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Abstract
Microglia constitute the primary resident immune surveillance cell in the brain and are thought to
play a significant role in the pathogenesis of several neurodegenerative disorders such as Alzheimer's
disease, multiple sclerosis, Parkinson's disease and HIV-associated dementia. Measuring microglial
activation in vivo in patients suffering from these diseases may help chart progression of
neuroinflammation as well as assess efficacy of therapies designed to modulate neuroinflammation.
Recent studies suggest that activated microglia in the CNS may be detected in vivo using Positron
Emission Tomography (PET) utilizing pharmacological ligands of the mitochondrial peripheral
benzodiazepine receptor (PBR). Beginning with the molecular characterization of PBR and
regulation in activated microglia, we examine the rationale behind using PBR ligands to image
microglia with PET. Current evidence suggests these findings might be applied to the development
of clinical assessments of microglial activation in neurological disorders.
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1.0 MICROGLIA IN HEALTH AND DISEASE
1.1.1 Microglia: Origin and function

Microglia constitute up to 10% of the total cell population of the brain. As resident macrophages
(histiocytes), microglia phagocytose cellular debris, present foreign antigens and presumably
serve many other vital functions in the brain (Minghetti and Levi, 1998). Del Rio Hortega first
recognized the pathological importance of microglia in the central nervous system (CNS), and
he also coined their name (Del Rio Hortega, 1932). Microglia are derived from cells of the
monocyte lineage. During development embryonic mesodermal cells migrate from the bone
marrow into the CNS during the midgestational period (Perry and Gordon, 1991). Based on
tissue culture experiments, however, some assign a neuroectodermal origin to microglia
(Fedoroff et al., 1997).
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Microglia change from a resting to an activated state in response to CNS insults that stimulate
them to function as phagocytes (reviewed in (Gehrmann et al., 1995)). This morphological
change has been best documented in the facial-nerve transection model, where microglial
activation can be assessed in an environment without blood-brain barrier disruption nor
migration of new bone marrow-derived macrophages. This model demonstrates the capacity
of resident microglia to undergo morphological changes and activation with expression of new
surface markers and to proliferate around motor neurons of the facial nucleus (reviewed in
(Kreutzberg, 1996)).

In addition to activation of resident brain microglia, monocytes migrate from the vascular
compartment into the CNS during CNS-inflammation and there differentiate to form
macrophages (reviewed in (Guillemin and Brew, 2004)). Such cells are termed perivascular
macrophages. Since no reliable histologic markers exist that differentiate these cells we use
the word microglia to include both these cell types for simplicity.

Microglia were previously thought to be quiescent and non-motile in a resting state. However,
recent in vivo imaging of fluorescently tagged microglia in transgenic mice using two-photon
microscopy showed that these cells were far from static (Davalos et al., 2005; Nimmerjahn et
al., 2005). They possess highly ramified processes that exhibit cycles of formation, extension
and withdrawal. These cell processes in turn show foot-like appendages that form and withdraw
repetitively. These authors hypothesize that microglia serve housekeeping functions whereby
they sample and maintain homeostasis of local environments. Following laser-induced injury,
time-lapse imaging shows rapid movement of ramified processes into the site of injury.
Microglial processes fuse to form an area of containment separating healthy and injured tissues
within about 30 seconds, suggesting that microglia may represent a first line of defense in CNS
injury (Davalos et al., 2005; Fetler and Amigorena, 2005; Nimmerjahn et al., 2005).

The phagocytic function of microglia is mediated in a receptor-dependent fashion. Microglia
express several receptors including Fc (constant fragment of antibodies) and complement,
which enable them to engulf antibody-coated cells and opsonized antigen (Chan et al., 2003;
Ulvestad et al., 1994; Webster et al., 2001). Microglia also express MHC II, which enables
them to present antigen to CD4-T cells (Gehrmann et al., 1995). In addition, microglia express
costimulatory substances such as B7-1, B7-2 and CD40 that allow them to stimulate T cells
and initiate immune reactions (Gonzalez-Scarano and Baltuch, 1999). The actions of
phagocytosis and antigen presentation enable microglia to serve an immune surveillance
function in the CNS.

1.1.2 Microglia in neurodegeneration
Microglia undergo changes from a resting phenotype to an activated phenotype in response to
a wide variety of CNS insults. Various degrees of microglia activation are seen in
neurodegenerative disorders. Neuritic plaques, which constitute the central pathology in
Alzheimer's disease (AD), are surrounded by microglia (McGeer et al., 1988b). In multiple
sclerosis, areas of demyelination are rich in activated microglia (Bauer et al., 1994). HIV-
dementia is characterized by viral infection of microglia (Wiley et al., 1986). Activation of
microglia in other neurodegenerative diseases such as Parkinson's disease (McGeer et al.,
1988a), Creutzfeldt-Jakob disease (Muhleisen et al., 1995) and Amyotrophic Lateral Sclerosis
(Sargsyan et al., 2005) is known but less well characterized.

A wealth of literature suggests that activated microglia, in addition to their phagocytic role,
synthesize and secrete potential neurotoxins that may cause neuronal damage or aggravate
underlying pathology. These neurotoxins include free radicals (Chao et al., 1995a) ; nitric oxide
(Chao et al., 1992) ; proteinases (Colton et al., 1993); eicosanoids (Heyes et al., 1996) and
excitotoxins (Giulian et al., 1990; Piani et al., 1992). In addition, activated microglia also
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secrete substances that influence neuronal function and viability such as the cytokines
interleukin-1 (Giulian et al., 1986), interleukin-6 (Righi et al., 1989) tumor necrosis factor α
(Chao et al., 1995b); and chemokines such as MIP-1α (Murphy et al., 1995), MIP-1β
(McManus et al., 1998) and MCP-1 (D'Aversa et al., 2002). Although some of these studies
are based on tissue culture systems and remain to be confirmed in vivo, it is generally accepted
that activated microglia can produce a large array of neurotoxins. The evidence supporting
these wide array of neurotoxins suggests that they may act synergistically to promote
neurodegeration.

