
 

 

 University of Groningen

Herpes viruses and neuroinflammation
Doorduin, J

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2010

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Doorduin, J. (2010). Herpes viruses and neuroinflammation: PET imaging and implication in schizophrenia.
s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/a5d89f49-fbfd-4090-ac19-3d2322b6102d


 

 

 

Chapter 2 

PET imaging of  the peripheral benzodiazepine 

receptor: monitoring disease progress and 

therapy response in neurodegenerative disorders 

Janine Doorduin, Erik F.J. de Vries, Rudi A. Dierckx and Hans C. Klein 

 

 

 

 

 

 

 

Curr Pharm Design 2008; 14: 3297-3315 



Chapter 2 

24 
 

Abstract 

It is important to gain more insight into neurodegenerative diseases, because these 

debilitating diseases cannot be cured. A common characteristic of many neurological 

diseases is neuroinflammation, which is accompanied by the presence of activated 

microglia cells. In activated microglia cells, an increase in the expression of peripheral 

benzodiazepine receptors (PBR) can be found. The PBR was suggested as a target for 

monitoring disease progression and therapy efficacy with positron emission 

tomography (PET). The PET tracer [11C]-PK11195 has been widely used for PBR 

imaging, but the tracer has a high lipophilicity and high non-specific binding which 

makes it difficult to quantify uptake. Therefore, efforts are being made to develop 

more sensitive radioligands for the PBR. Animal studies have yielded several 

promising new tracers for PBR imaging, such as [11C]DAA1106, [18F]FEDAA1106, 

[11C]PBR28, [11C]DPA713 and [11C]CLINME. However, the potential of these new 

PBR ligands is still under investigation and as a consequence [11C]PK11195 is used so 

far to image activated microglia cells in neurological disorders. With [11C]PK11195, 

distinct neuroinflammation was detected in multiple sclerosis, Parkinson‟s disease, 

encephalitis and other neurological diseases. Because neuroinflammation plays a 

central role in the progression of neurodegenerative diseases, anti-inflammatory drugs 

have been investigated for therapeutic intervention. Especially minocycline and 

cyclooxygenase inhibitors have shown in vivo anti-inflammatory, hence 

neuroprotective properties, that could be detected by PET imaging of the PBR with 

[11C]PK11195. The imaging studies published so far showed that the PBR can be an 

important target for monitoring disease progression, therapy response and 

determining the optimal drug dose. 
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Introduction 

Neurological disorders are often debilitating diseases, in which the symptoms can be 

treated, but the disease cannot be cured.  It is therefore of importance to gain more 

insight in the aetiology of the disease in order to develop better - or perhaps even 

curative - treatment. The hallmarks and symptoms of various neurological disorders 

generally differ distinctly, but there may also be some overlap. Alzheimer‟s disease, for 

example, is a progressive neurological disease that is characterised by amyloid plaques 

and neurofibrillary tangles that are formed after misfolding and aggregation of 

proteins, respectively. Clinical signs are behavioural and psychological symptoms of 

dementia (BPSD). On the other hand, Parkinson‟s disease is also a progressive 

neurodegenerative disease, which is, associated by the loss of dopamine-producing 

cells in the central nervous system and characterised by tremor, rigidity and 

bradykinesia. In contrast, encephalitis is an acute infection of the brain caused by, for 

example, viruses or bacteria that is characterised by fever, psychiatric symptoms like 

hallucinations and personality changes, and coma. Despite the large differences 

between the aforementioned neurological diseases, but also other neurological 

diseases, all share an important characteristic: neuroinflammation. Neuroinflammation 

was found to play a role in many neurological disorders. In Alzheimer‟s disease, the 

presence of the amyloid β (Aβ) fibrils, which form the amyloid plaques, can induce a 

local inflammatory response [1]. In Parkinson‟s disease, the degeneration of 

dopaminergic neurons by, for example, environmental factors or genetic mutations 

can induce neuroinflammation that might be responsible for further degeneration of 

the neurons [2]. Moreover, it has been shown that patients with Alzheimer‟s and 

Parkinson‟s disease may benefit from treatment with non-steroidal anti-inflammatory 

drugs (NSAIDs) [3,4].  

Although it has been shown that neuroinflammation has a role in neurological 

diseases, the question remains whether neuroinflammation precedes the pathology or 

that it is a secondary response. Moreover, it is not yet known whether the 

neuroinflammation is beneficial, detrimental or incidental in the progression of 

neurological disorders. This review focuses on an important characteristic of 

neuroinflammation: the PBR. During neuroinflammation, the activation of microglia 

cells and the accompanied increased expression of the peripheral benzodiazepine 

receptor (PBR) play a central role. The PBR is widely used as target for nuclear 

imaging of neuroinflammation and is therefore an ideal target for monitoring the 

course of the disease and the effect of treatment.  
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Neuroinflammation 

It has long been thought that the brain was an „immune privileged organ‟ since it was 

shown that allografts fare better in the brain [5]. This „immune privilege‟ was 

attributed to the presence of the blood-brain barrier and the lack of classic lymph 

vessels in the brain. However, during the last 10-15 years data has been accumulated 

that showed that acute and innate responses do exist in the brain, although they are 

different from the responses in the periphery, and the term neuroinflammation was 

introduced.   

Neuroinflammation refers to the idea that responses and actions of microglia cells and 

astrocytes in the brain have an inflammation-like character which plays a role in many 

neurodegenerative diseases and involves many complex cellular responses. To discuss 

these complex responses is beyond the scope of this review, but the next paragraph 

provides a brief overview of the cells involved in neuroinflammation. 

In response to injury to the brain, both the cells that are present in the brain and cells 

that are recruited from the periphery participate in the immune response [6]. In the 

brain, the first line of defence comprises the activation of microglia cells and 

astrocytes. Activated microglia cells and astrocytes produce a variety of cytokines and 

chemokines that are, amongst others, important in the recruitment of T-lymphocytes 

from the periphery. Perivascular macrophages also play an important role in 

neuroinflammation, since they continuously enter the brain and may return to the 

lymphoid organs [7]. They are able to activate microglia cell and function as antigen 

presenting cell for T-lymphocytes. Next to the peripheral macrophages, activated 

microglia cells and astrocytes can also function as antigen presenting cells, since they 

were found to express the major histocompatibility complex (MHC) class II [8]. 

Neurons in the brain are less important in the immune response, but they were found 

to express cytokines and also MHC class I so they function as antigen presenting 

cells[9].  

The recruitment of T-lymphocytes from the periphery involves the presence of the 

appropriate cytokines, chemokines and cell adhesion molecules (CAM) [10]. Different 

expression of the aforementioned proteins allows recruitment of different T-

lymphocytes and therefore eliciting the recruitment of specific T-lymphocytes. CAMs 

are important for the entry of T-lymphocytes into the brain and, as for cytokines and 

chemokines, different sets of CAM mediate the entry of different types of T-

lymphocytes. When T-lymphocytes entered the brain, they can recognize the antigens 
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that are presented by the antigen presenting cells and in response to recognition, they 

can secrete cytokines that make the inflammatory process persist. These cytokines can 

damage the blood-brain barrier and thereby allow the entry of others cells like B-

lymphocytes, natural killer cells and mast cells. Microglia play a central role in 

orchestrating the activity of other immune cells in the brain and the activated state of 

microglia is associated with expression of a receptor that is the subject of tracer 

binding studies with PET monitoring. Thus, although many cells play an important 

role in neuroinflammation, the activation of microglia cells provide an ideal target for 

monitoring the course of diseases involving neuroinflammation and the effect of 

treatment.  

 

Microglia cells 

Microglia cells are the largest population of macrophages in the brain and are 

responsible for the first response to injury or infection in brain tissue. The leading 

hypothesis is that microglia cells are derived from monocytes in bone marrow, and 

migrate to the brain in early development to phagocytose cellular debris from naturally 

occurring cell death during embryonic and postnatal stages of development [11] and 

to eliminate specific axonal projections [12]. In the adult brain, microglia cells have a 

ramified morphology, which is characterized by a small body with long processes that 

are used to survey the microenvironment of the microglia. Although the ramified 

morphology is often referred to as the „resting state‟ of microglia cells, it was recently 

shown that the ramified processes are highly motile and are continuously extracted 

and retracted [13,14]. In response to brain injury or infection, the microglia cells 

change from the ramified morphology in a reactive or amoeboid form. In this form, 

the microglia cells function as macrophages. An inflammatory response is induced and 

the number of activated microglia cells strongly increase at the affected site. Once 

activated, the microglia cells can produce neurotoxic molecules, like reactive oxygen 

species and cytokines such as TNFα and IL-1β, and thereby increasing the incidence 

of neuronal cell death [15]. On the other hand, activated microglia cells can also 

release neurotrophic molecules, like brain derived neurotropic factor (BDNF), nerve 

growth factor (NGF) and cytokines of the IL-6 family, which have a protective effect 

on brain cells [16]. It still remains to be elucidated which factors determine if microglia 

cells exert neurotoxic and/or neurotropic effects and which mechanisms are involved 

in this process. Nevertheless, various studies have shown that activation of microglia 

cells is not an all-or-none phenomenon and that several states of activation exist. 
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These activation states depend on the activation environment, the cell type that causes 

the activation and the activating molecule [16]. The dual character of microglia cells 

was clearly demonstrated in vitro by treatment of NSC-34 neurons with 

lipopolysaccharide (LPS) stimulated BV-2 microglial conditioned medium [17]. When 

the neurons were treated with low concentrations of the medium, the viability of the 

neurons increased, whereas treatment with high concentrations of the medium 

resulted in a reduction of the viability and apoptosis. This may (in part) be explained 

by the differential upregulation of the expression of the cytokines IL-6, TNFα or IL-

1β by the microglia after LPS stimulation. Another recent study demonstrated that 

microglia cells also behave differently when cortical neuronal cultures were exposed to 

mild, moderate or severe hypoxia [18]. Neurotrophic factors (BDNF and GDNF) 

were found to be equally upregulated by microglia cells in response to media from 

neurons, irrespective of the severity of the hypoxia, while neurotoxic factors (TNFα , 

IL-1β and NO) were only upregulated by medium from moderately injured neurons. 

