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Abstract 

Neuroinflammation is thought to play a pivotal role in many diseases affecting the brain, including 

Alzheimer’s disease, multiple sclerosis and stroke. Neuroinflammation is characterised 

predominantly by microglial activation, which can be visualised using positron emission tomography 

(PET). Traditionally, translocator protein 18 kDa (TSPO) is the target for imaging of 

neuroinflammation using PET. In this review, recent preclinical and clinical research using PET in 

Alzheimer’s disease, multiple sclerosis and stroke is summarised. In addition, new molecular targets 

for imaging of neuroinflammation, such as monoamine oxidases, adenosine receptors and 

cannabinoid receptor type 2,  are discussed.  

 

Highlights 

 PET imaging of neuroinflammation is of high interest in AD, MS and stroke 

 Recent preclinical and clinical PET research is summarised 

 There is still room for improvement in tracer development for imaging of microglia 
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1. Introduction 

Neuroinflammation is thought to play a pivotal role in many diseases affecting the brain, including 

Alzheimer’s disease (AD), multiple sclerosis (MS) and stroke. Neuroinflammation is primarily 

characterised by microglial activation, although astrocytosis is also linked to neuroinflammation. 

Microglia are the primary immune effector cells of the brain, displaying a dual role in the immune 

response. Upon injury and/or release of inflammatory factors, microglia switch from a resting 

ramified state to an activated amoeboid state. This activation can be either pro- or anti-

inflammatory, or, more likely, a combination of both states [1,2]. The general hypothesis is that 

initial microglial activation is beneficial for recovery of the injured central nervous system (CNS), e.g. 

by scavenging dead cells and secretion of neuron survival factors. On the other hand, prolonged 

microglial activation may lead, either directly or indirectly, to neuronal cell death [3]. Ideally, one 

would like to be able to distinguish between pro- and anti-inflammatory phenotypes of activated 

microglia in vivo, as this could affect disease treatment. The best technique to study microglial 

activation in vivo is positron emission tomography (PET). This imaging technique requires molecules 

labelled with a positron emitting isotope (tracers), targeting receptors, enzymes or other 

biomolecules showing increased expression in activated microglia. Traditionally, the translocator 

protein 18 kDa (TSPO) has been the target for imaging neuroinflammation using PET, with over 80 

(and counting) tracers being developed with high affinity for TSPO. Some of these tracers have been 

evaluated in preclinical studies using different disease models of neuroinflammation, but (R)-

[11C]PK11195 still is the tracer most used in clinical research, despite of its low brain uptake and 

relatively high non-specific binding [4]. This is mainly due to the fact that (R)-[11C]PK11195, unlike 

most second generation TSPO tracers, is not affected by binding differences due to two existing 

forms of TSPO, encoded by the rs6971 single-nucleotide polymorphism (SNP). In Caucasians, this 

polymorphism leads to prevalence of 49% high affinity binders (HABs), 42% mixed affinity binders 

(MABs) and 9% low affinity binders (LABs). Difference in binding was exemplified by Kreisl et al. 

using second generation TSPO tracer [11C]PBR28 in healthy volunteers. Total distribution volume (VT) 

of [11C]PBR28 was reported to be 40% higher in brain of HABs than in brain of MABs. Additionally, 

autoradiography studies with [3H]PBR28 on post-mortem samples of 45 schizophrenia patients and 

47 control subjects (all genotyped) pointed out that tracer binding was increased with 16% in 
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schizophrenia patients. Importantly, this difference in tracer binding was only statistically significant 

when stratifying for genotype [5]. Therefore, the effect of the polymorphism needs to be kept in 

mind when quantifying TSPO PET images in human. Although not sensitive to polymorphism, (R)-

[11C]PK11195 suffers from low signal-to-noise ratios, therefore the search for better TSPO ligands 

still continues. As TSPO is not only overexpressed in activated microglia, but also in reactive 

astrocytes [6], there is a need for novel PET ligands that could distinguish between the two. In 

addition, visualisation of different microglial phenotypes may elucidate their role in disease onset 

and progression in neurodegenerative disease. PET ligands targeting other targets of 

neuroinflammation are being more and more explored, e.g. monoamine oxidase B (MAO-B), 

adenosine receptors, cannabinoid receptor type 2 (CB2) and matrix metalloproteinases (MMP) 2 and 

9. PET imaging of neuroinflammation in AD, MS and stroke has been reviewed extensively in the past 

few years [3, 7-21]. The purpose of the present review is to summarise more recent advances (2013 

– June 2015) in PET imaging of neuroinflammation in these diseases (table 1), starting with studies 

using tracers targeting TSPO. In addition, this review describes both existing and emerging targets 

with a focus on tracer development. 

 

2. Tracers targeting translocator protein 18 kDa in healthy volunteers 

In a blockade study in 26 healthy volunteers (all genotyped), [11C]PBR28 PET scans were acquired 

[22]. Total volume of distribution (VT) was found to be 1.5-fold higher in HABs compared with MABs 

in all regions of interest (ROIs) examined (cortex, hippocampus, thalamus, cerebellum, brain stem, 

striatum). Owen et al. then determined the non-displaceable volume of distribution (VND) of 

[11C]PBR28 by blockade with XBD173 (TSPO ligand) in 6 HAB healthy volunteers. Each volunteer 

received a different dose of XBD173 (10-90 mg) orally, 2 hours prior to a repeat scan with 

[11C]PBR28. Whole brain VT in HABs was 4.33 ± 0.29 (n=16) and a measurable occupancy of TSPO in 5 

out of 6 subjects was observed. The population VND was estimated to be 1.98 (1.69-2.26) via the 

occupancy plot. Authors conclude that a substantial part of [11C]PBR28 specific binding in healthy 

subjects is represented by VT; however, VND is almost half of VT, complicating quantification of the 

specific binding. Based on a polymorphism plot using VND in HABs from the occupancy study, non-

displaceable binding potential (BPND) was estimated to be 2-fold higher in HABs compared with 

MABs [22]. In another study, focused on  modelling of [11C]PBR28, the two-tissue compartment 

model (2TCM) with irreversible vascular trapping (2TCM-1K) was compared with 2TCM, which is 

usually used for TSPO ligands, using two previously acquired datasets [23]. 2TCM-1K VT showed 

higher correlation with gene expression than 2TCM VT and between-subject variability of absolute VT 

values across brain regions was smaller using 2TCM-1K [23]. Simulated TACs based on the obtained 
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datasets showed 2TCM to severely underestimate increases in VT, leading to subtle changes not 

being observed (e.g. neuroinflammation). Binding of TSPO tracers in the vasculature has been shown 

previously [24]. However, 2TCM-1K suggests irreversible tracer binding to the vasculature, whereas 

binding to TSPO is known to be reversible. This indicates that the vascular target may not necessarily 

be TSPO, or that tracer kinetics in endothelium differ substantially from kinetics in brain 

parenchyma. In addition, inclusion of more parameters usually provides better fits, even if the 

additional parameters have limited physiological meaning. Therefore this extended model should 

first be validated using biological data, e.g. immunohistochemical staining and demonstration of 

irreversible binding in the vasculature. 

Guo et al. showed slower [18F]PBR111 washout from brain stem in HABs than in MABs and LABs 

(decrease of 50% at 60 (HAB), 40 (MAB) and 20 min (LAB) p.i.) in a group of 21 genotyped healthy 

volunteers (9 HABs, 8 MABs and 4 LABs) [25]. Thirty minutes after [18F]PBR111 injection, 40% of the 

tracer was still intact, which decreased to 20% at 120 min p.i. The free fraction in plasma was not 

significantly different between genotype groups. Substantial variability in VT was observed within 

each genotype group, especially in HABs (e.g. 2TC VT (brain stem) HAB 5.08 ± 1.80; MAB 3.10 ± 0.50; 

LAB 2.33 ± 0.52), which the authors partly attribute to age [25]. Microglial activation, or at least 

TSPO overexpression, has also been shown to be increased upon healthy ageing using other TSPO-

PET tracers [26,27,28]. In another cohort of 33 genotyped healthy volunteers (22 HABs, 11 MABs, 

19-78 years old) using [18F]FEPPA, no significant correlation between age and ROI (white matter; 

WM) or genotype and ROI (WM) was found among several grey and white matter brain regions 

[29,30]. Although not significantly different, VT was 15% higher in HABs than in MABs. These studies 

in humans using different second generation TSPO tracers again demonstrate the importance of 

stratifying subjects for genotype, as differences (or no differences) between healthy subjects and 

patients may otherwise be due to different proportions of HABs and MABs.  

 

[TABLE 1]  
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3. Alzheimer’s Disease  

Alzheimer’s disease (AD) is a neurodegenerative disease characterized by cognitive as well as 

functional decline. The degree of cognitive decline, as well as its progression, is often monitored 

using the Mini Mental State Examination (MMSE). Neuropathological hallmarks of AD include 

extracellular deposition of amyloid β (Aβ), intracellular deposition of tau protein (neurofibrillary 

tangles) and neuroinflammation. Microglia can be activated by Aβ, and are thought to be involved in 

clearance of soluble Aβ oligomers by phagocytosis. Pro-inflammatory activation of microglia is 

accompanied by impaired function of phagocytosis, whereas in the anti-inflammatory phenotype, 

phagocytic function is increased [1]. Depending on disease stage, microglia may have different roles 

and due to the continued presence of Aβ it is likely that a chronic, non-resolving inflammation is 

present in AD [1]. Therefore, next to imaging of the  deposition of Aβ and tau protein, imaging of 

neuroinflammation is thought to be important for monitoring disease onset and progression. The 

use of PET tracers in AD has been extensively reviewed over the years (most recent reviews: 

7,8,16,17,19]), conveying that conflicting results have been obtained with respect to 

neuroinflammation imaging in AD, especially with respect to correlation with clinical disease score 

and protein deposition. 

 

 3.1 Preclinical PET research in animal models of Alzheimer’s disease 

The most widely used animal models of AD are transgenic (Tg) mice overproducing different strains 

of mutant familial amyloid precursor protein (APP). Disease onset and progression in APP Tg mice 

mimic the disease course and pathology in human AD and support the amyloid cascade hypothesis, 

although, in general, neuroinflammation is observed to a lesser extent in Tg models [31]. Below, 

studies using TSPO tracers in different APP Tg models will be discussed. 