Inhibition of microglial activation using non-steroidal anti-inflammatory drugs or minocycline
has been hypothesized to reduce neuronal damage in animal models of Parkinson's disease
(Du et al., 2001) and AD (Lim et al., 2000). Activation of microglia also inhibits neurogenesis
in the hippocampus in rats that are irradiated or injected with lipopolysaccharide (LPS).
Hippocampal regeneration was restored in these conditions by blocking microglial activation
with either indomethacin (Monje et al., 2003) or minocycline (Ekdahl et al., 2003). These
studies suggest that activation of microglia could perpetrate neurodegeneration through several
mechanisms.

Recent evidence suggests that activated microglia may also be protective. For example, in
therapeutic immunization protocols in AD and Tg mouse models of AD, activation of microglia
promotes phagocytosis and clearance of Aβ from the CNS (Masliah et al., 2005; Nicoll et al.,
2003; Schenk et al., 1999). The importance of phagocytosis is implied by the correlation of
antibody affinity for microglial Fc receptor and the antibody efficacy in clearance of plaques
from the brain (Bard et al., 2003). It has also been suggested that microglia can exist in different
states of activation depending on the microenvironment, with some states favoring the secretion
of substances damaging neurons and other states favoring a protective phagocytic role (Morgan
et al., 2005).

While it is well accepted that microglial activation contributes to the pathogenesis of several
neurodegenerative diseases, the detection of activated microglia is predominantly restricted to
histopathological techniques utilizing postmortem CNS tissues. Non-invasive CNS imaging
techniques such as computerized tomography (CT) and magnetic resonance imaging (MRI)
technologies enable morphometric documentation of late stage changes in brain volumes, but
are generally not considered sensitive or early detectors of brain damage (Jack et al., 2003). It
is also possible to measure changes in metabolites in the brain using magnetic resonance
spectroscopy (MRS). Alterations in the N-acetyl aspartate to choline ratios are thought to reflect
neuronal damage, but are not specific for microglial activation (De Stefano et al., 2005; Jenkins
and Kraft, 1999). Recent studies indicate that it may be possible to image activated microglia
in CNS disorders using Positron Emission Tomography (PET) with ligands targeted to the
peripheral benzodiazepine receptor. In the following section we examine the rationale behind
these studies and examine some of the initial findings suggesting the utility of this technique
to quantify CNS microglial activation.

2.0 THE PERIPHERAL BENZODIAZEPINE RECEPTOR IN IMAGING
MICROGLIA WITH POSITRON EMISSION TOMOGRAPHY
2.1.1 The peripheral benzodiazepine receptor: -structure and function

Evidence indicating that diazepam bound with high affinity in the rat kidney led to the
postulation and later characterization of the peripheral benzodiazepine receptor (PBR)
(Braestrup et al., 1977), named to differentiate it from the previously described diazepam
binding sites in the CNS (central benzodiazepine receptor). Within the CNS, two
pharmacologically distinct benzodiazepine receptors exist: the central and the peripheral
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benzodiazepine receptors. The central benzodiazepine receptor is a part of the ionotropic
GABA receptor located on the plasma membrane of GABA-ergic neurons (Stephenson,
1995). PBR is in contrast located on the outer membrane of mitochondria, and mainly in glial
cells (Casellas et al., 2002) (figure 1). It is part of a hetero-oligomeric complex comprised of
the voltage-dependent anion channel and an adenine nucleotide carrier forming the
mitochondrial permeability transition pore (McEnery et al., 1992) (figure 1).

Outside the CNS, PBR is ubiquitously expressed and is particularly enriched in steroidogenic
cells. Several functions have been attributed to PBR. It is thought to aid in the transport of
cholesterol from the outer to the inner mitochondrial membranes and thus be vital in steroid
synthesis (Papadopoulos, 2004; Papadopoulos et al., 1997). As a constituent of the
mitochondrial permeability transition pore, PBR is believed to regulate cell death (McEnery
et al., 1992) and mitochondrial respiration (Hirsch et al., 1989). PBR is also thought to play a
role in cell proliferation, differentiation and protein and ion transport (reviewed in (Casellas
et al., 2002; Gavish et al., 1999))

Less is known about the functions of this receptor within the CNS more specifically. It is
thought to be involved in neurosteroid synthesis (Papadopoulos et al., 2006), regulating
mitochondrial function (Casellas et al., 2002) and modulating neuroinflammation in microglial
cells (discussed below). Although the role of this receptor in the CNS is not yet entirely clear,
several studies have focused on changes in PBR expression in CNS diseases.

2.1.2 PBR in CNS diseases
Pharmacological ligands that bind PBR have been used extensively to study receptor-binding
parameters in brain tissues. These studies mainly utilize specific ligands that bind PBR with
high affinity, such as the isoquinoline carboxamide derivative PK11195 (PBR antagonist) that
binds with nanomolar affinity, and also R05-4864 (PBR agonist), a 4'-chloro derivative of
diazepam that binds with micromolar affinity. In the resting CNS, PBR was first located in
ependymal cells lining the ventricles, the olfactory bulb and the choroid plexus (Weissman et
al., 1984). Subsequently, PBR was detected in glial cells including astrocytes and microglia.

Several studies have subsequently focused on changes in PBR expression in CNS disease.
[3H]-PK11195 autoradiography was first used to label glioma cell lines implanted into mice
brains (Starosta-Rubinstein et al., 1987). Several binding studies using homogenized brain
tissue and autoradiography studies have now shown increased [3H]-PK11195 binding
(reflecting increased in PBR protein expression) in a wide variety of neurological diseases
(summarized in Table 1) and animal models. This includes conditions such as multiple sclerosis
(Banati et al., 2000; Vowinckel et al., 1997), experimental autoimmune encephalitis
(Vowinckel et al., 1997), stroke (Stephenson et al., 1995), brain trauma (Raghavendra Rao et
al., 2000), facial nerve transaction (Banati et al., 1997; Gehlert et al., 1997), and SIVE
(Mankowski et al., 2003) (Venneti et al., 2004). As discussed below, in the majority of these
studies, cellular localization of increased PBR expression is specific to activated microglial
elements.

