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Schizophrenia 
Schizophrenia is a complex and disabling disorder characterized by positive, negative 

and cognitive symptoms. Positive symptoms reflect an excess of normal function, such 

as hallucinations and delusions, negative symptoms reflect the absence of normal 

function, such as social withdrawal, motivational impairment and affective dysregulation, 

and cognitive symptoms include difficulties in attention, memory, and planning and 

organization. The disorder schizophrenia is diagnosed in around 0.5-1% of the worldwide 

population during their lifetimes [1]. The disease has a major burden on patients, their 

family members, and society, which is associated with high costs. The illness is associated 

with a poor outcome, which is related to the late identification and intervention of the 

course of the disease by which time patients have experienced a substantial amount 

of socio-occupational decline. In addition, overall outcome is inversely correlated with 

duration of untreated psychosis [2, 3]. The emphasis of research has therefore shifted 

to the early stage(s) of schizophrenia, with also growing interest for the ultra-high-risk 

population.

The pathophysiology of schizophrenia still remains to be elucidated. Antipsychotic 

drugs constitute the main treatment of schizophrenia. Current (atypical) antipsychotics 

predominantly act on the dopamine receptors, and to a lesser extent on the serotonergic, 

histaminergic, muscarinic, and α-adrenergic receptors [4]. The efficacy against the 

symptom reduction of negative and cognitive symptoms is not optimal and side effects 

such as sedation and weight gain have a negative impact on the patients’ quality of life. 

In addition, treatment resistance constitute a significant problem as approximately a 

third of patients with schizophrenia show a limited response to antipsychotic medication 

[5, 6]. This suggests that there might be subgroups of patients with different aetiology. 

Novel treatment for schizophrenia is warranted, especially for these poor responders. 

The search for drugs that target novel mechanisms, such as the immune and glutamate 

systems, may fulfil this need. 

Translocator protein
18 kDa translocator protein (TSPO) is a protein that is present in the outer mitochondrial 

membrane and is believed to be involved in various processes, such as immune regulation, 

cholesterol transport and steroid hormone synthesis, although its exact function remains 

unclear [7]. TSPO is abundantly distributed in peripheral tissue and used to be defined 

as peripheral benzodiazepine receptor [8]. Later studies found the presence of TSPO in 

glial cells in the brain [9], which resulted in a new nomenclature based on its structure 

and function [10]. TSPO is considered to be a biomarker for activated microglia, since 

upregulation of TSPO is associated with increased microglia function [7, 11, 12]. However, 
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TSPO is also expressed on other cells, such as macrophages, astrocytes, endothelial 

cells, and intravascular monocytes, [12-14] and its functional role in microglial is not well 

characterized. 

Microglia
Microglia are the resident immune cells of the central nervous system (CNS) and play a 

crucial role in the innate immune response in the brain [15]. These cells are involved in 

regulatory processes critical for development, maintenance of the neural environment, 

response to injury, and subsequent repair [16]. In response to various stimuli such as 

neuronal damage or neurotrophic infection, they can change in phenotype and act as 

signalling cells by releasing CNS immune signals, such as cytokines, chemokines, and other 

cell-signalling molecules [17]. Microglia are able to exert a variety of effector functions, 

which may be either neurotoxic or neuroprotective, depending on their activation status 

and is related to their phenotypic switches [18, 19]. 

Immune and glutamate systems in schizophrenia
Evidence is accumulating that the immune and glutamate systems are involved in the 

pathophysiology of schizophrenia. Genetic data, derived from the latest and largest 

genome-wide association study, identified significant associations with immune pathways 

and genes involved in glutamatergic neurotransmission in schizophrenia [20]. Various 

studies using post-mortem tissue of schizophrenia patients and controls described 

increased density and activation of microglia [21, 22]. PET studies found increased TSPO 

expression in patients with schizophrenia and ultra-high-risk individuals [23-25], although 

also negative results have been reported [26, 27]. Abnormal production and concentration 

of serum and cerebrospinal fluid (CSF) inflammatory markers, such as cytokines produced 

by microglia, have also been linked with schizophrenia [28]. The production and release of 

cytokines by microglia may lead to an increase in glutamate levels, as they can act via the 

kynurenine pathway [29]. 

PET imaging of the immune and glutamate system
Positron emission tomography (PET) is an imaging method that makes it possible to 

visualize and quantify physiological, biochemical and pharmacokinetic processes, such 

a blood flow, glucose metabolism and protein density (e.g. receptors and transporters). 

PET radiopharmaceuticals consist of a ‘cold’ compound that binds to the biological site of 

interest which is labelled with a positron emission radionuclide, such as carbon-11 [11C]. 

As the name implies, a positron will be emitted after decay of radionuclides, which after 

travelling ~1-2 mm in tissue, combines with an electron. The combined particles (positron 

and electron) annihilate, transforming the total mass into two photons according to 
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E=Mec2 [30, 31]. Here Me is the mass of an annihilating particle, c is the is the speed of light 

and E is the resulting energy. The two photons are emitted in almost opposite directions 

and each photon has an energy of 511 keV resulting in a coincidence detection by the PET 

scanner. From the collected coincidence detections (emission data) a three dimensional 

image can be reconstructed using a dedicated algorithm, giving the distribution of activity 

concentration within the subject being scanned over time. The standard input function is 

a metabolite corrected arterial plasma curve. However, plasma input models are invasive 

and considered to have a high variability and therefore reference tissue approaches, such 

as simplified reference tissue method (SRTM)[32] and Logan DVR [33], are in general 

preferred above plasma input models if a reference region can be identified.

PET tracers available to image the immune system are mainly focused on the 18 kDa 

translocator protein (TSPO) [34]. The PET radioligand (R)-[11C]PK11195 has been the most 

commonly used PET tracer to assess TSPO in the CNS. Since (R)-[11C]PK11195 shows high 

level of non-specific binding, during the last decade significant efforts have been made to 

develop new TSPO radioligands. These second-generation ligands are considered to have 

improved signal-to-noise ratio compared to (R)-[11C]PK11195. A practical drawback with 

all these novel compounds is their sensitivity to a polymorphism in the gene encoding for 

TSPO, which requires genotyping the subjects and controlling for genotype in the study 

design and analysis [35].

PET ligands to image the glutamate system in vivo are in development, of which the 

N-methyl-D-aspartate (NMDA) receptor is a promising target [36]. Brain PET tracer 

development is as complicated as drug development and similar concerns should be 

taken into account, such as penetration to the blood-brain barrier, affinity and specificity. 

In addition, the metabolic profile is crucial. Several candidate PET and single photon 

emission computerized tomography (SPECT) radioligands have been synthesized as 

potential imaging agents for the NMDA receptor. Most of these ligands, however, have 

failed due to high non-specific binding, poor metabolic stability or insufficient affinity [36, 

37]. Although recently [18F]GE-179 has been proposed as putative NMDA receptor ligand, 

it was concluded that further evaluation is necessary [38]. Thus, there is still a need to 

evaluate alternative specific tracers of the NMDA receptor.

 

NMDA receptor hypofunction hypothesis
Glutamate is the principal excitatory neurotransmitter of the central nervous system 

and is involved in many processes, such as neural development, synaptic plasticity, 

neurodegeneration and glial function [39]. It binds to ionotropic receptors with 

intrinsic cation permeable channels NMDA, alpha-amino-3-hydroxy-5-methyl-4-
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isoxazolepropionic acid (AMPA) and kainate receptors, as well as to metabotropic 

glutamate receptors (mGluR) that modulate the production of second messengers via G 

proteins. Although different glutamate receptors may be involved in the pathophysiology 

of schizophrenia, the prevailing hypothesis suggests NMDA receptor dysfunction [40, 41]. 

NMDA receptor antagonists, including dizocilpine (MK-801), phencyclidine (PCP), and 

ketamine, can exacerbate psychosis in schizophrenia patients and may produce similar 

symptoms as those seen in schizophrenia in healthy volunteers including both positive 

and negative domains [42, 43]. Reduced NMDA receptor function and availability has 

been shown to reduce GABAergic interneuron function, which it is thought to lead to an 

increase in pyramidal cell firing (due to disinhibition) resulting in increased glutamate 

release [44, 45]. 

This hypothesis is supported from several lines of evidence, including post-mortem studies, 

genetic findings, and in vivo imaging studies [44]. Neuroimaging studies predominantly 

consisted of proton magnetic resonance spectroscopy (1H-MRS) examination of glutamate 

and glutamine levels in frontal, thalamic and temporal regions of interest in patients with 

schizophrenia and healthy controls. Although findings of 1H-MRS studies were somewhat 

inconsistent, a recent meta-analysis reported decreased glutamate levels and increased 

glutamine levels in the frontal cortex of patients with schizophrenia [45]. Apart from one 

SPECT study that showed a deficit in NMDA receptor activity in the left hippocampus 

in unmedicated patients with schizophrenia [44, 47], no PET studies have examined the 

NMDA receptor in vivo in schizophrenia since radiotracer development for quantification 

of the NMDA receptor is ongoing.

Aim and outline of the thesis
The primary aim of the thesis was to examine the immune and glutamate systems in 

health and the early stage of psychosis using PET in order to provide further insight into 

the pathogenesis of schizophrenia. Second, the immune role of TSPO in health has been 

examined.

Since PET imaging of the immune system is mainly focused on TSPO, chapter 2 gives an 

overview of TSPO PET imaging studies in psychiatric disorders. Apart from schizophrenia, 

PET imaging studies of TSPO has been performed in bipolar I disorder, major depression, 

autism spectrum disorder and substance abuse disorders. 

The effects of aging for microglia alterations have not been examined before in a large 

group. However, a possible age effect is of special importance when (clinical) groups are 

compared. (R)-[11C]PK11195 binding potential in total and regional grey matter brain 
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regions was measured in healthy subjects over a wide age range to establish whether 

normal aging is associated with microglia activation (chapter 3). 

PET studies examining TSPO binding in patients with schizophrenia have provided 

inconclusive results. Apart from an ultra-high-risk assessment [32], no PET studies have 

examined schizophrenia in the first year(s) of the disease [33-36], although clinical trials 

reported biggest effect of immunomodulatory drugs in the early stages of schizophrenia 

[48, 49]. Therefore, the focus of chapter 4 was on the early stage of the illness. The aim 

was to examine (R)-[11C]PK11195 binding potential (BPND) in total grey matter and several 

grey matter regions of interest in recent onset psychosis. 

Although many studies have examined TSPO in pathological disorders using PET, the exact 

function and role of this protein in the immune system is still unknown. For example, it is 

not clear whether TSPO expression is related to increased density or an altered function of 

microglia. Since PET ligands cannot distinguish between pro-inflammatory or protective 

subpopulation, is it unknown whether TSPO expression may be related to a pro- or anti-

inflammatory response. Chapter 5 describes the examination of TSPO expression on 

different immune cells, and aims to answer the question whether TSPO expression is 

related to a pro- or anti-inflammatory immune response.

In vivo imaging of the NMDA receptor with PET would be a valuable tool to examine 

the role of the NMDA receptor in the pathophysiology of schizophrenia and can be an 

instrument for imaging-guided therapy. No PET studies have examined the NMDA 

receptor in schizophrenia in vivo since no optimal radiotracer is available. Therefore, 

quantification of novel ligands for the NMDA receptor first needs to be performed. 

Chapter 6 describes the quantification of a novel NMDA receptor PET ligand [11C]GMOM 

in healthy individuals. Finally the main findings of this thesis are summarised, followed by 

a general discussion (chapter 7).
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Abstract

Accumulating evidence from different lines of research suggests an involvement of the 

immune system in the pathophysiology of several psychiatric disorders. During recent 

years, a series of positron emission tomography (PET) studies have been published 

using radioligands for the translocator protein (TSPO) to study microglia activation in 

schizophrenia, bipolar I disorder, major depression, autism spectrum disorder and drug 

abuse. The results have been somewhat conflicting, which could be due to differences 

both in patient sample characteristics and in PET methods. In particular, further work 

is needed to address both methodological and biological sources of variability in TSPO 

levels, a process in which the use of animal models and small animal PET systems can 

be a valuable tool. Given this development, PET studies of immune activation have the 

potential to further increase our understanding of disease mechanisms in psychiatric 

disorders, which is a requisite in the search for new treatment approaches. Furthermore, 

molecular imaging could become an important clinical tool for identifying specific 

subgroups of patients or disease stages that would benefit from treatment targeting the 

immune system. 
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The role of the immune system in psychiatric disorders 
The concept that the immune system may have a role in the pathophysiology of psychiatric 

disorders has been discussed for several decades. Early observations in support of this 

hypothesis include reports of psychotic symptoms in autoimmune and infectious diseases 

engaging the central nervous system (CNS) [1, 2]. Furthermore, studies in both animals 

and humans showing that immune activation can induce depressive-like symptoms, as 

part of what is commonly referred to as the ‘sickness behaviour’ syndrome [3, 4]. 

With regard to studies in psychiatric populations, initial epidemiological observations 

of increased incidence rates of schizophrenia for cohorts born after influenza epidemics 

[5] have been followed up by a series of studies showing that infections during 

gestation or in early life lead to an increased risk for developing psychotic disorders 

[6]. In addition, autoimmune diseases and infections have been associated with mood 

disorders [7]. In support of a role for genetically determined alterations in the immune 

system in schizophrenia, a recent large-scale genome-wide association study found that 

associations were enriched for genes related to immune function [8]. Effects of genes 

related to immune function have also been found for depression, bipolar disorder and 

autism [9, 10]. Furthermore, pharmacoepidemiological studies have suggested that anti-

inflammatory drugs, such as non-steroidal anti-inflammatory drugs (NSAIDs), may lower 

the risk of psychiatric symptomatology [11].

Although the genetic and epidemiological data strongly suggest that immune function 

has a role in the development of psychiatric disease, an important question from a clinical 

perspective is if there are also ongoing brain immune disturbances in patients. 

Post-mortem studies have shown increases in microglia in patients with schizophrenia 

[12, 13], autism [14] and cocaine abuse [15]. However, the post-mortem results may differ 

from the brain immune situation in vivo and in general there is a large delay between 

disease onset and post-mortem assessment. Studies on immune markers in blood, such 

as cytokines, have shown increased levels in both first-episode and chronic schizophrenia 

[16, 17] as well as in depression [18] and autism [19]. Similarly, gene expression of 

immune-related proteins has shown to be altered in schizophrenia and bipolar disorder 

[20]. However, findings have generally been inconsistent, with different markers showing 

effects in different studies, and there is often a large degree of overlap between patients 

and control subjects. Importantly, there is little direct passage of cytokines between brain 

and periphery [21, 22] and therefore, peripheral markers may not be representative of 

CNS processes. Studies in cerebrospinal fluid (CSF) are scarce, but alterations in immune 

markers have been shown for schizophrenia [23, 24], bipolar disorder [25, 26] and at least 
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in a subgroup of patients with depression [27]. Although these studies are encouraging, 

a large degree of inconsistency still remains. Furthermore, CSF analyses cannot provide 

any anatomical information, and there is thus a need for more direct measures of brain 

immune activation in psychiatric patients.

Measuring brain immune function in vivo: molecular imaging of TSPO 
Molecular imaging is currently the only method to directly examine brain biomarkers at a 

molecular level in vivo. Of the available tools, positron emission tomography (PET) is the 

most accurate method, whereas single photon emission computed tomography (SPECT) 

has been less prevalent due to the lower sensitivity as well as limited temporal and spatial 

resolution as compared to PET [28]. Thus far, all PET studies assessing the immune system 

in psychiatric populations have targeted the 18 kDa translocator protein (TSPO), and this 

method is thus the focus of the present review. 

TSPO, formerly known as the peripheral benzodiazepine receptor, is located in the outer 

mitochondrial membrane of microglia and, to some extent, astrocytes. Although its exact 

function remains unclear, TSPO has been described to be involved in many physiological 

processes, including cholesterol transport and steroid synthesis [29]. Importantly, 

microglia are considered to be the key cell type involved in CNS immune processes, as they 

can be activated by cytokines and additionally contribute further cytokine release [30]. 

Activation of resident microglia and infiltration of macrophages contributes to neuronal 

injury and synaptic damage [29], although neurotrophic and protective functions have 

also been observed [31, 32]. TSPO is a widely used marker for immune activation in the 

CNS, since a change in phenotype and functional state of microglia is associated with 

increased TSPO expression [30]. 

The PET radioligand (R)-[11C]PK11195 has been the most commonly used PET tracer to 

assess TSPO in the CNS. Several studies describe prolonged increased binding in patients 

with stroke and traumatic brain injury which can be seen as proof-of-concept studies  

[33, 34]. Since (R)-[11C]PK11195 shows a high level of non-specific binding, during the  

last decade significant efforts have been made to develop new TSPO 

radioligands. Those that have hitherto been applied to psychiatric conditions are  

[11C]DAA1106, [18F]FEPPA and [11C]PBR28 [35–40]. These second-generation  

ligands are considered to have improved signal-to-noise ratio compared to  

[11C]PK11195, based on a 7- to 60-fold higher affinity for TSPO and animal blocking 

studies showing up to 80-fold higher specific binding than [11C]PK11195 [36, 38, 40, 41].  

A practical drawback with all these novel compounds is their sensitivity to a polymorphism 

in the gene encoding TSPO, which leads to three distinct binding classes: high-affinity 



25

Assessing brain immune activation in psychiatric disorders

chapter 2

binders (HABs; 49 % of the Western population), mixed-affinity binders (MABs; 42%) 

and low-affinity binders (LABs; 9%) [13, 42]. As a consequence, up to ten percentage of 

the population cannot be part of clinical studies due to LABs. In the remaining subjects, 

the effects of TSPO polymorphism require genotyping the subjects and controlling for 

genotype in the study design and analysis. Furthermore, second generation TSPO 

radioligands have thus far not been validated in preclinical models to the same extent. 

 

Psychiatric disorders and TSPO PET imaging: clinical studies
We identified all PET studies that examined TSPO binding in psychiatric disorders  

(Table 1). Thus far, schizophrenia is the most studied condition with four articles, whereas 

only one to two studies have been published for mood disorders, autism spectrum disorder 

and drug abuse.

Schizophrenia 
The first study on TSPO in schizophrenia used the radioligand (R)-[11C]PK11195 in ten 

patients and ten age-matched healthy control subjects [43]. All patients were examined 

within 5 years of disease onset, with an average disease duration of 3.1 ± 1.7 years. 

(R)-[11C]PK11195 binding potential (BPP , as calculated with K1*k3/k2*k4) values were 

calculated using a two-tissue compartment model (2TCM) with metabolite-corrected 

plasma as input function. Patients had symptoms at time of PET scanning as measured 

with the Positive and Negative Syndrome Scale (PANSS), with average scores of 12 ± 3 

and 14 ± 4 for positive and negative symptoms respectively, and they were all on atypical 

antipsychotics. The authors observed an increase in (R)-[11C]PK11195 binding potential in 

patients in total grey matter, which was the only region analysed (Table 1). No significant 

correlation between symptom severity and total grey matter BPP was found. 

Doorduin et al. [44] used (R)-[11C]PK11195 to examine seven patients with schizophrenia 

with active psychosis, defined by a score of 5 or more on 1 PANSS positive symptom 

item or a score of 4 on 2 items, in comparison with eight healthy volunteers. The disease 

duration ranged from 1 to 16 years (average 5.3 ± 5.6 years), with 1-4 experienced psychotic 

episodes. Patients had moderate symptoms at time of PET scanning, with average 

PANSS scores of 20 ± 3, 17 ± 5 and 37 ± 7 for positive, negative and general subscales, 

respectively. All patients were using antipsychotics, and the use of benzodiazepines was 

allowed for 1-2 weeks prior to PET examinations. Substance use and anti-inflammatory 

drugs were reported as exclusion criteria. (R)-[11C]PK11195 binding potential (BPND 

defined as k3/k4) was quantified using 2TCM. In contrast to the study by van Berckel et 

al. [43], the (R)-[11C]PK11195 binding potential of whole-brain grey matter was not found 

to be increased in patients compared to control subjects. Multiple ROIs were examined 
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(Table 1), and a significant increased BPND was found in the hippocampus of patients. 

To reduce the variation in the small sample size, the data was normalised to the whole-

brain grey matter for statistical analysis which means that the results are not directly 

comparable to the other TSPO studies in schizophrenia. 

Takano et al. [45] studied fourteen patients with chronic schizophrenia and fourteen age- 

and sex-matched controls with the second-generation tracer [11C]DAA1106. Patients 

had a long disease duration (18.8 ± 12.2 years). All patients were on antipsychotics, and 

benzodiazepines were allowed for more than 1 month before the start of the study. 

Substance and alcohol abuse were exclusion criteria. All cortical grey matter regions 

were assessed, as well as the striatum, and BPND as quantified using 2TCM was the main 

outcome measure. Patients had moderate symptoms at time of PET scanning as scored 

on PANSS (total score 78.6 ± 20.7). Although no significant differences in TSPO levels 

between patients and controls were reported, correlations were found between TSPO 

binding and disease duration as well as positive symptoms. However, TSPO genotype 

was not determined, and since in vitro studies show fourfold differences in [11C]DAA1106 

affinity between MAB and HAB subjects [42], this significantly limits the interpretation 

of the results.