This difference in the states of microglia activation may be an important feature in 

neurological disorders associated with microglia cell activation. It has been proposed 

by Nakajima and Kohsaka [16] that acute injuries such as trauma and axotomy go 

through a transient process characterized by release of neurotrophic factors from 

activated microglia cells resulting in repair en regeneration of neurons. On the other 

hand, chronic diseases such as Alzheimer‟s disease and multiple sclerosis display a 

more complex response that leads to neuronal cell death as a result of microglia cells 

that release neurotoxic molecules. 

 

The peripheral benzodiazepine receptor 

Besides the release of neurotoxic and neuroprotective molecules, activation of 

microglia cells is also accompanied by an increase in the number of mitochondria per 

cell and by an increase in the density of the PBR in the mitochondrial membrane. The 

PBR was first discovered by researchers, who were searching for binding sites of the 

benzodiazepine diazepam in peripheral tissue [19,20]. Because these diazepam binding 

sites were found outside the brain, they were named „peripheral‟ benzodiazepine 

receptors, in order to distinguish them from the central benzodiazepine receptor, 

which is a part of the GABAA receptor complex. In peripheral tissue, the highest level 

of PBR is found in the adrenals, kidney, lung, heart and hormone secreting tissue 

[21,22]. Although the PBR was first discovered in peripheral tissue, it was later found 

that the PBR is also expressed in glia cells in the brain.  
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The PBR, also often named the peripheral benzodiazepine binding site (PBBS), is a 

heteromeric complex found in the outer mitochondrial membrane that consists of at 

least three different subunits, including the isoquinolone binding protein of 18 kDa, a 

voltage-dependent anion channel of 32 kDa and an adenine nucleotide carrier of 30 

kDa. The minimal functional unit (the binding site) of the heteromeric complex is the 

18 kDa protein and it was recently suggested to rename the 18 kDa protein part of the 

PBR into translocator protein (TSPO), because it is predominately localized in 

mitochondria, its importance does not depend only on ligand binding but also to the 

subsequent effects of binding and because transport is the main function [23].  

It is not exactly known what the endogenous ligands of the PBR are, however a few 

candidates have been proposed, such as the diazepam-binding inhibitor (DBI) and 

porphyrins [21]. The PBR is thought to be involved in numerous functions, of which 

its role in steroidogenesis [24] and mitochondrial functioning [25] are probably the 

best characterized. The role of the PBR in mitochondrial functioning consists of the 

PBR being a sensor for cellular oxygen, mediating protective effects for neurons 

against damage caused by reactive oxygen species (ROS) and regulating the function 

of the mitochondrial permeability transition pore in response to apoptose triggering 

signals [25]. These functions of the PBR may be important in controling neuronal 

damage and they can therefore be the reason for upregulation of the PBR in activated 

microglia cells. 

The PBR may also play an important role in nerve regeneration via steroidogenesis. 

The steroidogenesis in begins with the conversion of cholesterol to pregnenolone, 

which is catalyzed by the enzyme P-450scc that is located on the matrix side of the 

inner mitochondrial membrane. Pregnenolone is then metabolized into neurosteroids, 

such as androgens, estrogens, glucocorticoids and mineralocorticoids. To form 

pregnenolone, cholesterol has to be transported from its cellular stores across the 

mitochondrial membrane and the PBR was suggested to play a major role in this 

transport process [21]. It was shown that both freeze injury of a peripheral sensory 

nerve (reversible damage) and nerve transection (permanent damage) increased the 

density of PBR and the levels of its endogenous ligand octadecaneuropeptide (ODN; 

a cleavage product of DBI) [26]. After regeneration of the freeze lesioned nerve the 

PBR density and the ODN levels decreased, whereas it remained elevated in nerve 

transaction. In addition, it was shown that the PBR agonist Ro5-4864 increased the 

local levels of pregnenolone in the nerve. The increased level of pregnenolone may be 

important for nerve regeneration, since it has been shown that steroids possess 
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neurotrophic activity [27]. Furthermore, the increased number of PBR enabling 

increased transport of cholesterol may be needed for biogenesis of the inner 

mitochondrial membrane, which may be required for mitochondrial biogenesis to 

support the accelerated microglia cell proliferation [24,28].  

 

PET imaging of neuroinflammation 

Because of the inaccessability of the brain, early diagnosis and early therapy reponse 

monitoring of neurological diseases is difficult and often rely on non-invasive imaging 

techniques. Nuclear imaging techniques like positron emission tomography (PET) and 

single photon emission computed tomography (SPECT) offer the unique opportunity 

to provide biochemical and physiological information on processes that occur in the 

brain. For both these nuclear imaging techniques, a radioactively labeled tracer 

molecule that participates in the process of interest is injected in the patient. The 

distribution of the tracer is recorded with a dedicated scanner and converted in 3-

dimensional tomographic images. For imaging of the inflammatory response in the 

brain, PET seems to be the more attractive tool, as it combines a higher resolution 

and sensitivity with the ability to quantify the biochemical or physiological parameter 

of interest using pharmacokinetics models. Therefore, this review will focus on PET 

imaging only. For PET imaging of neuroinflammation in neurological diseases, the 

increase in expression of the PBR in activated microglia cells is an attractive target. 

Several tracers have now been developed that specifically bind with high affinity to the 

PBR. An important aspect of PBR-based PET imaging of neuroinflammation is the 

fact that in the brain not only activated microglia cells showed increased expression of 

PBR Activated astroglia cells and infiltrating macrophages also express PBR. What the 

relative contributions of activated microglia, activated astroglia cells and infiltrating 

macrophages to the overall PBR expression level in neuroinflammation, and thus to 

the imaging signal, is not known. However, Banati et al. [29] showed that activated 

microglia cells are the main source of lesion-induced increase in PBR expression when 

the blood-brain barrier is intact. More importantly, the PBR is also present in the 

muscle cells of small- and medium-sized intraparenchymal arteries, in leptomeningeal 

arteries, in perivascular macrophages, in lymphocytes and neutrophils, in the choroids 

plexus and in the ependyma [30]. Specific binding of the PET tracers to the PBR in 

these regions is likely to cause a low background binding of the PET tracers and 

should be taken into account. 
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PET tracers for PBR imaging 

[11C]PK11195 

[11C]PK11195 is not only one of the first used PET tracer for PBR imaging, but until a 

few years ago also the only PET tracer that has been applied to image microglia 

activation in humans. Many studies demonstrate that [11C]PK11195 PET can detect 

inflammation-induced microglia activation in various neurological and psychiatric 

diseases. The results of these studies will be discussed in the next sections of this 

article. Despite the large number of successful [11C]PK11195 PET studies in human 

disease, [11C]PK11195 exhibits also several distinct limitations, especially for brain 

imaging. [11C]PK11195 shows high plasma protein binding and relatively poor 

penetration of the blood-brain barrier, which results in low levels of tracer 

accumulation in the brain. In addition, the high lipophilicity of [11C]PK11195 causes 

relatively high levels of non-specific binding and thus poor signal-to-noise ratios. 

Consequently, mild neuroinflammation is difficult to detect with [11C]PK11195 PET, 

if at all. Often, visual or semi-quantitative analysis of [11C]PK11195 PET images is 

insufficient and quantitative analysis by pharmacokinetic modeling is required. This 

was clearly demonstrated by the first publications on [11C]PK11195 PET imaging in 

patients with Alzheimer‟s disease. The first publication reported no increase in brain 

region-to-cerebellum ratios of tracer accumulation in patients, as compared to healthy 

volunteers [31]. A few years later, a [11C]PK11195 PET study on Alzheimer patients, 

in which pharmacokinetic modeling was applied to convert tracer uptake to binding 

potentials, was published, in which a significant increase in [11C]PK11195 binding 

potentials in temporal, parietal and posterior cingulate brain regions of Alzheimer 

patients was demonstrated [32]. Although quantitative analysis of the PET images 

gives more detailed and sensitive information, it is also more laborious and causes 

more discomfort to the patient, as generally arterial blood sampling is required due to 

the absence of a suitable reference brain region that lacks PBR expression. For the 

aforementioned reasons, the search for novel PET tracers for the PBR with better 

imaging properties than [11C]PK11195 has been increased enormously in the past 

decade. Figure 1 shows a compilation of tracers that have been proposed as 

alternatives for [11C]PK11195. The current status of these alternative PET tracers for 

the PBR will be briefly discussed below.  
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[11C]Ro5-4864 

[11C]Ro5-4864 (4‟-chlorodiazepam) was also among the first PBR ligands to be 

radiolabeled for PET imaging [33]. Unfortunately, no increased uptake of this tracer 

could be detected in human gliomas, with a high density of the PBR, when compared 

to normal brain tissue [34]. In addition, [11C]Ro5-4864 showed much lower in vitro 

binding to glioma sections than [11C]PK11195. Thus, it can be concluded that 

[11C]Ro5-4864 is not a good tracer for PET imaging. 

 

[18F]PK14105 

[18F]PK14105 is a structural analogue of PK11195 with comparable lipophilicity, 

selectivity and affinity for the PBR. PK14105 was labeled with fluorine-18 (half-life 

110 min) to provide a longer-lived tracer PET that allows distribution of the 

compound to satellite centers without a cyclotron [35]. In unilateral lesioned rats, 

[18F]PK14105 displayed specific uptake in the lesioned striatum, but the specific 

binding decrease more rapidly over time than that of [3H]PK11195 [36], which makes 

the tracer less attractive for PET imaging. 