2.1.3 PBR in CNS diseases: Astrocytes versus Microglia
The relative contributions of astrocytes versus microglia to PBR-ligand binding in
neuroinflammation is a subject of continuing debate. Astrocyte PBR expression is mostly
supported by studies that have focused on [3H]-PK11195 binding in cell culture model systems.
Others report increased [3H]-PK11195 binding corresponding to microglia in brain tissues
based on data from a rat model of stroke (Myers et al., 1991) and ischemia (Stephenson et al.,
1995), experimental autoimmune encephalitis (Vowinckel et al., 1997), multiple sclerosis
(Banati et al., 2000; Vowinckel et al., 1997), facial nerve axotomy in rats (Banati et al.,
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1997), brain trauma in rats (Raghavendra Rao et al., 2000), SIV encephalitis in macaques
(Mankowski et al., 2003; Venneti et al., 2004) and hippocampal axonal lesions in rodents
(Pedersen et al., 2006). Some of these studies also report a stronger correlation of [3H]-
PK11195 binding with microglia versus astrocytes in brain tissues (Mankowski et al., 2003;
Raghavendra Rao et al., 2000; Venneti et al., 2004). However, some studies report increased
astrocyte expression of PBR following an initial increase in microglia in rodents treated with
the neurotoxins trimethyltin (Kuhlmann and Guilarte, 2000) and cuprizone (Chen et al.,
2004). In vitro studies also suggest that neurons may express PBR (Jayakumar et al., 2002),
but these studies have not been confirmed in brain tissues.

Translation of these in vitro studies to in vivo settings is difficult. For example, in our hands
filtration-binding studies using [3H]-PK11195 (reflective of the total number of PBR binding
sites) show a Bmax value in the range 843 ± 216 fmols/mg tissue in normal human frontal
cortex. Bmax values of primary human embryonic astrocytes in culture are in the range 2487
± 319 fmols/mg tissue, while in primary human embryonic microglia the range is 5276 ± 2710
fmols/mg tissue (unpublished results), similar to values obtained by others in other tissue
culture models (Itzhak et al., 1995; Park et al., 1996). While Bmax values seem to be higher
in microglia, how much of the Bmax in normal human frontal cortex is derived from microglia
versus astrocytes? Further, how does one measure astrocytes and microglia in brain tissue to
determine their relative contributions toPK11195 binding? Several investigators have tried to
answer these questions by combining [3H]-PK11195 autoradiography with
immunohistochemistry for both astrocytes and microglia. This approach is limited by the
antibodies used to detect specific cell types, as well as by sampling biases restricted to the brain
sections used in these analyses. Moreover, PET imaging in vivo adds further complexities that
make it difficult to extrapolate these studies. Despite these limitations, a majority of the
evidence currently suggests that PK11195 binding is increased in microglia in neurological
diseases with lower or less significant contributions from astrocytes.

2.1.4 Potential mechanisms for PBR upregulation in microglia
The mechanisms responsible for increased PBR expression in microglia in the CNS are not
known. In pancreatic islet cells, the cytokines TNF-α, IFN-γ and IL-1β cause an increase in
PBR mRNA and [3H]-PK11195 binding in a transcription dependent fashion (Rey et al.,
2000). Similar results are seen in testicular Leydig cell exposed to TNF-α (Trincavelli et al.,
2002). In rats injected intracerebrally with IL-1, TNF-α

.
, or LPS, increased [3H]-PK11195

binding was attributed to microglia (Biegon et al., 2002; Bourdiol et al., 1991). IL-1 and TNF-
α also increase [3H]-PK11195 binding in cultured astrocytes (Oh et al., 1992). In experimental
autoimmune encephalitis, IL-6 and TNF-α expression profiles correlate with increase in spinal
cord [3H]-PK11195 binding (Agnello et al., 2000). These data suggest that cytokines increase
PBR expression in various cell types including microglia. However, the mechanisms mediating
the functional consequences of PBR-ligand binding increases are not known. It has been
proposed that cellular upregulation of PBR in these systems may serve as a protective strategy
against cytokine toxicity. Since activated microglia themselves are sources of cytokines,
increase in PBR expression would be an autocrine-paracrine phenomenon.

Microglia change from a ramified morphology to an amoeboid morphology on activation
(Kreutzberg, 1996). These changes may also be accompanied by morphological alterations in
the mitochondria (Banati et al., 2004). However, the subcellular changes in PBR in microglia
on activation are not known. Increases in cell size due to evolution to an ameboid morphology
upon activation may result in an increase in the mitochondrial population in each microglial
cell without change in the number of PBR per mitochondrion. Hence it is possible that increased
PBR in activated microglia actually reflect an increase in mitochondrial number. On the other
hand, the number of mitochondria may not change significantly, but the number of PBR per
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mitochondrion may increase. However, the most likely possibility is that the number of
mitochondria as well as the number of PBR per mitochondria increases with activation in each
microglial cell. While these possibilities need to be confirmed experimentally, it is important
to note that activation of microglia may result in mitochondrial changes that may influence the
functioning of these cells.

2.1.5 Potential functions for PBR in microglia
The functional consequences of increased PBR expression in microglia are unknown. PBR is
thought to play a role in modulating the activation of microglia. For example, treating primary
human embryonic microglia with PK11195 decreases expression of COX2 and TNF-α and
decreases intracellular calcium levels (Choi et al., 2002). Further, PK11195 decreases
microglial activation, iNOS, IL-1β, IL-6, TNF-α levels and the extent of neuronal damage in
quinolinic acid-injected rats (Ryu et al., 2005). Diazepam is also speculated to inhibit HIV-tat
induced microglial chemotaxis by acting on PBR (Lokensgard et al., 2001). Since PBR may
play a role in regulating cell division, PBR may also play a role in the regulation of microglial
proliferation upon neuronal injury.