Using [18F]FEPPA Kenk et al. [46] examined grey matter frontal and temporal ROIs, 

striatum, and white matter ROIs in a sample of 16 patients (10 HABs and 6 MABs) and 

27 controls (19 HABs and 8 MABs; Table 1). The disease duration was 14.8 ± 8.8 years 

and patients had moderate symptoms at time of PET scanning (PANSS total 70.2 ± 9.7). 

Patients were on treatment with either atypical or typical antipsychotics, and a minor 

proportion were also using antidepressants or anti-Parkinsonian drugs. Benzodiazepine 

use was not allowed except for clonazepam. Total distribution volumes (VT) values were 

calculated using 2TCM with an arterial plasma input function. Since [18F]FEPPA binding 

is also sensitive to TSPO genotype, this factor was included in the statistical analysis. 

No significant differences in VT values was found between patients and controls in either 

white or grey matter regions. 

Clinical factors that might influence the study results are patient characteristics such as 

disease duration, symptom severity, and medication use. Both the two (R)-[11C]PK11195 

studies that found an effect had patients with a shorter disease duration [43, 44], 

whereas no difference was been reported in patients with a longer disease duration [46]. 

This could indicate that microglia activation has a more prominent role in early disease 

phases. However, in order to answer this question longitudinal studies are necessary, 

ideally including also measurements in first-episode patients and high-risk individuals. In 
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addition, patients had mild to moderate symptoms at the time of PET scanning, and thus 

it is of interest to examine if more severe pathology shows a greater increase in TSPO 

binding. Importantly, benzodiazepine use was an exclusion criterion in all studies (except 

for clonazepam in one study [46]) since most benzodiazepines have affinity for the TSPO 

and can compete for binding with TSPO with the PET tracer [47]. However, a recent study 

found that this was mainly the case for the benzodiazepine diazepam in higher doses 

[48]. Further studies should be performed to confirm this observation, as alleviating this 

restriction could potentially improve recruitment of more severely ill patients. 

One important limitation in all studies published thus far is that all patients were on 

treatment with antipsychotic drugs. Most antipsychotics, besides clozapine, tend to 

decrease TSPO expression [49]. Although evidence from in vivo human research is lacking, 

this suggests that there might be an underestimation of the signal. For instance, this could 

explain the negative findings in Kenk et al. [46]. Examination of drug-naive patients will be 

critical to address this issue. 

Mood disorders 
To date, two studies assessed TSPO in patients with major depressive disorder and one 

study examined bipolar I patients (Table 1). 

In the study by Hannestad et al. [50], [11C]PBR28 was used to examine ten patients with 

major depression (MD) and ten healthy controls. The sample included seven HABs in 

both the patient group and control group, respectively. Patients were allowed to take 

antidepressant medications if the dose had been stable for at least 4 weeks (although 

it was not reported how many patients were administered antidepressants at the time 

of PET). Laboratory signs of peripheral immune activation, as defined by elevated high 

sensitive C-reactive protein (CRP), were an exclusion criterion. Symptom severity at the 

time of examination was mild to moderate, with 19.7 ± 6.7 scores on the Montgomery- 

Åsberg Depression Rating Scale (MADRS, range 0-60; 0-6 normal, 7-19 mild, 20-34 

moderate, >34 severe depression [51]). This represented a significant reduction from 25.6 

± 7.5 at screening. Groups were matched for TSPO genotype. [11C]PBR28 VT values were 

calculated using 1TCM, 2TCM and the multilinear analysis MA1 [52] using the metabolite-

corrected arterial plasma curve as input function. In addition, VT corrected for plasma 

free fraction (VT/fP) was determined. No significant differences in binding were found in a 

selection of cortical ROIs, white matter and basal ganglia. Using VT/fP instead of VT did not 

change these results.
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Setiawan et al. [53] examined twenty MD patients (15 HABs, 5 MABs) and twenty healthy 

controls (14 HABs and 6 MABs) using [18F]FEPPA. All patients were medication-free for 

at least six weeks prior to the PET examination. Depressive symptoms were moderate 

to severe, with average scores of 20 ± 3.8 on the 17-item Hamilton Depression Rating 

Scale (HDRS, range 0-52; 0-7 normal, 8-13 mild, 14-18 moderate, 19-22 severe, ≥23 very 

severe depression [54]). [18F]FEPPA VT calculated using 2TCM was the main outcome 

measure, and ROIs selected were prefrontal cortex, anterior cingulate cortex (ACC), 

and insula. Genotype was included as a factor in the statistical analysis. A global effect 

of diagnosis on [18F]FEPPA VT was shown, with higher values in patients in all regions 

examined. Furthermore, HDRS scores were positively correlated to TSPO VT in the ACC, 

after correcting for genotype. Serum markers for neuroinflammation were measured, but 

there were no correlations with brain TSPO levels. 

Haarman et al. [55] studied fourteen bipolar I patients compared to eleven healthy 

volunteers. All patients except one were euthymic, and the disease duration ranged from 

2 to 37 years (average 25.6 ± 12.0 years). All patients had experienced multiple depressive 

and hypomanic or manic episodes. All except one patient were on mood-stabilising 

medication. (R)-[11C]PK11195 BPND was quantified using 2TCM with plasma input function. 

Multiple brain regions were analysed, although hippocampus was selected as the main 

ROI, based on human and preclinical evidence suggesting that this region could be a 

particular focus of microglia activation. For the statistical analysis, binding in whole-brain 

grey matter was used as a covariate to reduce the between-subject variation. Whereas 

BPND in the whole-brain was not different between patients and healthy volunteers, higher 

values were observed in the right hippocampus of bipolar I patients. 

The differences in clinical factors between the mood disorder studies makes it difficult 

to compare the PET outcome. In the two studies on depression, the study of Setiawan 

et al. [53] had a significantly larger sample size, and patients had more severe symptoms 

than in the study of Hannestad et al. [50], which might explain the difference in results. 

A further difference is the exclusion of signs of mild peripheral immune activation in the 

latter study. Since CRP has shown to be elevated in patients in depression [56], suggesting 

that peripheral immune activation is related to the disease mechanism, this could have led 

to a selection bias towards patients with relatively low levels of immune activation.

Furthermore, in two of the studies the patients were administered mood stabilizing 

medication [50, 55] whereas in the study by Setiawan [53] patients were medication-

free for 6 weeks. Most mood-stabilizing medication tend to decrease TSPO expression  

[57, 58], which suggests an underestimation of the signal in the patients who were  
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assigned to treatment, although this has to be confirmed in future studies with medication-

naive patients. 

Developmental disorders 
To date, only one PET study has assessed TSPO binding in patients with developmental 

disorders. In the study by Suzuki et al. [59] (R)-[11C]PK11195 was used to examine twenty 

individuals with autism spectrum disorder and twenty age- and intelligence quotient (IQ)-

matched controls. Patients were young adults in an age range from 18.6 to 31.9 (average 

23.3 ± 4.0) years, had IQ scores above 80 (average 95.9 ± 16.7), and did not receive any 

medication. Arterial blood was not sampled, instead (R)-[11C]PK11195 BPND was quantified 

using a reference tissue approach. A normalised input curve based on the averaged TACs 

from the ROIs placed over the cerebellar cortices in the control group was used for both 

the control as the patient data analysis. In the ROI-based analysis an overall statistical 

effect was shown, and increased (R)-[11C]PK11195 binding potential was reported in all 

examined regions, including (subparts of) the cerebellum, ACC, corpus callosum, and 

frontal, temporal, and parietal cortices (Table 1). These results were confirmed in a voxel-

based analysis. There were no correlations between TSPO BPND and clinical symptoms 

levels. As discussed below, the reference tissue approach used in the study limits the 

conclusions that can be drawn. 

Substance use disorders and the potential confound of drug use
Two PET studies examined TSPO in substance use disorders (Table 1). Sekine et al. [60] 

used (R)-[11C]PK11195 to examine twelve methamphetamine abusers in comparison with 

twelve healthy volunteers. The disease duration of the patients ranged from 1 to 12 years 

(average 6.8 ± 3.9 years); however, patients were abstinent on average almost two years 

prior to PET examinations. A modified version of the Drug Effect Rating Scale was used to 

assess the scale for methamphetamine craving. Scores were in a range from 1 (no craving) 

to 10 (most intense craving) with an average score of 4.9 ± 3.4. PET data were analysed 

with a reference tissue approach, whereby averaged TACs from the frontal, parietal 

and occipital cortices from the control group were used for both the control and the 

patient data analysis. Significantly higher BPND values were found in methamphetamine 

abusers in all ROIs studied, with differences ranging from 3- to 15-fold. A significant 

negative correlation was found between (R)-[11C]PK11195 BPND and the duration of 

methamphetamine abstinence in midbrain, thalamus and striatum, suggesting that 

microglial function can be normalized by protracted abstinence.

In the study by Narendran et al. [61] 15 chronic cocaine abusers (8 HABs, 5 MABs, 2 

LABs) and seventeen healthy controls (12 HABs, 4 MABs, 1 LAB) were examined using  
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[11C]PBR28. Patients were on average 39.9 ± 9.0 years old and had been smoking crack 

cocaine for an average of 17 ± 7 years. Patients had a minimum of 2 weeks outpatient 

abstinence as monitored with urine toxicology and did not receive medication. VT values 

were calculated in a standard manner, using 2TCM with an arterial plasma input function, 

and data were corrected for TSPO genotype. No differences in [11C]PBR28 VTwas observed 

between patients and control subjects, as assessed in both cortical and subcortical brain 

regions.

Thus, these two studies differ markedly in their findings. However, apart from the fact that 

different drugs of abuse were studied, a direct comparison is precluded since there are 

major differences in both the clinical status of patients, such as time of abstinence, and 

methodology –in particular, the use of a reference region in the study by Sekine et al. (see 

below for discussion).

For most psychiatric patients groups, there is an increased prevalence of substance 

use disorders, such as alcohol, cannabis and nicotine use [62]. For instance, cannabis 

is considered to be the most commonly used illegal drug of abuse among patients 

with bipolar disorder and schizophrenia [63, 64]. Although substance use disorders 

was an exclusion criteria in all studies, it cannot be excluded that patients had a higher 

recreational use of drugs of abuse. In most studies, actual drug use was assessed with 

urine analysis [43, 46, 50, 53, 60, 61]. However, only four of the studies reported on or 

controlled for smoking status, of which one study included only non-smokers [53], one 

study reported only three smokers in the patient group [50], one study allowed smoking 

and matched patients and controls for nicotine smoking status [61] and one study did 

not include subjects that fulfilled nicotine related DSM-IV criteria [60]. Importantly, in 

vitro studies have shown that cannabinoids and nicotine have a suppressant effect on the 

immune system [65, 66]. Although these observations remains to be confirmed in vivo, 

the use of these common drugs of abuse could thus theoretically diminish differences in 

TSPO levels between patients and control subjects, which might in some cases contribute 

to negative findings. In contrast, if an effect of psychostimulants in TSPO levels even after 

long abstinence intervals can be confirmed, group differences in the use of this drug could 

confound the results in the other direction. 

Preclinical studies of TSPO and psychiatric disorders
Animal models and microglia activation
As psychiatric disorders are complex human disorders of which the aetiology and the 

exact pathophysiology are unknown, the three criteria commonly used for the validation 

of an animal model, i.e. face, construct and predictive validity [67], cannot be fulfilled by 
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a single animal model. Animal models of psychiatric disorders do therefore only manifest 

certain aspects that can be translated to the human disease, i.e. endophenotypes, such 

as hyperlocomotion, anxiety or deficits in prepulse inhibition. With regard to the role of 

the immune systems in psychiatric disorders, many animal models have linked psychotic- 

and depressive-like behaviour to inflammatory processes. For instance, modelling effects 

of maternal immune activation on the risk of developing schizophrenia, viral infection of 

pregnant dams resulted in psychotic-like symptoms in the offspring, and also microglia 

were found to be activated [68, 69]. The bacterial endotoxin lipopolysaccharide (LPS) is 

often used to induce depressive-like behaviour in rodents, leading to immediate sickness 

behaviour followed by behavioural deficits that can be linked to depression [70, 71]. 

Importantly, LPS has been shown to induce an activation of microglia, lasting several 

days, as detected using immunohistochemistry [72]. Conversely, animal models for 

stress-induced depression have shown to induce both depressive behaviour and microglia 

activation [73]. 

Preclinical TSPO PET imaging 
With the advent of small animal PET systems, it has become feasible to estimate TSPO 

levels in rats and mice, thus enabling a translational approach (Figure 1). Thus far, only 

a few studies have assessed TPSO in animal models of psychiatric disorders. Herpes 

virus-induced psychotic-like behaviour in rats was found to be accompanied by microglia 

activation, as shown with (R)-[11C]PK11195 PET [74]. (R)-[11C]PK11195 uptake was found 

to increase with the increased severity of psychotic-like behaviour, and psychotic-like 

behaviour and microglia activation could be reduced by antipsychotic treatment. Dobos 

et al. [75] used (R)-[11C]PK11195 PET to show microglia activation and depressive-like 

behaviour following intracerebral LPS injection in mice. Recently, LPS-induced systemic 

inflammation in baboons was shown to induce an activation of microglia, as shown with 

[11C]PBR28 PET [76]. A robust increase in TSPO binding was observed at 1 and 4 h after 

intravenous injection of LPS. Depressive-like behaviour was not assessed in this study.

Methodological considerations 
Taken together, the data thus far suggests a modest elevation of TSPO in psychiatric 

disorders. In general, the increase was found throughout the entire brain, although some 

studies reported a more focal elevation. However, almost half of the studies did not 

find a difference between patients and control subjects. Importantly, the results of the 

TSPO PET studies are in many instances difficult to compare, not only due to differences 

in patient characteristics as discussed above, but also since the methods differ in many 

aspects. In the following, we discuss some key methodological points of relevance for 

interpreting the findings. 
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The gold standard for TSPO PET quantification is to apply a 2TCM, using a metabolite 

corrected plasma input function to estimate the contribution of free and nonspecific 

binding to the brain signal. The outcome parameter of choice using this approach is 

VT, since the direct estimation of BP for instance by calculating k3/k4, is less reliable. 

Therefore, to facilitate comparisons between the studies it would have been useful if the 

studies with BPND as outcome parameter had additionally reported VT values. 

Plasma input models are considered to have a high variability, which may be due to 

methodological issues in measuring the metabolite-corrected plasma input curve. In order 

to reduce variability of plasma input models, several approaches have been proposed. 

Figure 1. Cross-species TSPO imaging using [11C]PBR28: SUV images of mouse (A), rat (B), and a 

healthy human subject (C). All PET images are overlaid over MRI images. Courtesy of the PET centre, 

Karolinska Institutet
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A

B

C

Sagittal Horizontal
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In two of the studies reviewed above, normalisation of regional values to whole brain 

binding was performed [44, 55] . Although this reduces the variance, the drawback with 

this approach is that it may underestimate true specific binding, especially in case of a 

global increase. Furthermore, the whole cortex cannot be analysed using this approach.

Reference tissue approaches, such as simplified reference tissue method (SRTM) [77] and 

Logan DVR [78] are in general preferred above plasma input models if a reference region 

can be identified, both to reduce noise but also from a practical perspective since arterial 

sampling can then be eliminated. This may be particularly important for psychiatric 

patient groups. One method is to use ratios of standardised uptake values, which was 

recently reported to be more sensitive than VT to detect TSPO elevations in Alzheimer’s 

disease for [11C]PBR28, with cerebellum as reference region [79]. However, the use of 

this method assumes a very focal TSPO elevation, which might not be the case for most 

psychiatric disorders, and is sensitive to bias induced by difference in blood flow between 

regions and between groups. 

In general, all reference tissue approaches are problematic in TSPO PET studies as there 

is no anatomical region in the brain devoid of TSPO. Whereas this protein was initially 

not thought to be present in the non-diseased brain, widespread (R)-[11C]PK11195 BPND 

increase was found in healthy aging [80]. In addition, specific binding to TSPO in healthy 

individuals was recently confirmed in a TSPO blocking study [81]. In the studies on 

autism and methamphetamine use by Suzuki et al. [59] and Sekine et al. [60], normalised 

average time activity curves (TACs) from the control group was used for both patient and 

control data, which is not according to convention for reference tissue approaches and 

creates further problems. In this case, group differences in radioligand delivery and non-

displaceable binding are not taken into account, which might generate artificially high 

BPND values in patients, and the results therefore have to be interpreted with caution.

 

An alternative approach to identify a reference ‘region’ is to identify voxels with low 

specific binding based on the shape of the TAC using supervised cluster analysis. Several 

methods have been published for this purpose and it show reliable results in normal aging 

and after traumatic brain injury, both conditions leading to robust microglia activation [80, 

82]. However, the validity of voxels devoid of TSPO can be questioned as for anatomical 

reference regions, and this method might underestimate the signal in comparison with 

other approaches [83]. Another method to eliminate the need for arterial blood sampling 

is to use an image derived input function, by extracting time-activity curves from PET 

voxels corresponding to blood vessels. This approach has been validated for tracers such 

as [11C]flumazenil and [11C]AZ10419369 [84], and preliminary data has shown feasibility for 
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this method to quantify [11C]PBR28 using HRRT [85]. So far, neither of these approaches 

have been used to study psychiatric populations.

General comments and future directions 
It is well established that immune activation generally has a negative effect on 

psychological well-being, and may contribute to both psychotic and depressive symptoms. 

A role for immune-related processes as part of specific, causative disease mechanisms in 

psychiatric disorders is at present more uncertain. For schizophrenia and autism, both 

genetic and epidemiological associations to immune function could reflect a role for 

immunological factors affecting neurodevelopment, which, for instance, is in line with 

recent observations suggesting that microglia are involved in synaptic pruning as well as 

providing trophic support for neuronal growth [32]. An alternative interpretation of these 

early effects is the ‘sensitization’ theory, postulating that early immune challenges to a 

genetically vulnerable system leads to an increased inflammatory response later in life 

[86]. Even so, the changes in psychiatric disorders are likely to be more subtle than for 

classic CNS autoimmune disorders such as multiple sclerosis (MS) and systemic lupus 

erythematosus (SLE), as there are no radiological signs and the changes in CSF and blood 

are less distinct. Since the immune system can in certain instances even be regarded 

as neuroprotective [31], immune dysregulation in psychiatric disorders may even be 

conceived as an imbalance rather than a ‘one-dimensional’ immune response. 

Given these proposed more subtle immune changes in psychiatric disorders, a major 

challenge for clinical TSPO PET studies is the large degree of variability even in healthy 

individuals. This is true irrespective of the radioligand and methods of quantification used. 

In the studies reviewed above, where variability was reported, the overall % covariance 

(COV) was around 35% for second generation radioligands across genotypes, and 25% for 

(R)-[11C]PK11195. With regard to interindividual variability, this has shown to be moderate 

to high for both (R)-[11C]PK11195 [87] and [11C]PBR28 [88, 89], whereas reproducibility 

has not been assessed for any other TSPO radioligands. Although part of this inter- and 

individual variability may be due to methodological noise as discussed above, there 

may also be biological explanations. For instance, in Collste et al. [89] diurnal effects 

were shown on grey matter (GM) VT values, indicating that part of the variability could 

be due to natural fluctuations in the immune system in health. The variability in TSPO 

levels has important implications in terms of the sample sizes needed, both for group 

comparisons and longitudinal studies. For instance, in the study on schizophrenia by Kenk 

et al. [46] based on mean and variability of VT values, it was calculated that 21 subjects 

per group was required to detect a 20% difference (α = 0.05 and power = 0.8), which 

can be compared to the 16% increase in [3H]PBR28 shown in a post-mortem study [13]. 
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If similar effects are expected in other disorders, most studies performed thus far may 

have been underpowered. Sample size may be particularly critical for studies using second 

generation radioligands, since accounting for TSPO genotype in the analysis reduces 

statistical degrees of freedom. To enhance the sensitivity of TSPO PET, an important 

direction of research will be to not only reduce methodological noise by finding reliable 

alternatives to arterial sampling, but also to identify the physiological factors that may 

influence TSPO levels in brain.

 

One important limitation for PET TSPO studies in general is the lack of specificity of this 

marker. For instance, TSPO is present also in astrocytes, which could contribute to the 

signal [90, 91], and although both cell types contribute to immune response, the specific 

type of cell may have implications in terms of treatment. Furthermore, for the microglia 

population, TSPO cannot distinguish between pro-inflammatory (M1) or protective (M2) 

subpopulations. Thus, it will also be crucial to develop tracers for other, more specific 

microglia markers that are also sensitive to the functional phenotype. Importantly, PET 

data then needs to be combined with other measures of immune function in order to fully 

reflect the immunological status for each disease condition. Although TSPO levels were 

compared to serum markers of inflammation in some studies reviewed above, ideally this 

comparison should be done using CFS samples which more closely reflect the state of the 

CNS immune system. 