 

[11C]VC193M, [11C]VC195, [11C]VC198M and [11C]VC701 

[11C]VC193M, [11C]VC195, [11C]VC198M and [11C]VC701 are quinoline-2-

carboxamide derivatives with a high affinity for the PBR that have been labeled with 

carbon-11 [37]. For all these tracers, ex vivo biodistribution studies in healthy rats 

demonstrated specific binding in several peripheral organs with high PBR expression 

[37,38]. Only [11C]VC193M, [11C]VC195 and [11C]VC198M were also evaluated in a 

preclinical disease model and compared with [11C]PK11195. In unilateral lesioned rats, 

induced by striatal injection of quinolinic acid, the novel tracers did not outperform 

[11C]PK11195. Lesioned-to-unlesioned striatum uptake ratios were highest for 

[11C]PK11195, slightly inferior for [11C]VC195 and substantially lower for 

[11C]VC193M and [11C]VC198M  [39]. The absolute uptake of [11C]VC195 in the 

lesioned striatum was approximately 70% higher than that of [11C]PK11195, but its 

clearance from plasma and normal brain was much slower. Thus, [11C]VC195 could be 

a potential candidate for PBR imaging, but the high background levels of the tracer in 

the brain, may reduce its sensitivity. [11C]VC701 needs to be further evaluated in 

disease models and compared with an established tracer, before any conclusion can be 

drawn. 
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Figure 1 Chemical structures of various PET tracers for imaging of the peripheral benzodiazepine 

receptor. 

 

[11C]Vinpocetine 

[11C]Vinpocetine is a Vinca minor alkaloid that has been used as a neuroprotective 

drug in the treatment and prevention of cerebrovascular diseases, such as ischemic 

stroke. Vinpocetine was found to bind specifically to the PBR and was subsequently 

investigated as a PET tracer. In cynomolgous monkeys, [11C]vinpocetine showed a 
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heterogeneous distribution in the brain. Cerebral uptake of [11C]vinpocetine was 

found to be 5-fold higher than that of [11C]PK11195 [40]. Pretreatment with 3 mg/kg 

of unlabeled vinpocetine resulted in a 22% reduction of [11C]PK11195 brain uptake. 

Remarkably, pretreatment with 1 mg/kg of unlabeled PK11195 caused a 36% increase 

in [11C]vinpocetine brain uptake. The increased brain uptake is caused by displacement 

of [11C]vinpocetine from the PBR in peripheral tissue like the lung by unlabeled 

PK11195, leading to an increased delivery of tracer to the brain. Quantitative analysis, 

however, revealed that the global binding potential of [11C]vinpocetine in the brain 

was 40% reduced after pretreatment with unlabeled PK11195. Also in human brain, 

rapid uptake, up to 3.7 % of the injected dose, was observed [41]. In the brain of 

normal subjects, highest uptake was found in thalamus, as is the case for 

[11C]PK11195. [11C]vinpocetine is rapidly metabolized in vivo. In human plasma, 25-

30% of the radioactivity consists of unchanged tracer at 50 minutes after tracer 

injection [41]. The main radioactive metabolite of [11C]vinpocetine is [11C]ethanol. 

Studies in monkeys showed that this metabolite behaves as a flow tracer and most 

likely does not significantly contribute to the brain radioactivity pattern of 

[11C]vinpocetine [42]. To evaluate the value of [11C]vinpocetine in human disease, a 

small pilot study was performed, in which the tracer was compared to [11C]PK11195 

in four patients with multiple sclerosis who had their last active period 3 – 17 months 

before the investigation [43]. In these patients, global and maximum brain uptake of 

[11C]vinpocetine was approximately 40% higher than that of [11C]PK11195. The 

apparent [11C]PK11195 binding potential (reference tissue Logan analysis) in and 

around the lesions was increased in only one patient, whereas the apparent binding 

potentials of [11C]vinpocetine were increased in all patients. Remarkably, coregistered 

[11C]vinpocetine and [11C]PK11195 images showed only minimal overlap in peak 

uptake. These results raise the question whether [11C]vinpocetine and [11C]PK11195 

bind to same binding sites after all. 

 

[11C]CLINME 

[11C]CLINME (2-[6-chloro-2-(4-iodophenyl)-imidazo[1,2-α]pyridine-3-yl]-N-ethyl-N-

methyl-acetamide) is a new PBR ligand that was recently labeled with carbon-11 for 

PET imaging [44]. The imaging properties of [11C]CLINME were compared to those 

of [11C]PK11195 in a rat model of local acute neuroinflammation, induced by striatal 

injection of α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA) [45]. 

Both tracers displayed similar pharmacokinetics in the lesioned striatum, but 
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[11C]CLINME was significantly faster cleared from the contralateral side, resulting in 

higher lesioned-to-unlesioned ratios for this new tracer. Pharmacokinetic modeling, 

using a reference tissue model, revealed that the tracer delivery to the brain was similar 

for [11C]CLINME and [11C]PK11195, but the apparent binding potential of 

[11C]CLINME (1.07 ± 0.30) in the lesioned brain was approximately 60% higher than 

that of [11C]PK11195 (0.66 ± 0.15). However, one should keep in mind that these 

apparent binding potentials do not purely represent binding in the lesioned striatum, 

but are also affected by binding in the reference tissue, the contralateral striatum, 

which contains PBR as well [46]. Metabolite analysis revealed that the in vivo stability 

of [11C]CLINME is fairly high, with 72% of the tracer in plasma still intact 30 minutes 

after injection and no metabolites in the brain. Taken together, these data indicate that 

[11C]CLINME could be a good alternative for [11C]PK11195 as PET tracer for PBR 

imaging, especially because of its faster clearance for normal brain tissue. 

 

[11C]DPA-713 

 [11C]DPA-713 (N,N-diethyl-2-(2-(4-[11C]methoxyphenyl)-5,7-dimethylpyrazolo(1,5-

a)pyrimidin-3-yl)acetamide) is a pyrazolopyrimidine derivative that was recently 

labeled with carbon-11 [47,48]. This compound was proposed as a PET tracer for the 

PBR, because DPA713 has a lower lipophilicity, higher selectivity and approximately 

2-fold higher affinity for the PBR than PK11195 [47]. [11C]DPA713 showed specific 

binding in the brain of healthy baboon with slow brain uptake kinetics, which could 

be favorable for quantitative analysis of PBR binding [47]. [11C]DPA713 was 

compared to [11C]PK11195 in rats with a unilateral AMPA-induced striatal lesion [49]. 

Despite slower pharmacokinetics, [11C]DPA713 uptake in the lesioned striatum was 

comparable to that of [11C]PK11195. However, tracer accumulation in the control 

striatum was significantly lower for [11C]DPA713 than for [11C]PK11195. The 

apparent binding potential, determined with a simplified reference tissue model, was 

2.4-fold higher for [11C]DPA713 then for [11C]PK11195 (1.57 ± 0.36 vs. 0.66 ± 0.15). 

Again, the difference in binding potential is partly due to differences in binding in the 

reference tissue. We have also compared [11C]DPA713 and [11C]PK11195, but in a 

HSV encephalitis rat model [50]. Although this model is more variable in the intensity 

of neuroinflammation, results obtained in this model were comparable to those 

described above. Metabolism of [11C]DPA713 in plasma was acceptable (about 60% 

intact tracer after 30 min) and no radioactive brain metabolites were found [49]. These 

results suggest that [11C]DPA713 is a good candidate PET tracer for PBR imaging. 
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[18F]DPA714 

[18F]DPA714 (N,N-diethyl-2-(2-(4-[2-fluoro-1-ethoxy]phenyl)-5,7-

dimethylpyrazolo(1,5-a)pyrimidin-3-yl)acetamide), a full agonist of the PBR, was 

evaluated in unilateral quinolinic acid lesioned rats. Ex vivo biodistribution 

demonstrated an 8-fold higher uptake of [18F]DPA714 in the lesioned striatum than in 

control striatum [51]. The uptake in the lesion was reduced to the level of the 

contralateral striatum by pretreatment with unlabeled PK11195, DPA713 or DPA714. 

PET studies in baboon showed rapid uptake and retention of the tracer in the brain, 

which could be blocked by unlabeled PK11195 and displaced by DPA714. We 

investigated [18F]DPA714 in rats with viral encephalitis that was induced by intranasal 

inoculation with HSV type 1 (manuscript submitted). In control animals, brain uptake 

of [18F]DPA714 is much lower than that of [11C]PK11195 and [11C]DPA713, which 

may be beneficial for detecting mild infection. In the HSV encephalitis model, 

however, the specific uptake of [18F]DPA714 in inflamed brain regions was 

substantially lower than that of [11C]PK11195 and [11C]DPA713, which makes 

[18F]DPA714 less attractive for PBR imaging than the other tracers. 

 

[11C]AC5216 

[11C]AC5216 (N-benzyl-N-ethyl-2-(7-methyl-8-oxo-2-phenyl-7,8-dihydro-9H-purin-9-

yl)acetamide) is a high affinity, selective PBR ligand (2-fold higher affinity than 

PK11195) with anti-anxiety and anti-depressant properties [52]. [11C]AC5216 showed 

specific binding in brain regions with highest PBR density in normal mouse, rat and 

monkey, as was demonstrated in receptor blocking studies with unlabeled AC-5216 or 

PK11195 [53,54]. Maximum radioactivity levels of [11C]AC5216 in the monkey brain 

were 4-6 times higher than those of [11C]PK11195. In vitro en ex-vivo 

autoradiography studies in rats with unilateral striatal lesions induced by kainic acid 

infusion demonstrated approximately 3 times higher tracer uptake in the ipsilateral 

striatum, cerebral cortex and hippocampus, as compared to the contralateral brain 

regions [53]. In the plasma of monkey and rat, formation of high amounts of a more 

polar metabolite of [11C]AC5216 was detected. However, this metabolite does hardly 

penetrate the blood-brain barrier, as no metabolites were found in the brains of mice 

and rats [53,54]. In vitro and ex vivo autoradiography studies in mice with PBR 

expressing tumors indicated that the tracer distribution of [11C]AC5216 in the tumor 

was flow dependent [55]. The flow dependency of [11C]AC5216 accumulation in the 

brain has not been investigated yet, but if [11C]AC5216 brain uptake would prove to 
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be flow dependent, quantification of PBR expression will not be possible with this 

tracer. 