The association of PBR with the mitochondrial permeability transition pore suggests a role in
the regulation of cell survival in microglia. At the mitochondrial permeability transition pore,
PBR interacts with several resident mitochondrial proteins including the voltage dependent
anion channel and the adenine nucleotide carrier (figure 1) that in turn interact with proteins
regulating apoptosis (McEnery et al., 1992). Interestingly, forced macrophage-PBR
overexpression in myxoma poxvirus-infected macrophages blocks apoptosis (Everett et al.,
2002;Everett and McFadden, 2001). Forced PBR expression in neurons in vivo and Jurkat cells
in vitro also protects these cells from apoptosis (Johnston et al., 2001;Stoebner et al., 2001).
PBR upregulation in testicular Leydig cells protects them from cytokine-induced toxicity (Rey
et al., 2000;Trincavelli et al., 2002). This is also seen in blood phagocytic cells where PBR
protects against oxidant-induced cell death (Carayon et al., 1996). PBR expression in microglia
may thus protect them from various toxins, thereby contributing to longer microglia life spans
in the brain and perpetuating neuroinflammation (figure 2).

2.1.6 PBR ligands may be used to image activated microglia in vivo
Several ligands have been synthesized that bind specifically to PBR. Labeling these ligands
with 3H and 11C has enabled their use in autoradiography and PET respectively. For these
ligands and PET studies in general, the concentrations used in vivo are at tracer levels and are
thought not to alter receptor function or produce pharmacological effects. Of these ligands
PK11195, a lipid soluble isoquinoline carboxamide, the R-enantiomer of which has a high
affinity for PBR (Shah et al., 1994), has been the most extensively characterized (Banati,
2002). [11C]-PK11195 has been used in animal models and human subjects with various CNS
diseases (summarized in Table 1). These studies predominantly support the hypothesis that
[11C]-PK11195 can label microglia using PET; however, the sensitivity and specificity of this
PET ligand remain to be fully evaluated.

To fully appreciate the state of the art, the limitations of the published studies should be
considered. For example, the determination of the cell type responsible for increased PK11195
binding may not be possible due to inadequacies of human postmortem tissues. This is an
important limitation as [11C]-PK11195 binding seen in regions traditionally not associated with
disease pathology cannot be presumed to arise from activated microglia. For instance, a study
in AD patients showed high [11C]-PK11195 binding in the entorhinal, temporoparietal and
cingulate cortices, brain regions that show a high degree of AD pathology (Cagnin et al.,
2001a). However, this study also reported high levels of [11C]-PK11195 binding in regions
not involved in AD, such as the thalamus and the brainstem (Cagnin et al., 2001a). [11C]-
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PK11195 thalamic binding is also reported in ischemic stroke (Pappata et al., 2000), normal
subjects with increasing age (Cagnin et al., 2001a), Alzhemimer's disease (Cagnin et al.,
2001a), Parkinson's disease (Ouchi et al., 2005) and Huntington's disease (Pavese et al.,
2006).Similarly, a recent study using [11C]-PK11195 to image activated microglia in
amyotrophic lateral sclerosis (ALS) patients showed high binding in the occipital cortex and
thalamus, areas that are not traditionally implicated in ALS pathology (Turner et al., 2004).
The authors interpret these findings as a result of microglial activation and “synaptic stripping”
in regions connected to areas of primary pathology. Since it is not possible to confirm the
histological presence of activated microglia in these regions in human studies, it is possible
that these increases reflect regional variations in the constitutive PBR population that are
independent of the disease pathology or a non-uniform element of non-specific [11C](R)-
PK11195 binding. In such cases it is vital that PET findings be compared to histopathology to
confirm the presence of microglia. It is obviously not possible to conduct such comparisons in
human in vivo PET studies. This emphasizes the need to compare human histopathologic data
with ligand binding studies to determine if given neuropathologies correlate with ligand
binding.

2.1.7 Modeling [11C]-PK11195 binding in the CNS: Interpretations and limitations
A distinct advantage of PET over other medical imaging modalities is the ability to extract
quantitative information regarding physiologic parameters that are relevant to a disease
process. After corrections for physical and engineering factors such as radioactive decay,
photon attenuation and scattering, variations in PET detector efficiency, and counting losses
resulting from electronics dead-time, PET images represent the spatial and temporal
distribution of radioactivity in terms of absolute units of radioactivity concentration,.
Mathematical models are applied to dynamic PET image data in order to derive estimates of
physiologic parameters directly from observations of the kinetic behavior of the radiotracer,
which may be influenced by a plurality of factors such as perfusion, tissue clearance, peripheral
metabolism, and receptor binding phenomena. These mathematical models provide estimates
of one or more outcome measures that indicate or are related to the functional state of the tissue
or physiological process under study (i.e., density of PBR binding sites).

Compartmental models are the most general models applied to PET image data and are based
upon a principal assumption that each unit of the injected radiotracer can at any given time be
assigned to one of several compartments representing possible physiologic states or locations
of the tracer (e.g.; metabolized tracer, specifically bound tracer). Compartmental models
describe the exchange of tracer between compartments in terms of rate constants (parameters)
that represent the fractional rate of influx or efflux from one compartment to another per unit
of time (i.e., min−1). Generally, a compartmental model consists of a single compartment
representing the arterial plasma concentration of authentic free tracer and one or more
compartments representing tissue tracer pools. The arterial plasma compartment is typically
measured directly by rapid sampling of arterial blood via a catheter placed in the radial artery
and subsequent radioisotope counting of plasma samples to determine the time-varying plasma
radioactivity concentration. Peripheral metabolism may result in the cleavage of the radiotracer
molecule to produce one or more species of radiolabeled metabolites, which radioisotope
counting is unable to distinguish from parent radiotracer. Additional blood samples must be
obtained throughout the course of the study to determine the time-varying fraction of
unmetabolized radiotracer using analytical techniques such as high-performance liquid
chromatography (HPLC). After correction for metabolism, the discrete arterial blood samples
define the time-varying concentration of a delivery and removal compartment that serves as
the “input function” that drives the tissue response. While compartmental models can be
configured with an arbitrary number of compartments and parameters, statistical noise and the
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coarse temporal sampling of PET data does not typically support the application of model
configurations with more than four compartments or six estimated parameters.