A crucial aim for research on the immune system in psychiatry is inform new treatment 

strategies. In schizophrenia, depression and autism, randomised controlled studies have 

shown that the addition of cyclo-oxygenase (COX)-2 inhibitors to antipsychotics and 

antidepressants treatment may lead to amelioration of symptoms [92–94], although 

negative results have also been reported [95]. In psychosis, both the COX inhibitor aspirin 

and the broad-spectrum tetracycline antibiotic minocyclin, which directly attenuates 

microglia activation, have shown to reduce symptoms [96, 97]. However, the immune 

hypothesis of psychiatric disorders would implicate a need for drugs specifically directed 

towards causative mechanisms. Molecular imaging is an important tool towards this 

goal, as it allows for non-invasive studies in both patients and animal models. Thus, 

immune markers can be followed over time, allowing for monitoring of disease progress 

and treatment effect. For instance, [11C]PBR28 PET was recently used to detect effects 

of immune-targeted treatment in Parkinson’s disease [98]. Furthermore, due to the 

translational nature of PET, clinical studies can be supported by preclinical experiments, also 

allowing for validation with post-mortem techniques such as immunohistochemistry. For 

many psychiatric disorders where large clinical trials have suffered from negative findings, 

these approaches could be crucial towards revitalising drug development programmes. 
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With increasing understanding of the biological processes as well as methodological 

refinement, PET studies of the immune system promises to be an important tool also for 

clinical use. An important task will be to aid diagnosis, and potentially identify specific 

subgroups of patients in need for immune-targeting treatment. For instance, a proportion 

of patients with schizophrenia show auto-antibodies for neural receptors, suggesting 

that these patients may constitute a subgroups in specific need of treatment targeted 

against the immune system [99]. In depression, specific subgroups of patients was shown 

to respond to anti-TNF treatment [100]. Importantly, such PET markers may prove to be 

specific for particular biological processes and symptom dimensions, rather than reflecting 

current disease classifications according to DSM.
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Abstract

Healthy brain aging is characterized by neuronal loss and decline of cognitive function. 

Neuronal loss is closely associated with microglial activation and post-mortem studies 

have indeed suggested that activated microglia may be present in the aging brain. 

Microglial activation can be quantified in vivo using (R)-[11C]PK11195 and positron 

emission tomography. The purpose of this study was to measure specific binding of  

(R)-[11C]PK11195 in healthy subjects over a wide age range. 

Thirty-five healthy subjects (age range 19 – 79 years) were included. In all subjects  

60 minutes dynamic (R)-[11C]PK11195 scans were acquired. Specific binding of  

(R)-[11C]PK11195 was calculated using receptor parametric mapping in combination  

with supervised cluster analysis to extract the reference tissue input function. 

Increased binding of (R)-[11C]PK11195 with aging was found in frontal lobe, anterior and 

posterior cingulate cortex, medial inferior temporal lobe, insula, hippocampus, entorhinal 

cortex, thalamus, parietal and occipital lobes, and cerebellum. This indicates that activated 

microglia appear in several cortical and subcortical areas during healthy aging, suggesting 

widespread neuronal loss. 
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Introduction

Microglia cells are related to cells of the mononuclear cell phagocyte lineage and become 

activated at a very early stage in response to a pathological event. Growing evidence 

points to microglial activation as an early and ongoing event in several neurodegenerative 

disorders [1,2]. From post-mortem studies it is known that microglial activation is also 

present in the normal brain [3-6]. For instance, it has been reported that activated 

microglia increase in the temporal lobe with healthy aging [3,5]. Furthermore, microglial 

activation may be related to neuronal loss and decline of cognitive function [7].

(R)-[11C]PK11195 (1-[2-chlorophenyl]-N-methyl-N-[1-methyl-propyl]-3-isoquinoline car-

boxamide) is a highly selective ligand for the peripheral type benzodiazepine receptor, 

also called the 18 kDa translocator protein (TSPO) [8,9], which, in the brain, is upregulated 

in activated microglia cells. When labelled with the positron emitter carbon-11 (11C),  

it can be used to quantify microglial activation in vivo using positron emission tomography 

(PET). This approach has already been used in the study of several neurodegenerative 

disorders [7,10,11].

Little is known about the role of activated microglia in healthy aging. Initial studies 

showed increased (R)-[11C]PK11195 binding in the thalamus [7,12]. However, other 

areas in the brain have not been evaluated extensively. Therefore, the purpose of this  

study was to examine effects of aging on microglial activation in healthy brain using  

(R)-[11C]PK11195 and PET. 

Methods
Subjects
Thirty-five healthy subjects were included in the study, 13 women and 22 men. Two of 

the subjects were excluded from further analyses due to movement artefacts resulting 

in unreliable fits. Subjects were recruited by advertisement in local newspapers and 

underwent standardized clinical assessment, including medical history, physical and 

neurological examinations, and laboratory tests. All subjects had normal scores on 

screening laboratory tests and a normal MRI, as evaluated by a neuroradiologist (FB). 

In addition, all subjects older than 55 years underwent a neuropsychological  

assessment and had a normal performance score on the cognitive test battery (Mini-

Mental State Examination, Rey’s Auditory Verbal Learning Test, Rey’s Complex Figure, 

Trail Making Test, Boston Naming Test and Digit Span). 
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Exclusion criteria were major psychiatric illness, a history of alcohol or substance abuse 

according to DSM-IV criteria [13], cognitive complaints, previous head trauma with  

loss of consciousness of more than one hour duration, and significant metabolic 

disorder or pregnancy. Intake of benzodiazepines, antipsychotic drugs and non-steroidal 

anti-inflammatory drugs was not allowed, because of possible interaction with  

(R)-[11C]PK11195 binding.

 

Written informed consent was obtained from all participants. The study protocol was 

approved by the Medical Ethics Review Committee of the VU University Medical Centre.

MRI
All subjects had a structural MRI scan within four months of the PET procedure. MRI scans 

were acquired using a 1.0 T scanner (Magnetom IMPACT, Siemens Medical Solutions, 

Erlangen, Germany) and included a 3D heavily T1-weighted gradient echo sequence (MP-

RAGE). Voxel size of the MRI images was 0.98 x 0.98 x 1.49 mm. These scans were used 

both for segmentation of grey and white matter, and for delineation of regions of interest 

(ROIs). 

Production of (R)-[11C]PK11195 
(R)-[11C]PK11195 was produced as described previously [9] according to GMP guidelines 

(Eudralex 4) in the government licensed (no. 108897F) GMP facility of the department of 

Nuclear Medicine & PET Research. The product was obtained as a sterile and pyrogen free 

solution in phosphate buffered saline (pH 5.4-6.0) with a (radio)chemical purity of > 98% 

and a specific activity (SA) of 52-132 GBq•µmol-1.

PET
PET scans were acquired using an ECAT EXACT HR+ (Siemens/CTI, Knoxville, TN, USA) 

[14]. First, a 10 minutes transmission scan was performed in 2D acquisition mode using 

three retractable rotating line sources. This scan was used to correct the subsequent 

emission scan for photon attenuation. Then, a 3D dynamic (R)-[11C]PK11195 emission  

scan was performed consisting of 22 frames with progressive increase in frame duration 

(1 x 30 s background, 1 x 15, 1 x 5, 1 x 10, 2 x 15, 2 x 30, 3 x 60, 4 x 150, 5 x 300 and 2 x 600 

s; total acquisition time 60.5 minutes). Detailed scanning and sampling procedures have 

been published previously [15]. Subject motion during scanning was checked visually at 

regular intervals (using laser beams) and corrected immediately, if necessary. Moreover, 

motion was minimised by using a head immobilisation device (head holder).
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Image reconstruction 
All PET sinograms were corrected for dead time, tissue attenuation using the transmission 

scan, decay, scatter and randoms. Data were reconstructed using a partial volume 

corrected (PVC) ordered subset expectation maximisation (OSEM) reconstruction 

algorithm that incorporates the scanner’s point spread function in the system matrix 

during reconstruction. This algorithm has been described in detail and was validated 

previously [16]. A zoom factor of 2 and a matrix size of 256 x 256 x 63 were used, resulting 

in a voxel size of 1.2 x 1.2 x 2.4 mm and a spatial resolution of approximately 2.5 mm full 

width at half maximum in the centre of the field of view.

Regions of interest definition
For each subject, PET and MRI scans were co-registered using the software package MIRIT 

[17,18]. ROIs were defined using a probability map based on automatic brain delineation 

[19]. ROIs in this template included the frontal cortex (volume weighted average of superior 

frontal, orbital frontal and medial inferior frontal cortex), anterior and posterior cingulate 

cortex, superior temporal and medial inferior temporal lobe, insula, hippocampus and 

entorhinal cortex, thalamus, parietal cortex, sensory motor cortex, occipital cortex and 

cerebellum. 

Tracer kinetic modeling
Parametric images of (R)-[11C]PK11195 PET scans were generated using receptor 

parametric mapping, (RPM) [20], a basis function implementation of the simplified 

reference tissue model (SRTM) [21]. RPM was found to be the most suitable parametric 

method for analysis of (R)-[11C]PK11195 scans [15]. Supervised cluster analysis was used 

to extract the reference tissue input curve directly from the dynamic (R)-[11C]PK11195 

data [22]. The primary outcome measure was binding potential (BPND) [21,23]. Regional 

values of BPND were obtained by projecting the template ROIs, defined above, onto the 

parametric BPND images.

Statistical analysis
Statistical analysis of ROI data was performed using SPSS software (SPSS Institute, 

Chicago, Ill, USA), version 15.0. Values are presented as mean ± standard deviation 

(SD). Linear regression analysis was performed using BPND as dependent variable and 

age (continuous) as independent variables. Sex was entered as covariate. Regression 

coefficients (B) and standard errors (SE), as well as correlation coefficients are presented. 

The threshold for significance was set at p < 0.05. 
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Results

Data from a total of 33 subjects (mean age 53.4 ± 21.0; range 19 – 79 years, 11 females) 

were available for analysis. Mean tracer dose at time of injection was 322 ± 100 MBq 

and mean SA at time of injection 88 ±33 Gbq•μmol-1. There was no association between 

injected dose and age (B(SE) = -1.134 (0.837)). Estimated receptor occupancy associated 

with these high SA tracer doses was < 1%. 

Linear regression analysis showed that increasing age was associated with increased  

(R)-[11C]PK11195 BPND throughout several cortical and subcortical brain regions, namely 

frontal cortex, anterior and posterior cingulate cortex, parietal and occipital cortex, 

thalamus and cerebellum. Age-related increases were also found in various temporal 

regions: medial inferior temporal lobe, insula, hippocampus and entorhinal cortex  

(Table 1; Figure 1). 

Discussion

The main finding of the present study is an increase in (R)-[11C]PK11195 binding with 

healthy aging in frontal lobe, cingulate anterior and posterior cortex, medial inferior 

temporal lobe, insula, hippocampus, entorhinal cortex, thalamus, parietal and occipital 

lobes, and cerebellum. This age-related increase in (R)-[11C]PK11195 specific binding in 

several cortical and subcortical structures indicates that activated microglia gradually 

appear in the aging human brain, suggesting the appearance of some degree of neuronal 

damage.

There are very few in vivo human data on the effect of aging on (R)-[11C]PK11195 binding 

in the healthy brain. Cagnin et al. [7] were the first to report (R)-[11C]PK11195 binding in a 

small group of healthy control subjects (age range 32 – 80 years). Brainstem and thalamus 

were the only regions showing increased (R)-[11C]PK11195 binding relative to the reference 

tissue, but an age effect was only seen in the thalamus and the same finding was reported 

by Ouchi et al. [12] (age range 39 – 70 years), whereas Debruyne et al. [24] did not find 

such an age related increase (age range 23 – 41 years). Since the thalamus is a nucleus with 

many reciprocal cortical connections, it has been thought that increased (R)-[11C]PK11195 

binding might reflect neuronal injury in other brain areas [7]. 

Higher levels of (R)-[11C]PK11195 binding with normal aging were also found in the (medial) 

temporal lobe, which is in agreement with post-mortem studies describing an increase 

in activated microglia in the hippocampus [3,5]. Interestingly, markers of microglial 
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Figure 1. (R)-[11C]PK11195 binding potential (BPND) in posterior cingulate cortex as function of age with 

linear regression line.

Table 1. Mean values of regional (R)-[11C]PK11195 binding potential (BPND) together with corresponding 

regression coefficients and correlation coefficient of linear regression analysis against age

BPND, binding potential; ROI, region of interest; SD, standard deviation; SE, standard error.

*p < 0.05. 

ROI Mean BPND ± SD Regression coefficient ± SE Correlation coefficient

Frontal 0.147 ± 0.081 0.002 ± 0.001* 0.470

Anterior Cingulate 0.122 ± 0.121 0.003 ± 0.001* 0.459

Posterior Cingulate 0.214 ± 0.123 0.004 ± 0.001* 0.600

Superior Temporal 0.141 ± 0.117 0.001 ± 0.001 0.177

Medial Inferior Temporal 0.160 ± 0.101 0.003 ± 0.001* 0.711

Insula 0.102 ± 0.160 0.005 ± 0.001* 0.617

Hippocampus 0.041 ± 0.116 0.003 ± 0.001* 0.479

Entorhinal -0.119 ± 0.148 0.003 ± 0.001* 0.487

Thalamus 0.286 ± 0.111 0.004 ± 0.001* 0.740

Parietal 0.127 ± 0.124 0.002 ± 0.001* 0.358

Occipital 0.319 ± 0.155 0.003 ± 0.001* 0.458

Sensory Motor 0.128 ± 0.079 0.001 ± 0.001 0.190

Cerebellum 0.212 ± 0.105 0.003 ± 0.001* 0.558

Total brain 0.046 ± 0.171 0.000 ± 0.002 0.022
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activation were associated with neurofibrillary tangles [5], another marker of neuronal 

loss. In addition, an age dependent decline of cortical grey matter thickness with normal 

aging has also been described in the temporal cortex [25,26]. Both activated microglia and 

cortical atrophy indicate that neuronal damage occurs in the temporal lobe during healthy 

aging. This is consistent with the high prevalence of memory disorders in elderly subjects, 

as the temporal lobe is crucial for memory function.

Common regional cerebral atrophy with aging has been described previously and includes 

prominent grey matter loss in frontal areas, but also atrophy in anterior cingulate cortex, 

temporal, parietal and subcortical areas as well as in insula [26,27], again consistent with 

increased binding of (R)-[11C]PK11195 in these areas. Interestingly, in frontal cortex as well 

as in anterior and posterior cingulate cortex a strong association between atrophy and 

local beta-amyloid deposition in subjects with subjective cognitive impairment was found 

[28]. 

The age related increase in (R)-[11C]PK11195 binding in several cortical and subcortical 

structures indicates that activated microglia appear in the aging human brain. The 

processes underlying microglial activation in normal aging are complex and poorly 

understood and their functional implications remain an enigma. However, it is well known 

that microglial activation is closely associated with neuronal damage. Whether microglial 

activation with aging is a secondary effect of age related neuronal damage due to other 

causes, or more directly involved in neuronal degeneration is not clear [29]. If microglial 

activation is a causative factor for neuronal degeneration, it could be an important target 

for treatment of age related cognitive problems.

Strengths of the present study are the relatively large sample size and the wide age range 

of subjects included, as well as the number of cortical regions evaluated. A limitation might 

be that although (R)-[11C]PK11195 is a selective ligand for the peripheral benzodiazepine 

receptor, it is not ideal, as it has a relatively low specific to non-specific binding ratio 

and a very low extraction fraction. In addition, only elderly subjects without subjective 

memory complaints were selected and a neuropsychological assessment was performed 

to rule out subjects with cognitive deficits. Nevertheless, it is conceivable that, although 

performance on neurological examination and neuropsychological assessment was 

normal, subjects were included with preclinical neurodegenerative disorders, which by 

themselves are associated with microglia activation. This might explain the heterogeneity 

of results in medial temporal lobe areas, noting that microglial activation may be present 

years before symptoms emerge [30]. 
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In previous studies it has been shown that the most accurate parametric method for 

analysing (R)-[11C]PK11195 data is RPM with cerebellum as reference tissue [15]. In healthy 

control subjects, however, definition of a reference region can be difficult, as it requires 

delineation of an unknown region without microglial activation. Therefore, a supervised 

cluster analysis method was used for extracting the reference tissue input function [22,31]. 

Turkheimer et al. [22] demonstrated that this method provides a robust and reproducible 

quantitative assessment of (R)-[11C]PK11195 binding in the human brain. By applying this 

method, increased (R)-[11C]PK11195 BPND was found in the cerebellum. Consequently, in 

the absence of plasma input data, the use of the cerebellum as reference region in healthy 

aging studies is not appropriate. 

An increasing degree of brain atrophy might affect the assessment of (R)-[11C]PK11195 

binding with age. To limit partial volume effects, in the present study a PVC-OSEM 

reconstruction algorithm was used. This algorithm uses the scanner’s point spread function 

to enhance the spatial resolution of reconstructed scans to a level that closely meets the 

physical properties of the PET scanner. This method was recently validated by Mourik et 

al. [32] for the HR+ scanner and is presently incorporated in some of the latest PET/CT 

systems to improve resolution and image quality (so-called ’resolution recovery’). Despite 

this, it is likely that observed BPND values still underestimate both extent and magnitude of 

microglial activation. It might be hypothesized that in relatively small regions surrounded 

by cerebrospinal fluid, such as the hippocampus and entorhinal cortex, a disproportionate 

underestimation of the true signal occurs. This might explain the discrepancy with post-

mortem studies describing an increase in activated microglia in the hippocampus [3,5].

In conclusion, increased (R)-[11C]PK11195 binding with healthy aging was found in frontal 

lobe, cingulate anterior and posterior cortex, medial inferior temporal lobe, insula, 

hippocampus, entorhinal cortex, thalamus, parietal and occipital lobes, and cerebellum, 

suggesting the appearance of widespread neuronal damage during normal aging. 
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Abstract

Evidence is accumulating that immune dysfunction is involved in the pathophysiology of 

schizophrenia. It has been hypothesized that microglia alterations are present in patients 

with schizophrenia. Various in vivo and post-mortem studies have investigated this 

hypothesis, but as yet with inconclusive results. Microglia alterations are associated with 

elevations in 18 kDa translocator protein (TSPO) levels, which can be measured with the 

positron emission tomography (PET) tracer (R)-[11C]PK11195. The purpose of the present 

study was to investigate microglia alterations in psychosis in vivo at an early stage of 

the disease. (R)-[11C]PK11195 binding potential (BPND) was measured in 19 patients with  

recent onset psychosis and 17 age and gender matched healthy controls. Total grey  

matter, as well as five grey matter regions of interest (frontal cortex, temporal cortex, 

parietal cortex, striatum, and thalamus) were defined a priori. PET data were analysed 

using a reference tissue approach and a supervised cluster analysis algorithm to identify 

the reference region. No significant difference in (R)-[11C]PK11195 BPND between 

patients and controls was found in total grey matter, nor one of the regions of interest. 

These findings suggest that microglia alterations are not present in recent onset  

psychosis or that it is a subtle phenomenon that could not be detected using the  

design of the present study. 
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Introduction

Schizophrenia is a complex and disabling disorder characterized by psychotic and 

cognitive symptoms, motivational impairment and affective dysregulation. Its 

pathophysiology still remains to be elucidated. There is a growing body of evidence that 

immune dysfunction is involved in the pathophysiology of schizophrenia. Genetic data, 

derived from the latest and largest genome-wide association study, identified significant 

associations with immune pathways in schizophrenia [1]. Studies using information 

from population registries have found increased prevalence of autoimmune disorders 

in patients with schizophrenia and their family members [2]. Furthermore, decreased 

prevalence of schizophrenia has been reported in men who have used non-steroidal 

anti-inflammatory drugs (NSAIDs) or glucocorticoids for somatic disorders [3] and some 

studies suggest efficacy of immunomodulatory drugs in patients with schizophrenia 

with the largest effect found in first-episode patients [4, 5]. Serum and cerebrospinal 

fluid (CSF) inflammatory markers, such as cytokines produced by microglial cells, have 

also been linked with schizophrenia and are increased predominantly in first-episode 

psychosis [6].

Although there is evidence for altered immune function in schizophrenia, it is still unclear 

which immune processes and immune cells are affected. Various studies using post-

mortem tissue of schizophrenia patients and controls described increased density and 

activation of microglia, the resident immune cells of the brain [7, 8]. These findings could 

not be replicated in other studies, which may be due to small sample sizes and post-

mortem confounders that are difficult to control for [7]. Moreover, post-mortem brain 

tissue of patients in the early phase of the disease is very scarce. 

Altered microglia density and phenotype is associated with increased 18 kDa translocator 

protein (TSPO) expression. To date, the only method to investigate microglia cells in the 

brain in vivo is positron emission tomography (PET) using TSPO ligands [9]. In classic 

central nervous system (CNS) autoimmune disorders such as multiple sclerosis increased 

binding of TSPO ligands was demonstrated [10]. However, full-blown neuroinflammation 

is less evident in schizophrenia [11]. PET studies examining TSPO binding in patients 

with schizophrenia have provided inconclusive results. Using the TSPO ligand  

(R)-[11C]PK11195, studies have reported increased binding potential in schizophrenia 

patients in total grey matter [12] and hippocampus [13]. Recently, significantly increased 

distribution volume ratios were reported in total grey matter, and frontal and temporal 

cortex grey matter of patients with schizophrenia and ultra-high-risk individuals when 

compared with controls using the tracer [11C]PBR28 [14]. Other studies using the  
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second-generation TSPO PET ligands [18F]FEPPA and [11C]DAA1106, however, did  

not find significant differences between patients and controls [15, 16].

