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Abstract

Microglial activation is an important pathogenic component of neurodegenerative disease processes.
This state of increased inflammation is associated not only with neurotoxic consequences but also
neuroprotective effects, e.g., phagocytosis and clearance of amyloid in Alzheimer’s disease. In
addition, activation of microglia appears to be one of the major mechanisms of amyloid clearance
following active or passive immunotherapy. Imaging techniques may provide a minimally invasive
tool to elucidate the complexities and dynamics of microglial function and dysfunction in aging and
neurodegenerative diseases. Imaging microglia in vivo in live subjects by confocal or two/
multiphoton microscopy offers the advantage of studying these cells over time in their native
environment. Imaging microglia in human subjects by positron emission tomography scanning with
translocator protein-18 kDa ligands can offer a measure of the inflammatory process and a means of
detecting progression of disease and efficacy of therapeutics over time.
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Introduction

Microglial cells were first described by Del Rio Hortega (1932) and represent approximately
5% of the total cell population of the brain. They are considered the resident macrophages of
the brain, capable of phagocytosis and antigen presentation (Gehrmann et al. 1995; Kreutzberg
1996; Minghetti and Levi 1998). Under physiologic conditions, they exhibit a ramified
morphology and weak expression of molecules associated with macrophage function
(Schwartz et al. 2006; Hanisch and Kettenmann 2007), a state traditionally termed “resting
microglia”.

A variety of signals that pose a potential threat to central nervous system homeostasis, including
bacterial, viral, and fungal structures, abnormal endogenous proteins, complement factors,
antibodies, cytokines, and chemokines and many more, are sensed by microglial receptors and
subsequently induce microglial activation (van Rossum and Hanisch 2004; Hanisch and
Kettenmann 2007). In addition to this “on-signaling”, microglial cells are also under the
influence of calming “off-signaling”, e.g., CD200-CD200R receptor-ligand interaction or
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fractalkine CX3CL1-CS3CR1 interaction (Frank et al. 2006; Hanisch and Kettenmann 2007,
Wang et al. 2007). Interruption of this constitutive signaling by impairment of neuronal
integrity can also lead to microglial activation. The state of activation is associated with
increased proliferation of residential microglia as well as recruitment of bone-marrow-derived
monocytes; however, the relative importance of these processes is a matter of controversy.
While studies using total body irradiation followed by bone marrow transplantation suggested
that there is a significant contribution of bone-marrow-derived cells to the microglial pool
(Simard and Rivest 2004), more recent studies using different experimental approaches found
no evidence of microglia progenitor recruitment from the circulation under physiological
conditions or in models of denervation or neurodegeneration. These studies suggest that
microgliosis is dependent on local expansion and self-renewal, whereas recruitment of
precursors from the blood stream only occurs under certain host conditions (Ajami et al.
2007; Mildner et al. 2007) and suggest that the origin of activated microglia may vary based
upon the specific disease process. These findings suggest that the origin of activated in
microglia may vary based upon the specific disease process. In addition to proliferation,
microglial cells exhibit morphologic changes upon activation with adoption of a more
amoeboid phenotype, altered expression of cell surface markers such as upregulation of major
histocompatibility complex 1l (MHC II) antigens or complement receptor 3 and release of a
variety of cytokines and growth factors (van Rossum and Hanisch 2004; Li et al. 2007; Streit
et al. 2008).

In the past, activation of microglia has been associated predominantly with neurotoxic and pro-
inflammatory downstream effects. More recently, it has become evident that microglial
activation is a phenotypically and functionally diverse process, which is dependent on stimulus
type, stimulus intensity, and context and is not necessarily detrimental but may have
neuroprotective and anti-inflammatory potential (Schwartz et al. 2006; Hanisch and
Kettenmann 2007). Similar to peripheral macrophages, microglia can be induced into a
classical (pro-inflammatory) activation state, but are also capable of entering an alternative
(anti-inflammatory) activation state involved in tissue repair and extracellular matrix
remodeling (Colton etal. 2006; Ponomarev et al. 2007; Maier et al. 2008). The balance between
neurotoxic versus protective and anti- versus pro-inflammatory microglial factors might
determine the role of microglia in a given disease or injury condition (Li et al. 2007).