 

[11C]PBR01 

[11C]PBR01 (N-acetyl-N-(2-methoxycarbonylbenzyl)-2-phenoxyaniline) and 

[18F]PBR06 N-fluoroacetyl-N-(2,5dimethoxybenzyl)-2-phenoxyaniline) belong to a 

class phenoxyanilide derivatives that have been evaluated as PET tracers in healthy 

rhesus monkeys [56,57]. Both compounds show a high degree of displaceable specific 

binding in the brain, but also rapid metabolism in plasma. Among these tracers, 

[11C]PBR01 appears least suitable for PBR imaging. Uptake of  [11C]PBR01 in rhesus 

monkey brain was lower than that of [18F]PBR06 [57] and [11C]PBR28 [56]. In 

addition, compartment modeling yielded inaccurate estimates of the distribution 

volumes of [11C]PBR01, probably due to its slow kinetics relative to its short half-life. 

In contrast, [18F]PBR06 has adequate kinetics for quantitative analysis, which in 

combination with relatively low non-specific uptake would make this a promising 

tracer. However, further evaluation of this tracer in disease models has not been 

published yet. 

 

[11C]PBR28 

[11C]PBR28 (N-(2-methoxybenzyl)-N-(4-phenoxypyridin-3-yl)acetamide) is a PBR 

ligand with a lower lipophilicity than for example PK11195, PBR01 and DAA1106 

[56]. [11C]PBR28 showed high brain uptake in monkey brain, which peaked at 40 

minutes after tracer injection [58]. Highest uptake was found in the choroid plexus of 

the 4th ventricle, consistent with known PBR distribution in monkey. [11C]PBR28 

brain uptake could be blocked with 3 mg/kg of DAA1106 with >95% of the brain 

uptake being displaceable binding. In contrast to [11C]PBR01, compartmental 

modeling could be applied to quantify brain uptake of [11C]PBR28 within 100-110 

minutes of data acquisition. This could be could be due to the lower affinity and 

lipophilicity of [11C]PBR28 as compared to [11C]PBR01 [58]. [11C]PBR28 was rapidly 

metabolized by N-debenzylation in monkey, with only 4% intact tracer after 30 min. 

However, in the brain >97% of the radioactivity consisted of the intact tracer [56]. 

[11C]PBR28 was further evaluated in the permanent middle cerebral artery occlusion 

model, a rat model for stroke [59]. [11C]PBR28 PET images showed higher tracer 

uptake in the peri-ischemic core than in either the ischemic core or the contralateral 

hemisphere. The distribution of [11C]PBR28 uptake correlated well with PBR 
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expression as demonstrated by in-vitro [3H]PK11195 autoradiography on brain 

sections of the same animal (r2 = 0.80). Radiation dosimetry studies indicate that 

[11C]PBR28 causes an acceptable radiation burden to the patient (6.6 µSv/MBq) [60]. 

Organs with high PBR density, like lung, spleen and kidney, receive the highest 

radiation dose. The distribution volume of [11C]PBR28 was approximately 20 times 

lower in the brain of healthy volunteers than in monkey brain [61]. A substantial 

fraction of the human volunteers (14%) did not show any PBR binding in the brain or 

in peripheral organs. Apparently, in these subjects no binding sites for the tracer are 

available, which might be due to genetic polymorphism of the receptor. It is still 

unclear whether this lack of specific binding in a small portion of the subjects is 

specific for [11C]PBR28 or also occurs with other tracers. 

 

[11C]DAA1097 

[11C]DAA1097 (N-(4-chloro-2-phenoxyphenyl)-N-(2-isopropoxybenzyl)acetamide) 

and its ethyl and methyl homologues were labeled with carbon-11 and evaluated with 

ex vivo autoradiography in rat brain [62]. For all these homologues, highest uptake 

was observed in the olfactory bulbs and cerebellum, the regions with highest PBR 

expression. For all tracers, uptake in the olfactory bulbs and cerebellum could be 

blocked by co-administration with unlabeled DAA1106. In monkey brain, 

[11C]DAA1097 uptake in the PBR-rich occipital cortex was slightly lower than that of 

its ethyl and methyl homologues, which is in agreement with the relative binding 

affinity of the tracers in vitro [62]. However, the level of specific binding of the 

[11C]DAA1097 homologues in the occipital cortex of the monkey was lower than 

those of [11C]DAA1106 and [18F]FEDAA1106. 

 

[11C]DAA1106 

 [11C]DAA1106 (N-(2,5-dimethoxybenzyl)-N-(5-fluoro-2-phenoxyphenyl)acetamide) is 

a 2-phenoxy-5-fluoroanilide derivative with high affinity and selectivity for the PBR 

that was radiolabeled with carbon-11 for PET imaging [63,64]. In mice, 

[11C]DAA1106 rapidly penetrated the blood-brain barrier. Maximum brain uptake was 

achieved after 30 minutes, with highest uptake in the olfactory bulbs and cerebellum 

[64]. [11C]DAA1106 was rapidly metabolized by debenzylation (6% of unchanged 

[11C]DAA1106 in plasma after 60 minutes), but no metabolites were found in the 

brain. Co-injection of the non-radioactive PBR ligands PK11195 or DAA1106, but 

not the CBR ligand Ro15-1788, resulted in a strong reduction of tracer uptake in these 
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brain regions. Similar results were obtain in rat and monkey. Although the areas with 

highest uptake were different, the results were in accordance to the species differences 

in the PBR distribution in the brain [65]. Global [11C]DAA1106 brain uptake was 4 

times higher than that of [11C]PK11195, which probably reflects the better brain 

penetration of the former tracer due to its higher lipophilicity. [11C]DAA1106 was also 

able to detect activation of microglia in several rat models of inflammation. Unilateral 

injection of kainic acid in the dorsal rat striatum caused a 2-fold increase in 

[11C]DAA1106 binding in the lesioned hippocampus compared to the contralateral 

region, as was determined by ex vivo autoradiography [65]. Similar results were found 

in the controlled cortical impact model of traumatic brain injury [66], unilateral 

lipopolysaccaride lesioned rats [67] and unilateral 6-hydroxydopamine lesioned rats 

[67]. Uptake of [11C]DAA1106 was enhanced in areas of brain damage in all these 

models. In addition, all these studies showed that [11C]DAA1106 uptake in the 

damaged brain region was higher than that of [11C]PK11195. In rats with neuronal 

insults that were induced by intrastriatal micro-infusion of ethanol, increased retention 

of [11C]DAA1106 in the lesion was also observed. The enhanced tracer uptake lasted 

from day 3 until at least day 90 after injury and coincided with the increase in activated 

microglia and astrocytes in the affected striatum [68]. Interesting, multi-linear 

regression indicated that the enhanced [11C]DAA1106 retention predominantly 

depended on the number of activated microglia, not on the level of activated 

astrocytes. In humans, the metabolism of [11C]DAA1106 is acceptable, but binding 

kinetics (especially receptor dissociation) are slow [69]. Highest binding potential 

(5.54) was found in the thalamus, which is consistent with [11C]PK11195 data. For 

quantification of [11C]DAA1106 binding, the non-linear least-square method with the 

two-compartment model was the most reliable method. However, the binding 

potentials and the distribution volumes estimated by this method did not correlate. So 

far, no [11C]DAA1106 PET studies in human disease were published. 

 

[18F]FMDAA1106 

[18F]FMDAA1106 (N-(5-fluoro-2-phenoxyphenyl)-N-(2-fluoromethyl-5-

methoxybenzyl)-acetamide), a fluoro analogue of [11C]DAA1106, was developed as a 

PET tracer with a longer half-life [70]. However, [18F]FMDAA1106 showed extensive 

defluorination in vivo and therefore is not useful for PET imaging. To reduce the 

metabolic rate of the tracer, the deuterium-substituted analogue [18F]d2FMDAA1106 

was developed [71]. The isotope effect should reduce the rate of carbene formation 
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and thus increase the stability of the compound. In mice, defluorination was indeed 

reduced, as was evident from the decreased accumulation of radioactivity in bone.  In 

monkey, however, still avid defluorination occurred [71]. Thus, the deuterated 

analogue of [18F]FMDAA1106 is also not suited as a PET tracer. 

 

[18F]FEDAA1106 

[18F]FEDAA1106 (N-(5-fluoro-2-phenoxyphenyl)-N-(2-fluoroethyl-5-

methoxybenzyl)-acetamide) is the fluoroethyl homologue of [11C]DAA1106. The 

distribution of [18F]FEDAA1106 in mouse and monkey brain was consistent with the 

known distribution of PBR [70]. The uptake of [18F]FEDAA1106 in the occipital 

cortex of monkeys was 1.5 and 6 times higher than [11C]DAA1106 and [11C]PK11195, 

respectively. As for most other DAA1106 derivatives, [18F]FEDAA1106 was 

metabolized by N-debenzylation into a radioactive metabolite that does not cross the 

blood-brain barrier. No defluorination was observed. [18F]FEDAA1106 was able to 

detect activated microglia in an ethanol-induced neuronal insult rat model of 

neuroinflammation. One month after ethanol injection, small animal PET imaging 

showed  increased [18F]FEDAA1106 uptake in the damaged brain region [68]. 

[18F]FEDAA1106 was also successfully applied to monitor the neuroinflammatory 

response to treatment in an animal model of Alzheimer‟s disease [72]. 