In general, the selection of a specific model configuration and outcome measure is largely
predicated on some a priori knowledge of the in vivo tracer kinetics. Often, this a priori
knowledge is gained from preclinical studies that seek to elucidate some important
characteristics of a prospective radioligand. These preclinical studies may include in vitro or
ex vivo binding experiments to investigate the specificity, selectivity and reversibility of
radioligand binding, studies of the metabolic fate of the tracer in plasma, toxicological
investigations, and whole body bio-distribution studies for dosimetry estimates. Often, imaging
studies are conducted in non-human primates to characterize the in vivo kinetic behavior of the
ligand in a species that is phylogenetically proximal to human, which are particularly useful
in the process of model formulation and the selection of an appropriate outcome measure. For
protein-ligand binding studies, a commonly used outcome measure is the distribution volume
(DV, mL/mL), which is defined as the ratio of the concentration of radiotracer in tissue to that
in the blood at equilibrium. It is often desirable to correct DV estimates for non-specific binding
of radiotracer by using the DV estimate of a reference region believed to be devoid of specific
binding as a normalizing factor. This ratio of DV estimates is termed the distribution volume
ratio (DVR) and is closely related to yet another outcome measure, the binding potential (BP),
which is proportional to the ratio of the free receptor pool Bmax and the ligand dissociation
constant KD (Mintun et al., 1984). Radiotracer specific factors such as the tissue and plasma
free fractions are challenging to accurately assess and limit the interpretation of BP to one of
proportionality of Bmax/KD. Another limitation of the method is the inability to individually
estimate Bmax and KD, although it is generally assumed that KD remains constant and that
observed changes in BP in vivo largely reflect changes in Bmax. Nevertheless, the DVR and
BP outcome measures are often chosen as indices of neuroreceptor populations, but it is
important to note that these indices are only defined under steady-state conditions. Methods
of analysis estimating such equilibrium parameters cannot be employed judiciously in the
analysis of radiotracer kinetics involving radiotracers which do not achieve steady-state
between tissue and plasma compartments (Koeppe, 2002)

PK11195 has been well characterized pharmacologically (Benavides et al., 1988; Benavides
et al., 1983a; Benavides et al., 1983b; Le Fur et al., 1983a; Le Fur et al., 1983b) and has been
shown to readily enter brain tissue and distribute uniformly in the normal baboon brain (Cremer
et al., 1992). However, difficulties in the interpretation of [11C]-PK11195 PET studies were
immediately obvious. In order to demonstrate the specific binding of a radioligand in vivo, it
is a common practice to use a pharmacologically significant dose of the unlabeled ligand or
another competing ligand to block or displace specific binding of the radioligand. The
expectation is that an excess of the unlabeled competitor will block specific binding of the
radioligand if administered as a pretreatment, or result in an accelerated clearance of radiotracer
if administered after the radiotracer injection as a displacing agent. In the case of [11C]-
PK11195, a consistent increase in brain radioactivity concentrations was observed following
the administration of 1 mg/kg of unlabeled PK11195 when it was administered as either a
blocking or a displacing agent (Petit-Taboue et al., 1991). This observation was attributed to
the blockade of far more abundant PBR sites in peripheral tissues by unlabeled PK11195
resulting in increased plasma concentrations of [11C]-PK11195 causing increased availability
of the radioligand to the brain. As a result, it was not possible to demonstrate specific binding
of [11C]-PK11195 to brain PBR receptors in vivo using conventional techniques. Nevertheless,
the inability to demonstrate specific binding in vivo did not prevent [11C]-PK11195 from being
applied to study neuroinflammation in a variety of diseases with inflammatory CNS pathology.
The utility of [11C]-PK11195 as a marker for activated microglia was therefore evaluated based
on its ability to localize in the brain in a manner consistent with the known pathology of a
disease rather than on any direct empirical evidence of specific binding.
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The development and validation of a compartmental model for [11C]-PK11195 in the brain
was hindered until recently by the reported instability of PK11195 in plasma, which
confounded accurate determination of the arterial input function and radiolabeled metabolites
(Cleij MC, 2003). It was later shown that these difficulties arose as a result of base-promoted
dechlorination of the precursor of PK11195 during the radiosynthesis, which resulted in a
radiolabeled impurity with similar chromatographic properties as authentic [11C]-PK11195.
Adjustments to the radiosynthetic procedure were later shown to eliminate the dechlorination
side-chain reaction that resulted in the production of this radiolabeled impurity (Cleij MC,
2003).