A PET study using (R)-[11C]PK11195 (fig. 1) showed no statistical difference in tracer uptake between 

13-month-old APP/PS1 Tg and wild type (wt) mice [32]. Immunohistochemical staining for CD11b 

(microglia marker) confirmed presence of activated microglia surrounding Aβ plaques in Tg mice, but 

not in wt mice, indicating that the amount of microglial activation in mice may be below the 

detection limit of (R)-[11C]PK11195 microPET [32]. In addition, five weeks after discontinuation of 

five weeks of pioglitazone (PPAR-γ agonist) treatment, significantly higher (R)-[11C]PK11195 

distribution volumes were observed in 15-month-old Tg mice [32]. The authors concluded that this 

could indicate either natural disease progression or “rebound” microglial activation. However, non-

treated 15-month-old Tg mice were not included in this study, so their conclusion remains 

debateable. Another study using [18F]DPA-714 failed to show a significant difference in cerebral 

tracer uptake between APPswePS1dE9 Tg and wt mice at any age, even though mice were 
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longitudinally followed up until 19 months of age [33]. [18F]DPA-714 standardized uptake value (SUV) 

ratios (SUVr; with cerebellum as reference region) were increased in cortex of 12- (1.05 ± 0.04 vs. 

0.85 ± 0.05) and 19-month-old (1.02 ± 0.03 vs. 0.82 ± 0.04) Tg mice, but not in that of 15-month-old 

Tg mice (0.99 ± 0.03 vs. 0.82 vs. 0.05). In the hippocampus, critical for learning and memory and 

therefore an important ROI in AD, significantly increased tracer uptake was found only in 19-month-

old Tg mice (0.98 ± 0.02 vs. 0.86 ± 0.02), which was confirmed by post-mortem 

immunohistochemical staining using CD68 as microglial marker. In addition to hippocampus (1.8-fold 

higher CD68 density based on immunohistochemical staining), increased microglial density was 

found in striatum (2.3 fold) and cortex (5.6 fold), and CD68 density correlated with [18F]DPA-714 

SUVr in these areas [33]. 

In contrast, a longitudinal study in APPL/S Tg and wt mice using [18F]PBR06 showed significant 

differences in whole brain tracer uptake between both groups of mice aged 14 months and older 

(14-15 months: 1.51 ± 0.08 %ID/g vs 1.28 ± 0.05 %ID/g; 15-16 months: 1.41 ± 0.06 %ID/g vs. 1.06 ± 

0.10 %ID/g) [34]. This difference was also seen in smaller ROIs, i.e. cortex and hippocampus. Pre-

treatment with 1 mg/kg (R)-PK11195 led to a decrease in tracer uptake (52% reduction compared 

with baseline data), showing specific binding to TSPO. In both 5- to 6- and 9- to 10-month-old mice, 

no significant difference between Tg and wt mice could be shown using PET [34]. Ex vivo 

autoradiography confirmed the PET results, although already at age 9 to 10 months a difference in 

[18F]PBR06 binding between Tg and wt mice was observed (cortex/striatum 1.13 ± 0.04  vs. 0.96 ± 

0.01; hippocampus/striatum 1.27 ± 0.01 vs. 1.10 ± 0.02). The presence of activated microglia (CD68) 

and TSPO in 9- to 10- and 15- to 16-month-old Tg mice was confirmed with immunohistochemical 

staining [34]. The inability to visualize this difference with PET most likely is due to the limited spatial 

resolution of PET in combination with the small size of the relevant structures, leading to partial 

volume effects. Interestingly, in autoradiography experiments, significantly higher [18F]PBR06 

binding in 15- to 16-month old Tg mice compared with age-matched wt mice was found in choroid 

plexus [34], which is involved in filtering and producing CSF (its dysfunction is linked to amyloid 

build-up in AD). 

In all TSPO imaging studies mentioned above, significantly increased microglial activation in aged Tg 

mice could be confirmed with immunohistochemical staining. Although James et al. [34] showed an 

increase in whole brain tracer uptake in Tg mice, other studies failed to observe significant 

differences between Tg and wt mice with TSPO PET, possibly due to a relatively weak 

neuroinflammatory response in APP Tg mouse models compared with human disease. As the target 

for immunohistochemical staining in these studies (CD68) differs from the one for PET (TSPO), this 
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may lead to some discrepancy in the observation of microglial activation. Furthermore, limited 

spatial resolution of PET combined with small regions within mouse brain, may lead to partial 

volume effects, thereby hampering the ability to visualise differences between Tg and wt mice with 

PET. In addition, as microglia exist in a more activated state upon ageing, thereby displaying altered 

expression levels of several receptors [35,36], small existing differences between aged Tg rodents 

and aged wt rodent may be lost. 

  

3.2 Clinical PET research in Alzheimer’s disease patients 

Imaging of neuroinflammation in AD using TSPO as molecular target has been a research interest for 

several years. Cagnin et al. were the first to show increased (R)-[11C]PK11195 binding in AD patients 

compared with healthy volunteers [37]. In 2008, Edison et al. showed cortical microglial activation, 

but not amyloid load, to be negatively correlated with MMSE score, by subjecting a group of AD 

patients to both a (R)-[11C]PK11195 and a [11C]PIB PET scan [38]. However, since these studies, 

conflicting results have been obtained in TSPO PET imaging of microglial activation in AD. 

To confirm the involvement of microglial activation in AD and mild cognitive impairment (MCI), 19 

patients with probable AD, 10 with amnestic MCI (prodromal AD) and 21 healthy volunteers were 

subjected to (R)-[11C]PK11195 PET [31]. ROI-based analysis showed no differences in BPND between 

diagnostic groups, and only small clusters of increased (R)-[11C]PK11195 binding were found using a 

voxel-based analysis in bilateral occipital lobes in AD patients compared with healthy volunteers. No 

differences were found between prodromal AD subjects and healthy volunteers [39]. During follow-

up (on average 2.6 years), 7 out of 10 MCI patients had clinically progressed to AD, but at the time of 

the PET scan, no difference between progressive and stable MCI patients was found. Cognitive test 

scores showed no significant correlation with BPND in any brain region [39]. 

In a cross-sectional study using [11C]PBR28 and partial volume corrected images, increased binding 

was found in AD patients (n=19) compared with both MCI patients (n=10) and healthy volunteers 

(n=13) in cortical regions known to be pathologically affected [40]. The highest tracer binding was 

found in inferior parietal lobule, middle and inferior temporal cortex and precuneus (≥1.5-fold higher 

in AD vs. healthy volunteers), and no difference between diagnostic groups was found in white 

matter, cerebellum, striatum and thalamus. As the importance of genotype stratification of patients 

according to the rs6971 single-nucleotide polymorphism was not known at the start of this study, 

only 29 out of 42 subjects were genotyped (10 AD patients, 7 MCI patients and 12 healthy 

volunteers). When only comparing HAB AD and MCI patients with HAB controls, significantly 

increased tracer binding in inferior parietal cortex in AD patients was observed [40]. In MABs, a 
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similar trend was found, although differences were not significant. In neither case, MCI patients 

could be distinguished from healthy volunteers. After partial volume correction and adjustment for 

genotype, age and education, [11C]PBR28 binding in inferior parietal lobule in MCI and AD patients 

could be correlated with neuropsychological tests (strongest correlation with Clinical Dementia 

Rating Scale Sum of Boxes (CDR-SB); r=0.570) [40]. Healthy volunteers were not incorporated in the 

correlation, even though [11C]PBR28 binding did not significantly differ between MCI patients and 

healthy volunteers, but CDR-SB did (p = 0.013). Subjects also underwent a [11C]PIB scan to examine 

the correlation between amyloid load and [11C]PBR28 binding, but despite high [11C]PIB binding and 

hippocampal atrophy in some MCI patients, no correlation with [11C]PBR28 binding was found [40]. 

These results seem to suggest that TSPO overexpression may only occur after clinical conversion 

from MCI to AD. However, as pathological studies [41], as well as previous PET studies [37,38], show 

microglial activation in MCI patients, it is more likely that [11C]PBR28 is not sensitive enough to 

detect a signal in MCI [40].In another PET study using [11C]PBR28 in AD patients (n=25), MCI patients 

(n=11) and healthy volunteers (n=21), all genotyped [42], VT, calculated using the two-tissue 

compartment model (2TCM) with arterial input function, was compared with SUVr using cerebellum 

as pseudo-reference region (region in which TSPO is expressed, but the expression should not differ 

between groups [40]). Differences in VT values were not observed between groups, but after 

correcting for the free fraction in plasma (fP), AD patients showed higher VT/fP values in entorhinal 

and combined middle and inferior temporal cortices than both MCI patients and controls [42]. Both 

VT/fP and SUV in cerebellum did not differ between patient groups. Using cerebellum as pseudo-

reference region, SUVrs for [11C]PBR28 were higher in AD patients than in healthy controls (inferior 

parietal and combined middle and inferior temporal cortices, precuneus, entorhinal and 

parahippocampal cortices) and MCI patients (combined middle and inferior temporal cortex) [42]. 

After genotype correction, statistical significance increased, thereby increasing the number of 

statistically significant different brain regions. According to the authors, SUVr could substitute for 

absolute quantification of [11C]PBR28 in discriminating AD patients from MCI patients and healthy 

controls, avoiding the need for arterial blood sampling [42]. However, although least altered, 

cerebellum is still affected in clinical progression of AD [43] and therefore substituting VT with SUVr 

is likely not suitable for all TSPO tracers. Furthermore, stratification for genotype is still required. 

In an earlier study using [11C]DAA1106, tracer binding was shown to be increased in AD patients [44].  

The affinity of its fluorine-18 labelled analogue [18F]FEDAA1106 for TSPO is two-fold higher, but 

Varrone et al. did not find evidence of increased uptake in AD patients [45]. Although a trend 

towards higher VT and BPND in
 AD patients (n=9) was observed compared with healthy volunteers 

(n=7), these were not significantly different. Slow washout was observed in brain, complicating 
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quantification of [18F]FEDAA1106 and measurement of radioactivity in blood samples was less 

accurate due to the required acquisition time of 120-150 min, influencing VT and BPND [45]. In 

addition, high non-specific binding could be an issue [45]. Another fluorine-18 analogue of DAA1106, 

[18F]FEMPA, displayed a higher signal-to-noise ratio than [18F]FEDAA1106 in non-human primates, 

and was evaluated by the same group in 10 AD patients (MMSE score ≥20) and 7 healthy volunteers 

(all genotyped) [46]. Although [18F]FEMPA was rapidly metabolised (<20% intact tracer in plasma 20 

min p.i.), significantly higher VT values (on average 19.5 ± 3.0%) were found in AD HABs compared 

with healthy control HABs, but not in MABs, confirming the need for stratification of genotype. 