[18F]FEDAA1106 PET could detect substantial neuroinflammation in the 

hippocampus of amyloid precursor protein transgenic mice after local immunization 

with an antibody against amyloid β peptide. In contrast, no increased levels of 

[18F]FEDAA1106 could be seen in the brain upon immunization of wild-type animals 

that lack amyloid plaques. In healthy human volunteers, [18F]FEDAA1106 rapidly 

accumulated into the brain, followed by a very slow wash-out [73]. Differences in 

tracer uptake between different brain regions were small. Brain uptake of 

[18F]FEDAA1106 was approximately 6 times higher than that of [11C]PK11195. 

Because of the slow tracer kinetics, quantification by the Logan plot or multi-linear 

analysis methods resulted in 10-20% underestimation of [18F]FEDAA1106 binding. 

Non-linear least-square proved the most reliable method for quantification [73].  

As follows from the above, several promising PET tracers for the PBR have been 

developed. A number of these tracers were shown to have more favorable 

characteristics for PET imaging than [11C]PK11195. Based on animal data, 

[11C]DAA1106, [18F]FEDAA1106, [11C]PBR28, [11C]DPA713 and [11C]CLINME are 

among the most promising new tracers for PBR imaging. However, it is impossible to 
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select the tracer that shows best imaging properties, because the tracers have been 

evaluated in different manners in various animal models. The use of different animal 

models to select the best PET tracer is also complicated by the different affinities of 

the PBR ligands depending on PBR function. The PBR can be involved in apoptosis 

or steroidogenesis which can be different in the used animal models. The apoptotic 

sites were found to have a lower affinity for [11C]PK11195 than the steroidogenic sites 

[74], which makes interpretation of the data complicated. Furthermore, a comparison 

of the new tracers with the golden standard, [11C]PK11195, is not available for all 

compounds. Besides [11C]PK11195, only [11C]vinpocetine, [11C]PBR28, 

[11C]DAA1106 and [18F]FEDAA1106 were used in healthy volunteers, whereas only 

[11C]vinpocetine was used in patients. The first results in humans indicate that also the 

new PET tracers are not ideal yet. [11C]vinpocetine distribution in the brain of 

multiple sclerosis patients did not correlate with that of [11C]PK11195. [11C]PBR28 did 

not bind to the PBR in a substantial fraction of the volunteers. [11C]DAA1106 and 

[18F]FEDAA1106 display very slow pharmacokinetics, which hampers quantification. 

Thus, it can be concluded that more research is required to find and validate a better 

alternative for [11C]PK11195 as tracer for the PBR imaging. 

 

PET imaging of neuroinflammation in human disease 

As follows from the above, many tracers for imaging of PBR expression have been 

developed and some of them appear to be promising. With one exception, to date all 

PET imaging studies on neuroinflammation in human disease have been performed 

with [11C]PK11195 as the tracer (table 1). The following paragraphs will give an 

overview of the results of human [11C]PK11195  PET imaging studies in various 

neurological diseases. 

 

Dementia 

Alzheimer’s disease 

The role of neuroinflammation in dementia was first studied in Alzheimer patients 

with mild to moderate dementia, but no regions with increased [11C]PK11195 were 

found when compared to healthy volunteers [31]. In contrast to the aforementioned 

finding, another study on patients with mild to moderate dementia in Alzheimer‟s 

disease showed increased regional binding of [11C]PK11195 that correlated with 
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decreased glucose metabolism in the same regions [32]. MRI scans that were made as 

follow-up after 12 to 24 months showed the highest rate of atrophy in the regions 

where high [11C]PK11195 uptake was found. The conflicting results of these studies 

can be explained by methodological differences between these studies. The first study 

used racemic [11C]PK11195, while the second study used the (R)-enantiomer of 

[11C]PK11195 which has a higher affinity for the PBR. In addition, the second study 

used a 3D-scanning mode and used tracer kinetic modeling with cluster analysis to 

determine a reliable input function which allows to determine the binding potential of 

[11C]PK11195. In Alzheimer‟s disease, the increased binding of [11C]PK11195 can be 

due to neuroinflammation, resulting either from the presence of amyloid plaques or 

from the process of neurodegeneration.  

Frontotemporal lobar degeneration 

Cagnin et al. [75] studied patients with frontotemporal lobar degeneration (FTLD). 

They reported increased binding of [11C]PK11195 in frontotemporal regions, which is 

different from the increased [11C]PK11195 uptake found in Alzheimer‟s disease. The 

[11C]PK11195 uptake in dementia precedes atrophy that can be visualized by MRI, 

which makes [11C]PK11195 PET an important tool for disease monitoring and follow-

up of therapeutic intervention. As already mentioned by Cagnin et al. [76], the 

presence of activated microglia cells in brain tissue is an indirect measure of the 

activity of the disease. [11C]PK11195 PET may be useful in determining if the 

activation of microglia cells as a result of the disease and/or may contribute to 

monitoring the progress of the disease. 

HIV-associated dementia 

Dementia is also a common neurological condition associated with HIV (human 

immunodeficiency virus) infection. HIV infects glial cells in the brain, resulting in the 

release of cytokines and chemokines that, together with viral neurotoxins, contribute 

to neuronal damage. In patients with HIV-associated dementia, a significant higher 

binding of [11C]PK11195 was found in 5 of the 8 studied brain regions as compared to 

healthy controls, whereas HIV patients without dementia did not show significantly 

higher [11C]PK11195 binding [77]. While the activation of microglia cells is associated 

with dementia in HIV patients [11C]PK11195 PET was not able to detect differences 

between HIV patients with minor neurocognitive impairment and controls [78]. This 

may be due to insufficient sensitivity of [11C]PK11195 PET to detect mild activation 

of microglia in minor neurocognitive impairment. 
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Table 1 Overview of the PET imaging studies on neuroinflammation in human disease performed with 

[11C]PK11195. 

Neurological 
disease 

Areas with increased 
[11C]PK11195 uptake 

Correlation with  Lack of correlation with  

Alzheimer‟s 
disease 

Inferior and middle temporal 
gyri, fusiform gyri, left 
parahippocampal gyrus, left 
mygdala, left posterior 
cingulate, inferior parietal 
lobules, putamen, right 
pallidum [32] 

Rate of atrophy and regional 
glucose hypometabolism [32] 

 

Frontotemporal 
lobar 
degeneration 

Left dorsolateral 
prefrontal cortex, right 
hippocampus, 
parahippocampus, putamen 
[75,76] 

  

Corticobasal 
degeneration 

Caudate nucleus, frontal lobe, 
putamen, thalamus, pallidum, 
substantia nigra, pons in 
affected hemisphere [79,80] 

Decreased glucose metabolism 
in affected hemisphere [79] 

 

Huntington‟s 
disease 

Striatum, caudate, putamen, 
pallidum, frontal lobe, parietal 
lobe, occipital lobe, temporal 
lobe [81,82]  

Pre-symptomatic patients: loss 
of dopamine binding and the 5-
year probability of developing 
Huntington‟s disease [82] 

Symptomatic patients: loss of 
dopamine binding, higher CAG 
indexes and clinical severity 
(Unified Huntington‟s Disease 
Rating Scale) [81] 

 

Parkinson‟s 
disease 

Midbrain, striatum, pallidum, 
thalamus, precental gyrus, 
frontal lobe, anterior cingulate 
gyrus, posterior cingulate gyrus, 
pons [83,84] 

Midbrain: motor deficit severity 
(Unified Parkinson‟s Disease 
Rating Scale) and loss of 
presynaptic dopamine 
transporters [83] 

Anterior and posterior 
cingulate and thalamus: clinical 
duration of symptoms [84] 

 

Multiple system 
atrophy 

Dorsolateral prefrontal cortex, 
caudate, putamen, pallidum, 
thalamus, substantia nigra, pons 
[85] 

  

Progressive 
supranuclear 
palsy 

Caudate nucleus, putamen, 
pallidum, thalamus, midbrain, 
substantia nigra, pons, 
cerebellum, frontal lobe [84] 

  

Amyotropic 
lateral sclerosis 

Motor cortex, pons, frontal 
lobe region, thalamus [86] 

Increased clinical Upper Motor 
Neuron scores, both for motor 
cortex and thalamus [86] 

ALS Functional Rating Scale 
Score and disease duration 
[86] 

Multiple sclerosis Acute white matter lesions, 
thalamus, brainstem and 
normal appearing white matter 
[87-90] 

MRI findings of acute white 
matter lesions [87,88], the 
Expanded Disability Status 
Scale [88], the degree of disease 
progression [90] and decrease 
in brain parenchymal volume 
[90] 
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Ischemic stroke Stroke-defined lesions, 
thalamus and pons ipsilateral to 
affected hemisphere, along 
subcortical white matter tracts 
[91-93] 

MRI-defined lesions (but not 
within one week after stroke) 
[92,93] 

Contrast-enhanced CT 
lesions [91] 
 

Encephalitis Affected temporoparietal lobe 
[95], limbic system [96], 
thalamus [96] 

  

Hepatic 
encephalopathy 

Pallidum, right putamen, right 
dorsolateral prefrontal region 
[97-99] 

Cognitive impairment [97]  Duration of liver disease, 
severity of liver disease and  
blood ammonia levels [97] 

Peripheral nerve 
injury 

Thalamus contralateral to the 
side of injury [100] 

  

 

Corticobasal degeneration 

Corticobasal degeneration is a progressive neurological disorder characterised by a loss 

of nerve cells and atrophy in multiple brain areas, including the cerebral cortex and 

basal ganglia. The symptoms of the disease are similar to those found in Parkinson‟s 

disease. In a patient with clinical diagnosis of corticobasal degeneration and left-sided 

symptoms, higher binding potentials of [11C]PK11195 were found in the right basal 

ganglia and in the right pons [79]. The increased binding of [11C]PK11195 was 

accompanied by a decrease in glucose metabolism as measured by [18F]FDG PET, 

while the MRI scan did not reveal structural changes in any of the areas of high 

[11C]PK11195 and low [18F]FDG uptake. In another study, significant increased 

[11C]PK11195 binding was found in the striatum, substantia nigra, pons and in 

corresponding cortical areas, when compared to healthy controls [80]. These two 

small studies showed the involvement of microglial cell activation in corticobasal 

degeneration, however, the exact role of microglia cells needs to be addressed in a 

larger longitudinal study.  