Important reasons for these inconsistent findings using PET imaging could be differences 

in patients characteristics and PET methodology [17]. Apart from an ultra-high-risk 

assessment [14], no PET studies have examined schizophrenia in the first year(s) of the 

disease [12-16], although clinical trials showed biggest effect of immunomodulatory 

drugs in the early stages of schizophrenia [4, 5]. The purpose of the present study was to 

examine (R)-[11C]PK11195 binding potential (BPND) in total grey matter and several grey 

matter regions of interest in recent onset psychosis. By using patients with recent onset 

psychotic disorder and matched controls, the role of confounders was minimized.

Materials and methods
Subjects 
19 patients with a recent onset psychotic disorder and 17 healthy age and sex matched 

healthy controls were included. Patients were recruited from the Department of 

Psychiatry of the University Medical Center Utrecht (UMCU), Utrecht, The Netherlands, 

and the Department of Psychiatry of the Academic Medical Center (AMC), Amsterdam, 

The Netherlands. Age and gender matched healthy controls were recruited via 

advertisements. Eligible patients were aged 18-40 years, met diagnostic criteria for a 

psychotic disorder, and were studied within the first two years after the first intake of 

antipsychotic medication. DSM-IV diagnoses were confirmed by two investigators 

using the Comprehensive Assessment of Symptoms and History (CASH) interview [18]. 

Exclusion criteria were any neurological disorder, pregnancy, abnormal score on routine 

laboratory tests (blood tests and urine analysis), intake of non-cannabis addictive drugs 

or use of benzodiazepines and non-steroidal anti-inflammatory drugs (NSAIDs) (≤4 weeks 

before start of the study) and current and lifetime alcohol abuse.

Additional exclusion criteria for healthy controls were presence or history of psychiatric 

disorder confirmed by the CASH interview or a first-degree relative with a family history of 

schizophrenia spectrum disorder. The study complied with the Declaration of Helsinki and 

had been approved by the Medical Ethics Review Committee of UMCU. All subjects signed 

an informed consent form prior to inclusion.

 

Demographical data were collected within one week of performing the PET scan. 

Current and lifetime use of alcohol, nicotine, cannabis and other illicit drugs was 

assessed using the Composite International Diagnostic Interview (CIDI) [19] and 

disease severity with the Positive and Negative Syndrome Scale (PANSS)[20]. 
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Complete blood count, serum chemistry, use of benzodiazepines and addictive drugs 

(3, 4-methylenedioxymethamphetamine (MDMA), amphetamine, cannabis, cocaine, 

opiates) and pregnancy were tested with laboratory tests within one week of the PET 

scan. 

PET procedures
PET scans were performed on an Philips Gemini TF-64 PET/CT scanner (Philips Medical 

Systems, Best, The Netherlands) [21]. Tracer administration was standardized. After 

administration of a bolus injection of 370 MBq (R)-[11C]PK11195 using an infusion pump 

(Med-Rad, Beek, The Netherlands), a dynamic three-dimensional (3D) emission scan of 

60.5 minutes was acquired as described previously [22]. Prior to the emission scan, a 

low dose CT scan was acquired on the PET/CT scanner, which was used to correct the 

subsequent PET scan for tissue attenuations. Using laser beams, subject motion during 

scanning was checked visually at regular intervals and corrected immediately, whenever 

necessary. Moreover, motion was minimized by using a head immobilization device 

(head holder). PET data were corrected for dead time, decay, tissue attenuation, scatter 

and randoms. PET images were reconstructed using a dedicated brain mode iterative 

algorithm (LOR-RAMLA) [21] and had a voxel size of 2x2x2 mm3.

MRI scans
A structural T1-weighted MRI scan was acquired for each subject. Subjects were scanned 

on a Philips Achieva 3T scanner (voxel size 0.75 x0.75 x 0.75 mm3). MRI scans were examined 

by a neuroradiologist to exclude major brain abnormalities in both patients and controls.

Image analysis
PET data were analysed using a reference tissue approach as described previously  

[22, 23], as this is the method of choice for analysing cerebral (R)-[11C]PK11195 studies 

[23,24]. In short, this procedure uses supervised cluster analysis algorithm with four 

kinetic classes (SVCA4) to extract the reference tissue input function. SCVA4 first applies 

an anatomical mask to include brain tissue only and then the algorithm clusters voxels 

in the following predefined kinetic classes: grey matter with specific (R)-[11C]PK11195 

binding, grey matter without specific binding, white matter and blood. Grey matter 

voxels without specific binding were used as reference tissue input. Next, BPND parametric 

images of (R)-[11C]PK11195 scans were generated using reference parametric mapping 

with a vascular correction (RPMVB) [25], which is a basis function implementation of the 

simplified reference tissue model (SRTM) [26]. 
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T1-weighted MRI scans were co-registered with PET scans and used for segmentation of 

grey and white matter. Then, the co-registered MRI scan was used to delineate total grey 

matter, and to define five grey matter regions of interests (ROIs) including the frontal 

cortex (volume weighted average of anterior cingulate cortex, gyrus rectus, orbitofrontal 

cortex, precentral gyrus, superior frontal cortex, middle frontal cortex, interior frontal 

cortex), temporal cortex (volume weighted average of hippocampus, anterior and 

posterior temporal cortex, parahippocampal and ambient cortex, superior, middle and 

inferior temporal cortex, fusiform cortex), parietal cortex (volume weighted average of 

posterior cingulate cortex, postcentral gyrus, superior parietal cortex and inferolateral 

parietal cortex), thalamus and striatum (volume weighted average of caudate nucleus and 

putamen) using probability map-based automatic brain delineation [27]. The selection of 

ROIs was based on the widespread TSPO availability in the brain. The outcome measure 

was (R)-[11C]PK11195 binding potential (BPND) [26, 28].

Statistics
Analysis of variance (ANOVA) and multivariate analysis of variance (MANOVA) with ROI 

as within-subject factor, group as between-subject factor and age as covariate were 

carried out to test for differences between groups in total grey matter and regional  

(R)-[11C]PK11195 BPND, respectively. A subsequent MANOVA as a post-hoc analysis was 

implemented to identify regional group differences between patients and controls.

Pearson’s correlation coefficient (r) was used to evaluate correlations between (R)-[11C]

PK11195 BPND and other variables, such as demographics. The chi-square test was used 

to test between-group differences in gender. P values below 0.05 were considered to be 

significant and Bonferroni corrections were used for multiple comparisons.

Results

Demographics of patients with a recent onset psychotic disorder and healthy controls are 

shown in Table 1 and Supplemental Table 1. Patients displayed moderate symptoms at the 

time of PET scanning. The average duration of treatment with antipsychotic medication 

was one year. Most patients were on antipsychotic medication at the time of the scanning, 

apart from four of whom one was antipsychotic-naive. 

There were no significant differences in demographics between patients and controls. 

Although a significant difference in specific activity of (R)-[11C]PK11195 between groups 

was found, the injected mass of PK11195 did not differ between clinical groups and all PET 

scans were performed at tracer level. No significant difference in mean (R)-[11C]PK11195 
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Table 1. Demographics

PANSS, Positive and Negative Syndrome Scale. Values are presented as mean ± SD.

Controls Patients

(N=17) (N=19)

Age (years, [range]) 26 ± 4 [20-34] 26 ± 4 [20-34] F = 0.01 p = 0.95

Gender (male/female) 14 / 3 16 / 3 χ2= 0.02 p = 0.89

Injected dose (MBq) 433 ± 23 407 ± 73 F = 1.71 p = 0.20

Specific activity (GBq/µmol) 96 ± 28 74 ± 19 F = 6.64 p = 0.02

Injected mass (µg) 1.7 ± 0.6 2.1 ± 0.6 F = 2.44 p = 0.13

Nicotine (user/non-user) 5 / 12 13 / 6

Cannabis (positive/negative) 0 / 17 4 / 15

Duration of illness (years) 1.0 ± 0.6

PANSS 

Total 53 ± 10 

Positive 12 ± 4

Negative 14 ± 3 

General 27 ± 6 

Antipsychotics

None 4

Clozapine 3

Risperidone 2

Olanzapine 5

Other  5   

Table 2. (R)-[11C]PK11195 binding potential (BPND)

Values are presented as mean ± SD.

ROI Controls Patients F p

(N=17) (N=19)

Total grey matter 0.14 ± 0.09 0.17 ± 0.09 1.11 0.30

Frontal cortex 0.12 ± 0.09 0.12 ± 0.07 0.03 0.85

Temporal cortex 0.08 ± 0.09 0.12 ± 0.08 1.88 0.18

Parietal cortex 0.15 ± 0.07 0.15 ± 0.07 0.00 0.97

Striatum 0.09 ± 0.10 0.10 ± 0.10 0.41 0.53

Thalamus 0.20 ± 0.12 0.23 ± 0.12 0.40 0.53
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BPND between groups was observed in total grey matter, either with or without age as 

covariate. Similarly, for regional (R)-[11C]PK11195 BPND no significant effect of clinical 

group was found (Table 2). 

A significant correlation was found between age and total grey matter (R)-[11C]PK11195 

BPND (N=36, r=0.38, p=0.02), as well as age and regional (R)-[11C]PK11195 BPND in all ROIs 

(N=36, r=0.72-0.95, p<0.01). No significant correlations were observed between total 

and regional grey matter (R)-[11C]PK11195 BPND and other variables, such as alcohol, 

nicotine or cannabis use, disease duration, and disease severity (Supplemental Table 2; 

correlations between (R)-[11C]PK11195 BPND and PANSS subscale scores are available 

upon request). (R)-[11C]PK11195 BPND did not significantly differ between patients on 

and off antipsychotics, nor was there a significant difference between antipsychotics 

(Supplemental Table 3). 

Discussion

In this study, microglia alterations in grey matter ROIs of patients with a recent onset 

psychotic disorder were investigated in vivo. There was no significant difference in (R)-

[11C]PK11195 BPND between patients and controls in total grey matter, nor in any of the 

ROIs investigated. In addition, no relationship was found between (R)-[11C]PK11195 BPND 

and clinical measurements, such as symptom severity.

This study is in line with previous negative findings of two PET studies examining patients 

with schizophrenia using the second-generation ligands [18F]FEPPA and [11C]DAA1106 

respectively [15, 16], but is in contrast to two [11C]PK11195 studies that have reported 

significant increases in [11C]PK11195 binding in total grey matter [12] and hippocampus 

[13] in patients with schizophrenia, and to one [11C]PBR28 study that reported increased 

distribution volume ratios in total grey matter and frontal and temporal cortex grey 

matter of patients with schizophrenia and ultra-high-risk individuals [14].

In this study whole brain ROIs were selected because of the widespread TSPO availability 

in the brain. Combined ROIs were selected to avoid type I errors, which resulted in the 

inclusion of the hippocampus in the temporal region. When examining the hippocampus 

alone, there was also no significant difference (data not shown). Previous PET studies that 

examined widespread brain ROIs in schizophrenia[13, 15, 16], found an effect in temporal 

and frontal ROIs only [13, 14].
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Figure 2. Scatterplot showing individual binding potential (BPND) values in each of the studied regions 

of interest (frontal cortex, temporal cortex, parietal cortex, striatum and thalamus). No significant 

differences were found between patients with a recent onset psychotic disorder (black dots) compared 

to healthy controls (white dots). Bars indicate mean group BPND values.

Figure 1. Scatterplot showing individual binding potential (BPND) values of the total grey matter. No 

significant differences were found between patients with a recent onset psychotic disorder (black dots) 

compared to healthy controls (white dots). Bars indicate mean group BPND values.
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There can be several explanations for the discrepancy across the TSPO PET studies. First 

of all, the main difference between the present study and previous PET studies is its short 

disease duration, which resulted in the inclusion of patients with a psychotic disorder not 

(yet) fulfilling criteria for schizophrenia. Microglia can shift in function and morphology 

during the course of the illness [29] and may be involved in (later stages) of schizophrenia 

rather than being associated with recent onset psychosis. Although previous [11C]PK11195 

PET studies included patients which had a longer disease duration and were diagnosed 

with schizophrenia [12, 13], another study found an effect in ultra-high-risk individuals 

giving the impression that microglia alterations could be present in the prodromal phase 

of the disease [14]. 

Secondly, a positive association between symptom severity and TSPO expression has 

been reported in some of the previous studies [14, 16]. This suggests that the level of 

symptomatology could be a reason for the discrepant results. However, as symptom 

severity in the present study was not different from that in previous PET studies reporting 

an effect, this seems unlikely [12-16].

Thirdly, general concerns with the inclusion of schizophrenia patients are antipsychotic 

treatment and substance use, such as nicotine and cannabis use. Indeed, it has been 

shown in vitro that TSPO expression is reduced in cell lines treated with most atypical 

antipsychotics, apart from clozapine which tended to increase TSPO expression [30]. In 

the present study, no significant differences between patients on or off antipsychotics 

were found, but subgroups were small. Future studies may be able to address this issue 

by examining antipsychotic-naive patients, which so far has only been performed in 

ultra-high-risk individuals [13]. In addition, nicotine and cannabis use might reduce TSPO 

expression, as they have a suppressant effect on the immune system [31, 32]. Nicotine and 

cannabis use was more prevalent in the patient group. However, no significant association 

between nicotine or cannabis use and (R)-[11C]PK11195 BPND was observed.

Furthermore, the differences might be explained by differences in methodology [17]. 

Although [11C]PK11195 is hampered by a poor signal-to-noise ratio, the negative findings 

of the present study seemed not to be tracer specific since previous [11C]PK11195 have 

reported an effect [12, 13] and second-generation tracers have reported both negative 

and positive findings [14-16]. In the present study, a reference tissue method approach 

with supervised cluster analysis was used since this less invasive method does not depend 

on arterial sampling. This reference tissue method could underestimate the signal if the 

reference region is not completely devoid of TSPO. For instance, [11C]PK11195 may be 

affected by non-specific binding to endothelial tissue [23]. However, no differences in 
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time-activity curves of the reference region between patients and controls was found 

(data not shown). In addition, to avoid the effect of binding to venous sinuses, a vascular 

correction was applied in the present study [23, 24].

Lastly, a general problem is the large intersubject variability in TSPO expression which is 

shown in this and other PET studies [13-15]. To correct for this variability, normalization 

to whole brain outcome was used in two studies that did report an effect [13, 14]. 

Interestingly, the present results are in line with the (non-normalized) distribution volume 

VT values of one study, since no difference in this outcome measure was found [14]. It 

needs to be stressed that the intersubject variability in the present groups was probably 

too large to detect significant differences. Therefore, larger sample sizes may be needed 

to detect a possible effect between groups. Although the sample size was relatively large 

for a PET study, microglia activation might be a relatively subtle phenomenon in psychosis 

which is not easily detected in small groups. Indeed, Kenk and colleagues reported that 

sample sizes of at least 21 subjects per group were required to detect a 20 % difference 

based on mean and variability of VT values [15, 17].

In the present study no corrections for partial volume effects were applied, as no reduction 

of grey matter volume in patients was found, nor a correlation with BPND (data not shown). 

In addition, a previous TSPO study did not report differences between partial volume 

corrected and uncorrected data in psychosis, indicating that partial volume effects are 

minor [15].

The inclusion of patients with a short disease duration is the main strength of the present 

study. A limitation is the fact that most patients were on (atypical) antipsychotics. A 

general limitation for [11C]PK11195 and other TSPO ligands is the lack of specificity [17]. 

TSPO ligands do not exclusively bind to microglia, but may also bind to other immune 

cells in the CNS, such as astrocytes [33, 34]. Furthermore, for the microglia population, 

TSPO ligands cannot distinguish between pro-inflammatory and anti-inflammatory 

subpopulations. Future studies may develop more specific microglia markers that are also 

sensitive to the functional phenotype [17].

In conclusion, no evidence was found of increased microglial activation in grey matter in 

recent onset psychosis. These findings suggest that microglia alterations are not present 

in recent onset psychosis or that it is a subtle phenomenon that could not be detected 

due to other factors, such as patient characteristics and antipsychotic treatment. Further 

studies, preferably using more sensitive TSPO tracers, are warranted to ascertain the role 

of microglia in the pathophysiology of schizophrenia.
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Supplemental data

Supplemental Table 1. Detailed demographics of patients

Number Age Gender Antipsychotics DSM-IV Episodes Duration of 
treatment

 years male/female    years

1 25 M zuclopentixole 298.9 1 1.4

2 20 M olanzapine 295.1 2 1.9

3 25 M aripiprazole 295.3 1 0.4

4 31 F flupentixol, paliperidone 295.3 2 2.2

5 23 M clozapine 295.7 1 0.8

6 27 M olanzapine 295.9 1 0.6

7 24 M olanzapine 298.9 1 0.5

8 28 M medication free 298.9 1 1.2

9 34 F quetiapine, penfluridon 295.1 1 1.2

10 21 F quetiapine 295.9 1 0.8

11 26 M olanzapine 298.9 1 0.3

12 21 M clozapine 295.9 1 1.8

13 23 M risperidone 295.1 1 1.2

14 30 M medication free 295.4 1 1.4

15 21 M clozapine 295.3 2 0.8

16 29 M medication free 295.3 1 0.5

17 25 M medication naive 295.3 1 0.0

18 30 M risperidone 295.9 2 1.7

19 26 M olanzapine 298.8 1 0.3
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Supplemental Table 2. Pearson’s correlation analyses between (R)-(11C)PK11195 BPND and PANSS 

score, disease duration, and substance use in patients (N=19)

Supplemental Table 3. Antipsychotic use and (R)-(11C)PK11195 BPND in patients (N=19)

PANSS Total score Disease duration Substance use

ROI Alcohol Nicotine Cannabis

r p r p r p r p r p

Total grey matter -0.05 0.84 0.07 0.77 -0,24 0,32 -0,11 0,65 0,34 0,15

Frontal cortex 0.19 0.44 0.07 0.77 -0,45 0,05 -0,35 0,15 0,10 0,69

Temporal cortex 0.00 1.00 0.11 0.64 -0,25 0,30 -0,08 0,76 0,23 0,35

Parietal cortex 0.06 0.82 0.10 0.68 -0,40 0,09 -0,21 0,38 0,18 0,47

Striatum -0.15 0.53 0.09 0.71 -0,01 0,96 -0,21 0,38 0,37 0,11

Thalamus 0.06 0.82 0.14 0.58 -0,19 0,44 -0,02 0,95 0,45 0,05

Antipsychotics Total grey 
matter

Frontal 
cortex

Temporal 
cortex

Parietal 
cortex

Striatum Thalamus

None (N=4) 0.20 ± 0.15 0.11 ± 0.07 0.12 ± 0.15 0.13 ± 0.07 0.14 ± 0.11 0.23 ± 0.11 

Clozapine (N=3) 0.14 ± 0.08 0.09 ± 0.06 0.10 ± 0.05 0.14 ± 0.10  0.13 ± 0.07 0.20 ± 0.07 

Risperidone (N=2) 0.16 ± 0.18 0.14 ± 0.17 0.12 ± 0.14 0.15 ± 0.17 0.15 ± 0.22 0.35 ± 0.36 

Olanzapine (N=5) 0.17 ± 0.06 0.11 ± 0.07 0.12 ± 0.08 0.15 ± 0.04 0.08 ± 0.07 0.22 ± 0.06 

Other (N=5) 0.16 ± 0.05 0.14 ± 0.06 0.13 ± 0.04 0.16 ± 0.08 0.07 ± 0.11 0.20 ± 0.11 

F=0.14, 
p=0.97

F=0.21, 
p=0.93

F=0.06, 
p=0.99

F=0.10, 
p=0.98

F=0.49, 
p=0.74

F=0.52, 
p=0.72
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Abstract

Positron emission tomography (PET) using ligands of the 18 kDa translocator protein 

(TSPO) is a broadly used imaging technique. Although it is clear that binding of TSPO 

PET radioligands is increased in the central nervous system (CNS) during all sorts of 

neuropathology, the actual cellular process that is reflected by increased binding is not 

fully clear. In the CNS, TSPO is expressed by different types of myeloid cells, including 

microglia and macrophages, as well as other cell types, such as astrocytes and endothelial 

cells. It has been shown that increased binding of TSPO ligands coincides with the 

presence of activated myeloid cells. However, whether this is directly caused by increased 

expression of TSPO on myeloid cells is not yet known. The purpose of the present study 

was to examine which immune cell subsets express TSPO and whether activation of 

myeloid cells to different phenotypes leads to increased expression of TSPO. We show 

that TSPO is expressed by different immune cell subsets, with the highest expression on 

monocyte-derived macrophages (mo-Mɸ) and primary human microglia. Unexpectedly, 

we did not find increased expression of TSPO after activation of mo-Mɸ and microglia 

using the pro-inflammatory agent lipopolysaccharide (LPS). In addition, we did not find 

an association between TSPO expression and HLA-DR or pro-inflammatory cytokines in 

human post-mortem brain tissue. Limited upregulation of TSPO was found in microglia, 

but not mo-Mɸ, after stimulation with interleukin-4 (IL-4). In addition, a positive 

association between CD163, a marker for alternative activation of myeloid cells, and 

TSPO expression in brain tissue was found. In conclusion, our results indicate that TSPO 

expression is not a general activation marker of myeloid cells. Although our results do not 

exclude that binding of TSPO ligands reflects the process of microglia activation as often 

assumed, we propose to consider other underlying mechanisms such an increased density 

of microglia cells, influx of mo-Mɸ, or alterations in other TSPO-expressing cells, such as 

astrocytes and endothelial cells. 
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Introduction

Positron emission tomography (PET) using 18 kDa translocator protein (TSPO) ligands is 

a broadly used imaging technique to measure neuroimmune dysfunction in vivo. TSPO 

imaging is thought to reflect the level of microglia activation. Increased binding of TSPO 

tracers has been found in different types of neuropathology, including neuroinflammatory 

diseases, such as herpes encephalitis and multiple sclerosis, but also neurodegenerative 

disorders, such as Alzheimer’s disease and amyotrophic lateral sclerosis (ALS), as well as 

psychiatric disorders (1,2). It is therefore suggested that alterations in immune function, 

including microglia activation, is present in all these different types of neuropathology and 

that treatment using immunosuppressive agents should be explored for these diseases. 