[18F]FEMPA VT in cortical, limbic and subcortical regions was only found to be weakly and non-

significantly correlated with MMSE score (r = -0.37 ‒ -0.41) [46]. 

To find a suitable kinetic model for quantification of [18F]DPA-714, AD patients (n=9) and healthy 

volunteers (n=6) were scanned (two dynamic scans; 0-90 min and 120-150 min after tracer injection) 

[47]. Six kinetic models were compared, of which the reversible two tissue compartment model with 

blood volume parameter (2T4k_VB) best described [18F]DPA-714 kinetics [47]. Comparable values for 

VT and K1 were found for various scan durations, indicating that scan time may be shortened to 60 

min. No significant difference was found between plasma input-based distribution volume ratios 

(DVRs) and simplified reference tissue model (SRTM)-derived BPND values, suggesting SRTM may be 

useful for assessment of BPND, although further validation of the reference region is still required 

[47]. Comparing VT and BPND values in AD patients with those in healthy controls, Golla et al. found 

no significant differences on an individual level, neither regionally nor in whole brain. In addition, no 

differences on a group level were found, but a limitation of the study was the lack of determination 

of genotype [47]. In a different analysis of the same data, Golla et al. generated BPND values using 

receptor parametric mapping (RPM), a basis function implementation of SRTM with grey matter 

(GM) cerebellum as reference region [48]. These BPND values were found to correlate well with non-

linear regression based estimates. When RPM1 derived BPND images were used as input for 

statistical parametric mapping (SPM), differences in [18F]DPA-714 binding between AD patients and 

healthy volunteers could be identified in small brain regions [48]. 

 

Both clinical and preclinical PET studies have shown conflicting results. Although, 

immunohistochemically, neuroinflammation can be demonstrated, the disability to visualise this 

using TSPO PET is likely due to low signal-to-noise ratios, caused by low brain uptake and (specific) 

binding of TSPO tracers in the vasculature as has been suggested before [24]. As a result, 

correlations of tracer binding with clinical score and protein deposition could not be convincingly 
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demonstrated. In addition, for second-generation TSPO tracers, stratifying for genotype is necessary 

for correct interpretation of data. 

 

4. Multiple Sclerosis  

Multiple sclerosis (MS) is regarded as both an autoimmune disorder and a neurodegenerative 

disease. The disease is characterized by demyelination of neuronal axons and can present itself in 

different forms. In relapse-remitting MS (RRMS), patients can still recover after relapse. At a certain 

point in the course of the disease, the remitting period is too short for patients to recover and 

patients develop secondary progressive MS (SPMS). A minority of patients (15%) does not have 

classical relapses, but immediately enters the progressive phase (primary progressive (PP) MS) [49]. 

In MS lesions, microglia are thought to contribute to tissue repair and damage, possibly depending 

on the phenotype, although recently a mixture or continuum of pro- and anti-inflammatory 

microglia was shown in both pre-active and remyelinating lesions [2]. Apart from PET imaging of 

demyelination, imaging of neuroinflammation is used to investigate disease progression in MS 

(recent reviews: [11,18,20]).  

 

 4.1 Preclinical PET research in animal models of multiple sclerosis 

Several pathological events in MS can be mimicked using different animal models, including 

demyelinating models and experimental autoimmune encephalomyelitis (EAE). Demyelination is 

usually induced by injection of endotoxins like lysolecithin (lysophosphatidyl choline (LPC)), 

cuprizone and ethidium bromide [50], while EAE is generated by e.g. subcutaneous immunization 

with peptides normally found in the CNS. If the majority of activated microglia is of the pro-

inflammatory phenotype, disease course becomes more severe in EAE. Nevertheless, activated 

microglia have also been found to be involved in remyelination of neuronal axons [2,49]. 

(R)-[11C]PK11195 PET was performed in two different rat models of MS by de Paula Faria et al. [51]. 

In one model, demyelination was induced by injection of 1% LPC in the right striatum and corpus 

callosum of male Sprague-Dawley rats. At 3 and 7 days after LPC injection, focal uptake of (R)-

[11C]PK11195 was shown at the injection site (SUV 0.79 and 0.66 at 3 and 7 days p.i., respectively), 

which was not observed in saline treated animals (SUV 0.43 and 0.48 at 3 and 7 days p.i., 

respectively) [51]. Lesions could not be shown using [18F]FDG PET. After 4 weeks, (R)-[11C]PK11195 

uptake in the lesions was close to baseline levels. PET results were shown to correlate well with Iba1 

(microglial marker) immunohistochemical staining (r2=0.73) [51]. In a second model, disease 

progression and treatment effects were monitored in female dark Agouti rats immunized 

intradermally at the dorsal tail base with endotoxin-free rat recombinant myelin oligodendrocyte 
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glycoprotein1-125, inducing EAE [52]. Rats received treatment with either 1 mg/kg dexamethasone 

(anti-inflammatory drug) or saline intraperitoneally (i.p.). Half of the dexamethasone-treated 

animals did not show any clinical symptoms, the other half presented only with mild symptoms that 

had resolved at the time of imaging. Increased (R)-[11C]PK11195 uptake was observed in saline-

treated animals, compared with dexamethasone-treated animals that had not shown any clinical 

symptoms [52]. Interestingly, (R)-[11C]PK11195 PET did show microglial activation in rats that had 

shown only mild clinical symptoms, even when these symptoms had disappeared due to 

dexamethasone treatment [52]. Again, authors confirmed the presence of activated microglia by 

Iba1 immunohistochemical staining.  

In order to quantify microglial activation during relapse-remitting EAE, [18F]PBR111 PET was used in 

female SJL/J mice immunized with PLP139-151 peptide in both flanks [53]. Mattner et al. observed 

highest [18F]PBR111 uptake (300-1100% increase in EAE mice vs. control mice) in the first relapse 

episode, before the appearance of clinical symptoms. Brain regions responding first to autoimmune 

inflammation were olfactory bulbs, hippocampus and cerebellum [53]. Tracer uptake in the second 

episode was not significantly higher, but in the third episode, a significant increase was again 

observed. Uptake in all CNS regions decreased to control values in animals that recovered (regained 

weight, clinical score = 0) and did not enter a second episode, >10d after the first episode [53]. 

Specificity of [18F]PBR111 binding was confirmed by injection of 1 mg/kg (R)-PK11195 prior to 

radiotracer injection, thereby decreasing tracer uptake in CNS by 50-80%. PET results correlated well 

with mRNA expression of TSPO, as well as with immunohistochemical staining for TSPO [53].  

In a chronic focal EAE rat model mimicking progressive MS, the focal lesion could be well visualised 

using [18F]GE180 PET, even at 127 days after lesion induction [54]. Animals treated with fingolimod 

(immunomodulating drug, 0.3 mg/kg daily oral administration) clearly showed reduced [18F]GE180 

signal, already at 28 days after the start of treatment. PET results were confirmed by ex vivo 

autoradiography and immunohistochemical staining (Iba1) [54]. Results suggested that PET may 

serve as a tool in human progressive MS to follow treatment effects on neuroinflammation. 

In summary, microglial activation could be shown with TSPO PET in several EAE animal models, 

possibly due to the more focal character of the lesions and a more severe neuroinflammatory 

response compared with the APP Tg mouse model. Treatment effects can also be well visualised, 

which holds promise for monitoring MS treatment in humans. 

 4.2 Clinical PET research in multiple sclerosis patients 
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(R)-[11C]PK11195 PET was first performed in MS patients by Banati et al. [55]. Although an increase in 

tracer binding was observed in MS patients (8 RRMS, 1 SPMS, 3 PPMS) compared with healthy 

volunteers, (R)-[11C]PK11195 could not be correlated to the severity of the disease [55]. 

 

More recently, ten SPMS patients and eight age-matched healthy volunteers were subjected to (R)-

[11C]PK11195 PET [56]. The DVR of (R)-[11C]PK11195 was found to be significantly higher in SPMS 

compared with healthy controls in the periventricular normal appearing white matter (NAWM; 0.96 

vs. 0.86) and thalami (1.19 vs. 1.10). Furthermore, in 57% of the chronic T1 hypointense lesions 

observed with magnetic resonance imaging (MRI), borders of the lesions showed increased (R)-

[11C]PK11195 uptake and in active gadolinium-enhanced lesions, increased binding was observed in 

the core of the lesion [56]. 

In a study of nine RRMS patients in acute relapse undergoing a [18F]FEDAA1106 PET scan, no 

significant increase in BPND or VT was found compared to healthy volunteers (n=5), not even when 

RRMS patients were divided into drug-using (n=3) and drug-naive (n=6) [57]. Estimation of BPND and 

VT in lesions detected by gadolinium-enhanced T1 weighted MRI could not be obtained robustly [57], 

due to limited spatial resolution of the PET camera, as stated by the authors. Failure to observe 

increased tracer uptake in MS patients may also be due to not taking TSPO polymorphism binding 

status into account. 

In a group of RRMS patients (n=11) and healthy volunteers (n=11), stratified and matched for TSPO 

rs6971 polymorphism (7 HABs, 2 MABs and 2 LABs in each group), a significant effect of TSPO 

polymorphism on WM binding of [18F]PBR111 was observed (VT 3.53 HABs; 3.00 MABs; 1.47 LABs) 

[58]. A trend towards lower whole WM binding in healthy volunteers was observed. In HAB MS 

patients, VWM
T

 correlated with disease duration. Increased VT in WM lesional and perilesional 

volumes (detected as hyperintense lesions on T2 FLAIR MRI) of MS patients was found, compared 

with healthy volunteers [58]. Two-third of MRI-defined lesions showed higher [18F]PBR111 uptake 

relative to NAWM, which is consistent with post-mortem pathology in MS patients. Median test-

retest variability of [18F]PBR111 VWM
T was 23% across subjects [58]. The study demonstrated the 

feasibility of visualising MS lesions using TSPO PET, provided TSPO polymorphism is taken into 

account. Although sample-size was too small for MABs and LABs, results obtained in HABs seem 

promising and warrant further investigation.  