In the following sections, we review some recent findings as well as controversies regarding
microglial activation in aging and neurodegeneration followed by a discussion on current
imaging of microglia in vivo in live subjects in the setting of neurological disorders.

Neuroinflammation in aging and neurodegeneration

Microglial senescence in normal and pathological aging

Normal aging is associated with a decline in both innate and adaptive immune functions, a
process termed immunosenescence (Richartz et al. 2005). Microglia, as the resident immune
cells of the brain, are likely to undergo similar age-related changes. The presence of
“dystrophic” microglial cells in the aged human brain has been described as cells characterized
by non-ramified, atrophic, fragmented, or unusually tortuous processes (Fig. 1; Streit et al.
2004; Flanary etal. 2007). Unfortunately, as of now no markers other than morphologic criteria
are available to distinguish activated from dystrophic microglia, making an unequivocal
assessment challenging. Microglial cells also exhibit telomere shortening and decreased
telomerase activity with aging, indicating that they may undergo replicative senescence
(Flanary and Streit 2004; Flanary et al. 2007). Overall, normal brain aging is associated with
a shift towards a pro-inflammatory microenvironment with increased expression of pro-
inflammatory mediators including MHC 11, MHC II transcriptional activator (CIITA), CD86
and IFN-y, and downregulation of anti-inflammatory IL-10 (Sobel and Ames 1988; Sheffield
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and Berman 1998; Frank et al 2006). In addition, downregulation of CD200 has been
demonstrated in the brain with aging, suggesting that neuronal inhibition of microglial
activation may attenuate with age (Frank et al. 2006).

Alzheimer’s disease (AD) is associated with a further impairment of both innate and adaptive
arms of the immune system compared to normal aging, affecting peripheral monocytes and
lymphocytes as well as microglia (Richartz et al. 2005). Postmortem studies of human brains
showed a significantly higher number of dystrophic microglia in AD patients compared to age-
matched controls. Preliminary data also indicate that microglial cells isolated from brains of
AD patients have shorter telomeres than microglia from non-demented patients (Flanary et al.
2007). These findings suggest that by activating microglia, B-amyloid (AB) may also promote
microglial deterioration and accelerate senescence (Streit 2004). Studies in PS1-APP
transgenic mice demonstrated that with advanced age the microglia of these animals become
dysfunctional with a significant reduction in expression of AB-binding receptors (scavenger
receptor A, CD36, receptor of advanced glycation endproducts [RAGE]) and AB-degrading
enzymes (neprilysin, insulin-degrading enzyme, metalloproteinase 9) but maintained the
ability to produce pro-inflammatory cytokines (Hickman et al. 2008).

These findings indicate that premature immunosenescence and microglial senescence in
particular may contribute to the development or progression of neurodegenerative diseases as
senescent microglia appears to be functionally impaired with decreased ability to produce
neurotrophic factors, impaired phagocytosis and amyloid clearance, and increased
neurotoxicity (Richartz et al. 2005; Streit et al. 2008).

Microglial activation in neurodegeneration—neuroprotective or neurotoxic?

AD is associated with an innate immune response consisting of activated microglial cells in
the vicinity of plaques and tangles, activated astrocytes, activation of the classical and
alternative complement pathways, and increased secretion of various pro-inflammatory
cytokines (Fig. 1; Akiyama et al. 2000;Cooper et al. 2000;Raine 2000;Richartz et al.
2005;Weiner and Frenkel 2006). Ap can interact directly with various microglial receptors
including RAGE, scavenger receptors, CD36, or formyl peptide receptor or indirectly via
complement activation (Rogers et al. 2002;Heneka and O’Banion 2007;Hickman et al. 2008).
Activation of microglia by AP leads to secretion of soluble factors, microglial proliferation,
and chemotaxis, amyloid clearance by phagocytosis and release of amyloid-degrading enzymes
(Rogers et al. 2002;Weiner and Frenkel 2006).