However, the actual cellular process underlying increased binding of TSPO ligands is yet 

poorly understood. This knowledge is needed to interpret the PET findings and to design 

future studies, including trials using immunomodulatory agents. 

TSPO is a protein that is present in the outer mitochondrial membrane and has been 

suggested to play a role in various cellular functions, such as immune regulation, 

cholesterol transport and steroid hormone synthesis (3). In the central nervous system 

(CNS), TSPO is mainly expressed by microglia and macrophages, but also by astrocytes, 

and to some extent on endothelial cells and intravascular monocytes (4–7). Increased 

binding of TSPO ligands in the CNS is associated with an activated morphology of 

microglia or macrophages (3,5,8), suggesting that activation of these myeloid cell types is 

responsible for increased TSPO expression (8,9). 

Microglia and macrophages are part of the family of myeloid immune cells. In the healthy 

situation, microglia are the main immune cell subset of the brain parenchyma, and 

around the veins perivascular macrophages are situated. During brain injury, monocytes 

infiltrate the brain parenchyma and differentiate into monocyte-derived macrophages. 

Microglia and macrophages play a crucial role in the innate immune response in the 

brain (10). In response to various stimuli, such as neuronal damage or neurotrophic 

infection, they migrate to the site of injury (11). The cells are activated and exert a variety 

of effector functions, depending on the activation stimulus (12,13). Both microglia and 

macrophages can be differentiated into a more pro-inflammatory phenotype, producing 

pro-inflammatory cytokines, chemokines and reactive oxygen species, thereby promoting 

inflammation but also leading to neurotoxicity (12–15). Microglia and macrophages 

can also be activated to an anti-inflammatory phenotype, producing anti-inflammatory 

cytokines and neuronal growth factors, and as such contribute to neuronal protection and 

repair of the CNS. It is becoming more and more clear, that during brain injury not one 
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type of activated myeloid cells are seen and that one cell can also have both anti- and pro-

inflammatory characteristics. Whether TSPO expression is increased during activation 

of myeloid cells in general, during a specific type of activation, or is stable expressed on 

different phenotypes, is not yet known. 

The first aim of the study was to examine mRNA and protein expression of TSPO on 

different peripheral immune cell subsets and immune cells present in the CNS. The second 

aim was to investigate whether TSPO expression is increased upon activation of microglia 

and macrophages. We therefore assessed whether mRNA expression of TSPO correlated 

with the myeloid marker HLA-DR and several pro- and anti- inflammatory markers in post-

mortem human brain tissue. In addition, we analysed TSPO expression after stimulation 

of human primary microglia and monocyte-derived macrophages (mo-Mɸ) after exposure 

to different pro- and anti-inflammatory stimuli. 

 

Methods
Isolation of PMBCs, monocytes, and generation of monocyte-derived 
macrophages (mo-Mɸ) and dendritic cells (mo-DC)
Peripheral blood mononuclear cells (PBMCs) and monocytes were isolated from blood of 

healthy subjects after obtaining informed consent (Sanquin Blood Bank, Amsterdam, The 

Netherlands) as described previously (16). Briefly, human PBMC were isolated from buffy 

coats by Ficoll density centrifugation, followed by selection of CD14+ cells using magnetic 

beads (Milteny Biotec GmbH, Bergisch Gladbach, Germany). Purified monocytes were 

cultured for 7 days in a 48-wells plate (Greiner Bio-One) at a density of 1.0 x 105 cells in a 

total volume of 200 μL RPMI with 1% glutamine; 1% P/S and differentiated into mo-Mɸ 

in the presence of 10% AB+ human serum (NHS; Sanquin, Amsterdam, Netherlands). To 

generate monocyte-derived dendritic cells (mo-DC), monocytes were cultured in RPMI 

medium with 1% p/s, 10% FCS, 100 ng/ml granulocyte-monocyte colony stimulating 

factor (GM-CSF; Miltenyi Biotec) and 100 ng/ml IL-4 (Peprotech, London, UK) for 7 days. 

Post-mortem brain tissue 
Post-mortem brain tissue was provided by the Netherlands Brain Bank, Amsterdam, The 

Netherlands (www.brainbank.nl). Informed consent was obtained for brain autopsy and 

the use of tissue and clinical information for research purposes. Tissue that was used 

in the present study was obtained from healthy control donors. Exclusion criteria were 

neurological disease and psychiatric disorders according to DSM-IV diagnosis. Frozen 

tissue from superior temporal cortex (N=8) and dorsolateral prefrontal cortex (N=8) 

was used to assess mRNA expression of TSPO, HLA-DR and several cytokines. Fresh 

tissue from dorsolateral prefrontal cortex (N=7) and corpus callosum (N=8) was used to 



77

The expression and regulation of 18 kDa translocator protein

chapter 5

investigate mRNA expression of TSPO in primary microglia cells and the regulation of 

TSPO after stimulation with lipopolysaccharide LPS, IL-4 or dexamethasone ex vivo. 

Isolation of primary human microglia
Microglia were isolated as described before (14) within 2- 24 h after autopsy with minor 

modifications. Briefly, tissue was meshed through a stainless steel sieve in a glucose- 

potassium-sodium buffer (GKN-BSA; 8g/L NaCl, 0.4 g/L KCl, 1.77 g/L Na2HPO4.2H2O, 

0.69 g/L NaH2PO4.H2O, 2 g/L D-(1)- glucose, pH 7.4) with 0.3% bovine serum albumin 

(Roche Diagnostics GmbH, Mannheim, Germany), followed by enzymatic dissociation in 

4 mL enzyme buffer (4 g/L MgCl2, 2.55 g/L CaCl2, 3.73 g/L KCl, and 8.95 g/L NaCl, pH 

6–7), with 3700 units/ mL collagenase Type I (Worthington, Lakewood, NJ, USA) and 

200 µg/mL DNase I (Roche Diagnostics GmbH) for 1 h at 37ºC while shaking. Enzymatic 

dissociation buffer and erythrocyte lysis were not performed. Furthermore, a Percoll 

gradient was created by the usage of 10 ml undiluted Percoll with 20 ml suspension 

of the pellet in cold phenol red deficient high glucose DMEM buffer (10% fetal bovine 

serum; Sigma-Aldrich, The Netherlands), 0,1% gentamicin, 1% pen/strep (both Gibco, 

Life Technologies) centrifuged for 30 min at 4000 rpm and 4ºC with slow acceleration 

and no break. Cells enriched for microglia were collected from the interface between the 

myelin and Percoll layer and transferred to a polypropylene coated 50-mL tube (Greiner 

Bio-One GmbH, Frickenhausen, Germany). Positive selection of microglia was performed 

by magnetic-activated cell sorting (MACS) according to the manufacturer’s protocol with 

anti-CD11b conjugated magnetic microbeads (Miltenyi Biotec GmbH, Bergisch Gladbach, 

Germany), leading to microglia isolates of around 99% purity. Subsequently, these cells 

were lysed in Trizol (Invitrogen, Carlsbad, CA, USA) and frozen at -80ºC for RNA extraction 

and phenotypic characterization at the mRNA level later on. For culture experiments, 

1.0 x 105 microglia were plated in a 96-wells plate (Greiner Bio-One) in a total volume 

of 200 μL Rosswell-Park-Memorial-Institute medium (RPMI; Gibco Life technologies, 

Massachusetts) with 10% heat-inactivated fetal calf serum (FCS), 1% L-glutamine and 1% 

penicillin-streptomycin (p/s). Microglia were cultured over night before stimulation with 

pro- or anti-inflammatory stimuli. Since the number of primary microglia cells that can be 

isolated from post-mortem brain tissue is relatively small (0.5- 2 x 106), TSPO expression 

in microglia was only assessed at mRNA level. 

Stimulation of primary microglia and mo-Mɸ
Primary microglia and mo-Mɸ (after 7 days of culture) were stimulated with 100 ng/ml LPS 

(Sigma-Aldrich, The Netherlands) (17), 40 ng/ml IL-4 (Milteny Biotech GmbH, Germany) 

(18) or 1 mM dexamethasone (Sigma-Aldrich, The Netherlands) (19). After 6 h stimulation 

the cells were harvested for the LPS mRNA experiment, after 24 h stimulation for the 
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LPS, IL-4 and dexamethasone flow cytometry experiments, and after 72 h stimulation for 

the mRNA IL-4 and dexamethasone experiments. Concentrations and time-points were 

based on literature, and it was confirmed that these conditions resulted in upregulation of 

mRNA expression of TNFα, IL-1β and IL-6 for LPS, CD163 for dexamethasone, and CD206 

for IL-4 on both microglia and mo-Mɸ.

Quantitative real-time polymerase chain reaction
mRNA was isolated using trizol as described previously (20). cDNA synthesis was 

performed using the QuantiTect Reverse Transcription Kit according to the manufacturer’s 

protocol (Qiagen, Hilden, Germany). Quantitative real-time polymerase chain reaction 

(qPCR) was performed using the 7900HT PCR System (Applied Biosystem, Foster City, 

CA, USA). The amount of cDNA used per reaction was based on an input of 4 to 6 ng 

original RNA in a final volume of 10 µL. Per reaction, 1 µL primermix (1 pmol/µL), 5 µL 

Fast Start Universal Master SYBRgreen (Roche, Penzberg, Germany), and 4 µL sterile 

H2O was used. Primer sequences were designed with the NCBI primer-BLAST (blast.

ncbi.nlm.nih.gov): TSPO (forward primer ‘TACCGTGGCCTGGTACCA’; reverse primer 

‘TCCCGCCATACGCAGTAGTT’); HLA-DR (forward primer ‘CCCAGGGAAGACCACCTTT’; 

reverse primer ‘CACCCTGCAGTCGTAAACGT’), IL-1β (forward primer ‘TTTGAGTCT-

GCCCAGTTCCC’; reverse primer ‘TCAGTTATATCCTGGCCGCC’), TNFα (forward primer 

‘CCAAGCCCTGGTATGAGCC’; reverse primer ‘GCCGATTGATCTCAGCGC’), CD206 (forward 

primer ‘GAAAGACGGTGGGGTCAAGTT’; reverse primer ‘ACCGGAAACACAGCTTACGTT’), 

CD163 (forward primer ‘TTTGTCAACTTGAGTCCCTTCAC’; reverse primer ‘TCCCGCTA-

CACTTGTTTTCAC’) and CD200R (forward primer ‘GAGCAATGGCACAGTGACTGTT’; 

reverse primer ‘GTGGCAGGTCACGGTAGACA’). Expression of TSPO and other genes were 

normalized to the housekeeping gene glyceraldehyde 3-phosphatase dehydrogenase 

(GAPDH). Relative expression was calculated as: Power(2, reference gene minus target 

gene). 

Flow cytometry
To analyse TSPO protein expression PBMCs, monocytes, mo-DCs and mo-Mɸ were 

fixed and permeabilized using the Cytofix/Cytoperm kit according to the manufacturer’s 

protocol (www.bdbiosciences.com/ds/pm/tds/554722). The cells were then stained using 

rabbit anti-human TSPO antibody (ab109497, Abcam, Cambridge, UK) or a purified rabbit 

IgG isotype (purified rabbit IgG, SAB4600055, Sigma-Aldrich, The Netherlands), followed 

by an alexa fluor secondary antibody (Jackson immunoresearch, Suffolk, UK). Mean 

fluorescence intensity (MFI) was measured on a FACS Calibur (Becton Dickinson). 
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Table 1. Mean values of different immune markers and their Spearman rho correlation coefficient with 

relative TSPO mRNA expression

Immune marker Frontal cortex Temporal cortex

Mean ± SD rho p Mean ± SD rho p

HLA-DR 0.0327 ± 0.0146 0.57 0.14 0.0375 ± 0.0306 0.60 0.12

IL-1β 0.0018 ± 0.0020 0.86 0.01 0.0019 ± 0.0021 0.52 0.18

TNFα 0.0003 ± 0.0001 0.52 0.18 0.0003 ± 0.0002 0.24 0.57

CD206 0.0017 ± 0.0007 0.21 0.61 0.0015 ± 0.0007 0.00 1.00

CD163 0.0078 ± 0.0048 0.62 0.10 0.0065 ± 0.0046 0.95 0.00*

CD200R 0.0005 ± 0.0001 0.67 0.07 0.0006 ± 0.0002 0.05 0.91

*p<0.01, α=0.05/6

Figure 1. TSPO relative mRNA expression is shown on primary microglia and post-mortem tissue of 

frontal and temporal cortex.
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Statistics
Nonparametric statistical analyses were used. Wilcoxon signed-rank test was used 

to assess whether there were significant differences in mean mRNA and protein TSPO 

expression in mo-Mɸ and microglia after stimulation with LPS, IL-4 or dexamethasone 

and non-stimulated cells. Spearman’s correlation coefficient was used to test correlation 

between TSPO relative mRNA expression and different immune markers. P values 

below 0.05 were considered significant and Bonferroni correction was used for multiple 

comparisons. Mean differences in mRNA and protein TSPO expression between the 

different cell subtypes were not tested statistically because of the small samples sizes.

 

Results
TSPO expression on different immune subsets
TSPO expression was examined on different subsets of immune cells, including both 

subsets present in the periphery and central nervous system, as well as in total brain 

tissue. Figure 1 shows relative TSPO mRNA expression on primary microglia and post-

mortem tissue of frontal and temporal cortices. Figure 2 shows relative TSPO mRNA 

expression on PBMC, monocytes (A), mo-Mɸ and mo-DC (B), as well as TSPO protein 

expression (MFI) on PMBC, monocytes (C), mo-Mɸ and mo-DC (D). TSPO expression was 

found on all examined cell subsets at protein and mRNA level. TSPO mRNA expression 

was relatively higher in primary microglia compared to mean expression levels in total 

brain tissue (Figure 1). We did not observe differences when comparing mRNA TSPO 

expression between primary microglia and other cell subtypes, such as PBMC, monocytes, 

mo-Mɸ and mo-DC. TSPO protein expression showed highest expression in mo-Mɸ and 

monocytes and a relatively lower protein expression was found in mo-DC. Due to low 

number of microglia after isolation from post-mortem brain tissue, protein expression of 

TSPO could not (yet) be determined in primary microglia cells.

Association between the expression of TSPO and myeloid cell markers 
in post-mortem brain tissue
To investigate whether TSPO expression is associated with the density or the activation of 

myeloid cells, the relation between TSPO expression and different myeloid markers was 

assessed in post-mortem human brain tissue. HLA-DR was used as a general marker for 

myeloid cells, IL-1β and TNFα as markers for pro-inflammatory activation of myeloid cells, 

and CD200R, CD163 and CD206 as markers for alternative activation of myeloid cells. 

Figure 3 shows a moderate but insignificant Spearman’s correlation between TSPO and 

HLA-DR relative mRNA expression in frontal cortex and temporal cortex of post-mortem 

tissue. Table 1 shows mean values of different immune markers and their Spearman’s 

correlation between TSPO mRNA expression. There were no significant correlations 



81

The expression and regulation of 18 kDa translocator protein

chapter 5Figure 2. TSPO relative mRNA expression is shown on PBMC, monocytes (A), mo-Mɸ and mo-DC (B). 

TSPO protein expression (MFI) is shown on PMBC, monocytes (C), mo-Mɸ and mo-DC (D).

MFI, mean fluorescence intensity; mo-DC, monocyte-derived dendritic cells; mo-Mɸ, monocyte-

derived macrophages; PBMC, peripheral blood mononuclear cells.

Figure 3. Spearman’s correlation coefficient between TSPO and HLA-DR relative mRNA expression in 

frontal cortex (A) and temporal cortex (B)
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Figure 5. Lipopolysaccharide (LPS) stimulation 

did not increase TSPO protein (mean fluorescence 

intensity, MFI; N=8) and mRNA expression 

expression in monocyte-derived macrophages 

(mo-Mɸ; N=9) and primary microglia (N=8).

Figure 4. Spearman’s correlation coefficient between TSPO and CD163 relative mRNA expression in 

frontal cortex (A) and temporal cortex (B).
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Figure 6. TSPO protein (mean 

fluorescence intensity, MFI) and mRNA 

expression in primary microglia (N=6) 

and monocyte-derived macrophages 

(mo-Mɸ;N=10) after interleukin-4 (IL-4) 

or dexamethasone stimulation.
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between IL-1β and TNFα and TSPO mRNA expression levels, although an association of 

IL-1β with TSPO mRNA expression was found at trend level. A significant Spearman’s 

correlation coefficient was found between CD163 and TSPO mRNA expression in the 

temporal cortex (Figure 4).

TSPO expression after pro- and anti-inflammatory stimulation of 
myeloid cells in vitro
Dependent on the type of stimulus, myeloid cells are activated into different phenotypes 

that have specific functions. Although, it is known that in vivo a mixture of phenotypes is 

observed, in vitro these phenotypes can be divided into a pro-inflammatory or classically-

activated phenotype, and an anti-inflammatory or alternatively-activated phenotype. To 

further investigate whether TSPO is a marker for pro-inflammatory activation of myeloid 

cells, primary microglia and mo-Mɸ were activated with LPS. LPS is known as a robust 

pro-inflammatory stimulus and indeed TNFα, IL-1β and IL-6 mRNA levels were increased 

in response to LPS stimulation (fold change TNFα, IL-1β and IL-6 was 9.48, 24.12, and 

82.19 in microglia and 75.18, 488.62, and 1283.04 in mo-Mɸ). LPS did not increase TSPO 

mRNA expression in microglia or mo-Mɸ. In addition, TSPO protein expression was not 

affected by LPS stimulation in mo-Mɸ (Figure 5). To further understand whether TSPO 

is upregulated in alternatively activated myeloid cells, primary microglia and mo-Mɸ 

were activated with IL-4 or dexamethasone. CD206 and CD163 were used as positive 

controls for the IL-4 and dexamethasone stimulation, respectively. Both were found to be 

increased in mo-Mɸ and microglia in response to IL-4 or dexamethasone at mRNA level 

(fold change of CD206 after stimulation with IL-4 was 6.81 in microglia and 8.07 in mo-Mɸ; 

fold increase of CD163 in response to dexamethasone was 6.58 in microglia; and 21.85 in 

mo-Mɸ, respectively), indicating that the cells did respond to the stimulation. Figure 6 

shows TSPO expression in primary microglia (mRNA level) and mo-Mɸ (mRNA and protein 

expression) after stimulation of IL-4 or dexamethasone. No significant differences in mean 

TSPO mRNA and protein expression after stimulation for IL-4 was found in mo-Mɸ. An 

increase in mean TSPO mRNA expression was found in microglia after IL-4 stimulation 

at trend level (Wilcoxon signed-rank test, p=0.03). There were no observed significant 

differences in TSPO mRNA expression between non-stimulated microglia and after 

stimulation of dexamethasone. A significant decrease in mRNA TSPO expression was 

found in mo-Mɸ after dexamethasone stimulation (Wilcoxon signed-rank test, p=0.01), 

but no differences in TSPO protein expression were found. 
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Discussion

To the best of our knowledge, this is the first study assessing the mRNA and protein 

expression and regulation of TSPO in human primary microglia cells and macrophages. In 

summary, this study shows that TSPO is expressed by different immune cell subsets, with 

the highest expression on myeloid cells. Furthermore, TSPO mRNA expression on primary 

microglia is more than 10-fold higher compared to total post-mortem brain tissue. In total 

brain tissue, TSPO mRNA expression does not correlate with the expression of general 

and classical activation markers for myeloid cells. In vitro, the expression of TSPO was not 

increased after stimulation of microglia and mo-Mɸ with LPS. A positive correlation was 

found between mRNA expression of the alternative activation marker CD163 and TSPO, 

but not CD206 and CD200R. Alternative activation of microglia and mo-Mɸ using IL-4 or 

dexamethasone resulted in some small significant changes in TSPO mRNA expression in 

either microglia or mo-Mɸ, but these could not be detected at the protein level. 