Park et al. showed a mean absolute test-retest variability of 7-9% for [11C]PBR28 VT in stable MS 

patients (2 HABs, 2 MABs) and healthy volunteers (2 HABs, 2 MABs) [59], but no statistically 

significant difference was found in VT values between stable MS patients and healthy volunteers in 

any ROI, including stable lesions. Although average VT values for HABs were not significantly higher 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

13 
 

than for MABs (24% in whole brain GM; 19% in whole brain WM/NAWM), SUV90-120 min was 

significantly higher in HABs (0.8 ± 0.1 vs. 0.6 ± 0.1 for MABs in whole brain GM; 0.7 ± 0.1 vs. 0.6 ± 0.1 

for MABs in whole brain WM/NAWM), mainly due to less intersubject variability [59]. The authors 

conclude that this finding indicates that a 30 min static scan (starting at 90 min p.i.) may provide 

individual information on genotype of a subject [59]. However, subject groups are rather small (n=2), 

therefore this conclusion may be too auspicious. One MS patient with active lesions was scanned, 

however, focal increase of [11C]PBR28 was observed in areas corresponding to gadolinium-enhanced 

lesions on MRI only using VT; SUV90-120 min images were too noisy to visualise small active MS lesions 

[59]. 

Using several TSPO tracers, neuroinflammation can be visualised more clearly in MS patients 

compared with AD patientswhich might be due to the presence of focal lesions in MS. Possibly, a 

more severe neuroinflammatory response occurs in MS compared with AD, as this effect is also 

observed in EAE animal models compared with APP Tg mice. 

 

5. Stroke 

Primary brain damage in stroke includes cell death due to reduced blood flow either caused by 

rupture of cerebral blood vessels (haemorrhagic stroke) or by thrombotic or embolic occlusion of a 

cerebral artery (ischaemic stroke). Neuroinflammation is triggered by these primary events and has a 

crucial role in secondary brain damage [60,61]. Microglial activation occurs in both ischaemic and 

haemorrhagic stroke, where microglia exhibit their beneficial phagocytic function to clear blood 

components released into the brain parenchyma. On the other hand, pro-inflammatory microglia 

may also worsen brain damage by activation of blood-derived leukocytes [60]. In PET imaging of 

neuroinflammation after stroke, (R)-[11C]PK11195 has been used most often (recent reviews: 

[12,13,21]). 

 

 5.1 Preclinical PET research in experimental stroke models 

A well-characterized stroke model in either mice or rats is occlusion of the middle cerebral artery 

(MCAO), leading to both primary and secondary brain damage. In a study with permanent MCAO 

male Wistar rats, animals were followed-up longitudinally by T2*-weighted MRI and (R)-

[11C]PK11195 PET [62]. Where MRI showed only small differences in lesion volumes between 7 days 

and 7 months after ischemia, (R)-[11C]PK11195 uptake differed substantially on an individual level, 

especially at the latest time point [62]. PET showed no microglial activation in the infarct region 7 

months post-MCAO, but increased (R)-[11C]PK11195 uptake was observed in the ipsilateral thalamus 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

14 
 

due to secondary degeneration [62], which is in agreement with previous results obtained in humans 

[63]. Immunohistochemical staining (CD11b, Iba1, ED1) confirmed high microglia and macrophage 

density in the ipsilateral thalamus [62]. The same group showed, again in permanent MCAO male 

Wistar rats, a gradual decrease of (R)-[11C]PK11195 uptake at different time points (6, 27 and 55 

days) after stroke [64]. A shift of microglial activation was observed from regions adjacent to the 

infarct lesion (day 6) to the ipsilateral thalamus (day 27) and, finally, to midbrain and pons (day 55). 

This shift was confirmed with Iba1 immunohistochemical staining [64]. 

Boutin et al. directly compared both [18F]DPA-714 [65] and [18F]GE-180 [66] with (R)-[11C]PK11195 in 

a transient MCAO rat model. Rats were scanned 5-7 days after MCAO with two tracers (either 

[18F]DPA-714 and (R)-[11C]PK11195 or [18F]GE-180 and (R)-[11C]PK11195) within 24 hours. Although 

[18F]DPA-714 uptake in the ischaemic core was not significantly higher than uptake of (R)-

[11C]PK11195, contralateral uptake was lower for [18F]DPA-714, resulting in a higher 

core/contralateral ratio (4.66 ± 2.50 for [18F]DPA-714 vs. 3.35 ± 1.21 for (R)-[11C]PK11195) [65]. An 

improved signal-to-noise ratio of [18F]GE-180 (6.1 ± 0.8) compared with (R)-[11C]PK11195 (4.0 ± 0.7) 

was observed, due to higher uptake in the ischaemic core and lower uptake in the contralateral 

region [66]. [18F]GE-180 binding could be displaced with (R)-PK11195, and metabolite analysis 

showed the tracer to be 94% intact in brain 60 min p.i. (21% intact in plasma) [66]. 

Immunohistochemical staining using CD11b as microglial marker confirmed presence of activated 

microglia (or macrophages) in the ischaemic lesion in both studies. Authors state that BBB disruption 

in this MCAO model, however, could have increased tracer uptake in the damaged region [66]. 

Therefore, these tracers should also be tested at a later time-point after induction of MCAO, to allow 

for recovery of the BBB. 

In an ex vivo autoradiography study in C57BL6/N transient MCAO mice after 96 hours of reperfusion, 

increased [3H]DPA-714 uptake was detected throughout the whole lesion area [67]. Tracer uptake 

co-localised with Iba1 staining and no correlation was found between lesion size and BBB 

impairment [67]. In a study monitoring treatment effects of AMD3100 (a CXCR4 antagonist, 

suppressing immune cell migration) in vivo, Balb/c MCAO mice were followed up until 16 days post 

stroke by [18F]DPA-714 PET [68]. In untreated control mice, increased [18F]DPA-714 uptake compared 

with baseline uptake (lesion-to-normal ratio 1.09 ± 0.19) was observed starting from day 3 (1.57 ± 

0.17), peaking around day 10 (2.04 ± 0.38) and slowly decreasing until day 16 (1.80 ± 0.30). [18F]DPA-

714 uptake co-localised with T2-weighted MRI defined lesions and could be displaced with (R)-

PK11195. In AMD3100 treated mice, a significant reduction in tracer uptake was observed 3 days 

post stroke compared with saline-treated mice (lesion-to-normal ratio 1.47 ± 0.14 vs. 1.73 ± 0.36 (p 

<0.05), respectively), although treatment did not fully block upregulation of TSPO [68]. PET results 
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were confirmed by Western blot and immunohistochemical staining (TSPO, CD11b, GFAP). Apart 

from a decrease in neuroinflammation, according to the authors the decrease in [18F]DPA-714 

uptake in AMD3100 treated mice may also be due to inhibition of macrophage/leukocyte migration 

[68]. Minocycline (broad-spectrum antibiotic) treatment was monitored in Balb/c transient MCAO 

mice using [18F]PBR06 over 22 days [69]. In non-treated MCAO animals (n=9), increased tracer 

uptake was observed in the lesion compared with the contralateral hemisphere, and no tracer 

uptake was observed in sham-operated animals. [18F]PBR06 uptake was significantly lower in 

minocycline-treated animals (47%) compared with non-treated animals (59%), and minocycline 

restored motor function at 22 days post-stroke [69]. PET results were shown to correlate well with 

immunohistochemical staining (TSPO ≈ CD68 > CD11b). 

A new TSPO tracer, [11C]MBMP (Ki of 0.29 nM), was evaluated in male MCAO rats [70]. PET scans 

were acquired 7 days post ischaemia. Initial brain uptake (1 min p.i.) was >2% ID/g, but the tracer 

was rapidly metabolized in plasma leaving 24% intact tracer 30 min p.i. (in brain 83% was still intact 

30 min p.i.). However, in both PET and autoradiography experiments, high tracer binding to the 

MCAO lesion was observed (PET: 1.35 ± 0.12 SUV), that could be almost fully displaced (PET) or 

blocked (autoradiography) with MBMP and (R)-PK11195 [70]. Therefore, in an effort to overcome its 

fast metabolism, the same group developed two fluorinated analogues of MBMP [71]. Both 

[18F]FEBMP and [18F]FPBMP showed high initial brain uptake (2.5-3.0% ID/g) using PET and in 

autoradiography studies a high ipsi- to contralateral ratio was observed (3.1 for [18F]FEBMP and 2.1 

for [18F]FPBMP). Metabolite analysis was only performed for [18F]FEBMP, showing rapid metabolism 

in plasma, whereas in brain still 85-90% of tracer was intact 15-30 min p.i. [71], so improvement of 

metabolic stability compared with [11C]MBMP was not achieved. 

 

MCAO animals display a focal site of neuroinflammation and TSPO PET imaging seems effective in 

monitoring both disease progression and treatment effects. In MCAO animals, imaging at later time-

points is advised, to allow for recovery of BBB, since at only a few days after MCAO, increased tracer 

uptake can also be attributed to BBB leakage. 

 

 5.2 Clinical PET research in patients with stroke 

Even though PET imaging of neuroinflammation started off with research in ischaemic stroke[72], 

and both primary and secondary brain damage could already be visualised with (R)-[11C]PK11195 PET 

[73,74], in years this review is covering, only one clinical study in stroke patients was reported. In 

this study, nine patients with a unilateral cerebral infarct involving the medial cerebral artery were 

subjected to [18F]DPA-714 PET 8 to 18 days after stroke [75]. [18F]DPA-714 uptake did not correlate 
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with infarct volume as determined by MRI, but displayed a greater region surrounding the lesion, 

suggesting the extent of the inflammatory response is not related to the volume of the lesion. 

Although BBB leakage was observed with gadolinium-enhanced MRI, tracer uptake extended beyond 

the region of BBB breakdown observed on MRI [75]. [18F]DPA-714 uptake in the infarcted region was 

higher due to slower washout than in the contralateral region. Moreover, the contralateral region 

was found to be a more suitable reference region than cerebellum [75]. The ipsi- to contralateral 

uptake ratio found for [18F]DPA-714 (1.14-2.10) was higher than that reported for (R)-[11C]PK11195 

(1.19-1.51) [75,76], although one has to keep in mind that these are two separate studies and 

therefore not directly comparable. The higher uptake ratio of [18F]DPA-714 compared with that of 

(R)-[11C]PK11195 is probably mostly due to less non-specific binding, as previously shown in an 

MCAO animal model [65].  

 

6. Tracer development and evaluation 

(R)-[11C]PK11195 still is the most used tracer for imaging of TSPO, however it suffers from low brain 

uptake and high non-specific binding, and thus efforts are being made to find a more suitable PET 

tracer for TSPO. As TSPO is not only overexpressed in activated microglia, but also in reactive 

astrocytes [6], TSPO imaging of neuroinflammation may not be suitable for all neurodegenerative 

diseases. For instance, recently astrocytes were found to be more abundant in AD, whereas 

microglia were more abundant in MCI [77], and thus it may be difficult (if not impossible) to 

distinguish MCI from AD using TSPO PET. In addition, visualisation of different microglial phenotypes 

may elucidate their role in disease onset and progression in neurodegenerative diseases. Therefore, 

PET ligands binding to other targets of interest for imaging neuroinflammation are being more and 

more explored. 