In the absence of a validated compartmental model to describe the kinetic behavior of [11C]-
PK11195 in the brain, simplified methods of analysis have been employed, including the
simplified reference tissue model (SRTM) described by Lammertsma et al., (Lammertsma and
Hume, 1996) to make estimates of the specific binding of [11C]-PK11195 in vivo. The SRTM
analysis is a model based-method that assumes a specific underlying physiologic model and
involves simplifications of the model equations that, under certain circumstances, allow DVR
or BP to be directly estimated from the image data using a reference tissue (e.g., a brain region
devoid of PBR) as an implicit representation of the input function in place of the arterial data.
A criticism of this approach is that the application of SRTM assumed an underlying model
configuration to describe the kinetics of [11C]-PK11195 that was never validated by the
application of a plasma-input model. A second complication is the assumption that a discrete
reference region can be consistently defined on the image that is devoid of specific binding of
[11C]-PK11195. In the case of a disease with widespread or unpredictable patterns of
pathological involvement, this may not be feasible. To circumvent this problem, a cluster
analysis technique has been employed to extract a reference ligand kinetic from the
segmentation of the dynamic PET image into clusters of voxels with indistinguishable kinetic
behavior, which may or may not define a circumscribable anatomic brain region (Cagnin et
al., 2001a). The reference ligand kinetic is then selected from the available clusters as the one
with the most rapid clearance and by its similarity to a ligand kinetic derived from other studies
in normal brain. Subsequently, this reference ligand kinetic is used to drive the SRTM analysis
to generate a parametric image whereby the value of each image element (voxel) is a
representation of BP. There are many limitations and criticisms of this approach. One obvious
problem is that the output from the cluster analysis is being used as an input to an analysis
method (SRTM) that until very recently was not validated for [11C]-PK11195 (Kropholler et
al., 2006). Another problem is that in most cases the majority of identified clusters arise from
extracerebral structures, with the majority of brain tissue voxels arising from one of a few
clusters that primarily differentiate gray and white matter. A third problem that has not been
satisfactorily addressed is the impact of voxel-level noise on the determination of BP and the
robustness of the BP measure determined from parametric image analysis. As it is often a
challenge to distinguish differences in kinetics between brain voxels representing affected and
reference tissues, the data inherently suffers from poor signal-to-noise characteristics. Perhaps
the most serious criticism of this method is that, in the case of the PBR, the assumption that
the reference ligand kinetic is devoid of specific binding and therefore can be described by a
single tissue compartment representing non-specific binding is violated in every case. A
constitutive population of PBR receptors exists throughout the brain (Kurumaji et al., 1997;
Miyazawa et al., 1998; Rao and Butterworth, 1997), which may not be an insignificant fraction
of the concentration of PBR receptors found in the disease state. Indeed, Banati et al., (Banati
et al., 2000) estimated the ratio of PBR receptors in a multiple sclerosis lesion to constitutive
levels to be approximately 2:1. It is thus possible that the reference region defined by either
discrete anatomical definition (e.g., a region-of-interest) or by cluster analysis inherently
contains a significant fraction of specific binding of [11C]-PK11195 to constitutive PBR
receptors, and may not be consistent with a principal assumption of the SRTM.
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Recently, an optimal compartmental model of the brain kinetics of [11C]-PK11195 has been
identified and validated using a metabolite corrected arterial input function (Kropholler et al.,
2005). The authors evaluated several compartmental model configurations which allowed for
reversible and irreversible binding of [11C]-PK11195, and based upon statistical criterion
concluded that a compartmental model which allowed for exchange of tracer between two
tissue compartments best described the brain kinetics of [11C]-PK11195 in vivo. The two tissue
compartments in this optimal model configuration represent the time-varying concentrations
of free [11C]-PK11195 in brain tissue and specifically bound [11C]-PK11195 to PBR, and the
fully free model results in the estimation of five parameters:

K1: representing tracer influx to brain from blood, or the product of the extraction of the
ligand and blood flow (ml/min/ml of tissue);

k2: representing tracer removal from tissue to blood (min−1);

k3: the pseudo-first order specific binding association rate constant, or the product of the
bimolecular association constant kon, the tissue free fraction of tracer f2, and the free
receptor concentration Bmax;

k4: the first order bimolecular dissociation rate constant, koff; and Vvasc: a constant
representing the vascular volume of tissue.

The authors investigated variations of the reversible two tissue compartment model that
involved imposing constraints of specific model parameters, including the constraint of the
ratio K1/k2, k4, or Vvasc to whole cortex values, in order to determine whether or not any of
these constraints improved the bias and variability of the outcome measures DV and BP. The
authors concluded that constraining the K1/k2 ratio to a whole cortex value resulted in improved
estimates of regional DV and BP values. Interestingly, whole cortex BP values determined
using this plasma-input compartmental model were significantly higher than those determined
using SRTM and cluster analysis. The authors suggest that this discrepancy can be explained
by the plasma-input model's failure to account for exchange of tracer between non-specifically
bound and bound states, resulting in an overestimation of BP. The model that the authors
identify as optimal for the analysis of [11C]-PK11195 assumes that [11C]-PK11195 exchanges
infinitely fast between free and non-specifically bound states, which may not accurately reflect
the behavior of the tracer in vivo. Indeed, it seems that non-specific binding of [11C]-PK11195
is significant as indicated by preclinical studies in rat brain (Shah et al., 1994) and the lack of
demonstrable blockade or displacement of [11C]-PK11195 brain radioactivity. A second
possible explanation is the inclusion of a component of specific binding in the reference kinetic
in the SRTM. This would result in an underestimation of the reference tissue model BP. This
explanation may be supported by estimates of PBR Bmax in normal human brain, which range
from 346±51 fmol/mgP in the cerebellum to 923±69 fmol mgP in the occipital cortex (Rao
and Butterworth, 1997). Other studies have confirmed these observations (Kurumaji et al.,
1997; Sauvageau et al., 2002). It is likely the case that both factors influence the estimation of
BP, but more preclinical experiments aimed at characterizing the specific and non-specific
binding of [11C]-PK11195 in the brain are needed to further refine the model of [11C]-PK11195
brain kinetics and to optimize [11C]-PK11195 brain imaging studies.

2.1.8 Newer PBR ligand in PET imaging
For much of the last 23 years since the initial investigations of [11C]-PK11195 were conducted,
there has been a paucity of ligands with high affinity and demonstrated selectivity for PBR. In
the last five years, however, there has been a relative explosion of new compounds that are
potent and selective ligands for PBR and may be suitable for PET imaging. One such compound
is DAA1106 [N-(2,5-dimethoxybenzyl)-N-(4-uoro-2-phenoxyphenyl) acetamide], an
aryloxyanilide derivative, is a recently synthesized ligand that binds selectively and with high
affinity to PBR (Chaki et al., 1999). DAA1106 shows a higher affinity to PBR compared to
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PK11195 suggested by the differences in the dissociation constants. The Kd (dissociation
constant) of PK11195 ranges between 4nM to 20nM, while the Kd of DAA1106 is around
0.1nM (dissociation constant being inversely proportional to binding affinity) (Chaki et al.,
1999; Okuyama et al., 1999). Due to its high affinity, DAA1106 may serve as a better ligand
to label PBR both ex vivo and in vivo (Maeda et al., 2004; Zhang et al., 2003). This may also
address some of the issues related to nonspecific binding seen in studies with PK11195.