This inflammatory state in AD has been traditionally viewed as detrimental, a concept that was
originally supported by epidemiological studies which showed a reduced prevalence, delayed
onset and progression of AD among chronic users of non-steroidal anti-inflammatory drugs
(NSAID; McGeer et al. 1996; Weiner and Frenkel 2006; Heneka and O’Banion 2007; Szekely
et al. 2008). A variable reduction in the degree of plague-associated inflammation was found
in some postmortem studies of AD patients with long-term NSAID therapy compared to
untreated control patients (Mackenzie and Munoz 1998; Alafuzoff et al. 2000), while others
found no decrease in the number of activated microglia despite an improvement on
neuropsychological test scores (Halliday et al. 2000). Interestingly, no difference was seen in
the number of amyloid plagues or neurofibrillary tangles with NSAID treatment in any of these
neuropathological studies. Contrary to epidemiological studies, randomized clinical prevention
or treatment trials with selective or non-selective cyclo-oxygenase inhibitors have been
disappointing so far (Aisen et al. 2003; Thal et al. 2005; Group et al. 2007), suggesting that
the beneficial effects of NSAIDs are not due to their anti-inflammatory actions (Heneka and
O’Banion 2007; Szekely et al. 2008). NSAIDs have also been shown to protect against Ap
aggregation, to modify y-secretase-mediated amyloid precursor protein processing and to
activate peroxisome proliferator-activated receptor gamma (Mackenzie 2001; Gasparini et al.

J Neuroimmune Pharmacol. Author manuscript; available in PMC 2009 December 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Venneti et al.

Page 4

2004a; Gasparini et al. 2004b). It has been postulated that one or more of these mechanisms
may be more critical for the observed beneficial effects of these drugs in AD than their anti-
inflammatory activity (for review, Heneka and O’Banion 2007). In a recently published
analysis of six pooled cohort studies, however, no advantage in AD risk reduction was found
for the subset of NSAIDs that selectively lower Ap-42 via modification of y-secretase cleavage
(Szekely et al. 2008), whereas in a phase |1 trial of tarenflurbil, a selective Ap-42 lowering
agent without COX inhibitory activity, a dose-dependent effect on functional abilities was seen
in patients with mild, but not moderate AD (Wilcock et al. 2008). As of now, the discrepant
results between observational and randomized clinical trials have not been resolved. Other
factors such as timing and duration of exposure, brain penetration, or differences in study
participants may play a role (Gasparini et al. 2004b).

As indicated above, microglia are capable of amyloid phagocytosis. Microglial activation may,
therefore, be beneficial in AD by promoting amyloid clearance, which is supported by findings
from various human and animal studies (Morgan et al. 2005). For example, microglial
activation following intrahippocampal lipopolysaccharide (LPS) administration has been
shown to result in improved amyloid clearance in APP-PS1 double transgenic mice (DiCarlo
etal. 2001). Inhibition of complement activation in APP transgenic mice was accompanied by
increased AP deposition but reduced microglial activation, suggesting that complement-
mediated AP phagocytosis by microglia is an important mechanism of amyloid clearance
(Wyss-Coray et al. 2002). Deficiency of the CC-chemokine receptor 2 blocked migration of
microglia/macrophages to sites of Ap deposition and led to increased mortality and Ap levels
(El Khoury et al. 2007). Induction of experimental autoimmune encephalitis (EAE) in APP
transgenic mice resulted in a marked decrease of AP deposition in the brain (Frenkel et al.
2005). Similarly, in patients with ischemic infarcts, a striking clearance of amyloid plaques
from the vicinity of the ischemic lesions was observed (Wisniewski et al. 1991; Akiyama et
al. 1996; Akiyama and McGeer 2004).