 

 6.1 Translocator Protein 18 kDa  

TSPO is located on the outer membrane of mitochondria, where it is involved in translocation of 

cholesterol to the inner mitochondrial membrane. Expression of TSPO in normal brain is low (except 

for the olfactory bulbs), but it significantly increases during reactive gliosis and microglial activation, 

and as such TSPO is an attractive target for imaging neuroinflammation [4].  Even though already 

over 80 radiolabelled TSPO ligands have been synthesised (recent reviews: [4,9,14]), efforts are still 

being made to improve on the original ligand (R)-[11C]PK11195, as its brain uptake is rather low and 

non-specific binding relatively high. However, most second generation TSPO radioligands suffer from 

binding differences due to TSPO polymorphism. Brouwer et al. performed a structure activity 

relationship (SAR) study [78] focused on finding new TSPO ligands that are insensitive to 
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polymorphism. The chiral centre, incorporating a methyl group between the ring and the amide (see 

19e and 22a, fig. 1), is necessary for high TSPO affinity [78]. In addition, for one compound of which 

enantiomers were separated, the R-enantiomer showed 2-fold higher affinity than the S-

enantiomer. However, all other compounds were tested as racemates. Compounds displaying the 

highest affinity for rat TSPO were tested in human leukocytes of HABs and LABs. Two compounds 

were found to be genotype insensitive (19e and 22a) and especially 22a was reported to present 

good properties to serve as lead for PET radiotracer development [78], although genotype 

insensitivity has still to be proven in vivo.  

Three phenylquinazoline-2-carboxamide analogues of (R)-[11C]PK11195, [11C]7, [11C]8 and [11C]9 (fig. 

1), were evaluated in vivo using PET in rhesus monkeys [79]. All tracers showed high brain uptake 

that could be blocked with (R)-PK11195, but [11C]9 showed the lowest specific binding. [11C]7 was 

considered to be more favourable for quantification, as the time-activity curve (TAC) remained 

stable after 120 min, whereas it kept rising for [11C]8 [79]. In vivo metabolism of [11C]7 was shown to 

be quite rapid with 50% of intact tracer left at 35 min p.i. in plasma, compared with 50% left at 69 

min p.i. for [11C]8. Nevertheless, in vitro LAB/HAB ratios were lowest for [11C]7 in human cerebellum 

and leukocytes [79]. 

 

A [18F]DPA-714 PET study in healthy C57BL6J mice showed highest tracer uptake in lungs, heart, 

kidney, spleen and liver [80]. Uptake could be blocked with DPA-714 and (R)-PK11195. No 

radiometabolites were observed in plasma, brain, lungs, spleen and heart at 60 min p.i. [80]. In an in 

vivo metabolite study in rats and baboons, 15 and 11% , respectively, of [18F]DPA-714 was found to 

be intact in plasmaat 120 min p.i. [81]. Three main radiometabolites were observed, the major one 

being [18F]fluoroacetate [81]. [18F]DPA-714 PET was also performed in cynomolgus monkeys that had 

received a unilateral injection of quinolinic acid (QA) in the left putamen to chemically induce 

neuroinflammation [82]. Seven days after QA injection, [18F]DPA-714 VT was increased at the centre 

of the lesion, and at day 21 the area displaying increased tracer binding was enlarged. Differences in 

uptake were still visible 49 days after QA injection, although the observed increase was only 

statistically significant at day 21 (VT 2.57 ± 0.42 vs 0.97 ± 0.08 contralaterally) [82]. Intact [18F]DPA-

714 rapidly decreased in plasma with 20% of intact tracer left at 120 p.i. Immunohistochemical 

staining showed co-localisation of TSPO and microglial markers (CD68 and CD11b) [82]. A series of 

DPA-714 ether analogues was synthesised [83] in search of structures with increased affinity for 

TSPO that, at the same time, are still amenable to radiolabelling with either carbon-11 or fluorine-

18. Banister et al. then evaluated these ether analogues for their affinity for rat TSPO in a 

competition binding assay against (R)-[3H]PK11195. Phenethyl derivative 28 was shown to have the 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

18 
 

highest affinity with a Ki of 0.13 nM [83]. In another study, four fluoroalkynyl analogues of DPA-714 

were synthesised, of which DPA-C5yne showed the highest affinity towards TSPO (0.35 nM) [84]. In 

vitro metabolism studies in rat liver microsomes showed four main metabolites, similar to DPA-714, 

but no defluorination was observed. [18F]DPA-C5yne was evaluated in a rat model of excitotoxin 

induced neuroinflammation (unilateral striatal injection of α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA)). Autoradiography studies showed increased binding (that could be 

blocked with (R)-PK11195) in the lesioned striatum and in vivo PET displayed a high ipsi-to-

contralateral ratio (4.62 ± 0.4) [84,85]. In this same rat model of neuroinflammation, 7 days after 

injection of AMPA, [18F]PBR102 and [18F]PBR111 were evaluated using PET. Binding potentials were 

significantly higher in the ipsilateral striatum compared with the contralateral side, and no 

significant difference between tracers was found [86]. Autoradiography with [125I]CLINDE and 

immunohistochemical staining confirmed the presence of TSPO, astrocytes (GFAP) and microglia 

(OX42) in the lesioned striatum. Both [18F]PBR102 and [18F]PBR111 were rapidly metabolised, leaving 

less than 50% of intact tracer in plasma at 14 min p.i. [86]. In another rat model of excitotoxin 

induced neuroinflammation, in this case achieved by unilateral striatal injection of 

lipopolysaccharide (LPS), [18F]GE-180 was compared with (R)-[11C]PK11195 [87]. Autoradiography 

and PET experiments were performed 16 hours after injection of LPS (10 µg) and at this time-point, 

immunohistochemical staining showed an increase in OX-42 (microglia) and GFAP (astrocytes) 

positive cells. In autoradiography experiments, both tracers showed significantly increased binding 

in the LPS injected striatum (BPex vivo 0.76 ± 0.31 for (R)-[11C]PK11195 and 1.32 ± 0.13 for [18F]GE-180) 

compared with saline-injected animals (BPex vivo 0.05 ± 0.02 for (R)-[11C]PK11195 and 0.05 ± 0.01 for 

[18F]GE-180) [87]. In in vivo PET experiments, binding potentials were also significantly increased for 

both tracers (BPin vivo 0.47 ± 0.06 for (R)-[11C]PK11195 and 0.92 ± 0.07 for [18F]GE-180) compared with 

saline injected animals (BPin vivo = 0.00 for both tracers). BPin vivo for [18F]GE-180 was significantly 

higher than that for (R)-[11C]PK11195 [87]. Together with the lower signal-to-noise ratio that was 

shown in MCAO rats [66], [18F]GE-180 may be a promising new PET tracer targeting TSPO. 

  

In a retrospective analysis of baboon data acquired previously using [11C]PBR28, SUV was compared 

with VT [88], and SUV was found not to be consistently representative of specific [11C]PBR28 binding 

in baboon brain. In a study using [11C]PBR28 in ageing rats however, SUV was reported to show less 

intersubject variability than VT [36]. Additional studies will have to prove which PET-based measure 

should be used for quantification of [11C]PBR28. A radiofluorinated analogue of PBR28, 

[18F]Fluoromethyl-PBR28, was directly compared with [11C]PBR28 in LPS-induced (50 µg) unilateral 

neuroinflammation in rats [89]. In a competition assay with (R)-[3H]PK11195, Ki’s of both compounds 
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were found to be similar (8.07 nM for PBR28 vs. 8.28 nM for fluoromethyl-PBR28). Both tracers 

showed good ipsi-to-contralateral uptake ratios, but due to differences in kinetics the highest ratio 

was more rapidly reached with [18F]fluoromethyl-PBR28 (3.2 at 85 min for [11C]PBR28 vs. 3.4 at 35 

min for [18F]fluoromethyl-PBR28) [89]. After co-injection with (R)-PK11195 or fluoromethyl-PBR28, 

uptake was reduced with 67 and 71%, respectively. However, already at 5 min after tracer injection, 

the amount of intact [18F]fluoromethyl-PBR28 was only 27%. Two radiometabolites were observed 

on HPLC, and defluorination was observed near the end of the scanning period [89]. As high 

sensitivity to the TSPO polymorphism was shown for PBR28 [5], this sensitivity can also be expected 

for fluoromethyl-PBR28. Combined with the rapid metabolism and slight defluorination, 

[18F]Fluoromethyl-PBR28 is unlikely to outperform other (novel) TSPO tracers. 

 

 

Figure 1: Tracers and ligands targeting TSPO. 

 

 6.2 Monoamine oxidase 

Monoamine oxidase (MAO) is an outer mitochondrial membrane enzyme that exists in two isoforms: 

MAO-A and MAO-B. MAO-A is widely expressed in human brain and recently, increased MAO-A 

activity in brain was demonstrated after systemic LPS administration [90]. Although selective MAO-A 

tracers are available, even for human use (e.g. [11C]clorgyline, [11C]harmine, [11C]befloxatone (for 

review: [91]), these were not yet applied in diseases associated with neuroinflammation, but rather 
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in psychiatric diseases. MAO-B is found predominantly in astrocytes and is thought to contribute to 

neurodegeneration by disrupting oxidative homeostasis. MAO-B is inhibited by L-deprenyl and MAO-

catalysed oxidation displays a strong deuterium isotope effect [16,91]. The rate limiting step in the 

irreversible binding of L-deprenyl to MAO-B is cleavage of the carbon-hydrogen bond on the alpha 

position next to the amino group (fig. 2). Cleavage of a carbon-deuterium bond is more difficult due 

to the higher bond energy; therefore, uptake of deuterated ligands is more dependent on actual 

MAO-B binding and less dependent on blood flow. Furthermore, deuterated ligands are more slowly 

metabolised, in general. Taken together, this allows for improved radiotracer quantification [92]. As 

a consequence, among the first radiotracers reported for MAO-B were [11C]L-deprenyl [93] and its 

deuterated analogue [11C]deuterium-L-deprenyl ([11C]DED) [92]. 