The regulation of TSPO binding or expression in myeloid cells after pro-inflammatory 

activation has been described before. PET studies reported LPS-induced binding of 

different TSPO radioligands in the baboon (21), rat (22–24), and mice brain (25), as well 

as rat lungs (26), which was in some studies positively correlated with increasing dose 

of LPS administration (24,25). One study directly examined the expression of TSPO after 

LPS stimulation in vitro, similar to our study. Karlstetter et al. (8) stimulated the murine 

microglia cell line BV-2 with 50 ng/mL of LPS. Increased expression of TSPO mRNA and 

protein was found after 24 hours. Differences in study design, such as selection of species 

and cell type, have most likely contributed to these discrepant results. This is supported 

by a recent study (27), showing that the BV-2 RNA transcription profile does not reflect 

the transcription profile of primary microglia and therefore, studies using this microglia 

cell line should be interpret with care. Since Karlstetter et al. (8) used the 24 h timepoint, 

we assessed whether TSPO mRNA expression was upregulated after LPS stimulation 

at later time points, but also did not find increased expression (data not shown). Taken 

together, our findings suggest that TSPO expression is not altered on human myeloid 

cells during classical activation. However, in vitro studies using other pro-inflammatory 

stimuli, such as IFN-γ and TNF-α, should be explored and protein expression levels should 

be determined after pro-inflammatory stimulation of primary microglia. 

TSPO expression in alternatively activated microglia and mo-Mɸ has not been reported 

on before. We investigated the association between the expression of TSPO and CD163, 

CD200R and CD206, markers for alternatively activated cells, in total post-mortem brain 

tissue. We found a positive correlation between TSPO and CD163, but not CD206 and 
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CD200R, expression. Correlation between two RNA transcripts in total brain tissue could 

be explained in many ways. Two reasonable explanations are that TSPO expression is 

upregulated during alternative activation of myeloid cells, or that brain tissue with higher 

expression of TSPO contains more CD163+/TSPO+- expressing cells. Our in vitro results do 

not support the first explanation, since we did not find increased expression of TSPO after 

stimulation with dexamethasone, which is a strong inducer of CD163. Instead, we found 

that TSPO expression was significantly downregulated in mo-Mɸ after stimulation with 

dexamethasone. However, the effect was small, not found in microglia, and could not 

be found at the protein level. Therefore, it is questionable whether this downregulation 

is biologically relevant. Similarly, the observed increased expression of TSPO mRNA in 

microglia after stimulation with IL-4 was also limited. Unfortunately, these results could 

not be confirmed yet using protein analysis of primary microglia. 

The function of TSPO is not fully clarified. Apart from a role in the immune system, 

several lines of evidence indicates that TSPO is involved in apoptosis or steroid genesis. 

Since we did not find major effects on TSPO expression after activating myeloid cells, 

we examined whether TSPO expression was affected by stimulation with agents that 

induce apoptosis. Microglia and mo-Mɸ were exposed to different concentrations of 

ethanol and hydrogen peroxide (H2O2). Also in this experimental set up, TSPO expression 

levels were not affected (data not shown).Taken together, we found that the expression 

of TSPO in myeloid cells is rather stable. Therefore, our data do not support that TSPO 

expression is a marker of microglia activation and the question may be raised whether 

TSPO imaging reflects microglia activation. Since we did not investigate binding of TSPO 

ligands to activated microglia cells we cannot draw a final answer to the question yet. It 

needs to be investigated whether activation of myeloid cells leads to increased binding 

sites of TSPO.

Our results do suggest to consider alternative processes underlying increased binding of 

TSPO radioligands. First of all, TSPO binding levels might reflect the density of myeloid 

cells in the brain. During many types of neuropathology, the density of microglia is 

increased, and in more specific cases infiltration of mo-Mɸ is also observed (28). We 

found a positive correlation between with CD163 and TSPO expression. CD163 is a 

scavenger receptor which is predominantly expressed on monocytes and macrophages, 

and to a lesser extent on microglia (29). Binding of TSPO ligands has been reported to 

coincides an altered morphology of microglia, but these studies did not differentiate 

between microglia and macrophages. It could therefore be, that the altered morphology 

are actually infiltrating macrophages, expressing higher levels of CD163. Second of all, 

TSPO binding might reflect changes in cell number or phenotype of other cell types in 
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the CNS, such as astrocytes and endothelial cells (5–7). Immunohistochemistry studies 

are now performed to study which cells express TSPO and bind TSPO ligands in situ. 

The main strength of the present study is the use of human primary microglia cells and 

mo-Mɸ. A limitation is the small sample size of post-mortem brain tissue. Although the 

sample size is in a normal range for these types of experiments, it might be too low 

to detect statistically significant differences. Another limitation is the low number of 

microglia that can be isolated from post-mortem brain tissue, which restricts the number 

of functional experiments that can be performed with this cell subset. As discussed 

before, additional experiments are now conducted to understand the results presented 

in this chapter. Immunofluorescence studies, using markers for microglia, macrophages, 

astrocytes and endothelial cells, as well as markers for different types of activated myeloid 

cells are performed to assess which cells express TSPO in situ.
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Abstract

[11C]GMOM (carbon-11 labeled N-(2-chloro-5-thiomethylphenyl)-N’-(3-[11C]methoxy-

phenyl)-N’-methylguanidine) is a PET ligand that binds to the N-methyl-D-aspartate 

receptor with high specificity and affinity. The purpose of this first-in-human study 

was to evaluate kinetics of [11C]GMOM in the healthy human brain and to identify the 

optimal pharmacokinetic model for quantifying these kinetics, both before and after 

a pharmacological dose of S-ketamine. Dynamic 90 min [11C]GMOM PET scans were 

obtained from 10 subjects. In six of the 10 subjects, a second PET scan was performed 

following an S-ketamine challenge. Metabolite corrected plasma input functions were 

obtained for all scans. Regional time activity curves were fitted to various single- and two-

tissue compartment models. Best fits were obtained using a two-tissue irreversible model 

with blood volume parameter. The highest net influx rate (Ki) of [11C]GMOM was observed 

in regions with high N-methyl-D-aspartate receptor density, such as hippocampus 

and thalamus. A significant reduction in the Ki was observed for the entire brain after 

administration of ketamine, suggesting specific binding to the N-methyl-D-aspartate 

receptors. This initial study suggests that the [11C]GMOM could be used for quantification 

of N-methyl-D-aspartate receptors.
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Introduction

N-methyl-D-aspartate (NMDA) receptors belong to a family of ligand-gated ionotropic 

channels. NMDA receptors are important sites of action for glutamate, the major excitatory 

neurotransmitter of the central nervous system. These receptors are tetramer complexes 

incorporating NR1, NR2 and NR3 subunits, and each subunit may have its own variations. 

This, in turn, results in a variety of different NMDA receptor compositions, each with its 

own characteristic pharmacological properties [1, 2]. NMDA receptor activation requires 

binding of glutamate and either glycine or D-serine to their respective binding sites. Once 

the NMDA receptor is activated, its cation channel opens allowing the passage of calcium, 

sodium and potassium ions. Phencyclidine (PCP) and other psychoactive drugs, such as 

ketamine and dizolcilpine (MK-801), bind to their target site, which is located within the 

cation channel of the NMDA receptor [3, 4].

The NMDA receptor has widespread expression in the central nervous system and it is 

involved in many biological functions, including brain development, synaptic plasticity, 

and cognitive processes such as memory and learning [1, 5]. Alterations in both NMDA 

receptor composition and function have been implicated in a wide range of neurological 

and psychiatric diseases such as Alzheimer’s disease (AD), Parkinson’s disease and 

Huntington’s disease, addiction disorders, and schizophrenia [6, 7]. Pharmaceuticals 

acting on the NMDA receptor, such as the partial NMDA antagonist memantine, are 

approved for treatment of AD within the U.S. and Europe [8]. Imaging the NMDA receptor 

with positron emission tomography (PET) would provide useful information on the role of 

the NMDA receptor in the pathophysiology of these diseases.

Several candidate PET and single photon emission computerized tomography (SPECT) 

radioligands have been synthesized as potential imaging agents for the NMDA receptor. 

Most of these ligands, however, have failed due to either high non-specific binding, poor 

metabolic stability or insufficient affinity [2, 9]. [123I]CNS 1261 and [11C]GMOM have shown 

the most promising preclinical results [2, 10]. [11C]CNS 5161 has been tested in vivo in the 

human brain but quantification was difficult due to fast metabolism and low radiochemical 

yield [11, 12]. Recently, a Fluorine-18 labelled analogue of [11C]CNS 5161, [18F]GE-179 has 

been proposed as a putative NMDA receptor ligand, based on its high brain uptake in 

healthy volunteers [12]. This tracer also binds to the PCP site of the NMDA receptor, just 

like other diarylguanidines [9]. However, McGinnity et al. [12] concluded that further 

evaluation of [18F]GE-179 was needed to assess its in vivo specificity. In other words, there 

is still a need to evaluate alternative specific tracers of the NMDA receptor. 
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In nonhuman primate studies, [11C]GMOM showed high uptake and was able to 

demonstrate changes in modulation of NMDA ion channel activity by MK-801 [13]. 

Consequently, [11C]GMOM may have potential for in vivo quantification of the NMDA 

receptor in humans. The purpose of the present study was to evaluate [11C]GMOM in vivo 

in the human brain with the primary aim to identify the most appropriate kinetic model 

for quantification of [11C]GMOM binding in healthy volunteers. Moreover, blocking studies 

were performed to provide insight in the feasibility of studying [11C]GMOM binding in the 

presence of a pharmacological challenge.

Materials and methods
Subjects
Ten healthy volunteers with an age ranging from 20 to 28 years (mean age 23 years;  

9 men, 1 woman) participated in this study. All subjects were free of medical and psychiatric 

illnesses based on medical history, neurological examination, blood tests (complete blood 

count and serum chemistry), urine analysis, and urine toxicology. The study was approved 

by the Medical Ethical Review Committee of the VU University Medical Center. All subjects 

provided written informed consent after complete explanation of the study procedures. 

Radiochemistry
[11C]GMOM was synthesized using an adaptation of the method of Waterhouse [13]. 

Radiochemical purity (95.0-99.3%) with no detectable UV impurities was obtained. 

Yields were 1470-5560 MBq at end of synthesis (3-11%, not corrected for decay) and the 

specific activity (SA) was 97-288 GBq µmol-1 at end of synthesis. The product was sterile 

and pyrogen free and manufactured under GMP license NL/H11/0005, issued by the 

national competent authorities. A specific activity of 77 ± 37 GBq µmol-1 and a radioactivity 

concentration of 391 ± 8 MBq [11C]GMOM at the time of injection was produced.

PET
PET scans were performed on a Gemini TF-64 PET/CT scanner (Philips Medical Systems, 

Cleveland, OH, USA) [14]. All ten subjects underwent [11C]GMOM scans at baseline, and 

six of them also with a second scan after an S-ketamine challenge. After a bolus injection 

of 391 ± 8 MBq [11C]GMOM, a 90 min dynamic PET scan was acquired. In addition, a low 

dose CT (20 mAs, 80 kVp) was obtained for attenuation correction. Emission data were 

reconstructed into 22 frames (1 x 15, 3 x 5, 3 x 10, 4 x 60, 2 x 150, 2 x 300, 7 x 600 s) using 

a three-dimensional row action maximum likelihood reconstruction algorithm, [14, 15] 

including data normalization and corrections for dead time, randoms, scatter, attenuation 

and decay.
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As mentioned above, six of the 10 subjects (5 M, 1 F, 22 ± 2 years) had two dynamic [11C]

GMOM scans on the same day, a baseline scan in the morning followed by a challenge 

scan in the afternoon. There were no observed significant differences in mean injected 

dose of [11C]GMOM between baseline and challenge scans (dose baseline: 387 ± 8 MBq, 

dose challenge: 375 ± 10 MBq, p=0.92, Wilcoxon signed-rank test), nor in SA at time of 

injection (SA baseline: 62 ± 30 GBq µmol-1, SA challenge 60 ± 19 GBq µmol-1, p=0.08, 

Wilcoxon signed-rank test). The minimum time interval between both scans was 4h.

S-ketamine challenge
S-ketamine was administered intravenously (0.3 mgkg-1) in a pseudo-steady state model 

with a subacute loading dose. This dose is specific for the NMDA receptor as its analgesic 

effects are not blocked by naltrexone, a µ-opioid antagonist [16, 17]. First, S-ketamine was 

administered in a 40 min initial phase (0.004 mgkg-1 min-1) followed by a 10 min adjustment 

phase (0.0026 mgkg-1 min-1). [11C]GMOM was injected immediately after the adjustment 

phase. Subsequently, administration of S-ketamine (0.0013 mgkg-1 min-1) continued for a 

period of 85 min in the equilibrium phase. 

Based on the mean plasma levels of S-ketamine measured during the blocking scans 

(56.2 ngml-1; molecular weight: 237.725 g mol-1) and an apparent affinity value of ~1 µM 

for S-ketamine against [3H]MK-801 (Ki), an approximate occupancy value of the NMDA 

receptor ion-channel by S-ketamine throughout the study would be ~19% ([Conc]/

[Conc]+KD). Our calculations assume that S-ketamine distributes evenly in plasma and the 

brain and does not take into account binding to plasma proteins.

 

Input function
During the [11C]GMOM scan, the whole blood radioactivity concentration was measured 

continuously using an online blood sampler detection system (Veenstra Instruments, 

Joure, The Netherlands) [18]. The withdrawal rate was 5 ml min-1 during the first 5 min, 

followed by 2.5 ml min-1 until 65 min post injection (p.i.). At seven time points (5, 10, 20, 

40, 60, 75, 85 min p.i.), continuous blood withdrawal was interrupted briefly to allow for 

collection of manual arterial blood samples (10 ml). Following each sample, the cannula 

was flushed with heparinized saline to prevent clotting. The manual samples were used to 

measure plasma to whole blood (P/WB) radioactivity ratios, and radioactive fractions of 

[11C]GMOM and its radioactive metabolites in plasma.

Plasma samples were analysed using solid-phase extraction combined with HPLC using 

off-line radioactivity detection [19]. Three fractions were determined: [11C]GMOM, non-

polar metabolites and polar metabolites. One minus the polar fraction was used as a 
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surrogate for the parent fraction, as estimation of intact [11C]GMOM was not robust due to 

fast metabolism and the amount of non-polar metabolites was very small and unreliable 

(1.5 ± 2.0% at 90 min p.i.). Each plasma input function was corrected for blood-to-plasma 

ratio, (polar) metabolites, and time delay. The manual arterial blood samples were also 

used for determining the S-ketamine concentration in plasma. These sample calculations 

were performed in duplicate. The area under the S-ketamine concentration-time curve 

was estimated by means of the trapezoidal rule.

Regions of Interest (ROI) delineation
For anatomical delineation of ROIs, a structural magnetic resonance image (MRI) was 

obtained on a 1.5 T Sonata scanner (Siemens Medical Solutions, Erlangen, Germany). 

Scanning included a coronal T1-weighted scan (echo time 3.97 ms, repetition time 2700 

ms, flip angle 8°, 160 coronal slices, voxel size 1.0 x 1.5 x 1.0 mm3). T1-weighted MRIs were 

co-registered to an average PET image (5-16 frames) using VINCI software [20]. The co-

registered MRIs were segmented into grey matter, white matter and extra-cerebral fluid, 

and regional time activity curves (TACs) were extracted using PVE-lab [21-23]. For the 

present study, eight ROIs were redefined by combining the ROIs extracted from the PVE-

lab. The selection of ROIs was based on the widespread NMDA receptor availability in the 

brain: frontal, temporal, occipital, and parietal cortex, hippocampus, thalamus, striatum, 

and cerebellum, as well as whole brain grey matter.

Kinetic modeling
A total of seven compartmental models were evaluated: standard singe-tissue (1T2k), 

irreversible (2T3k) and reversible (2T4k) two-tissue compartmental models, both with 

and without an additional (fit-)parameter for fractional blood volume (VB). In addition, 

a dual input compartmental model (D1T2k) with blood volume fraction (fit-) parameter 

was included to evaluate the possibility that polar metabolites enter the brain and have 

impact on the kinetics observed. Effects of scan duration on model preference were tested 

by repeating the procedure mentioned above for the initial 60, 50 and 40 min of scan  

data. 

Statistics
The optimal tracer kinetic model for describing [11C]GMOM kinetics was determined using 

the Akaike information criterion (AIC) [24]. The nonparametric Wilcoxon signed-rank test 

without multiple corrections was used to assess whether there were significant differences 

in pharmacokinetic parameters (estimated from the preferred model) between baseline 

and S-ketamine scans. To calculate the significance of the post-ketamine decrease in 

Ki at the level of the whole brain, linear mixed effect modelling was performed using 
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Figure 1. a) Mean (± SD) of parent, polar fractions, and plasma to whole blood ratios for all available 

scans (N=15), Parent fractions for 75 and 90 min could not be measured. b) Typical metabolite corrected 

plasma input functions (Y-axis, logarithmic scale) for baseline and S-ketamine challenge scans.
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SPSS software, and considering regions, patients, and conditions (i.e. before and after 

challenge) as factors. In this statistical test, regions and conditions were considered as 

fixed and patients as random factors, respectively. For all analyses, p < 0.05 was considered 

to be significant and 0.05 < p < 0.1 as a trend level.

Results
Input function and plasma metabolite analysis
Figure 1(a) shows the average (±SD) parent fractions, polar fractions, and plasma to whole 

blood ratios for all available scans (N=15). [11C]GMOM has fairly rapid metabolism, which 

is shown by the fast decrease in parent fraction from 0.80 ± 0.06 at 5 min p.i. to 0.21 ± 

0.08 at 60 min p.i. Parent fractions at the last two time points (75 and 90 min p.i.) were too 

small for reliable estimates. There were no significant differences in tracer metabolism 

between baseline and S-ketamine scans as indicated by the Wilcoxon signed-rank test. 

One pair out of the six paired baseline and ketamine challenge scans was excluded from 

this statistical analysis due to technical problems encountered during metabolite analysis 

for one of the scans (baseline scan). Input functions of baseline and ketamine challenge 

scans for a typical subject are illustrated in Figure 1(b) and Supplemental Figure 1.

S-ketamine
S-ketamine was administered in a pseudo-steady state. During scans subjects were able 

to tolerate the administered S-ketamine dose. Mean S-ketamine concentrations of the 

six subjects started at 62 ng ml-1 at 5 min p.i. and decreased to 38 ng ml-1 at the end of the 

scan (Figure 2).

ROI data analysis
A representative example of [11C]GMOM brain uptake in a healthy volunteer is provided in 

Figure 3. Similar to the known expression of NMDA, a whole brain activity distribution was 

observed. Lower brain activity is seen after the S-ketamine challenge than in the baseline 

condition at all-time points p.i. (Figure 3). Figure 4 shows typical TACs corrected for 

injected activity (%ID ml-1) from the eight ROIs and whole brain grey matter. Radioactivity 

concentrations were highest in thalamus and striatum, both at baseline and after 

S-ketamine. 

Kinetic modeling
A total of 15 scans (nine baseline, six S-ketamine) were used to identify the optimal kinetic 

model. Figure 5 illustrates that the irreversible two-tissue compartment model with blood 

volume parameter (2T3k_VB) was the preferred model based on AIC. Less preference was 

observed for the dual input model with blood volume fraction parameter (D1T2k_VB). 
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Figure 2. Mean (±SD) plasma levels of S-ketamine in six healthy volunteers after intravenous 

administration of 0.3 mg kg-1 S-ketamine in a pseudo-steady state manner. 

Figure 3. Transaxial image of [11C]GMOM uptake (Bq ml-1) in a healthy volunteer at different times post 

injection (p.i.), at baseline (top) and after S-ketamine challenge (bottom).
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There was no difference in model preference between baseline and S-ketamine scans. 

In addition, after separating ROIs in small (< 2 ml), medium (2-5 ml) and large (> 5 ml) 

ones, no effect of region size on model preference was seen. All regions fitted best to the 

2T3k_VB model, although this preference was most prominent for large regions.

With decreasing scan duration, model preference slowly shifted towards the reversible 

single-tissue model with additional blood volume parameter (1T2k_VB). For the majority 

of ROIs, the 2T3k_VB was still preferred in case of 60 min datasets. For the 50 min datasets, 

however, there was equal preference for 1T2k_VB and 2T3k_VB models, and for the 40 min 

dataset the 1T2k_VB was preferred. 

Since 2T3k_VB was the preferred model, the primary outcome parameter was the net 

influx rate constant Ki (Ki = (K1∙k3)/(k2+k3)). Ki values were compared between baseline and 

S-ketamine challenge scans in order to determine the specific signal of [11C]GMOM for 

the NMDA receptor. Mean nondisplaceable distribution volumes (VND=K1/k2) of baseline 

and challenge conditions were compared to assess the effect on the nondisplaceable 

compartment. In addition, potential differences in mean rate constant K1 between baseline 

and S-ketamine data were investigated to assess whether S-ketamine had an effect on 

the influx of [11C]GMOM. Results obtained using the 2T3k_VB model are summarized 

in Table 1. Baseline Ki values were highest in hippocampus and thalamus, followed by 

frontal, parietal and occipital cortex, striatum, temporal cortex and cerebellum (Table 1). 