Taken together, these findings suggest that the phagocytic capacity of microglia depends on
the type and strength of the activating stimulus, and that in AD, microglia-mediated clearing
mechanisms are insufficient or too slow to counteract the deposition of amyloid in the brain
(Rogers et al. 2002; Boche and Nicoll 2008). Other stimuli in addition to Ap may be required
for efficient clearance of amyloid plaques by activated microglia. Microglia also appear unable
to completely digest phagocytosed material, which may further stimulate the secretion of
inflammatory mediators (Paresce et al. 1997). Pro-inflammatory cytokines such as TNF-a have
been shown to induce a downregulation of AP receptors, which may start a vicious cycle, by
leading to a further compromise in the phagocytic capacity of microglia (Hickman et al.
2008).

Further complicating the interpretation of the role of microglial activation in AD, recent studies
found increased expression of macrophage alternative activation genes (arginase I, mannose
receptor MRC1, chitinase-3 like 1 and 2) in mouse models of AD and in brain samples of
human AD patients in addition to increased expression of some genes commonly associated
with classical activation (Colton et al. 2006). As immunohistochemical studies are lacking, it
is not known if more than one phenotypically different microglial population exists in AD
brains or if individual cells can display a hybrid activation state. As alternative activation is
commonly associated with anti-inflammatory effects, tissue repair, and extracellular matrix
remodeling, further studies are necessary to determine the contribution of these mechanisms
to the pathogenesis of AD and to explore if they may represent a novel therapeutic target.

In summary, it is now hypothesized that in early stages of AD, microglia are protective by
promoting amyloid clearance but that the cells become increasingly dysfunctional at later
disease stages and contribute to disease progression (Fig. 1; Hickman et al. 2008). This
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dichotomous role of microglial activation has to be taken into therapeutic consideration as anti-
inflammatory interventions likely have different effects at different disease stages (Group et
al. 2007). Drugs or interventions that selectively alter microglial functions in such a way as to
promote phagocytosis while at the same time decreasing the release of pro-inflammatory
mediators may have more therapeutic success than non-discriminating anti-inflammatory
agents (Hickman et al. 2008).

In addition to its important functions as part of the immune system, microglia have also
emerged as important regulators of adult neurogenesis. Activated microglia have been
demonstrated to promote neurogenesis in the dentate gyrus and subventricular zone of the adult
brain via production of soluble factors (Battista et al. 2006; Walton et al. 2006; Choi et al.
2008). Adult neurogenesis is important for learning and memory and has been shown to decline
with age. Studies on the effects of AD on neurogenesis have yielded mixed results depending
on experimental design, but overall it appears that the most severely affected step is
differentiation of immature cells into mature neurons due to a hostile microenvironment in the
AD brain (Waldau and Shetty 2008). A potentially critical role for microglia in regulation of
neurogenesis in AD has been indicated in a recent report showing that mice carrying a presenilin
1 (PS1) mutation have impaired neurogenesis accompanied by decreased numbers of activated
microglia in the hippocampus. Follow-up in vitro studies demonstrated that microglia
expressing PS1 variants markedly inhibited the proliferation and neuronal lineage commitment
of cultured neuronal precursor cells from wild-type mice. As wild-type and PS1 mutant
microglia exhibited considerable differences in the expression profiles of several secreted
molecules, it appears that soluble factors released from microglia contribute to the impaired
neurogenesis seen in PS1 mutant mice (Fig. 1; Choi et al. 2008). Further investigation will be
necessary to test which of these secreted molecules mediate(s) the described effects of
microglia on neurogenesis, how they are affected in sporadic AD, and whether they represent
a potential new therapeutic target.