Rodriguez-Vieitez et al. performed a double tracer study using [11C]DED and [11C]AZD2184 (amyloid 

tracer) to elucidate the order of events in ageing APPswe Tg mice [94]. APPswe Tg and wt mice were 

scanned at an age of 8-15 and 18-24 months. APPswe Tg mice were additionally scanned at 6 

months of age. [11C]DED SUVr was significantly increased in cortex of 6 month-old Tg mice (0.083 ± 

1.094 ± 0.063) compared with 8-15 month-old wt mice (1.036 ± 0.036) [94]. [11C]AZD2184 retention 

in a combined cortical and hippocampal ROI was significantly higher only in 18- to 24-month-old Tg 

mice compared with age-matched wt mice, indicating that astrocytosis or neuroinflammation 

precedes amyloid plaque deposition in APPswe Tg mice [94]. [11C]DED was also used in a study 

comparing [11C]PIB-positive MCI patients (n=9) with [11C]PIB-negative MCI patients (n=4) and AD 

patients (n=7) [95]. A significant negative correlation (-0.733) between [11C]DED binding slope and 

grey matter density (T1 weighted MRI) in the parahippocampus was observed in [11C]PIB-positive 

MCI patients only, authors suggested that inflammation in the parahippocampus has an effect on 

grey matter cell loss. No correlation was found between [11C]DED and tau protein levels in the CSF 

[95]. Both the preclinical and the clinical study using [11C]DED suggest that neuroinflammation, or 

more precisely astrocytosis, plays a role in the early stages of AD. 

 

Another selective MAO-B tracer, [18F]fluororasagiline, was suspected to have a brain-penetrating 

metabolite, because radioactivity in the brain was continuously increasing [96]. To enhance the 

metabolic stability of [18F]fluororasagiline, Nag et al. synthesised and evaluated its deuterated 

analogue ([18F]fluororasagiline-D2) in cynomolgus monkeys [97]. Rapid brain uptake and faster 

washout compared with [18F]fluororasagiline was observed with PET, most probably due to 

deuterium substitution (kinetics comparable to [11C]DED). Binding was decreased with 50% when L-

deprenyl (0.5 mg/kg) was administered 30 min prior to tracer injection [97]. Two main metabolites 

were observed in plasma, and at 15, 45 and 120 min, the amount of intact tracer reduced to 75, 55 
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and 35%, respectively, compared with 50 and 20% of non-deuterated [18F]fluororasagiline left at 45 

and 120 min, respectively [97]. The same group developed two new radiolabelled propargyl amines 

([18F]16 and [18F]18, fig. 2) [98]. Autoradiography on healthy human whole hemispheres proved that 

[18F]16 binding, but not [18F]18 binding, could partly be blocked with the MAO-A inhibitor pirlindole, 

suggesting that [18F]16 is not selective for MAO-B. Nag et al. therefore did not proceed with further 

evaluation of [18F]16 [98]. Uptake of [18F]18 in cynomolgus monkey brain was high and no washout 

was observed, which may be due to irreversible binding kinetics. Five radiometabolites were 

observed, leaving only 12% of intact tracer in plasma at 120 p.i. [98]. [18F]18 distribution in brain 

differed from e.g. distribution of [11C]DED, which, according to the authors, may be due to brain 

entrance of radiometabolites [98].  

A test-retest and metabolite study was performed by Rusjan et al., using the selective and reversible 

MAO-B tracer [11C]SL25.1188 in 7 healthy volunteers (19-49 years old) [99]. High brain uptake was 

observed, and the order of uptake (VT, 2TCM) was reported as caudate>thalamus>putamen>anterior 

cingulate>cortex≈temporal cortex≈pons>cerebellar cortex. A retest scan was performed 5 weeks 

after the first scan and order of uptake remained the same, showing good reproducibility [99]. One 

radiometabolite was observed, and more than 70% of [11C]SL25.1188 was still intact in plasma 80 

min p.i. [99]. Because equilibration of cerebral uptake of [11C]SL25.1188 was slow, a fluorine-18 

labelled analogue was developed to allow for longer scan durations [100]. High initial brain uptake 

and rapid washout was observed in rats. Uptake in bone increased, suggesting substantial 

defluorination. In rat plasma, only 33% of intact tracer was left 40 min p.i., while 65% of radioactivity 

in plasma was most likely free fluoride [100]. Furthermore, tracer uptake could not be blocked with 

L-deprenyl, and in vitro, selectivity over MAO-A was not as high as for the original compound. 

Therefore, authors state that this tracer will not be further evaluated. As the authors have shown 

that analogues with an elongated fluoroalkyl chain were more selective for MAO-B, radiolabelling of 

these analogues is currently ongoing [100]. 

 

Figure 2: Tracers targeting MAO-B. 
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6.3 Adenosine receptors 

Adenosine receptors are G-protein coupled receptors that bind the endogenous neuromodulator 

adenosine. Adenosine A1 receptors (A1R) are involved in microglial responses and adenosine A2A 

receptors (A2AR) are considered to have a central role in the pathophysiology of neurodegeneration 

[101]. 

The A1R tracer [11C]MPDX (fig. 3) was evaluated in an animal model of neuroinflammation, in which 

rats were infected with herpes simplex virus 1 (HSV-1) intranasally [102]. Increased [11C]MPDX 

uptake was observed in hippocampus, cerebellum and medulla of HSV-1-infected, but not in sham-

infected animals and this uptake correlated with immunohistochemical staining. Animals with 

disease score 1 (ruffled fur, dried oral and nasal secretions on the fur, loss of weight) showed the 

highest uptake, whereas uptake in animals with disease score 2 (hunched posture, increased 

aggression, paralysis symptoms in the posterior part of the abdomen) seemed to be similar to that in 

healthy conditions, supporting the hypothesis that A1R is upregulated in the acute phase of 

encephalitis [102]. In a previous study by the same group using different TSPO tracers ((R)-

[11C]PK11195, [11C]DPA-713, [18F]DPA-714 and [11C]DAA1106), neuroinflammation could be shown in 

all HSV-1 infected animals (no distinction was made between disease scores) [103,104]. Paul et al. 

propose a more neuroprotective role of A1R, explaining the upregulation of A1R only in the acute 

phase of encephalitis [102].  In a study in rats using [11C]MPDX and PET, A1R receptor occupancy 

could be derived for the antagonist caffeine (66-99%, dose-dependent), but not for the agonist CPA 

(even at high doses), due to a different binding domain on the receptor [105].  

[18F]CPFPX was evaluated in healthy rats by Elmenhorst et al., and SRTM was found to be the model 

of choice for quantification of [18F]CPFPX [106]. Displacement with DPCPX led to 46-96% decrease in 

[18F]CPFPX, depending on brain region. Authors suggest that the olfactory bulb can be used as 

reference region, if the high specific binding in this region (45%) is taken into account. Based on Bmax 

values obtained from autoradiography and saturation binding studies on rat brain (30-530 fmol/mg 

tissue) and using SRTM-based BPND, an in vivo KD of 3.4-3.8 nM could be determined [106]. 

Subsequently, Kroll et al. determined the test-retest variability (n=4) of [18F]CPFPX BPND [107]. Good 

reproducibility in rats was observed using SRTM, but test-retest variability (mean 12%) was higher 

than previously determined in humans [107,108]. Authors attribute the higher test-retest variability 

in rats  to individual differences in (isoflurane) anaesthesia effects and stress in rats. Results between 

both studies can however not be directly compared, as test-retest variability in BPND in humans (4.4-

9.2%), was determined using 2TCM with cerebellum as reference region [108]. As specific binding in 

the reference region is relatively high, this may therefore influence test-retest variability in rats using 

SRTM due to varying levels of tracer binding in the reference region. 
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The A2AR tracer [11C]TMSX showed good reproducibility of VT and BPND in test-retest scans in 5 

healthy volunteers (21-27 years old) [109]. For determination of BPND, centrum semiovale and 

cerebral cortex could be used as reference region [109], although blocking studies or occupancy 

studies are still required for validation.  [11C]TMSX was evaluated in 8 SPMS patients and 7 healthy 

volunteers by Rissanen et al. [110]. [11C]TMSX was reported to be metabolically stable, with >90% 

intact tracer in plasma 50 min p.i. [11C]TMSX VT was significantly increased in NAWM of SPMS 

patients compared with controls (0.55 ± 0.08 vs 0.45 ± 0.05) and VT values correlated with expanded 

disability status scale (EDSS; Pearson’s r 0.56), suggesting A2A receptor expression is increased in 

NAWM of SPMS patients [110]. To circumvent the need for an arterial input function for kinetic 

modelling, Rissanen et al. developed an automated method for the extraction of grey matter 

reference region using supervised clustering (SCgm), combined with a population-based arterial 

input function (7 healthy controls, 12 MS patients and 9 patients with Parkinson’s disease) [111]. The 

previously observed increased [11C]TMSX binding in NAWM of SPMS patients could be confirmed 

using this method, indicating that quantification of [11C]TMSX brain PET images using SCgm could be 

feasible [111]. 

 

Two fluorine containing analogues (10a and 10b; fig. 3) of SCH442416 (A2AR ligand) were identified 

by Khanapur et al. and subsequently radiolabelled [112]. In vitro autoradiography showed binding of 

both tracers to striatum that could be blocked using KW6002 (selective A2AR antagonist). PET studies 

showed uptake in striatum (A2AR rich region) and Harderian glands [112], which is most probably 

non-specific binding. Metabolic stability was reported to be similar to that of [11C]SCH442416 (46% 

parent [18F]10a left 60 min p.i. and 66% parent [18F]10b left 60 min p.i.). Affinities of both fluorine 

analogues were slightly lower than that of the lead compound (lead Ki = 0.5 nM, 10a Ki = 12.4 nM, 

10b Ki = 53.6 nM), but their rapid brain uptake and washout are promising for further evaluation of 

these tracers in neuroinflammation models [112]. Disadvantages of [11C]TMSX and [11C]SCH442416, 

however, are low binding potentials and high levels of non-specific binding. Although preladenant 

showed no clinical efficacy, this is not an issue for its use as a PET tracer, as preladenant was shown 

to have high affinity for A2AR (Ki = 1.1 nM), is highly selective and readily crosses the BBB [113]. 

Therefore, Zhou et al. labelled preladenant with carbon-11. Autoradiography showed high binding in 

striatum that could be blocked with KW6002. During PET experiments in rats, rapid brain uptake was 

observed and metabolite analysis showed 49% of [11C]preladenant to be intact in plasma 60 min p.i. 