Figure 6 shows differences in Ki values for all ROIs averaged between baseline (N=9) and 

S-ketamine (N=6) scans.

 

After S-ketamine challenge, a significant decrease in Ki (linear mixed effects models, factors 

are ROI, patient and condition (before and after challenge), p<0.0001) was observed at  

the whole brain level. The linear mixed effects model showed no interaction between  

ROI and condition, suggesting that all considered ROIs showed a similar change in Ki 

(Figure 6). It should be noted that, after S-ketamine administration, Ki values increased 

in one of the subjects (>75% for all ROI), but no reason for this unexpected observation 

could be found. When excluding this outlier, the percentage change in the mean Ki of total 

brain grey matter was -66 ± 23% and, in thalamus and hippocampus of -79 ± 24% and -70 

± 12%, respectively.

 

No significant difference in VND was observed in whole brain grey matter (Wilcoxon signed-

rank test, p=0.14), as well as in most other ROIs. Nevertheless, a significant increase in VND 

in the S-ketamine condition was found in cerebellum and hippocampus (Wilcoxon signed-

rank test, p=0.04). Similar results when excluding the outlier was observed, however 
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Figure 4. Time activity curves (TACs) corrected for injected activity (%ID ml-1) from selected regions: 

hippocampus, thalamus, striatum, cerebellum, frontal, temporal, parietal and occipital cortices, for a 

typical subject (A) at baseline, (B) after S-ketamine and (C) from whole brain grey matter at baseline 

and after S-ketamine.



102

Figure 5. Number of preferred fits (y-axis) per model (x-axis) according to AIC for the 90 min datasets.

Figure 6. Bar plots (mean with SD error bars) illustrating the effect of S-ketamine on Ki values for all 

regions of interests investigated. The outlier subject has been excluded for this plot.
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with more regions showing a significant increase in the VND. The mean rate of transport 

K1 ranged from 0.36 to 0.52 mlcm-3 min-1, reflecting high extraction of [11C]GMOM. No 

significant differences in K1 were found between baseline and S-ketamine scans for all 

ROIs both including or excluding the outlier (Table 1). On performing linear mixed effects 

model analysis for VND and K1, a significant but small increase (10% for VND and 7% for K1) 

after the challenge was observed. 

Discussion

To the best of our knowledge, this is the first study assessing the potential of [11C]GMOM 

for in vivo quantification of NMDA receptors in the human brain. Results indicate that 

the irreversible two-tissue compartment model with additional fractional blood volume 

(fit) parameter is the most appropriate model for kinetic analysis of [11C]GMOM data. The 

highest baseline Ki values were seen in hippocampus and thalamus, followed by frontal, 

parietal and occipital cortices, and striatum, and with the lowest values in temporal 

cortex and cerebellum. This spatial distribution is in line with preclinical results in rat 

and baboon brain [13]. Furthermore, uptake of [11C]GMOM had a spatial distribution that 

was consistent with the NMDA receptor distribution in post-mortem human brain [25], 

suggesting preferential uptake in regions with high NMDA receptor density.

A limited number of NMDA receptor ligands have been tested in humans, but they  

were either inappropriate for imaging purposes or they have not been fully characterized. 

At present, there appears to be no NMDA receptor tracer that is clearly better than  

others. The moderate lipophilicity of GMOM (log P = 2.34) [26] is similar to that of [11C]

CNS5161 (log P = 1.92) [9], and GE-179 (logD7.4 = 2.49) [12]. Although [11C]GMOM has a 

higher affinity (Kd= 5.2 ± 0.3 nM) [26] than [11C]CNS5161 (Kd= 1.9 ± 0.3 nM) and [18F]GE-

179 (Kd= 2.4 nM) [12] and the SPECT ligand [123I]CNS1261 (Kd=4.2 ± 0.4 nM) [9], all suffer 

from rapid metabolism. Mean parent fractions of [11C]GMOM and [18F]GE-179 are similar 

with only 50% remaining at 20 min post injection. In addition, TACs of [11C]GMOM and 

[18F]GE179 are similar, showing a peak uptake at around 20 min and a prolonged modest 

decrease until 90 min. However, the rate of metabolism of [11C]GMOM and [18F]GE179 

seems to be slower than that of [11C]CNS 5161 and [123I]CNS1261. To examine which tracer 

is superior, more studies are needed, for example a study that measures the effects of a 

ketamine challenge for [18F]GE-179 and [11C]CNS 5161.

 

Pharmacokinetic evaluation indicated that the two-tissue irreversible model with 

fractional blood volume parameter was the preferred model irrespective of condition 

(baseline or S-ketamine) or region size, although the preference was more prominent in 
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large regions. From Figure 1, it is more intuitive to consider reversible than an irreversible 

kinetics. Nevertheless, from the data it seems that GMOM has an irreversible component 

with very slow kinetics, which is illustrated by high preference for the 2T3k_VB model 

based on the AIC comparison. Whole brain TACs together with the best fits obtained 

using 1T2k_VB, 2T3k_VB and 2T4k_VB models (Supplemental Figure 2) also hint at 

this preference. Observing the fits it seems that 1T2k_VB model also fits the data well  

although considering individual compartments curves (free, nondisplaceable and  

specific), particularly 2T3k_VB, a contribution of irreversible compartment (blue curve in the 

2T3k_VB fit, Supplemental Figure 2) could be seen. The irreversible specific compartment 

is very slow, but also small. In other words, the curves observed are dominated by the 

nondisplaceable binding, which has reversible kinetics. In addition, k3 (using 2T3k_VB) was 

estimated reliably. The irreversible model was also able to capture the decrease in net 

influx rate, Ki, after ketamine challenge. Both k3 values and the TACs for the irreversible 

compartment (blue curve in the 2T3k_VB fit, Supplemental figure 2) illustrate very slow 

and small irreversible kinetics of [11C]GMOM. Therefore it could be anticipated that scans 

with substantial longer duration than 90 min might indeed have shown an increasing 

tail in the brain TACs. Moreover, based on the present results a scan duration of at least 

90 min is recommended for future [11C]GMOM studies, since there was a shift in model 

preference with decreasing scan duration indicating that the second tissue compartment 

only becomes apparent at later (> 60 mins) scanning times.

As discussed previously and based on previous reports, preference for the irreversible 

model was not expected [12, 27]. A possible explanation for this finding might be the influx 

of (polar) metabolites into the brain. It is not known whether radiolabelled metabolites 

of [11C]GMOM are able to cross the blood-brain barrier and enter the brain. Therefore, 

an additional model including a single tissue compartment for labelled polar metabolites 

(using the polar metabolites as input function) was investigated. This (dual input) model 

with blood volume parameter (D1T2k_VB) used two input functions, one for parent [11C]

GMOM, the other for radiolabelled polar metabolites. The model has been described 

previously by Yaqub et al. [28] with respect to the analysis of dynamic [18F]FDDNP scans. 

In the present study, the metabolite input function was based on polar metabolites only, 

thereby ignoring the (small) fraction of nonpolar metabolites. However, this dual plasma 

input model was not preferred over the standard irreversible model, neither could it detect 

the expected effects of the S-ketamine challenge (Supplemental Table 1). 

Studies have shown a clear association between the affinity of ion-channel blockers for 

the PCP site and the degree of trapping within the NMDA receptor channel [29]. From a 

neuropharmacological perspective it is reasonable to assume that a high affinity ligand, 
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such as [11C]GMOM, might stay 90 min or longer at the PCP-site of the NMDA receptor, 

and exhibit irreversible binding during the course of a 90 min PET study [27, 30-32]. 

Ki values derived from the 2T3k_VB model were compared between baseline and  

S-ketamine conditions for all grey matter ROIs included in this study. The expected 

reduction in tracer accumulation after the S-ketamine challenge was observed at whole 

brain with high significance and at a trend level in thalamus and hippocampus. It is 

interesting to note that thalamus and hippocampus are both regions with high NMDA 

receptor density [25]. In contrast to the other subjects, Ki values in the fifth subject 

increased after S-ketamine administration, but no reason could be found for this 

unexpected and counterintuitive result.

No substantial difference in VND was observed before and after challenge in most ROIs, 

although a significant increase (nonparametric Wilcoxon signed-rank test) in VND was 

found in some ROIs after the challenge. Also no substantial difference in rate constant 

K1 was found between pre and post S-ketamine administration scans, which indicates 

that there is almost no change in perfusion and/or extraction due to S-ketamine. However 

on performing linear mixed model analysis for VND and K1, significant but small increases 

(10% for VND and 7% for K1) were found as a result of the challenge. These increases will 

not affect the conclusion. In fact, it will further support the notion that the significant 

decrease (linear mixed model analyses) in Ki reflects a decrease of tracer accumulation 

in the specific compartment (as an increase in K1 and VND alone would have resulted in an 

increase in Ki).

In line with other PET and SPECT ligands of the PCP site [12, 27], [11C]GMOM was 

metabolized rapidly. As a result, estimation of the polar metabolite fraction was more 

robust than that of the parent fraction and since the nonpolar metabolite fraction was 

small, 1 minus the polar fraction was used as a surrogate of the parent fraction. It is 

possible in case of a very high nonpolar metabolite fraction at earlier time points, that the 

1 minus polar fraction would result in a substantial overestimation of the parent fraction. 

Supplemental Figure 3 shows that the level of nonpolar metabolites is relatively small at 

all time points. Nevertheless, it is also clear that ignoring nonpolar metabolites will result 

in some bias, which needs to be addressed in future studies. Yet, this study showed that 

robust plasma input model fits could be obtained and that the effects of the S-ketamine 

challenge were well captured using plasma input-derived Ki values. An alternative would 

be a reference model approach but NMDA receptors are important sites of action for 

glutamate with widespread expression in the whole brain. This is also observed in the 

present work for all ROIs studied. Using in vitro radioligand binding techniques, it has 
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been well established in both rodent [33] and post-mortem human [34] brain tissue that 

there are no regions devoid of NMDA receptors. Therefore, to our best of knowledge, 

a reference model approach might not be valid for NMDA receptor ligands. Additional 

limitation of this study is the small sample size and lack of test-retest data. Further studies 

are needed to assess the within-subject variability in a larger number of subjects. 

Conclusion
The plasma input irreversible two-tissue compartment model with additional fractional 

blood volume is the method of choice for quantification of [11C]GMOM binding, but a scan 

duration of 90 min or longer is required for robust results. This initial study shows that [11C]

GMOM could be used for imaging and quantifying the NMDA receptor.
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Supplemental data

Radiosynthesis of [11C]GMOM
[11C]CO2 was trapped in a solution of LiAlH4 in THF (0.1 mL) at room temperature using 
a helium flow of 10 mL·min-1. The solution was heated to 130 ºC and the helium flow was 
increased to 100 mL∙min-1 to evaporate THF. After 3 min the helium flow was adjusted to 10 
mL∙min-1, HI (55% solution, 0.2 mL) was added and [11C]CH3I was trapped in the second reaction 
vial containing 3-(2-chloro-5-(methylthio)phenyl)-1-(3-hydroxyphenyl)-1-methylguanidine 
(0.5 mg, 1.40 µmol), 5M NaOH (5 µL) and DMF (250 µL). After complete trapping of [11C]
CH3I the reaction mixture was heated at 80 ºC for 5 min. The reaction mixture was cooled to  
40 ºC and quenched with water (4.0 mL) before loading it onto preparative high-pressure liquid 
chromatography (HPLC) (Alltima C18, 5µ, 250x10.0 mm; Grace Alltech, Breda, The Netherlands), 
50 mM ammoniumphosphatebuffer pH=2.5 / acetonitrile 67/33 v/v, 5 mL·min-1, 254 nm). The 
product eluted at ~14 min, and was collected and diluted with ascorbic acid in water (50 mL). The 
solution was concentrated on a tC18plus Seppak and rinsed with ascorbic acid in water (20 mL). 
Subsequently, the Seppak was eluted with ethanol (96%, 1.0 mL) and diluted with a solution 
of 7.11 mM NaH2PO4 in 0.9% NaCl (w/v in water), pH 5.2 (13.5 mL) and ascorbic acid to give a 
final sterile solution of 6.4% ethanol in phosphate buffer containing [11C]GMOM. The purity of  
the (radio)chemical was verified using analytical radio HPLC (Gracesmart C18 5 µm 250 mm 
x 4.6 mm; Grace Alltech, Breda, The Netherlands), 50 mM ammoniumphosphate pH=2.5 / 
acetonitril 67/33 (v/v), 1.5 mL∙min-1, 254 nm, retention time ~6 min.). The specific activity was 
calculated against a calibration curve of GMOM using the same HPLC system.



111

Quantification of the novel NMDA receptor ligand [11C]GMOM in man

chapter 6

Supplemental Table 1 Mean (± SD) distribution volume of the parent fraction obtained from D1T2k_VB 

model for baseline and S-ketamine scans. P values are obtained from Wilcoxon signed rank test with 

and without the outlier.

Supplemental Figure 1 Typical metabolite corrected plasma input functions (Y-axis, linear scale) for 

baseline and S-ketamine challenge scans.

Regions Baseline S-ketamine p (N=5) p (N=4)

Frontal cortex 7.97 ± 1.50  8.41 ± 0.96 0.50 0.14

Temporal cortex 7.96 ± 1.52  8.56 ± 0.90 0.23 0.07

Parietal cortex 8.04 ± 1.29  8.41 ± 1.22 0.35 0.27

Occipital cortex 8.07 ± 0.93  8.17 ± 0.98 0.69 0.47

Cerebellum 8.02 ± 1.74  8.80 ± 1.17 0.08 0.07

Hippocampus 6.52 ± 1.82  7.50 ± 0.78 0.69 0.47

Thalamus 9.54 ± 1.91 10.31 ± 1.66 0.35 0.27

Striatum 8.57 ± 0.84  9.02 ± 0.59 0.23 0.07

Whole Brain (Grey) 8.18 ± 1.04  8.48 ± 1.15 0.35 0.27
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Supplemental Figure 2 Typical whole brain time activity curve with the best fits obtained using 1T2k_

VB, 2T3k_VB and 2T4k_VB models. Plots on the right side are the fits for entire scan duration and on the 

left side are the same fits but illustrating the first 10 minutes scan duration. In the plots: pink curves are 

the free and non-specific compartment fits, blue curves are specific compartment fits, and the green 

curves are the whole tissue fit (free and non-specific compartment + specific compartment).
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Supplemental Figure 3 Percentage mean (±SD) of non-polar metabolites, parent and 1 minus polar 

metabolites fractions for all available scans (n=15).
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Summary

Schizophrenia remains a major health problem worldwide. Since the pathophysiology of 

schizophrenia is still poorly understood, research is needed to give insight in the cause 

of the disease. The current antipsychotic therapy can reduce the symptoms, but not 

cure the disease, and its efficacy is not optimal. In addition, side effects such as sedation 

and weight gain have a negative impact on the patients’ quality of life and treatment 

resistance constitute a significant problem as approximately a third of patients with 

schizophrenia show a limited response to antipsychotic medication [1, 2]. Current 

(atypical) antipsychotics predominantly act on the dopamine receptors, and to a lesser 

extent on the serotonergic, histaminergic, muscarinic, and α-adrenergic receptors. 

However, evidence is accumulating that the immune and glutamate systems are involved 

in the pathophysiology of schizophrenia. Genetic data, derived from the latest and 

largest genome-wide association study, identified significant associations on 108 defined 

loci including genes involved in immune pathways and glutamatergic neurotransmission 

in schizophrenia [3]. Furthermore, studies using post-mortem tissue of schizophrenia 

patients and controls described a dysfunction in immune and glutamate pathways in 

schizophrenia, such as evidence for a variety of functional changes of the N-methyl-

D-aspartate receptor (NMDA) receptor in schizophrenia [4, 5], as well as increased 

density and activation of microglia, the resident immune cells of the brain [6, 7]. Positron 

emission tomography (PET) tracers available to image the immune system are mainly 

focused on the 18 kDa translocator protein (TSPO), which is to date the only method to 

investigate microglia in the brain in vivo [8]. PET ligands to image the glutamate system 

in vivo are in development and have not been studied in schizophrenia. Insight in the 

immune and glutamate systems may lead to a better understanding of schizophrenia and 

offers the potential for novel drug targets. 

The primary aim of the thesis was to examine the immune and glutamate systems in 

health and the early stage of psychosis using PET in order to provide further insight into 

the pathogenesis of schizophrenia. The first part describes the role of TSPO in health 

and psychiatric disorders, with a focus on schizophrenia. The second part describes the 

glutamate system, with a focus on in vivo imaging of the NMDA receptor.

Microglia alterations are described in a variety of neurodegenerative and psychiatric 

disorders. To assess the in vivo situation of immune dysfunction in psychiatric disorders, 

PET studies that examined TSPO ligands in psychiatric disorders were reviewed. Chapter 
2 discusses ten PET studies using radioligands for TSPO to study microglia activation in 
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schizophrenia, bipolar I disorder, major depression, autism spectrum disorder and drug 

abuse. It is concluded that TSPO expression is most likely to be a subtle phenomenon 

in psychiatric disorders, although the differences in PET methodology and patient 

characteristics does not facilitate direct comparison of the studies.

Second, the effects of aging on microglia alterations have not been examined in a large 

group. However, a possible age effect is of special importance when (clinical) groups are 

compared. In chapter 3 binding potential (BPND) of the TSPO ligand (R)-[11C]PK11195 

was examined in healthy subjects over a wide age range. Thirty-five healthy subjects 

(age range 19-79 years) were included in this study to determine (R)-[11C]PK11195 BPND 

using receptor parametric mapping in combination with supervised cluster analysis to 

extract the reference tissue input function. Increased (R)-[11C]PK11195 BPND with aging 

was found in various grey matter regions, suggesting that activated microglia appear in 

several cortical and subcortical areas during healthy aging.

PET studies examining TSPO binding in patients with schizophrenia have provided 

inconclusive results. No PET studies have examined schizophrenia in the first year(s) 

of the disease, although clinical trials reported biggest effect of immunomodulatory 

drugs in the early stages of schizophrenia [9]. Therefore, the aim of chapter 4 was to 

investigate microglia alterations in psychosis in vivo at an early stage of the disease. 

(R)-[11C]PK11195 BPND was measured in 19 patients with recent onset psychosis and 17 

age and gender matched healthy controls. Total grey matter, as well as five grey matter 

regions of interest (frontal cortex, temporal cortex, parietal cortex, striatum, and 

thalamus) were examined. PET data were analysed using receptor parametric mapping 

in combination with supervised cluster analysis to extract the reference tissue input 

function. No evidence was found of increased microglia activation in grey matter in 

recent onset psychosis. This suggest that microglia alterations are not present in recent 

onset psychosis or that it is a subtle phenomenon that could not be detected due to other 

factors, such as patient characteristics and antipsychotic treatment.

Although many studies have examined TSPO in pathological disorders using PET, the 

underlying mechanism of TSPO expression is still unclear. The purpose of chapter 5 was 

to examine the expression and regulation of TSPO in human microglia and macrophages. 

This study examined TSPO expression on different immune cells, as well as mRNA and 

protein TSPO expression in primary microglia and monocyte-derived macrophages after 

different pro- and anti-inflammatory stimuli. In addition, correlation in mRNA expression 

between TSPO and other immune markers mRNA was assessed in post-mortem tissue. 

TSPO expression was found at different immune cells but mainly on myeloid cells. mRNA 
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and protein expression of TSPO was not affected by lipopolysaccharide (LPS), a key 

pro-inflammatory stimulus, that induces activation of myeloid cells. This suggest that 

TSPO expression is not a general marker of a pro-inflammatory microglia phenotype. 

In addition, an increase in mRNA TSPO expression in microglia after interleukin-4 

stimulation at trend level and a positive association between CD163 and TSPO mRNA 

expression was found. This suggests that TSPO expression might be related to an anti-

inflammatory microglia phenotype or that it is more likely to reflect an increase of 

microglia cells and not their function.

Next, the focus of the thesis changed to the glutamate system. In vivo imaging of the 

NMDA receptor with PET would be a valuable tool to examine the role of the NMDA 

receptor in the pathophysiology of schizophrenia and can be an instrument for imaging-

guided therapy. Tracer development of a suitable NMDA receptor PET ligand is ongoing. 

Chapter 6 describes a first-in-human study with the aim to evaluate kinetics of the 

NMDA receptor ligand [11C]GMOM in the healthy human brain and to identify the optimal 

pharmacokinetic model for quantification, both before and after a pharmacological 

dose of S-ketamine. This study showed that [11C]GMOM could be used for imaging and 

quantifying the NMDA receptor, preferably using the plasma input irreversible two-

tissue compartment model with additional fractional blood volume.
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General discussion
Immune system in schizophrenia
Although there is a growing body of evidence that immune dysfunction is involved in the 

pathophysiology of schizophrenia, the findings presented in this thesis raise questions 

on the general view that neuroinflammation and more specifically microglia activation is 

involved in schizophrenia pathogenesis.

First, in general it could be argued that the term ‘neuroinflammation’ might be misplaced 

in schizophrenia, since lymphocyte infiltrates are absent, and is therefore better suited 

to classic CNS autoimmune disorders such as multiple sclerosis and encephalitis [10]. 