The role of microglia in immunotherapy for AD

Based on the amyloid hypothesis, which implicates the accumulation of Ap peptides as central
factor in the pathogenesis of AD, new therapeutic approaches aim, therefore, to reduce Ap in
the brain either by decreased production or increased clearance. Immunotherapy via active or
passive immunization against Ap peptides has been shown to be very successful in reducing
the number of amyloid plaques in AD transgenic mouse models (Schenk et al. 1999; Bard et
al. 2000; Janus et al. 2000; DeMattos et al. 2001; Wilcock et al. 2004b; Buttini et al. 2005) and
non-human primates (Lemere et al. 2004). Although the first phase Il active immunization trial
in humans had to be aborted because of the development of meningoencephalitis in 6% of the
study population (Orgogozo et al. 2003; Gilman et al. 2005), postmortem analysis of a limited
number of study participants who have died since, showed patchy clearance of amyloid plaques
from the brain (Nicoll et al. 2003, 2006; Masliah et al. 2005). These areas of clearing were
accompanied by abundant AB-immunoreactive microglial cells similar to the findings inanimal
models and consistent with the hypothesis that Ap-specific antibodies may lead to phagocytosis
of AB by microglial cells (Fig. 1; Bard et al. 2000). The involvement of microglia in the
clearance of amyloid after immunization was elegantly demonstrated by two-photon confocal
microscopy. After direct application of an Ap-specific antibody to the brain tissue of PDAPP
transgenic mice, a substantial decrease in amyloid deposits was seen in association with a
marked microglial response (Bacskai et al. 2001). Supportive evidence for a central role of
microglia was also provided by experimental downregulation of microglial activation either
through the use of F(ab) fragments or various anti-inflammatory drugs which severely reduced
the clearance of fibrillar but not diffuse plaques (Wilcock et al. 2004a). In addition, microglial
activation following immunotherapy may be associated with a shift in the phenotypic state as
different microglial markers exhibited a different temporal expression profile after passive
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immunization in mice. Based on these observations, it is postulated that activated microglia
may transition from a condition associated with inflammation and ineffective clearing of Ap
deposits to one with reduced inflammation and capable of clearing deposited amyloid (Fig. 1;
Morgan et al. 2005).

Microglia-independent mechanisms also appear to be involved in plaque clearance as amyloid
clearance is also seen in Fc-receptor knockout mice (Das et al. 2003), and with modified anti-
amyloid specific antibodies or F(ab’)2 fragments which show no or reduced binding to Fc
receptors (Bacskai et al. 2002; Carty et al. 2006). First, there may be a direct effect of antibody
on AB leading to dissolution of amyloid fibrils or neutralization of Ap oligomers (Solomon et
al. 1997; Klyubin et al. 2008). A second mechanism, termed the peripheral sink hypothesis
(DeMattos et al. 2001), postulates that administration of antibodies to the circulation results in
anet efflux of AB from the brain to the plasma. By modulating microglial activity, it was shown
that stimulation of microglia with IFN-y increased amyloid plaque clearance but not to the
extent of antibody-mediated clearance. On the other hand, when microglia were eliminated or
inhibited by immunotoxin or minocyclin, a partial reduction in the effectiveness of plaque
removal by passive immunotherapy was observed (Garcia-Alloza et al. 2007). Overall, a
combination of microglia-dependent and -independent mechanisms is likely involved in the
prevention and clearance of amyloid plaques following immunotherapy (Wilcock et al. 2003,
2004b; Weiner and Frenkel 2006; Boche and Nicoll 2008).

Despite early termination, results from the human active immunization trial suggest a beneficial
effect in some clinical outcome measures with slowing of cognitive performance decline in
antibody responders (Hock etal. 2003; Gilman et al. 2005). In animal studies, AB immunization
was shown to reduce behavioral impairment (Janus et al. 2000) and prevent synaptic
degeneration (Buttini et al. 2005; Klyubin et al. 2008). The adverse occurrence of
meningoencephalitis in a subset of humans has been attributed mainly to an unwanted
activation of T cells (Gelinas et al. 2004; Weiner and Frenkel 2006). Other mechanisms that
have been suggested include an over-exuberant microglial activation prompted by opsonization
of Ap and alterations in fluid balance in the brain triggered by interaction of antibody—Ap
immune complexes and the cerebral vasculature (Boche and Nicoll 2008). New vaccination
strategies are currently being tested in human clinical trials using passive and active
immunization approaches with newly developed vaccines that were specifically designed to
minimize the risk of unwanted T-cell activation.

