chromatography 

Kyn   kynurenine 
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KA   kynurenic acid 

KAT  kynurenine aminotransferase 

LC-MS  liquid chromatography–mass spectrometry 

MDD   major depressive disorder 

NMDA-R  N-methyl-D-aspartate receptor 

NAC  N-acetylsalicylic acid 

NSAID  non-steroidal anti-inflammatory drugs 

PANSS  positive and negative syndrome scale 

PCR  polymerase chain reaction 

PET   positron emission tomography 

Phe   phenylalanine 

QA   quinolinic acid 

SNP  single-nucleotide polymorphism 

TDO  tryptophan 2,3-dioxygenase 

TGF-β  tumor growth factor beta 

TNF-α   tumor necrosis factor alfa 

Trp   tryptophan 

TSPO  translocator protein 

Tyr   tyrosine 

VT  volume of distribution 
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Sapere aude! – I. Kant 

 

Opgedragen aan mijn grootvader Walter, met wie ik de onstilbare honger naar kennis 

deel en die in mijn geest de homo universalis gestalte geeft. Opa, pas recent daagde het mij 

hoeveel wij op elkaar lijken - jij als wandelende encyclopedie, ik als wandelende 

denktank. Ik hoop dat ons nog meer tijd gegund is om op ontdekkingsreis te gaan in 

elkaars geest. 

Het schrijven van dit thesis is de bekroning van zeven jaar werk en de inspanningen 

van heel veel meer mensen dan ik in dit beknopte dankwoord kan opsommen. Ik ben 

erkentelijk aan iedereen die in de afgelopen jaren mijn pad kruiste en mij hielp toe te 

groeien naar dit moment. 

Allereerst ben ik Em. Prof. dr. Bernard Sabbe als promotor dankbaar voor zijn gave 

en vooruitziendheid om mij op precies de juiste momenten in de juiste richting te sturen, 

vaak nog voor ik zelf wist waar ik naartoe wilde. Bernard, dank om mij te leren dat 

ambitie geen vies woord is. Als ik kon excelleren, is het omdat ik van jou de ruimte en 

steun kreeg om boven mezelf uit te stijgen. Bedankt voor alle kansen die ik dankzij jou 

kon grijpen. 

Mijn tweede promotor, Prof. dr. Manuel Morrens, heeft meer dan eender wie dit 

werk mee gemaakt tot wat het geworden is. Manuel, dankzij jouw vermogen om je aan 

te passen naar wat ik nodig had kon ik op mijn eigen tempo groeien. Bedankt om mij 

mijn eigen weg te laten zoeken en mij de kans te geven mijn vleugels uit te slaan, in het 

volle besef dat ik misschien niet meer terug zou keren. Het vertrouwen tussen ons is 

vandaag groter dan ooit, en ik kijk uit naar nieuwe projecten die we samen vorm zullen 

geven. 
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Dank aan de voorzitter en leden van de doctoraatscommissie, Prof. dr. Philippe 

Jorens en Prof. dr. Peter De Jonghe, om zich te wijden aan de begeleiding van mijn 

doctoraatstraject met veel geduld en wijze raad. Ik voel me vereerd dat Prof. Dr. Marion 

Leboyer en Em. Prof. Dr. Norbert Müller bereid waren als externe juryleden op te 

treden. 

Dank aan Prof. Delphine Boche en Prof. Aye-Mu Myint die mij onuitputtelijk 

konden inspireren, en aan dr. Violette Coppens, dr. Erik Fransen, Prof. Steven Staelens 

en Robert Verkerk die als kritische lezers steeds waardevolle feedback wisten te 

formuleren. 

Ik ben dankbaar aan het Instituut voor Wetenschap en Technologie (IWT) en aan 

Maarten Timmers, Peter de Boer en Luc Janssen van Janssen Research and 

Development zonder wiens financiële steun dit project niet mogelijk was geweest.  

Voor dit werk kon ik terugvallen op een groot aantal betrokken collega’s die mij 

gesteund – en bij momenten erdoor gesleurd – hebben. Duizendmaal dank aan de 

collega-doctoraatsstudenten met wie ik op enig moment een bureau of werkplek mocht 

delen: dr. Peter Niemegeers, dr. Claudia Cornelis, dr. Seline van den Ameele, dr. Linda 

van Diermen, dr. Mirella Stuivenga, dr. Thomas Pattyn, Anke Temmerman, Lieve 

Beheydt en Ellen Sleuwaegen. Hoewel ik dit niet altijd liet vermoeden waren jullie 

humor, advies en morele steun meer dan eens doorslaggevend om de moed niet op te 

geven. Ik heb ook ontzettend veel hulp gekregen van Sara Vermeylen, Silke Apers, 

Mona Laureys, Ingrid Vanderplas, Eline Schellens, Liesbet Claes en Sarah Debruyne bij 

alle patiëntgerelateerde procedures. Jeroen Schuermans, Danielle Ooms, Gudrun 

Koppen, Robert Verkerk, Prof. Herbert Oberacher en Prof. Dietmar Fuchs waren 

onmisbaar in het lab. 