The present thesis and other studies suggest no full-blown neuroinflammation in 

schizophrenia [11]. Including the study of Bloomfield et al. [12], six PET studies have by 

now assessed the immune system in schizophrenia by using TSPO tracers. Half of the 

PET studies did report an increase of binding of TSPO PET ligands in schizophrenia, and 

the other half did not which suggests that TSPO expression is most likely to be a subtle 

phenomenon in schizophrenia [12, 13]. Therefore, a new term for the mild immunological 

processes in schizophrenia and other psychiatric disorders might be a welcome addition 

to the field. Perhaps, neuroimmune dysfunction?

Second, our in vitro study indicates that TSPO expression is not a general marker of 

microglia activation. Future studies are needed to investigate which biological process 

underlies increased binding of the PET tracers, which may be related to microglia density 

or even alterations in other cells, such as astrocytes or endothelial cells.

Third, it is becoming more and more clear that microglia and macrophages in the CNS 

have various roles, may be either neurotoxic or neuroprotective, dependent on the 

context [14, 15]. Analyzing one property of the cells, such as density, morphology or 

binding of TSPO is probably an oversimplification to understand the role of microglia in 

schizophrenia. Future research can focus on functional properties of microglia and how 

these could be altered. 

Strengths and limitations
So far, TSPO expression has not been examined well in health and psychiatric disorders. 

The main strength of this thesis is that TSPO expression is discussed both in health as 

well as in psychiatric disorders in vivo. There are several animal and computer models 

available to mimic schizophrenia, but the most realistic examination remains the in vivo 

situation, which is possible with PET.
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In general, TSPO research describes only PET studies, but the strength of this thesis 

was that the studies were conducted from multiple modalities. TSPO expression was 

examined at molecular in vivo level (using the PET ligand (R)-[11C]PK11195; chapter 3), 

as well as at mRNA and protein level in human microglia and macrophages (chapter 5). 

Since no PET studies have examined schizophrenia in the first year(s) of the disease [12, 

13], the inclusion of the patients with recent onset psychosis with a short disease duration 

was the main strength (chapter 4). Lastly, the novelty of testing the NMDA receptor 

[11C]GMOM with a S-ketamine challenge first-in-human was the main strength of the 

final study of this thesis (chapter 6).

There are several methodological considerations concerning this thesis. First 

of all the sample size of PET studies are relatively small compared to studies  

using other imaging modalities. The sample size of the patient group of TSPO PET 

imaging in psychiatric disorders varied between 7 and 20 patients (chapter 2 & 4), was 

relatively large (N=35) in the study examining TSPO PET in healthy aging (chapter 3), 

and ten healthy subjects participated in the [11C]GMOM trial (chapter 6). Although the 

sample size calculations were based on previous PET studies, it might have been too 

low to show an effect. The inconsistencies between the PET studies in schizophrenia and 

other psychiatric disorders might be explained by the fact that TSPO has a subtle role in 

these disorders. The question remains whether there is or there is not an effect of TSPO 

in schizophrenia. To answer this question clinical PET trials with larger sample sizes are 

warranted. However, from an ethical point of view it is important to have the lowest 

sample size as possible since the subjects are exposed to a small amount of radioactivity.

Second, as discussed in chapter 2 it is difficult to compare the different methodologies of 

(TSPO) PET studies. Although the gold standard for TSPO PET quantification is to apply 

a two-tissue compartment model (2TCM) using a metabolite-corrected plasma input 

function, reference tissue approaches, such as simplified reference tissue method (SRTM)

[17] and Logan DVR [18] are often preferred both to reduce noise as well as from a practical 

perspective. The choice of a reference region differs between studies. In this thesis, 

(R)-[11C]PK11195 BPND was calculated using receptor parametric mapping in combination 

with the supervised cluster analysis to extract the reference tissue input function, as this is 

the method of choice for analysing cerebral (R)-[11C]PK11195 studies [19, 20]. A reference 

tissue method may underestimate the signal if the reference region is not completely 

devoid of the protein of interest. In addition, non-specific binding should be taken into 

account. For instance, [11C]PK11195 may be affected by non-specific binding to endothelial 

tissue [19]. However, no evidence for this was found in chapter 4 since no differences in 

time-activity curves of the reference region between patients and controls was found, and 
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a vascular correction was applied to avoid the effect of binding to venous sinuses [19, 21]. 

Therefore, it is highly unlikely that our choice of the reference tissue method would have 

influenced the outcome in a negative way.

Third, PET tracers cannot distinguish between pro- and anti-inflammatory subpopulations. 

Therefore, the expression of TSPO was evaluated in chapter 5. Preliminary evidence showed 

that TSPO expression was not affected by pro-inflammatory stimuli in human microglia 

and macrophages, but that TSPO expression might be related to an anti-inflammatory 

immune response. This is in line with a previous study which also suggested a protective 

function of TSPO [22]. More research is needed to validate these findings and to address 

whether expression is related to binding of TSPO tracers.

Lastly, the lack of test-retest data was a limitation in the study that tested the NMDA 

receptor tracer [11C]GMOM in healthy individuals at baseline and after S-ketamine challenge 

(chapter 6). In addition, results showed that a scan duration of at least 90 minutes was 

preferred which may not be feasible in clinical practice.

Future directions
As the pathophysiology of schizophrenia remains unclear there are still many unanswered 

questions. Investigating other immune pathways might provide novel insights. A recent 

genome-wide association study highlighted the immune and neuronal signalling pathways 

in psychiatric disorders, of which genes involved in postsynaptic density, postsynaptic 

membrane and dendritic spine function had a strong association in schizophrenia [3]. The 

immune and neurotransmitter theories underlying the pathophysiology of schizophrenia 

might be linked together by postsynaptic deficits and therefore the neuron-microglia 

communication can be a new focus for research [23].

In addition, future research is needed to develop novel immune and glutamate PET tracers. 

TSPO PET tracers cannot distinguish between pro- and anti-inflammatory subpopulations, 

which requires more sensitive TSPO tracers. Also other binding sites on microglia can be 

further investigated. One of these novel targets might be the purinergic P2X7 receptor 

(P2X7R). P2XR expression has been associated with microglia activation and proliferation 

[24]. P2X7 PET tracers, and possibly other targets on microglia, are in development. 

Although in chapter 6 it has been showed that [11C]GMOM could be a putative tracer to 

image the NMDA receptor, the fast metabolism of this tracer and long scan duration, limits 

it practical use. Therefore, future studies are warranted to find the optimal NMDA receptor 

tracer that is better suited for a clinical situation.
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In the TSPO PET studies discussed in this thesis, the schizophrenia patients were all on 

antipsychotic medication, which may affect the study outcome by underestimating the 

signal [25]. Future studies may be able to address this issue by examining antipsychotic-

naive patients, which so far has only been performed in ultra-high-risk (UHR) individuals 

[12]. Since the number of psychotic episodes is a risk factor for developing schizophrenia, 

to predict and prevent the disease is the ultimate goal of schizophrenia research. The 

examination of UHR may help to fulfil this goal. In addition, the development of a reliable 

biomarker is crucial for this prediction. TSPO PET scans cannot function as a biomarker for 

schizophrenia, because of their limited specificity. Future research, however, can examine 

the combination on several biomarkers, such as imaging, blood, and cerebrospinal fluid 

markers, to predict the outcome for (UHR) individuals.

The results of this thesis did not provide evidence for a prominent role for TSPO in the 

pathophysiology of schizophrenia, which does not support the examination of immune 

therapy acting on TSPO. However, TSPO might be a candidate for investigations of 

antipsychotic-induced weight gain and can function as a target to examine this treatment 

side effect of antipsychotics [26]. Other immune pathways and the glutamate system may 

be possible pathways for drug development. For example, anti-inflammatory therapeutic 

agents, such as aspirin, minocycline, and N-acetylcysteine, and drugs acting on the 

glutamate system, such as D-cycloserine, D-serine, and glycine, may be novel therapeutics 

targets for schizophrenia. Although these drugs were not superior to placebo in terms of 

overall cognitive function [27], clinical trials have shown that immune-modulatory agents 

administered as additional therapy to the current antipsychotic treatment can reduce 

both positive as negative symptoms in patients with schizophrenia [9, 28]. Preclinical 

evidence has shown that mGluR2/3 is another promising target, but a recent large double-

blind, placebo-controlled clinical trial did not find an effect of the mGluR2/3 agonist 

pomaglumetad methionil (LY2140023 monohydrate) in schizophrenia changing the 

perspective on mGluR2/3 agonists [29]. Further studies are necessary to evaluate whether 

treatment with immune-modulatory agents and drugs acting on the glutamate system 

may be beneficial for schizophrenia patients.
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Conclusion
In conclusion, this thesis did not provide support for a prominent role for TSPO in the 

pathophysiology of recent onset psychosis or other psychiatric disorders. In health, 

increased BPND of the TSPO ligand (R)-[11C]PK11195 was present in widespread grey 

matter regions during aging. Given these more subtle immune changes in schizophrenia 

and other psychiatric disorders, a major challenge for clinical TSPO PET studies is the 

methodological refinement. Thus, of special importance is to deal with limitations such as 

a large degree of variability in healthy individuals and patients and the lack of specificity 

of TSPO PET tracers. Future studies are needed to investigate which biological processes 

underlies increased binding of the TSPO PET ligands. In this thesis, preliminary results 

suggest that TSPO is a stable protein not easily changed in expression by different stimuli, 

but that TSPO expression might be related to an anti-inflammatory immune response. 

Investigating novel pathways of the immune and glutamate systems in schizophrenia 

might provide further insight into the pathogenesis of this disorder and may lead to new 

treatment for schizophrenia patients.
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Nederlandse samenvatting

Wat is schizofrenie? Er wordt vaak gezegd ‘Een schizofreen is nooit alleen’. Dit komt doordat 

de terminologie onterecht verwijst naar een gespleten persoonlijkheid. De werkelijkheid 

is dat mensen met schizofrenie juist vaker alleen zijn dan mensen die geen last hebben 

van klachten die met deze ziekte te maken hebben. Dit hangt samen met verschillende 

klachten, zoals het hebben van wanen, het horen van stemmen, verwardheid, afzondering 

en gebrek aan energie en motivatie. 

Schizofrenie komt over de hele wereld voor en is een groot probleem in de gezondheidszorg. 

Meer onderzoek is nodig omdat de oorzaak niet volledig bekend is. De huidige medicijnen 

om schizofrenie te behandelen zijn antipsychotica. Deze geneesmiddelen zijn erop gericht 

om de symptomen te verlichten, maar kunnen de ziekte niet genezen. De effectiviteit van 

antipsychotica is niet optimaal en de bijwerkingen, zoals sedatie en gewichtstoename, 

hebben een negatief effect op de kwaliteit van leven van de patiënt. Daar komt bij dat 

ongeveer een derde van de patiënten therapieresistent is, wat inhoudt dat men niet 

goed reageert op de behandeling [1, 2]. De huidige (atypische) antipsychotica werken 

voornamelijk op het dopaminesysteem, en in mindere mate binden zij aan serotonerge, 

histaminerge, muscarinerge en α-adrenerge receptoren.

Uit meerdere onderzoekstudies blijkt dat er steeds meer bewijs is dat andere 

systemen betrokken zijn bij het ontstaan van schizofrenie. In deze studies worden het 

immuunsysteem en het glutamaatsysteem als belangrijke systemen aangeduid. Het 

immuunsysteem wordt gedefinieerd als een verdedigingsmechanisme, dat beter bekend 

is als het afweersysteem. Het glutamaatsysteem is het voornaamste activerende systeem 

van het centraal zenuwstel. 

Vanuit onderzoek in de genetica zijn 108 genen gevonden die geassocieerd zijn met de 

ziekte schizofrenie, waaronder genen die betrokken zijn bij de immuun- en 

glutamaatsystemen [3]. In post-mortem weefsel van mensen met schizofrenie is een 

afwijkende werking van de immuun- en glutamaatsystemen gevonden vergeleken 

met post-mortem weefsel van gezonde mensen, zoals een veranderde functie van de 

N-methyl-D-aspartaat (NMDA) receptor [4, 5] en meer geactiveerde microgliacellen [6, 

7]. De NMDA receptor is een van de receptoren waar de neurotransmitter glutamaat 

aan bindt. Microgliacellen behoren tot het immuunsysteem van de hersenen. De meeste 

positron emissie tomografie (PET) liganden voor het immuunsysteem binden aan 18 kDa 

translocator eiwit (TSPO). TSPO PET liganden worden als markers gebruikt om 

microgliacellen in de hersenen visueel zichtbaar te maken [8]. PET liganden voor het 
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glutamaatsysteem zijn in ontwikkeling en daardoor nog niet bij mensen met schizofrenie 

onderzocht. Nieuwe inzichten in de immuun- en glutamaatsystemen kunnen leiden tot 

een beter begrip van de ziekte schizofrenie en bieden mogelijk nieuwe aangrijpingspunten 

voor nieuwe geneesmiddelen.

Het primaire doel van deze thesis is het onderzoeken van de immuun- en glutamaatsystemen 

bij gezonde mensen en bij mensen met een psychose, om daarmee meer informatie te 

verschaffen over de pathofysiologie van schizofrenie. Het eerste deel van de thesis 

onderzoekt de rol van TSPO in gezonde mensen en bij mensen met een psychiatrische 

stoornis, waaronder schizofrenie. Het tweede deel van de thesis is gericht op het 

glutamaatsysteem, waarbij de focus ligt op het onderzoeken van de NMDA receptor.

In hoofdstuk 1 wordt een algemene introductie gegeven over hoe de immuun- en 

glutamaatsystemen in schizofrenie onderzocht kunnen worden. 

In neurodegeneratieve en psychiatrische stoornissen zijn veranderingen in microgliacellen 

gerapporteerd. Een review van de PET studies die in vivo (in het levende organisme) TSPO 

liganden in mensen met psychiatrische stoornissen hebben onderzocht, is beschreven in 

hoofdstuk 2. Tien PET studies van verschillende psychiatrische stoornissen zijn besproken, 

waaronder schizofrenie, bipolaire stoornis type 1, depressie, autisme spectrumstoornissen 

en verslavingen. De conclusie is dat TSPO expressie waarschijnlijk een subtiel verschijnsel 

is bij psychiatrische stoornissen en dat de uitkomsten van de verschillende studies moeilijk 

te vergelijken zijn door verschil in methode en patiëntselectie.

De effecten van veroudering op activatie van microgliacellen is niet eerder onderzocht in 

een grote groep vrijwilligers. Echter, het is van belang te weten of er een leeftijdseffect is als 

er bij onderzoek een uitkomstmaat vergeleken wordt tussen meerdere klinische groepen. 

Bijvoorbeeld, als de gemiddelde TSPO PET binding (BPND) van een groep patiënten 

vergeleken wordt met de gemiddelde TSPO PET binding (BPND) van een groep gezonde 

vrijwilligers. Aangezien een mogelijk effect in de uitkomst anders door verschil in leeftijd 

kan worden verklaard. In hoofdstuk 3 wordt de BPND van het ligand (R)-[11C]PK11195 aan 

TSPO onderzocht bij gezonde vrijwilligers van verschillende leeftijden. In deze studie 

participeren 35 gezonde vrijwilligers (tussen de 19-79 jaar oud). De BPND is berekend 

met een referentie methode (supervised cluster analyse) om de datagegevens van het 

referentie weefsel te bepalen. De resultaten tonen aan dat hoe ouder de vrijwilligers zijn, 

hoe hoger de (R)-[11C]PK11195 BPND in de grijze stof van meerdere hersengebieden is. Dit 

suggereert dat tijdens veroudering microgliacellen zijn geactiveerd in meerdere corticale 

en subcorticale hersengebieden.
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De onderzoeken die zijn gedaan met TSPO PET liganden in schizofrenie tonen geen 

samenhangend verhaal, aangezien er contrasterende resultaten gevonden zijn. Ondanks 

dat vanuit eerder onderzoek is aangetoond dat immunosuppressiva voornamelijk in 

de vroege fase van schizofrenie werken [9], heeft geen van deze PET studies patiënten 

met schizofrenie in de eerste jaren van de ziekte onderzocht. Daarom is het doel van  

hoofdstuk 4 om microglia activatie te onderzoeken bij mensen met een psychose in de 

eerste twee jaren van de ziekte. (R)-[11C]PK11195 BPND is gemeten bij 19 patiënten met een 

psychose en bij 17 gezonde vrijwilligers van dezelfde leeftijd en geslacht. De totale grijze 

stof en de grijze stof van vijf hersengebieden (frontale cortex, temporale cortex, pariëtale 

cortex, striatum en thalamus) zijn onderzocht. De PET data zijn geanalyseerd met een 

referentie methode (supervised cluster analyse). De resultaten laten geen bewijs zien voor 

een verhoogde microglia activatie in de grijze stof van patiënten met een psychose. Dit 

suggereert dat microgliacellen niet zijn geactiveerd  in de eerste twee jaar na het ontstaan 

van een psychose of dat het een subtiel verschijnsel is dat niet te detecteren was door 

andere factoren, zoals selectie van de patiënten en het gebruik van antipsychotica door 

de patiënten. 

Ondanks dat er veel PET studies onderzoek hebben gedaan naar TSPO in breinstoornissen, 

is het precieze onderliggende mechanisme van TSPO expressie niet bekend. De 

onderzoeksvraag van hoofdstuk 5 is daarom het bestuderen van de expressie en regulatie 

van TSPO in humane microgliacellen en macrofagen. Deze studie onderzoekt (zowel 

op mRNA als eiwitniveau) TSPO expressie op verschillende immuuncellen en TSPO 

expressie in microgliacellen en macrofagen na stimulatie met verschillende pro- en anti-

inflammatoire stimuli. Tevens is het verband tussen TSPO en andere immuunmarkers 

bestudeerd op mRNA expressie niveau in post-mortem weefsel. De bevindingen laten 

zien dat TSPO op verschillende immuuncellen tot expressie komt, maar voornamelijk 

op myeloïde cellen. Lipopolysacharide (LPS) komt voor in gramnegatieve bacteriën en 

is een veel gebruikte pro-inflammatoire stimulus die zorgt voor activatie van myeloïde 

cellen. In deze studie is TSPO expressie op mRNA en eiwitniveau niet beïnvloed door LPS, 

wat suggereert dat TSPO niet een typische pro-inflammatoire microgliamarker is. Na 

stimulatie met interleukine-4 is de mRNA TSPO expressie licht verhoogd. Ook is er een 

positieve associatie gevonden tussen CD163 en TSPO mRNA expressie. Deze bevindingen 

suggereren dat TSPO expressie eerder gerelateerd is aan een anti-inflammatoir 

microglia fenotype óf dat een verhoogde TSPO expressie een verhoging in aantallen van 

microgliacellen weerspiegelt in plaats van een verandering in hun functie.

Het tweede deel van het proefschrift beschrijft het glutamaatsysteem. De NMDA receptor 

is een van de receptoren die behoort tot het glutamaatsysteem en de voornaamste 
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receptor die genoemd wordt in de glutamaathypothese van schizofrenie. Er zijn nog 

geen gevalideerde NMDA PET tracers beschikbaar in de praktijk, hoewel dit een 

waardevol middel zou zijn om de ziekte schizofrenie en andere hersenaandoeningen te 

bestuderen. Tevens kan een NMDA receptor tracer een uitkomst bieden om medicijnen 

die aangrijpen op dit systeem te monitoren. Hoofdstuk 6 beschrijft de kinetiek van de 

NMDA receptor [11C]GMOM die voor het eerst bij de mens is getest vóór en na toediening 

van S-ketamine met als doel het optimale farmacokinetische model te vinden om 

[11C]GMOM te kwantificeren. De resultaten van deze studie laten zien dat [11C]GMOM 

gebruikt kan worden om de NMDA receptor te meten met als voorkeursmodel het 

irreversibele twee-compartimentenmodel met een extra correctie voor bloedvolume.

Conclusie
De resultaten van dit proefschrift laten geen bewijs zien voor een prominente rol van TSPO 

in psychose of andere psychiatrische stoornissen. In gezonde mensen is aangetoond dat bij 

veroudering er meer binding (BPND) van de TSPO PET ligand (R)-[11C]PK11195 is in de grijze 

stof van verschillende hersengebieden. De eerste resultaten van het bestuderen van de 

expressie en regulatie van TSPO in humane microgliacellen en macrofagen laten zien dat 

TSPO een stabiel eiwit is dat niet gemakkelijk beïnvloed wordt in mRNA en eiwitexpressie 

door verschillende pro- en anti-inflammatoire stimuli, maar dat TSPO expressie eerder 

gerelateerd is aan een anti-inflammatoir fenotype. De uitdaging voor verder PET 

onderzoek ligt in het optimaliseren van de methodologie, aangezien de veranderingen in 

het immuunsysteem in schizofrenie en andere psychiatrische stoornissen subtiel zijn. Om 

het ontstaan van de ziekte schizofrenie beter te begrijpen is vervolgonderzoek nodig, wat 

nieuwe mechanismen in de immuun- en glutamaatsystemen kan onderzoeken.
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