Huntington’s disease 

Huntington‟s disease (HD) is a genetic disease caused by a CAG repeat expansion in 

the HD gene on chromosome 4, resulting in a mutant form of the Huntington 

protein, which causes degeneration of neurons, especially in the frontal lobe and 

striatum. In the process of neurodegeneration, microglia cells are thought to play an 

important role in disease progression. In the first study involving [11C]PK11195 PET 

in Huntington‟s disease, increased binding potentials of [11C]PK11195 were found in 

the whole striatum, in the frontal lobe and in the parietal lobe of symptomatic 

patients, when compared to age-matched healthy controls [81]. The higher binding 
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potential in the striatum correlated with a lower striatal [11C]raclopride binding 

potential (loss of dopamine D2-receptor binding) and also with a higher CAG repeat 

length. Subsequently, presymptomatic gene carriers (PGC) were studied and also a 

higher [11C]PK11195 binding potential was found in the striatum and in cortical areas 

[82]. The striatal [11C]PK11195 binding potential in PGC was lower than that of 

symptomatic Huntington‟s disease patients, but this was not statistically significant. 

Microglia cell activation thus appears to be an early event in Huntington‟s disease. 

Although it is unlikely that microglia cell activation is the cause of the disease it may 

play an important role in disease progression. Inhibition of microglia cell activation in 

PGC may cause a delay in the onset of clinical symptoms and [11C]PK11195 PET can 

be an important tool to monitor this process and may provide prognostic information. 

 

Parkinson syndromes 

Parkinson’s disease  

Parkinson‟s disease is characterized by progressive degeneration of dopamine neurons 

in the substantia nigra and the related loss of dopamine nerve terminals in the 

striatum. Ouchi et al. [83] studied the relation between loss of density of the pre-

synaptic dopamine transporter and the presence of activated microglia cells. In drug-

naïve patients, a higher uptake of [11C]PK11195 was found in the midbrain as 

compared to age-matched healthy controls. The higher uptake of [11C]PK11195 in the 

midbrain correlated positively with motor impairment severity of the patients and with 

loss of pre-synaptic density of the dopamine transporter as determined with [11C]CFT 

PET. The increased binding of [11C]PK11195 in the striatum was found to be 

negatively correlated to the [11C]CFT binding in the dorsal putamen. This suggests 

that microglia cell activation plays an important role in initiating and maintaining 

Parkinson‟s disease. Gerhard et al. [84] studied longitudinal aspects of microglia cell 

activation in patients with Parkinson‟s disease and correlated this with the severity and 

the duration of the disease. In addition, the levels of microglia cell activation were 

studied over time, in a follow-up study 18 to 28 months after the first [11C]PK11195 

PET scan. Increased [11C]PK11195 binding was found in brain areas in the basal 

ganglia, cortex and in the brainstem, when patients were compared to age-matched 

healthy volunteers. An increased binding was also found in the substantia nigra, but 

this did not reach statistical significance. The contradictory result between both 

studies can be attributed to methodological differences and to differences in patient 

population, that contained more early stage patients in the study of Ouchi et al. [83]. 
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However, Gerhard et al. [84] found no correlation between [11C]PK11195 uptake and 

disease severity. In patients that were studied 18 to 28 months after the baseline PET 

scan, the disease process progressed, as determined by increased UPDRS (Unified  

Parkinson‟s Disease Rating Scale) and reductions in dopamine storage capacity, 

determined by [18F]DOPA PET. However, in these patients no differences in 

[11C]PK11195 uptake were found when compared to baseline uptake. It was suggested 

that the stable levels of microglia cell activation in Parkinson‟s disease represent a 

marker of ongoing disease activity, in which activated microglia cells promote disease 

progression. This would have interesting implications for the use of microglia cell 

activation, i.e. PBR expression, as a target for monitoring disease progression and for 

therapeutic intervention. When activated microglia cells are a key factor in progression 

of Parkinson‟s disease, therapeutic treatment directed at reduction of microglia cell 

activation, may slow down the progression of the disease.  

Multiple system atrophy 

Multiple system atrophy is a progressive brain disorder that is characterised by damage 

to the autonomic nervous sytem, muscle rigidity and cerebral dysfyunction. As 

compared to healthy controls, patients with multiple system atropy showed increased 

binding potenials of [11C]PK11195 in the dorsolateral prefrontal cortex, striatum, 

pallidum, thalamus, substantia nigra and the pons [85]. The distribution of increased 

[11C]PK11195 uptake corresponded well with the known neuropathological 

distrbution of microglia cells. The data did not indicate a simple correlation between 

the symptoms of the disease and the degree of microglia cell activation, although the 

power to make a correlation between microglia activation and clinical features was not 

high enough because of a small number of patients. A larger longitudinal study is 

therefore in progress. 

Progressive supranuclear palsy 

The symptoms of progressive supranuclear palsy, that are caused by gradual 

deterioriation and death of nerve cells, involve loss of balance and falling, slowing of 

movement, changes in personality and dementia. In four patients, an increased 

binding of [11C]PK11195 was found in the striatum, pallidum, thalamus, midbrain, 

substantia nigra, pons, cerebellum and frontal lobe, when compared to healthy contols 

[84]. This increased binding is consistent with the known neuropathological 

distribution of microglia cell activation. Because of the low number of patient in this 

study, [11C]PK11195 uptake was not intended to be correlated to clinical features and 
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a larger longitudinal study is necessary to determine the exact role of microglia cells in 

progressive supranuclear palsy. 

 

Amyotrophic lateral sclerosis 

Amyotropic lateral sclerosis is caused by the degeneration of motor neurons. A 

significantly higher uptake of [11C]PK11195 was found in the region of the motor 

cortex, pons, frontal lobe region and thalamus, when compared to healthy controls 

[86]. In addition, a correlation was found between the individual [11C]PK11195 

binding potentials and the number of pathological upper motor neuron signs. 

Although only a small number of patients were included, this study showed that 

microglia cells are an important feature of amyotropic lateral sclerosis and that disease 

progression does not only involve the motor areas, but also extends to extra-motor 

areas. 

 

Multiple sclerosis 

Multiple sclerosis (MS) is a chronic disease that is characterized by degeneration of 

myelin in the white matter of the brain. Active myelin degeneration is accompanied by 

an inflammatory response, involving not only activated microglia cells and astrocytes, 

but also lymphocytes and macrophages from the periphery. The first study on imaging 

of the inflammatory response to myelin degeneration with [11C]PK11195 showed that 

there was increased uptake in acute white matter lesions, but not in chronic lesions 

[87]. In a subsequent study, Banati et al. [88] used kinetic modeling to quantify the 

uptake of [11C]PK11195. They found increased focal binding of [11C]PK11195 in MS 

patients, when compared to healthy controls. In areas where the blood-brain barrier 

was disrupted, as visualized by contrast-enhancing lesions in T1-weighted MRI, the 

highest overlap with increased [11C]PK11195 uptake was found. In contrast, old 

lesions (black holes in T1-weighted MRI) showed little uptake of [11C]PK11195, 

although during relapse of the disease the binding in the old lesions doubled. The 

binding of [11C]PK11195 in hypointensive areas in the T1-weighted MRI, showed a 

positive correlation with the increasing disability of the patients, as measured by the 

Expanded Disability Status Scale (EDSS). More interesting, [11C]PK11195 binding was 

found in brain areas beyond the focal lesions and it was therefore discussed that 

[11C]PK11195 binding would be a better parameter of clinical change than the 

measurements of disease activity by the EDSS. Consistent with the results of Banati et 

al., Debruyne et al. [89] found an increased [11C]PK11195 uptake in active focal lesions 
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that were defined by contrast-enhanced T1-weighted MRI images. In addition, they 

found a trend towards a higher [11C]PK11195 uptake in white matter that on the MRI 

appears as normal (normal appearing white matter (NAWM)). In a second study by 

the same group, the higher uptake of [11C]PK11195 in NAWM was confirmed and it 

was found to correlate positively with the degree of disease progression and the 

decrease in brain parenchymal volume [90].  

The increased [11C]PK11195 binding in the focal lesions that is found in these studies 

is may theoretically be due to binding to the PBR in infiltrating macrophages from the 

periphery because of disruption of the blood-brain barrier. In contrast, the increased 

binding in lesions beyond the focal lesion and in the NAWM, without disruption of 

the blood-brain barrier, is most likely predominantly due to binding of [11C]PK11195 

to the PBR expressed by activated microglia cells. The focal lesions can be visualized 

by both MRI and PET, however, more interesting for monitoring of the disease 

progression and probably also for therapeutic intervention is [11C]PK11195 PET. The 

activation of microglia cells precedes the development of focal lesions that can be 

visualized by MRI and therefore [11C]PK11195 PET may be a better predictor of 

disease progression. 