In addition to some fluorinated derivatives of DAA1106, specifically the fluoroethyl derivative
[18F]-FEDAA1106, which has been recently characterized in normal human brain (Fujimura
et al., 2006), other promising compounds that are still in preclinical stages of development
include deuterium substituted analogs of [18F]-FEDAA1106 that are less susceptible to in
vivo defluorination (Zhang et al., 2005; Zhang et al., 2004), high-affinity quinoline-
carboxamides ([11C]-VC195) and halogenated 2-quinolinecarboxamides that are structurally
similar to PK11195 (Belloli et al., 2004; Cappelli et al., 2006), [11C]-vinpocetine (Gulyas et
al., 2005) and the pyrazolopyrimidine [11C]-DPA-713 (James et al., 2005). While the utility
of all of these novel ligands for in vivo PET imaging of neuroinflammation remains to be
demonstrated, they represent several new classes of ligands that are potent and selective for
PBR.

3.0 SUMMARY
The low levels of mitochondrial PBR present in the normal CNS increase dramatically with
injury and neurodegeneration, and predominantly in microglia, as suggested by several studies
using animal models and human postmortem tissues. The mechanisms of PBR regulation and
its functions in microglia are not known. In this review, we discuss the evidence supporting
preferential increases in PBR in microglia. We also discuss hypothesized mechanisms of PBR
regulation at the cellular level as well as possible functions of PBR in microglia. Finally, we
review the motivation for, results of, and current methodology behind using PBR ligands
targeted to microglial cells for the purpose of assessing neuroinflammation in vivo using PET
in neurological disorders.

Several neurodegenerative disorders are accompanied by increases in activated microglia that
are thought to contribute to disease progression. Modulating neuroinflammation in many of
these diseases is an attractive therapeutic target. To design therapies for neurodegenerative
disorders, it is critical to be able to monitor their success in arresting the progression of
neurological disease. But monitoring therapeutic efficacy is complicated by the fact that one
can only assess absence of disease progression and not recovery of function. Any attempt to
develop therapy targeted at neuroinflammation for diseases such as AIDS dementia,
Alzheimer's disease or multiple sclerosis will require some means of monitoring the
inflammatory pathogenic process, activated microglia. Imaging microglia may provide an
index of disease progression and in turn help assess the therapeutic efficacy of
antiinflammatory and other potentially neuroprotective drugs. PET imaging of microglia with
PBR ligands may be able to assist the early detection of neuroinflammation, monitor the
severity and progression of the disease, and help evaluate the effectiveness of CNS therapies
aimed at decreasing neuroinflammation.

ABBREVIATIONS
[11C], Crabon-11 isotope
[3H], Tritium isotope
AD, Alzheimer's Disease
AIDS, Acquired Immunodeficiency Syndrome
ANT, Adenine Nucleotide Transporter
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Aβ, Amyloid Beta
Bmax, Maximal bound Receptors
BP, Binding Potential
CD 4+ T cell, Cluster of Differentiation type 4 T lymphocyte
CD68, Lysosomal marker for activated macrophages
CNS, Central Nervous System
COX2, Cyclooxygenase
CSF, Cerebrospinal Fluid
DAA1106, (N-(2,5-Dimethoxybenzyl)-N-(5-fluoro-2-phenoxyphenyl)acetamide)
DV, Distribution Volume
DVR, Distribution Volume Ration
Fc, Constant Fragment of Antibody
GFAP, Glial Fibrillary Acidic Protein (marker for astrocytes)
HIV, Human Immunodeficiency Virus
HIVE, Human Immunodeficiency Virus Encephalitis
HPLC, High Performance Liquid Chromatography
IL, Interleukin
INF-γ, Interferon-gamma
iNOS, Inducible Nitric Oxide Synthase
KD, Dissociation Constant
LPS, Lipopolysaccaride
MCP-1, Monocyte Chemoattractant Protein-1
MDM, Monocyte Derived Macrophages
min, Minute
MIP-1a, Macrophage Inflammatory Protein-1alpha
MIP-1b, Macrophage Inflammatory Protein-1beta
MRI, Magnetic Resonance Imaging
MRS, Magnetic Resonance Spectroscopy
NSAID, Non-Steroidal Anti-inflammatory Drugs
PBR, Peripheral Benzodiazepine Receptor
PET, Positron Emission Tomography
PK11195, [1-(2-chlorophenyl)-N-methyl-N-(1methylpropyl)-3-isoquinolinecarboxamide]
SIV, Simian Immunodeficiency Virus
SIVE, Simian Immunodeficiency Virus Encephalitis
SRTM, Simplified Reference Tissue Model
T cell, T (thymic)-lymphocyte Cell
Tg, Transgenic mice
TNF-α, Tumor Necrosis factor alpha
VDAC, Voltage Dependent Anion Channel
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Figure 1.
The Peripheral Benzodiazepine Receptor is expressed in astrocytes and microglia in the CNS
In the resting CNS, PBR expression is thought to be restricted to astrocytes and microglia. PBR
is present in the mitochondria of these cells in association with the voltage dependent anion
channel and the adenine nucleotide transporter, forming the mitochondrial permeability
transition pore. Note that PBR is situated on the outer mitochondrial membrane.
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Figure 2.
Potential functions and mechanisms of Peripheral Benzodiazepine Receptor increases in
activated microglia
This figure illustrates potential mechanisms of PBR increases in microglia. The process of
activation, in response to neuronal insults, involves cytokine production by microglia. Since,
pro-inflammatory cytokines may increase PBR (see text), it is possible that these cytokines act
in an autocrine-paracrine fashion to increase PBR expression in microglia that are undergoing
activation.
The functions of PBR in microglia are unknown. It is possible that PBR plays a yet undefined
role in several aspects of microglial function such as the regulation of cell death, proliferation,
cytokine and free radical generation.

Venneti et al. Page 22

Prog Neurobiol. Author manuscript; available in PMC 2007 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Venneti et al. Page 23

Table 1
Summary of [11C]-PK11195 imaging studies in the CNS using PET.

Reference Disease Finding Comment
(Charbonneau et al., 1986) Not applicable Detected [11C]-PK11195

binding in the
myocardium of dogs and

humans

First study with [11C]-
PK11195

(Pappata et al., 1991) Glioblastoma Two fold higher binding
of [11C]-PK11195 in
human glioblastomas

no clinical pathological
correlation possible

(Petit-Taboue et al., 1991) Not applicable Characterization of
[11C]-PK11195 kinetics
in the brains of human

baboons
(Sette et al., 1993) Baboon model

of focal cerebral
ischemia

Increased [11C]-PK11195
in peri-infarct areas of

baboons with focal
cerebral ischemia

Relative contributions to
PK11195 binding from

astrocytes versus microglia
not assessed.