[113]. Barret et al. developed a fluorinated preladenant analogue, [18F]MNI-444, and evaluated it in 

rhesus monkeys [114]. Metabolite analysis of plasma revealed 45% and 10-15% of tracer to be intact 
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30 and 120 min p.i., respectively, and no defluorination was reported. Consistent with the A2A 

receptor distribution in brain, high uptake in striatum was observed. A striatum-to-cerebellum ratio 

of 12 was reached at 60-70 min p.i., which is stated to be superior to other A2A receptor radioligands 

reported so far (1.5-2.2) [114]. BPND (SRTM) was 9.64 ± 1.94 and test-retest variability was below 

10%. Furthermore, receptor occupancy of preladenant and tozadenant could be assessed accurately 

using SRTM or non-invasive Logan graphical analysis without arterial sampling [114]. 

 

Figure 3: Tracers targeting adenosine receptors. 

 

6.4 Cannabinoid receptor type 2  

The cannabinoid receptor type 2 (CB2) is a G-protein coupled receptor that is expressed mainly on 

immune cells. Under normal conditions expression of CB2 in brain and CNS is low. Although its role 

in neuroinflammation is not fully understood yet, CB2 receptor expression is expected to increase 

10- to 100-fold under neuroinflammatory conditions [115,116]. 

A series of highly potent and selective CB2 inverse agonists were developed by Gao et al. [117]. One 

of these compounds (3c; Ki CB2 = 0.5 nM; Ki CB1 = 1297 nM) was successfully radiolabelled via 

[11C]methylation, but no further preclinical evaluation has been performed to date [117]. 

Fluorinated derivatives of a series of CB2 agonists were designed by Lueg et al. and the affinity for 

CB2 was determined in a competition assay with [3H]CP-55940 [118]. Compounds displaying the 

highest affinity for CB2 were then tested for selectivity over CB1, and 20a (Ki = 5.8 nM, selectivity 

over CB1 >200) was subsequently radiolabelled [118,119]. 18F-fluorination was established at two 

positions ([18F]1 (20a) and [18F]2, fig. 4), and only slight defluorination of [18F]1 was reported in Tris-

HCl, EtOH, 0.9% NaCl and Dulbecco’s phosphate buffer at 40 ºC for 90 min. Both tracers entered the 

mouse brain, but pre-treatment with the inverse agonist SR144528 could not reduce uptake 

significantly in any of the organs investigated (e.g. brain, spleen, lung) [119]. Sixty minutes after 

tracer injection, only 35% and 43% of [18F]1 and [18F]2, respectively, were found to be intact tracer in 
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brain [119], indicating a derivative with improved metabolic stability, or at least one with non-brain-

penetrating radiometabolites, needs to be developed, even though metabolism may differ between 

mouse and human.    

Mu et al. have shown that [11C]KD2 is a selective CB2 agonist (Ki for CB2 = 1.7 nM, Ki for CB1 >10 

µM), which was confirmed using autoradiography on rat and mouse spleen (high CB2 expression), as 

[11C]KD2 binding could be blocked with WIN55212-2 (a full CB agonist), as well as with the selective 

CB2 agonist GW405833 [120]. Autoradiography on post-mortem spinal cord of amyotrophic lateral 

sclerosis (ALS) patients also showed high binding of [11C]KD2, which could again be blocked with 

GW405833. An in vivo PET experiment in rats showed high tracer uptake in spleen, liver and 

intestines. Maximal SUVs (0.2-0.5) in brain were reached at 8-20 min p.i., but blocking experiments 

with GW405833 (1.5 mg/kg, i.v.) to verify whether brain uptake was CB2 related were inconclusive 

[120]. Furthermore, high plasma protein binding was observed in vitro in human plasma, which is 

not ideal for a (brain) PET tracer, because of competition of plasma protein binding with BBB 

passage [120]. Slavik et al. performed SAR studies with a series of novel 4-oxo-quinoline derivatives, 

of which RS-016 (a KD2 analogue, fig. 4) showed the highest binding affinity for CB2 (0.7 nM) and 

high selectivity over CB1 [116]. Therefore, [11C]RS-016 was developed and shown to be stable in vitro 

in both rodent and human plasma for 40 min. In vivo metabolite analysis in rats revealed one more 

hydrophilic radiometabolite, and 47% of intact tracer was found in plasma at 20 min p.i. [116]. The 

group performed autoradiography on rodent spleen and human ALS spinal cord and binding of 

[11C]RS-016 was shown to be specific, as it could be blocked with GW405833. Autoradiography 

studies and PET imaging of mice injected with LPS (10 mg/kg, i.p.) showed higher [11C]RS-016 binding 

compared with vehicle injected mice [116]. Further evaluation in different animal models of 

neuroinflammation is ongoing. Next to 4-oxoquinoline derivatives, in the same group, a 2-

oxoquinoline derivative (KP23) with a binding affinity towards CB2 of 6.8 nM (>10 µM for CB1) was 

selected for radiolabelling [115]. Mu et al. performed autoradiography with [11C]KP23 on rodent 

spleen, showing high binding that could be blocked with GW405833, but also relatively high non-

specific binding was observed [115]. PET in healthy rats showed high uptake in spleen, liver and 

intestines, and low uptake in brain. Three radiometabolites were reported, and intact [11C]KP23 

decreased to 25% at 30 min p.i. in plasma [115]. From a series of pyridine analogues developed by 

the same group, RSR-056 was selected for radiolabelling, based on the high binding affinity (Ki = 4.4 

nM) towards human CB2 and high selectivity over CB1 [121]. Autoradiography on rodent spleen 

showed high binding of [11C]RS-056 that could be blocked with GW405833. In rats, only 21% of 

tracer was intact in plasma 20 min p.i. Brain uptake in healthy rats was low, but increased uptake 

was observed in LPS injected mice compared with healthy mice [121].  
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Hortala et al. developed deuterated agonist [18F]-d2-3 (IC50 CB2 =1.4 nM; IC50 CB1 = 180 nM), and 

reported good brain penetration in mice and non-human primates (Rhesus macaque and baboon) 

[122]. Baboons pre-treated with LPS (0.05-0.1 mg/kg, i.v.) showed an increase of 30% in distribution 

volume. In Rhesus macaque and baboon, two main radiometabolites were detected and 35% of 

[18F]-d2-3 was intact in plasma 180 min p.i. [122]. Specific activity of the tracer was quite low (4.3 

GBq/µmol) and selectivity for CB2 over CB1 (~130) was insufficient for PET imaging of CB2 [122].  

[11C]NE40 is the first tracer targeting CB2 that was evaluated in human [123]. Whole body 

biodistribution showed high initial uptake in spleen, which is in line with CB2 expression. 

Furthermore, Ahmad et al. reported fast brain uptake as well as washout in healthy human brain, 

which might be beneficial for imaging of neuroinflammation [123], although evaluation in patients is 

warranted. 

 

Figure 4: Tracers targeting CB2. 

 

 6.5 Cyclooxygenase 

Cyclooxygenases are involved in the biosynthesis of prostaglandins via catalysis of the conversion of 

arachidonic acid into prostaglandin H2. Prostaglandins regulate, among other things, the 

neuroinflammatory response. Both COX-1 and COX-2 are inhibited by non-steroidal anti-

inflammatory drugs. COX-1 is constitutively expressed, whereas expression of COX-2 is low in normal 

physiology, but is overexpressed in inflammatory conditions [124]. 

The selective COX-1 inhibitor ketoprofen displays poor brain entrance due to the presence of a 

carboxylic acid (fig. 5). To circumvent this, Ohnishi et al. developed the radiolabelled methyl ester of 

ketoprofen ([11C]KTP-Me) and evaluated it in 6 healthy volunteers [125]. Just as in mice, brain uptake 

was dependent on blood flow, and was followed by rapid washout, probably due to rapid hydrolysis 

(in plasma complete hydrolysis within 3 min) of [11C]KTP-Me to the carboxylic acid ([11C]ketoprofen) 

[125]. Brain uptake and retention of [11C]KTP-Me should prove to be sufficient for visualisation of 
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neuroinflammation in patients, but would be interesting to evaluate, as COX-1 ligands have not been 

used before to show neuroinflammation in human. 

 

Even though previously COX-2 inhibitor [18F]celecoxib showed extensive defluorination [126], whilst 

[11C]rofecoxib showed no increased uptake in two models of neuroinflammation [127], Ji et al. 

evaluated [11C]celecoxib and [11C]rofecoxib were in vitro and in vivo in mice with hypoperfusion 

induced ischaemia [128]. Hypoperfusion was achieved by unilateral common carotid artery stenosis 

(placement of a microcoil, 0.18 mm diameter) and complete ligation of the contralateral common 

carotid artery. Immunohistochemical staining with a COX-2 specific antibody showed presence of 

COX-2 in the injured neurons, but COX-2 was not found to be expressed on activated glial cells [128]. 

Autoradiography and PET studies in healthy mouse brain with [11C]celecoxib suggested high non-

specific binding, which was confirmed by the disability to block tracer binding with non-radiolabelled 

celecoxib. Autoradiography with [11C]rofecoxib was only successful at high activity concentrations 

(11 GBq/L, ~300 nM), which may explain why no increased tracer uptake or retention was observed 

in in vivo PET experiments [128]. According to the authors, it is likely that the affinities of celecoxib 

(0.04-0.9 µM) and rofecoxib (0.02-0.5 µM) are too low to be successful tracers for PET imaging of 

COX-2. As there is still a need for selective COX-2 inhibitors with high affinity, Laube et al. 

synthesised and evaluated a series of novel COX-2 inhibitors in vitro [124]. Compound 3m showed 

selectivity for COX-2 in two different assays, and seems to be a promising candidate for 

development of a PET tracer [124]. 

 

Figure 5: Tracers targeting COX. 

 

 6.6 Matrix metalloproteinase 2 and 9 

Gelatinases (MMP-2 and MMP-9) have different functions in the CNS, e.g. neurogenesis, 

regeneration of axons, remyelination and apoptosis. MMPs have also been associated with several 

neurodegenerative diseases and neuroinflammation [129]. 