In a different approach, it may be possible to achieve beneficial immunotherapeutic effects
without the use of AB-specific antibodies. After immunization with glatiramer and protollin,
areduced A burden has been observed in a transgenic mouse model. This effect was associated
with microglial activation and increased expression of IFN-y and macrophage-colony
stimulating factor by microglial cells. Glatiramer, which has been shown to suppress EAE, is
a copolymer that induces specific T cells that accumulate in the brain due to cross-reactivity
with myelin basic protein. Secretion of cytokines by these T cells may lead to microglial
activation and subsequent amyloid clearance. Protollin is a proteosome-based adjuvant
composed of outer membrane proteins of Neisseria meningitidis and LPS. Protollin may
function by stimulating microglial cells both by LPS through TLR4 and by porB, which makes
up 70% of the proteosome protein and is known to activate antigen-presenting cells through
TLR2. Administration of protollin alone was also effective in clearing amyloid although to a
lesser degree than in combination with glatiramer (Frenkel et al. 2005). A glatiramer-based
vaccine is successfully being used in clinical patients with the relapsing—remitting form of
multiple sclerosis (Sela 2006). It remains to be seen if this immunomodulatory approach will
also be a successful strategy in AD.
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Imaging microgliain vivo in live subjects

Why and how do we image microglia?

In the first section, we provided a short overview about the diverse functions of microglia in
aging and neurodegeneration. As highlighted by this review, it is evident now more than ever
that microglial activation is a very dynamic and context-dependent process which is still
incompletely understood. This gap in our knowledge is in part due to limitations in studying
the dynamics of these cells in vivo. The vast majority of studies have focused on cell culture
systems supplemented by immunohistochemical approaches in brain tissues derived from
animal models and human subjects. These data have offered many breakthroughs and insights
into the structure and function of microglia and indeed form the foundation of hypotheses that
implicates microglia in the pathogenesis of several neurological disorders. However,
immunolabeling of cells in brain tissues offers only a snap shot at a solitary time point of
complex dynamic processes. Cell culture systems offer many insights but cannot model
complex cell-cell in vivo interactions. Imaging microglia in vivo in live subjects offers the
advantages of studying these cells over time in their native environment providing a better
understanding of their function in the normal central nervous system (CNS) and pathologic
states. Imaging microglia in human subjects can offer a measure of the inflammatory process
and a means of detecting progression of disease and efficacy of therapeutics over time.

Imaging microglial cells in vivo in live subjects is a challenging and growing field utilizing
multiple, technically complex approaches ranging from confocal microscopy in zebra fish
embryos, two/multiphoton microscopic imaging in transgenic mice, to positron emission
tomography in larger animal models and humans (Fig. 2). Each technology has advantages and
limitations and more detailed analyses of these techniques are beyond the scope of this review.
Magnetic resonance imaging (MRI) has been applied to studying macrophage infiltration into
the brain. This review focuses on imaging microglial cells in the brain. For a more detailed
discussion on imaging CNS-infiltrating macrophages, the reader is referred to a recent review
(Stoll and Bendszus 2008). In the following paragraphs, we review microglial in vivo imaging
studies in the context of how imaging has provided insight into the physiology and functions
of microglia in the setting of neurological disorders.

Microscopic imaging of microglia—visualization of microgliain vivo in live transgenic animal