 

Ischemic Stroke 

Ischemic stroke is characterized by loss of brain function and necrosis due to 

decreased blood supply to a certain brain area. [11C]PK11195 PET imaging of stroke 

has been performed to study the early and late effects of focal ischemia, as well as to 

study disease progression. In one single patient, [11C]PK11195 PET was performed on 

day 6, 13 and 20 following a stroke in the left hemisphere [91]. On day 6, increased 

uptake could just be discerned around the borders of the lesion, while on day 13 after 

stroke larger well-defined areas of increased [11C]PK11195 uptake were found in the 

left hemisphere. Tracer uptake was even higher at day 20 after stroke. When contrast 

enhanced CT images were compared with [11C]PK11195 PET images, it was found 

that the general distributions of abnormalities in the left hemisphere were similar, but 

that there was no close resemblance of the detailed distribution abnormalities within 

brain regions. Another study on imaging of stroke with [11C]PK11195 PET, in two 

patients,  showed that from 5 to 53 days after stroke, the areas with increased uptake 

corresponded well with lesions shown by MRI [92]. Although the area of 

[11C]PK11195 binding appeared to be larger than the lesion area shown by MRI, this 

difference was not statistically significant. One patient was scanned on both day 5 and 
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day 13 after stroke and it was shown that [11C]PK11195 binding in the lesion areas 

was more pronounced on day 13. Pappata et al. studied patients with chronic middle 

cerebral artery infarcts and found an increased uptake of [11C]PK11195 in the 

thalamus ipsilateral to the affected hemisphere 2 to 24 months after stroke, but not in 

the contralateral thalamus [93]. Increased [11C]PK11195 binding was also found 

around lesion areas and in degenerating neuronal tracts through the internal capsule. 

The studies that are mentioned above mainly focused on the activation of microglia 

cells at a certain time point after stroke. Gerhard et al. [94] studied the time course of 

microglia cell activation from day 3 to day 150 after stroke. Before day 6 after stroke, 

the area of increased [11C]PK11195 uptake was found to be smaller than the size of 

the lesion as defined by MRI, while between 9 and 28 days after stroke the area of 

increased [11C]PK11195 uptake was increased in size relative to the MRI-defined 

lesion. In two patients that were scanned on two time points after stroke, the second 

scan not only showed increased [11C]PK11195 uptake in the primary lesion, but also in 

areas beyond the primary lesion.  

The activated microglia cells that are present in the lesion area after stroke may 

produce neuroprotective molecules to repair the neurons that were only a little 

damaged, or may serve as macrophages in order to remove the neurons from the 

brain tissue that are too damaged to recover. The presence of activated microglia cells 

beyond the lesion area is probably due to damage of neuronal projections, resulting in 

antero- or retrograde activation of microglia cells. Activated microglia may be 

beneficial or detrimental, [11C]PK11195 PET may be a useful tool to discriminate 

between possible beneficial (around the lesion area) and detrimental (distant from the 

lesion area) activation of microglia cells and could be used to monitor the effect of 

pharmacological treatment of stroke. 

 

Encephalitis 

Rasmussen‟s encephalitis, also chronic focal encephalitis, is a progressive disease that 

is characterized by frequent and severe seizures and by neuroinflammation in a single 

cerebral hemisphere. In two patients with Rasmussen‟s encephalitis, it was shown that 

the binding potential of [11C]PK11195 was approximately 10-fold higher in the 

affected hemisphere, as compared to the unaffected hemisphere [95]. [11C]PK11195 

uptake in the unaffected hemisphere was comparable to the uptake in the brain of 

healthy volunteers, while the binding potential in the affected hemisphere was 

significantly higher than in the control group. MRI scans revealed regions of atrophy 
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in the affected hemisphere, however, increased focal and diffuse [11C]PK11195 uptake 

was also found in brain regions that appeared normal on MRI. This may suggest that 

[11C]PK11195 can diagnose Rasmussen‟s encephalitis in a more subtle stage than MRI 

and thus can be useful in understanding the disease progress, especially because it is 

not known whether the microglia cell activation has a causal role in the disease, or is a 

response to the neurological damage caused by the seizures.  

In addition to Rasmussen‟s encephalitis, [11C]PK11195 PET has also been used to 

image activated microglia cells in herpes encephalitis [96]. Herpes encephalitis is 

mostly caused by the herpes simplex virus type-1 and is characterised by severe brain 

damage, that occurs also distant from the primary lesion site. [11C]PK11195 PET in 

two patients, 5 and  8 months after onset of the disease, revealed high specific binding 

in limbic regions and in anatomically connected regions (i.e. areas that where beyond 

the areas that showed atrophy on the MRI scan) [96]. In a follow-up study after 

antiviral treatment, respectively 12 and 6 months later, the MRI scan showed marked 

atrophy in the brain areas where increased [11C]PK11195 uptake was found on the 

first [11C]PK11195 PET scan. In addition, [11C]PK11195 PET revealed a largely 

maintained, but wider distribution of [11C]PK11195 uptake. These data showed that 

microglia cell activation in response to brain damage can be found not only at the 

primary lesion, but also in brain areas that are connected to the primary lesion. 

Activated microglia cells beyond the primary lesions are predictive for future 

neurodegeneration. The activated microglia cells, that were found in the follow-up 

study is unlikely to be due to the presence of virus in the brain and can be a result of a 

self-induced immune activation involving microglia cells. The microglia cells, and thus 

the PBR, may therefore be a useful target for predicting the progression of the 

inflammatory response into neurodegeneration. 

 

Hepatic encephalopathy 

Hepatic encephalopathy is a reversible neuropsychiatric disorder, which is 

accompanied by impaired function of brain cells, which is caused by the presence of 

toxic substances in the blood, as a result of liver failure. Increased binding of 

[11C]PK11195 was found in the pallidum, right putamen and the right dorsolateral 

prefrontal region in patients as compared to healthy controls [97]. The increased 

uptake in the pallidum is consistent with the well known involvement of the pallidum 

in liver disease and with T1-weighted MRI signal hyperintensities in this brain region.  

No correlation between the severity of liver disease and [11C]PK11195 binding was 
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found, but the patients with the highest [11C]PK11195 binding were cognitively most 

impaired. This study supports the hypothesis of a role of activated PBR in the 

pathophysiology of hepatic encephalopathy. Ammonia may be one of the toxic 

substances that is causing the brain damage in hepatic encephalopathy. It has been 

shown that hyperammonaemia resembles the symptoms of hepatic encephalopathy 

and results in increased PK11195 binding and brain pregnenolone synthesis [98]. This 

suggests a neurotrophic role of the PBR in this disease. In contrast to the 

aforementioned study, no difference in the volume of distribution of [11C]PK11195 

was observed between patients with alcohol liver cirrhosis with acute hepatic 

encephalopathy and healthy controls [99]. The difference between the two studies can 

be explained by differences between patient groups, because the arterial level of 

ammonia was higher in the study were a significant higher [11C]PK11195 uptake was 

found. Another explanation could be methodological differences. In one study [97], 

The uptake of [11C]PK11195 is expressed as the binding potential using a reference 

tissue model (with the reference tissue being determind by cluster analysis), while in 

the other study [99] it is expressed as volume of distribution using a plasma input 

curve. The binding potential may be a more accurate measurement of [11C]PK11195 

uptake. To determine the role of the PBR in hepatic encephalopathy more studies 

with larger number of patients are necessary.  

 

Peripheral nerve injury  

[11C]PK11195 PET was used to study microglia cell activation in patients with injuries 

at different levels of the sensory pathway, like rupture of the brachial plexus or 

avulsion of the spinal cord sensory root [100]. Significantly higher binding of 

[11C]PK11195 was found in the thalamus contralateral to the side of injury, when 

compared to the uptake in healthy controls. This higher uptake was found even two 

decades after the event and was not accompanied by atrophy in the thalamus and did 

not correlate with the size of the thalamus.  

 

Therapy monitoring 

PET is not only an attractive technique for detection of neuroinflammation and 

studying disease progression, but it could also be a valuable tool for monitoring of 

therapy response. In oncology therapy monitoring with [18F]FDG PET is routine 

clinical practice. For more than a decade the decision to continue or to stop cytostatic 
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therapy in lung cancer, Hodgkin and non-Hodgkin lymphoma, liver metastases and 

others is based on FDG PET [101,102]. 

There are several reasons for therapy monitoring based on PBR expression in 

inflammatory brain diseases. As follows from the above, microglia cell activation is 

associated with many neurological diseases and there is evidence that microglia cell 

activation precedes neurodegeneration [103,104]. So, this provides an interesting 

opportunity to select patients with ongoing neuroinflammation for anti-inflammatory 

therapy to prevent neurodegeneration. For example, PET imaging with the PBR 

ligand [11C]PK11195 can localize ongoing inflammation after traumatic nerve lesions, 

after herpes simplex encephalitis, in Alzheimer‟s disease or in Parkinson‟s disease. 

Patients with neuroinflammatory foci can be specifically subjected to anti-

inflammatory therapy, whereas patients that show no inflammation can be 

safeguarded against ineffective treatment with anti-inflammatory drugs. In this way, 

PET imaging with PBR ligands can help to select patients that will benefit from the 

therapy. In these selected patients the effectiveness of therapy can then be evaluated 

on hard measures of inflammation reduction in the lesions previously found. Dose 

finding can be performed, preventing under-treatment and also preventing potential 

toxic effects of anti-inflammatory drugs. Like in cancer therapy, dose change, therapy 

continuation or therapy discontinuation are then decided in a rational way.  

In addition, the hypothesis is that low grade expression of the PBR may be 

neuroprotective and high level expression neurodestructive. It seems therefore very 

important to be able to evaluate the actual expression of inflammatory mediating 

molecules in vivo in patients for evalutation of therapy effectiveness and understanding 

of variable effects of anti-inflammatory drugs. Ideally, the anti-inflammatory drugs 

shift the inflammatory status from neurodestructive to neuroprotective levels. It is 

very probable that effective lowering of upregulated PBR signal in PET images is 

associated with patient cases that show improvement of their clinical profile. Although 

there are other imaging techniques like CT and MRI that can detect abnormalities in 

the brain, in monitoring treatment effects on neuroinflammation PET is superior. In 

both HIV dementia and herpes simplex encephalitis early measurements of brain 

inflammation with MRI showed insufficient sensitivity. In addition, PET imaging is 

superior in detection sensitivity in lesions distant from acute infection [96].  