Een PET-imaging studie vereist heel wat organisatie en kennis van zaken. Ik wens 

hiervoor de medewerkers van UZA Nucleaire Geneeskunde, UZA Anesthesie, AZ St. 

Maarten Radiologie en het Molecular Imaging Center Antwerp uitgebreid te bedanken. 

In het bijzonder wens ik Prof. dr. Sigrid Stroobants, dr. Sarah Ceyssens, Marleen 
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Cauchie, Prof. Steven Staelens, dr. Julie Ottoy, dr. Steven Deleye, dr. Jeroen Verhaeghe, 

Caroline Berghmans, Philippe Joye en Annemie Vereecken te bedanken voor hun 

inbreng. 

Zonder steun van de patiënt is onderzoek in de geneeskunde nergens. In dit geval 

mag dit absoluut uitgebreid worden naar de klinische behandelteams die gedurende vier 

jaar lang elke ochtend voor mij klaar stonden. Duizendmaal dank aan de artsen, 

verpleegkundigen en alle andere betrokken medewerkers van Opname 1 en Atlas 1 in 

UPC Duffel en Intro 2 en Cadenza in Multiversum. Dank aan alle patiënten die met 

hun deelname een onmisbare en onbaatzuchtige bijdrage leverden. Het raakt mij als 

mens dat ik een klein stukje van jullie weg mee mocht bewandelen. 

Dank aan mijn vrienden in de Vlaamse (VVAP) en Europese (EFPT) 

assistentenverenigingen, bij wie ik erkenning vond voor mijn verlangen om dingen in 

beweging te zetten. Dank om mij het duwtje in de rug te geven dat ik nodig had om 

eindelijk mijn plek voor het voetlicht in te durven nemen. Gedurende de periode als 

bestuurslid en voorzitter ontdekte ik het plezier om mijn concepten en ideeën samen 

met anderen tot wasdom te kunnen brengen. In het bijzonder wil ik enkele woorden 

van dank richten aan dr. Thomas Pattyn, dr. Olivia Cools, dr. Kaat Hebbrecht, dr. Niel 

Merckx, dr. Anne Nobels en dr. Charlotte Migchels. De gemeenschappelijke strijd voor 

een betere opleiding tot psychiater bracht ons samen. Ik heb niets dan respect voor jullie 

talent, doorzettingsvermogen en toewijding. Het was een ware eer om samen met jullie 

te mogen leren en groeien. Ik moet nu afscheid nemen van deze veilige haven, een 

nieuwe uitdaging lonkt. Je mag erop vertrouwen dat ik toegewijd blijf aan ons doel.  

Dank aan mijn ouders, zonder wiens steun ik nooit zo ver zou zijn geraakt. Als kind 

zeurde ik jullie al de oren van het hoofd met de vraag “waarom?”; toch bleven jullie 

geduldig antwoord geven. Nietsvermoedend werden hiermee de zaadjes gelegd voor 

een latere carrière als wetenschapper. Dank om mij al vanop jonge leeftijd de liefde voor 

boeken, taal, kunst en de waarde van een open geest te leren kennen. 
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Bedankt ook aan mijn familie en vrienden voor de vele aanmoedigingen en 

doorvoelde betrokkenheid. Bij jullie kon ik mijn batterijen opladen! Ook al kon ik vaak 

moeilijk uitleggen waar ik precies mee bezig was en waarom het allemaal zo lang duurde, 

mocht ik bij jullie steeds op veel begrip rekenen.  

Tenslotte denk ik aan de belangrijkste persoon in mijn leven, zonder wie niets van 

dit alles zin heeft. Brecht, wat zijn we ver gekomen! Samen vormen we een geweldig 

team, en ik haal zo veel levenslust en inspiratie uit onze ontmoetingen. Jij haalt me op 

gepaste tijden uit mijn hoofd terug naar het hier en nu. Dankzij jou kan ik verder en 

hoger springen, wetende dat jouw veilige armen mij altijd zullen opvangen. Bedankt om 

er doorheen dit alles steeds voor mij te zijn! Ik hou van jou. 
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