models

Transgenic technologies in mice and zebra fish combined with microscopy have revolutionized
this field by direct, high-resolution visualization of microglia in the non-pathologic state and
in disease models. These genetic techniques have revolved around labeling microglia with
green florescent protein under control of different genetic loci specific to microglia. Transgenic
animals can then be directly imaged by microscopy (Fig. 2). The small size of zebra fish
embryonic brain enables direct visualization using confocal microscopy in intact animal (Peri
and Nusslein-VVolhard 2008). In transgenic mice, the skulls of the animals are thinned or a small
craniotomy is made before the animals are imaged with two/multiphoton microscopy. Deep
visual penetration and optical sectioning of the tissue enable time-lapse, real-time, 3D imaging
invivo in live animals to a depth of 5 mm (Skoch et al. 2006). Further, by labeling blood vessels
with Texas red dextran, fiduciary vascular markers can be established that enable imaging and
analyzing the same brain area over a period of time such as a month (Bolmont et al.
2008;Meyer-Luehmann et al. 2008). This enables longitudinal assessment of dynamic
processes such as microglial recruitment to a specific area of interest over time. Moreover,
labeling of surrounding cells such as neurons with yellow florescent protein permits studying
microglial-neuronal interaction in vivo (Meyer-Luehmann et al. 2008).
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Microscopic imaging of normal microglial physiology

Seminal studies by Nimmerjahn et al. (2005) and Davalos et al. (2005) have thrown light on
normal microglial physiology. Both groups utilized transgenic mice that express enhanced
green florescent protein in the locus encoding the chemokine-fractalkine receptor CX3CRL1 to
study the behavior of microglia using time-lapse two-photon microscopic imaging.
Remarkably, “resting” microglia, previously thought to be quiescent and non-motile are
extremely active cells, constantly sampling their surrounding environment. While the cell
bodies of microglia remained relatively stable, microglial processes underwent repeated cycles
of extension and withdrawal. The cells were organized into defined regions spanning cell-cell
distances of 50-60 um. The cell processes showed filopodia-like motile appendages that
formed and withdrew constantly. Following focused laser-induced injury, ramified processes
showed rapid movement into the site of injury with responses depending on the severity of the
injury. Microglial processes fused to form an area of containment separating healthy and
injured tissues within about 30 s, suggesting that microglia may represent a first line of defense
in CNS injury. Davalos et al. further showed that adenosine triphosphate (ATP) regulated rapid
microglial response to injury as suggested by similar responses to local application of ATP,
adenosine diphosphate (ADP), and UDP and blockade by apyrase, an enzyme that degrades
bi-phosphate bonds. Inhibitors of connexin hemi-channels expressed highly in astrocytes
inhibited microglial responses suggesting that ATP in these conditions may be derived from
astrocytes. These studies have prompted reexamining the term “resting” microglia leading to
Kettenmann and colleagues to propose “surveying” microglia to reflect the more dynamic
nature of these cells in the normal brain (Hanisch and Kettenmann 2007).

By expressing green fluorescent protein under the Apolipoprotein-E locus Peri et al. imaged
microglia in zebra fish embryos using time-lapse confocal microscopy (Peri and Nusslein-
Volhard 2008). These studies confirmed the highly dynamic nature of microglia and helped
elucidate the less understood phagocytic functions of microglia in vivo. Phagocytosis of
apoptotic neurons during development occurred in compartments mediated by fusion of
phagosomes with lysosomes. Elegant knockdown experiments suggest that the vO-ATPase al
subunit, a part of the v-ATPase complex that regulates acidifications of subcellular
compartments, mediated phagocytosis. It remains to be seen if this mechanism is conserved in
mammalian systems during development and disease. A better understanding of the subcellular
events mediating phagocytosis in microglia is essential to understand how these pathways are
altered in Alzheimer’s disease and can be targeted for therapeutics.

In vivo microscopic imaging of microgliain disease models

Multiphoton microscopy has been used to study the relationship between amyloid deposition
and microglial activation in AD in live animals. PDAPP mice expressing enhanced green
fluorescent protein in the Cx3crl locus (to label microglia) were injected with Methoxy-OX4
to detect amyloid plagues and imaged in vivo with multiphoton microscopy at ages when
plaques begin to form. Plaques appeared surprisingly rapidly, with microglial responses
occurring within a day (Meyer-Luehmann et al. 2008).