In most neurological diseases, anti-inflammatory treatment may prevent severe 

neuronal damage and neurodegeneration, and the effect of this treatment can be 

monitored by PET imaging of the PBR. There are a few anti-inflammatory drugs with 
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potentially neuroprotective properties that have already been evaluated in both animal 

studies and clinical trials. Among these drugs, minocycline and COX inhibitors have 

received most attention. 

 

Minocycline 

Minocycline is a member of the broad spectrum tetracycline antibiotics and is mostly 

used to treat acne and other skin infections. In animal models, minocycline decreases 

microglia cell activation and protects against, amongst others, multiple sclerosis like 

lesions [105] and virus induced glutamate and IL-1 toxicity [106,107]. In an animal 

model of schizophrenia, minocycline was also found to protect against the toxic 

effects of the NMDA-receptor antagonist MK801 [108]. In addition, minocycline is 

neuroprotective in various animal models of viral brain infection [106,107,109].  

One of the mechanism by which minocycline might exert its neuroprotective role is 

the prevention of microglia cell activation by preventing destructive pressure of 

cytokines such as TNF-alpha [110]. Paradoxically minocycline can induce elevation of 

TNF-alpha in stimulated peripheral monocytes [107]. Other mechanism of the effect 

of minocycline are suggested to be attenuation of apoptosis or suppression of free-

radical production [111]. However, the effect of minocycline on the brain is highly 

disease specific and probably dependent on the precise dosage regimen. For example, 

in stress (glucocorticoid) related [112] and glutamate related [113] models of 

neurotoxicity  minocycline attenuates damage. In contrast, minocycline exacerbated 

MPTP-induced damage to dopaminergic neurons in mice and increased symptoms of 

parkinsonism in MPTP-treated monkeys [114,115]. Minocycline has different immune 

modulatory effects in demyelination models. This pharmaceutical aggravates 

inflammatory damage in a non-immune demyelination model [116], but not in an 

ischemic demylination model [117]. Straightforward paradoxical are the effects of 

minocycline on infectious diseases in the brain. In the simian model of HIV dementia 

[109,118], minocycline reduces viral load but also attenuates the inflammatory 

responses in the brain. Anti inflammatory effect of minocycline may actually improve 

viral resistance in the brain, which is a paradox that is not yet solved. Probably 

minocycline has a complex immune modulatory effect (as opposed to a general anti-

inflammatory effect) that favours viral clearance.  

Although there are contradicting results, most animal studies showed the 

neuroprotective effect of minocycline and it has already been used and shown to be 
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effective in clinical studies. In 10 patients with relapsing remitting multiple sclerosis it 

was found that after two months of treatment with minocycline no contrast-enhanced 

MRI lesions were found, whereas they were found in the period before and during the 

first two months of treatment [119]. Follow-up of these patients after 12 and 24 

months of treatment showed no relapse and no active lesions on contrast-enhanced 

MRI [120]. An effect of minocycline treatment was also found in patients when 

treated for 5 consecutive days at the acute stage of stroke [121]. The reductions in the 

score on the NIH stroke scale were significantly larger for the minocycline treated 

patients, as compared non-treated patients. In Huntington‟s disease, a stabilization of 

neurological and neuropsychological function was found, as well as an improvement 

in global psychiatric scoring [122]. Neuroinflammation may also play an important 

role in schizophrenia and post-mortem studies showed increased activated microglia 

in schizophrenic brains as compared to healthy brains [123,124]. Treatment with 

minocycline has been shown be effective in the treatment of acute schizophrenia with 

predominately catatonic symptoms[125]. Larger studies on the effect of minocycline 

on cognitive functioning in schizophrenia are in progress. 

As mentioned above, there are a few clinical studies that investigate the role of 

minocycline on various neurological diseases. However, the MRI measurement that 

are used determine the effect of treatment may not be sensitive enough and only 

detect large treatment effects. PET imaging of the PBR is likely to be more sensitive, 

especially with the new PET tracers that are under development, because it directly 

measures microglia cell activity. It has already been shown that treatment with 

minocycline causes a reduction in PBR expression. In gerbils with global cerebral 

ischemia an increase was found in [3H]PK11195 binding in the hippocampus, while 

treatment with minocycline significantly reduced the increase in [3H]PK11195 binding 

by 36% [126]. In addition, nodose ganglionectomy in rats resulted in an increase in 

[3H]PK11195 binding in multiple brainstem nuclei which was significantly decreased 

by minocycline treatment [127]. Imaging of the PBR may therefore be an important 

tool in monitoring minocycline treatment in neurodegenerative diseases. 

 

COX inhibitors 

Cyclooxygenase (COX) is an enzyme that is responsible for the formation of 

prostanoids, like prostaglandins and thromboxane and inhibitors of COX have 

analgesic, antipyretic and anti-inflammatory properties. There are two COX isoforms: 
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COX-1, which is expressed in most tissues, and COX-2, which is related to 

inflammation, mainly in the brain. COX-2 inhibitors, like celecoxib and rofecoxib, 

have found application in the quest for therapy of possibly immune mediated 

neurodegenerative diseases.  

In experimental autoimmune encephalomyelitis (EAE), an animal model for multiple 

sclerosis, it was found that celecoxib [128] and rofecoxib [129] strongly inhibited the 

development of EAE. Celecoxib was also found to reduce the inflammatory response 

to the injection of lipopolysaccharide in the striatum, which results in the activation of 

microglia cells [130]. In contrast, rofecoxib was not neuroprotective in an 

experimental mouse model of Parkinson‟s disease, in which dopaminergic neurons in 

the striatum were destroyed by MPTP [131]. In this model an increase was found in 

COX-2 expression, but the damage to the dopaminergic neurons by MPTP in this 

model might have been too severe for rofecoxib to have a neuroprotective effect. In a 

mouse model of amyotrophic lateral sclerosis, activated microglia cells were found in 

the lumbar enlargement of the spinal cord and treatment with rofecoxib resulted in a 

delay in the onset of motor deficit, although it did not affect survival of the mice 

[132]. Although there are numerous studies that show the neuroprotective properties 

of COX-2 inhibitor, there is only one study up till now that used [11C]PK11195 PET 

to monitor the effect of treatment with a COX-2 inhibitor. Injection of 6-OHDA in 

the striatum of rats, which is a rat model of Parkinson‟s disease, resulted in an 

increased uptake of [11C]PK11195 while after treatment with celecoxib no uptake was 

present [133].  

As mentioned before, the presence of PBR expression as measured with 

[11C]PK11195 is demonstrated in Alzheimers disease, amyotrophic lateral sclerosis, 

herpes encephalitis and in Parkinson disease [103]. The evidence of elevated COX-2 

expression in these diseases is less robust [134]. Most clinical trials on the effect of 

treatment with COX inhibitors were conducted in Alzheimer‟s disease patients. In the 

first studies performed it was found that indomethacin, a COX-1/COX-2 inhibitor, 

protected against the decline in cognitive impairment in patients with mild to 

moderate Alzheimer‟s disease [135] and that diclofenac treatment, also a COX-

1/COX-2 inhibitor,  in a small number of patients showed a trend towards less 

deterioration of the disease [136]. In contrast to these results it was found that 1 year 

of treatment with rofecoxib did not slow the cognitive decline in Alzheimer‟s disease 

patients [137,138] and that 4 years of treatment did not delay the onset of Alzheimer‟s 

disease in patients with mild cognitive impairment [139]. Treatment with COX 
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inhibitor have shown to be effective in psychiatric disorders as it is efficacious e.g. as 

adjunctive therapy in schizophrenia [140] and may have value in the treatment of 

major depressive disorders [141].  

Although in-vitro and in-vivo data suggested that COX inhibitors are neuroprotective, 

data in Alzheimer‟s disease showed no improvement in patients after treatment. 

Although this is often contributed to the timing of treatment and the choice and 

dosage of drugs, this can also be attributed to the lack of appropriate selection of 

patients and due to lack of a sensitive tool for therapy monitoring. Although cognitive 

functioning is an important feature because it directly reflects the well-being of 

patients, it might not be the best way for selecting patients for anti-inflammatory 

therapy. If subtle changes in neuroinflammation can be seen early during treatment by 

[11C]PK11195 PET, that may predict therapy efficacy and rescue of cognition that 

occurs after continued treatment. Therefore, it can provide a tool for determining the 

timing of treatment and the choice and dosage of drugs. It may possibly be 

demonstrated in the future that the variation in clinical effect of potential anti-

inflammatory drugs can be explained by co-variation of the central anti-inflammatory 

effect with [11C]PK11195 PET. 

 

Conclusion 

Because of the degenerative outcome of neurological diseases, it is of great 

importance to gain more insight in the etiology and progression of the disease and 

consequently to find adequate therapy and tools to monitor therapy response. As a 

non-invasive tool, PET could be of help to this respect. Since activated microglia cells 

play a central role in neurodegeneration, they are an interesting target for imaging. 

Because the PBR is highly upregulated in activated microglia cells, PET tracers that 

bind to this receptor have been used for this purpose and new PET tracers for the 

PBR are under development. Thus far, only the PET tracer [11C]PK11195 has been 

used in numerous human studies to investigate the role of microglia cell activation in 

neurological diseases. Although there are not many studies that focus on imaging of 

the PBR as a tool to monitor therapy yet, this application can be of great importance. 

Studies with anti-inflammatory drugs, like minocycline and COX inhibitors, have 

shown that these drugs have neuroprotective potential, and that this effect is disease 

specific and probably dosage dependent. This neuroprotective effect is likely to be due 

to inhibition of activated microglia cells and a reduction in PK11195 binding to the 
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PBR has been shown in response to therapy. The PBR is therefore an important 

target that can play a decisive role in monitoring the disease progression and the effect 

of therapy.  
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