A series of compounds was synthesised by Selivanova et al.  and tested for affinity against MMP-2, -9 

and -1 (collagenase) [130]. Compound 7 (fig. 6), containing a fluorine atom and therefore amenable 

to radiolabelling, displayed good affinity for MMP-2 and -9 (IC50 = 1.8 and 7 nM, respectively) and an 

IC50>1µM for MMP-1 [130]. In vitro studies in rodent and human plasma at 37 ºC showed no 
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decomposition of [18F]7 after 2 hours. In vivo in mice, only parent was identified 60 min p.i. [130], 

indicating excellent metabolic stability. Unfortunately, PET studies showed that [18F]7 did not enter 

the brain [130]. A less selective MMP inhibitor [18F]12a displaying high affinity for MMP-2, -8, -9 and 

-13 (IC50 ranging from 0.05-0.7 nM), showed no radiometabolism upon mouse blood serum 

incubation for 120 min at 37 ºC [131]. However, in vivo in mice, Hugenberg et al. reported four 

radiometabolites in plasma (35% intact tracer 30 min p.i.) and very fast hepatic clearance. 

Furthermore, PET experiments showed no brain uptake of [18F]12a [131]. Thus, some (semi-

)selective MMP inhibitors have been radiolabelled, but probably due to structural properties, these 

compounds do not enter the brain in vivo in mice, therefore limiting the use of these tracers for 

imaging of neuroinflammatory processes.  

 

Figure 6: Tracers targeting MMPs. 

 

6.7 Nicotinic acetylcholine receptors 

Nicotinic acetylcholine receptors (nAChRs) are ion-gated channels, composed of five subunits, the 

most abundant subtype in mammalian brain being α4β2. Activation of nAChRs is suggested to be 

related to suppression of the inflammatory response [132]. In a PET study in MCAO rats by Martín et 

al., 2-[18F]fluoro-A-85380 (fig. 7), a high affinity radioligand for α4β2 nAChRs, was directly compared 

with (R)-[11C]PK11195 [132]. The ipsilateral hemisphere showed increased binding of 2-[18F]fluoro-A-

85380 7 days after MCAO and uptake returned to baseline levels at day 28 after MCAO. Using (R)-

[11C]PK11195, peak uptake also occurred 7 days after MCAO, but declined more slowly until day 28 

without returning to baseline values [132]. TSPO and α4β2 nAChRs overexpression in activated 

microglia was confirmed with immunohistochemical staining. Authors suggest that visualization of 

α4β2 nAChRs with 2-[18F]fluoro-A-85380 is a promising tool in PET imaging of neuroinflammation 

[132], however  increased (R)-[11C]PK11195 uptake could be shown for a longer time after MCAO, 

indicating a neuroinflammatory response is still present 28 days post-MCAO.  

 

Figure 7: 2-[
18

F]fluoro-A-85380, targeting α4β2 nAChRs. 
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 6.8 Histamine H4 receptor  

It has been shown that inflammatory stimuli upregulate the histamine H4 receptor (H4R) expression 

on monocytes, and H4R antagonists have anti-inflammatory effects as the use of H4R antagonists has 

suggested a pro-inflammatory role for this receptor in autoimmune diseases [133]. In vitro, 

activation of microglia by histamine and LPS could be demonstrated, and inhibited with H1R and H4R 

antagonists [134,135]. To date, two radioligands have been developed for H4R, i.e. [11C]JNJ7777120 

and [11C]VUF10558 (fig. 8), of which the latter did not show any brain uptake [136,137]. Treatment 

of EAE mice with JNJ7777120 (8 days, daily administration) exacerbated clinical and 

neuropathological signs of disease [133]. Although these results do not support the pro-

inflammatory role of H4R, they do suggest a clear effect of H4R antagonists in disease. Therefore, 

further evaluation of [11C]JNJ7777120, as well as other novel H4R radioligands, is warranted and 

currently ongoing [137]. 

 

Figure 8: Tracers targeting H4R. 

 

6.9 P2X7 receptor (P2X7R) 

The P2X7 receptor (P2X7R) is thought to play a minimal role in normal physiology and its expression is 

upregulated on activated microglia [138]. Overexpression of the P2X7R is associated with the anti-

inflammatory microglial phenotype and, therefore, it is an interesting target for PET imaging of 

neuroinflammation. The P2X7R antagonist [11C]A-740003 (IC50 hP2X7R 40 nM, fig. 9) was synthesised 

and evaluated in healthy rats [139]. Only low brain uptake was reported, but as P2X7R expression in 

normal physiology is low, further evaluation of [11C]A-740003 in animal models of 

neuroinflammation is still ongoing. A second high affinity P2X7R radioligand, [11C]GSK1482160 (IC50 

hP2X7R 3 nM), was synthesised by Gao et al., but has yet to be evaluated in vivo [140]. 

 

Figure 9: Tracers targeting P2X7R. 
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7. Summarising comments 

In AD, PET imaging of neuroinflammation using TSPO tracers in APP Tg animal models mostly does 

not show a significant increase in tracer binding compared with wt animals. The same accounts for 

human AD patients and healthy volunteers, although in some studies, small regional differences in 

tracer uptake were observed. Since the presence of neuroinflammation has been demonstrated by 

immunohistochemical staining ex vivo many times [41,141], most likely the low signal-to-noise ratios 

of TSPO PET tracers hamper the visualisation of neuroinflammation in vivo. This could be caused by 

too low expression levels of TSPO due to the relatively mild neuroinflammation, or to 

pharmacokinetics of the tracers. In addition, microglia and astrocytes are shown to be more 

abundant in different stages of AD, and as TSPO is overexpressed in both cell types, TSPO tracers 

might not be suited for clinical diagnosis of MCI or AD. 

In MS animal models (EAE), focal lesions could be well visualised using TSPO PET, and treatment 

effects could also be demonstrated. In MS patients, lesions could be visualised in most studies, 

applying the same TSPO PET tracers as in AD. This suggests that low signal-to-noise ratios in AD are 

not caused by the pharmacokinetics of the TSPO PET tracers, but most likely by the low expression 

levels of TSPO in AD, or the inability to distinguish between microglia and astrocytes. 

In stroke animal models, neuroinflammation could be observed up to 55 days after MCAO. One 

study even showed secondary degeneration (increased uptake in ipsilateral thalamus) 7 months 

after MCAO. One clinical study using [18F]DPA-714 showed higher tracer uptake in the infarct lesion 

compared with the contralateral region. The ability to visualise neuroinflammation in stroke using 

TSPO PET may be attributed to a more severe neuroinflammatory response compared with AD and,  

therefore, a higher level of TSPO expression. 

Up to now, radiotracers targeting TSPO are still mostly used in (clinical) imaging of 

neuroinflammation. However, TSPO may not be an ideal target due to the polymorphism, resulting 

in differences in binding affinities of second generation TSPO tracers between genotypes. In 

addition, expression levels in human disease are low, especially in AD. Significant differences in 

tracer uptake can be observed in stroke and MS, as long as groups are stratified for genotype. 

Research to develop new compounds that are insensitive to this polymorphism is ongoing. 

Radiolabelling of these compounds can afford new TSPO tracers, and may provide an important 

evolvement in the field. 

Next to TSPO, other targets of neuroinflammation are currently under investigation. Using MAO-B 

tracer [11C]DED, both preclinical and clinical results suggested astrocytosis to precede amyloid 

deposition in AD. Newly developed MAO-B tracers have not been proven to outperform [11C]DED, 

but could be useful in the future for early diagnosis of AD.  
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The hypothesis that A1R is upregulated in the acute phase of encephalitis in rats was confirmed, and 

warrants evaluation of this target in other animal models of neuroinflammation. Although with A2AR 

tracer [11C]TMSX significantly increased uptake in NAWM of MS patients compared with healthy 

volunteers could be demonstrated, [11C]TMSX suffers from low binding potentials and high non-

specific binding. Therefore, other tracers for A2AR have been developed, but are only evaluated in 

healthy rodents to date. A2AR tracers displaying less non-specific binding could be a valuable tool in 

imaging of neuroinflammation. 

The exact role of CB2 in neuroinflammation should be elucidated, in which PET can play a pivotal 

role. Recently, the first tracer targeting CB2 was studied in healthy volunteers and use of this tracer 

in neuroinflammatory pathologies may provide insight in the role of CB2. Several CB2 tracers have 

only been evaluated in healthy rodents, and too low selectivity for CB2 over CB1 can be an issue for 

use of these tracers in neuroinflammation imaging.  

Tracers developed for COX-2 show either high non-specific binding or too low affinity to be used 

with PET. Radiolabelled MMP-2 and -9 inhibitors were synthesised and evaluated in healthy animals, 

but due to structural properties, these tracers did not enter the brain, and are therefore not fitted 

for imaging of neuroinflammation. 

To date, there is no suitable PET radiotracer for either the pro-inflammatory or the anti-

inflammatory phenotype of microglia. New targets for imaging that are thought to be specific for 

one of the microglial phenotypes (α4β2 nAChR, H4R, P2X7R) are emerging, however these still need 

to be validated. Tracers for these targets are currently investigated preclinical studies and most likely 

promising ligands will be investigated in human subjects in coming years.  
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Table 1: Tracers used for PET imaging of neuroinflammation in Alzheimer’s disease, multiple sclerosis and 

stroke (included in this review). 

Target Tracer Preclinical Clinical References 

TSPO (R)-[
11

C]PK11195 APP/PS1 mice  [32] 
  Demyelination rat 

model 
 [51] 

  EAE rats  [52] 
  MCAO rats  [62, 64-66, 132] 
   MCI, amnestic MCI, AD 

patients, HC 
[39] 

   SPMS patients, HC [56] 

 [
18

F]DPA-714 APPswePS1dE9 
mice 

 [33] 

  MCAO rats  [65] 
  MCAO mice  [68] 
   AD patients, HC [47, 48] 
   Stroke patients [75] 

 [
18

F]PBR06 APP
L/S 

mice  [34] 
  MCAO mice  [69] 

 [
11

C]PBR28  MCI, AD patients, HC [40] 
   MCI, AD patients, HC [42] 
   MS patients, HC [59] 

 [
18

F]PBR111 EAE mice  [53] 
   RRMS patients, HC [58] 

 [
18

F]FEDAA1106  AD patients, HC [45] 
   RRMS patients, HC [57] 

 [
18

F]FEMPA  AD patients, HC [46] 

 [
18

F]GE180 EAE rats  [54] 
  MCAO rats  [66] 

 [
11

C]MBMP MCAO rats  [70] 

 [
18

F]FEBMP MCAO rats  [71] 

 [
18

F]FPBMP MCAO rats  [71] 

MAO-B [
11

C]DED APPswe mice  [94] 
   MCI patients, AD patients [95] 

A2AR [
11

C]TMSX  SPMS patients, HC [110, 111] 

nAChrR 
α2β4 

2[
18

F]-fluoro-
A853380 

MCAO rats  [132] 

HC = healthy control 