(Vowinckel et al., 1997) Multiple
sclerosis

Increased [11C]-PK11195
in MRI-defined lesions

in one MS patient

Increased [3H]-PK11195
binding corresponded to

microglial staining in
experimental autoimmune
encephalitis (CD11b) and

MS tissue (CD68)
(Banati et al., 1999) Rasmussen's

encephalitis
(RE)

Increased [11C]-
PK11195 in the affected

hemispheres of two
patients with RE

Did not see changes in [11C]-
PK11195 in three patients

with hippocampal sclerosis.
RE brain tissue showed

increased staining of
CR3/CR4.

(Gerhard et al., 2000) Ischemic
stroke

Increased [11C]-PK11195
retention in five patients

with ischemic stroke

no clinical pathological
correlation possible

(Banati et al., 2000) Multiple
sclerosis (MS)

Increased [11C]-PK11195
retention in eleven cases

with MS

Increased [3H]-PK11195
binding corresponded to

microglial staining in EAE
(OX-42) and different MS

tissue (EBM11) but no
clinical pathological
correlation possible

(Cagnin et al., 2001b) Herpes
Encephalitis

Increased [11C]-PK11195
retention in two cases

with Herpes Encephalitis

no clinical pathological
correlation possible

(Goerres et al., 2001) Cerebral
Vasculitis

Case report of increased
[11C]-PK11195 retention

in one patients with
cerebral vasculitis

no clinical pathological
correlation possible

(Cumming et al., 2001) Animal model
of Parkinson's
disease with
intrastriatal
graft.

Pigs treated with MPTP
when grafted with

porcine fetal
mesencephalic neurons
show increased [11C]-
PK11195 retention in

region of graft

Relative contributions to
PK11195 binding from

astrocytes versus microglia
not assessed.

(Cagnin et al., 2001a) AD Increased [11C]-PK11195
retention in eight patients

with AD

no clinical pathological
correlation possible

(Cicchetti et al., 2002) Rat model of
Parkinson's
disease injected
with 6-OHDA

Increased [11C]-PK11195
retention at the site of

lesion

Increased staining for
microglia using CR3

observed, but not correlated
with increased PK11195

binding
(Debruyne et al., 2003) MS [11C]-PK11195 retention

was higher in MS
patients (total

assessed=22) depending
on the sate of disease

progression

no clinical pathological
correlation possible

(Turner et al., 2004) Amyotrophic
lateral sclerosis
(ALS)

Increased [11C]-PK11195
retention in ten patients

with ALS

no clinical pathological
correlation possible

(Venneti et al., 2004) Macaque model
of HIV-
encephalitis

Increased [11C]-PK11195
retention in six macaques

with SIV-encephalitis

Increased PK11195 binding
corresponded to brain

macrophage staining (CD68)
but not astrocytes (GFAP)

(Henkel et al., 2004) Corticobasal
degeneration

Increased [11C]-PK11195
retention in one patients

with corticobasal

no clinical pathological
correlation possible
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Reference Disease Finding Comment
degeneration

(Gerhard et al., 2004) Corticobasal
degeneration

Increased [11C]-PK11195
retention in four patients

with corticobasal
degeneration

no clinical pathological
correlation possible

(Cagnin et al., 2004) Frontotemporal
dementia

Increased [11C]-PK11195
retention in five patients

with frontotemporal
dementia

no clinical pathological
correlation possible

(Gerhard et al., 2005) Ischemic stroke Serial PET scans showed
[11C]-PK11195 around

lesion as early as 3 days.
Five patients assessed

no clinical pathological
correlation possible

(Ouchi et al., 2005) Parkinson's
disease

Increased [11C]-PK11195
retention in ten early-

stage drug-naïve patients
with Parkinson's disease

no clinical pathological
correlation possible

(Versijpt et al., 2005) MS 22 MS patients assessed
with [11C]-PK11195.

Increased uptake
correlated with brain

atrophy

no clinical pathological
correlation possible

(Turner et al., 2005) Upper Motor
Neuron
Syndromes

Varying [11C]-PK11195.
Retention in three cases

with Upper Motor
Neuron syndromes

no clinical pathological
correlation possible

(Hammoud et al., 2005) HIV infection Increased [11C]-PK11195
retention in 10 patients

with HIV

No differences between
demented and non-demented

patients
(Gerhard et al., 2006) Parkinson's

disease
Increased [11C]-PK11195

retention in 18 patients
with Parkinson's disease

no clinical pathological
correlation possible

(Cagnin et al., 2006) Hepatic
encephalopathy

Increased [11C]-PK11195
retention in five HE

no clinical pathological
correlation possible

(Cumming et al., 2006) Pig model of
Parkinson's
disease

[11C]-PK11195 was not
different in pigs treated
with MPTP and controls

Relative contributions to
PK11195 binding from

astrocytes versus microglia
not assessed.

(Chen and Guilarte, 2006) Demyelination
model in mice

Mice treated with
cuprizone show

increased [11C]-PK11195
retention

Increased PK11195 binding
corresponded better to

microglia staining (Mac-1) in
earlier stages of

remyelination but
corresponded better with
astrocytes (GFAP) during

latter stages of remyelination.
(Price et al., 2006) Ischemic Stroke Four patients showed

progressive [11C]-
PK11195 retention when
imaged at various time

points upto 30 days after
ischemic stroke

no clinical pathological
correlation possible

(Pavese et al., 2006) Huntington's
disease

Increased [11C]-PK11195
retention in 11 patients

with Huntington's
disease correlated with
decreased striatal [11C]-
Raclopride (D2 receptor
ligand) uptake compared

to 10 healthy controls

no clinical pathological
correlation possible

(Wiley et al., 2006) HIV infection No increased [11C]-
PK11195 retention in 12

patients with minor
cognitive impairment

and HIV infection
compared to 5 non-HIV

infected controls

no clinical pathological
correlation possible
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