Similar experiments were conducted by Bolmont et al. using APP/PS1 mice expressing green
fluorescent protein at the Iba-1 (a calcium binding protein expressed in microglia) locus
(Bolmont et al. 2008). In vivo multiphoton imaging confirmed that microglia respond rapidly
to plaque formation by extending processes and migrating towards plaques. The number of
microglia associated with each plaque increased at a rate of three per month independent of
the size of the plaque. Interestingly, the size of the plaque influenced the volume of each
microglial cell with larger plaques associated with larger microglial cells. Microglia that are
defective in phagocytosis assume a larger morphology in the zebra fish model (Peri and
Nusslein-Volhard 2008) raising the possibility that large microglia surrounding plaques may
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represent cells with defective or saturated phagocytic capacity. Further, these authors observed
that the amyloid binding dye often exhibited a punctate pattern within plaque-associated
microglia in vivo that co-localized in postmortem tissues with A and microglial lysozymes.
The authors suggest that this may represent an ability of microglia to ingest Ap either as an
active or passive process (Bolmont et al. 2008).

High-resolution in vivo time lapse imaging of microglia now provides a tool to examine several
questions such as the role of microglia in promoting neurodegeneration, immunotherapies, and
amyloid clearance. It is possible that microscopic imaging of microglia in vivo can be adapted
to other diseases such as Parkinson’s disease, amyotrophic lateral sclerosis, and Huntington’s
disease by generating appropriate transgenic animals. While this technology cannot be directly
applied to large animals or human subjects, these studies have expanded our knowledge on
microglial function in both the normal and diseased state.

Positron emission tomography imaging of microglia in vivo

Positron emission tomography (PET) imaging has been used extensively in both animal models
and human subjects to image activated microglia in the brain. Pioneered by Dr. Richard Banati
from the Hammersmith Hospital UK, this technique takes advantage of radioisotope labeled
(such as carbon-11 [C11]) ligands that bind specifically to the translocator protein-18 (TSPO,
also called the peripheral benzodiazepine receptor (PBR)) expressed in microglia (Fig. 2;
Banati 2002). A simplified description of the procedure begins with radiolabeling in a cyclotron
a ligand (such as PK11195) that binds TSPO. The radiolabeled ligand is then injected
intravenously into the subject. The lipophilic nature of the ligand enables entry across the
blood-brain barrier into the brain and binding to TSPO. The tracer emission is measured over
a time period dependent upon the half-life (~20 min for C11) of the radioisotope. The
radioisotope undergoes positron emission decay resulting in the emission of a positron, which
annihilates with an electron producing a pair of gamma particles that are emitted 180° apart
and are detected by the PET scanner (Fig. 2). Multiple such events are recorded over time
(Aine 1995). These data are analyzed using mathematical models that then can be translated
into time activity curves (activity of the ligand measured in a specific brain region over time)
or images that represent the spatial and temporal distribution of radioactivity in terms of
absolute units of radioactivity concentration (for a more detailed review of mathematical
algorithms see, Venneti et al. 2006). The attractiveness of PET imaging includes the relatively
non-invasive nature of the technology, direct translation to human studies, and the ability to
extract quantitative information regarding physiologic parameters that are relevant to a disease
process. Key factors that need to be taken into consideration when evaluating a TSPO ligand
are its ability to cross the blood-brain barrier, in vivo specific binding kinetics to TSPO, in
vivo non-specific binding, specific activity, regional delivery, the rate of metabolism, potential
toxicity of the ligand or metabolites, and sensitivity and specificity of the ligand in detecting
microglia.

Translocator protein-18 kDa as a molecular target for PET imaging of activated microglia

TSPO is expressed at very low levels in the resting brain and is thought to be mainly in
astrocytes and microglia. Several studies indicate that TSPO ligand binding increases in
activated microglia in response to CNS insults (discussed below). This increase in TSPO ligand
binding can be taken advantage of as a molecular target for PET imaging. While characteristics
of TSPO that facilitate imaging activated microglia are discussed below, the function and
regulation of TSPO in activated microglia are not known. TSPO was first discovered as a
benzodiazepine binding site distinct from the central GABAergic receptor-binding site and
was named peripheral benzodiazepine receptor (Braestrup et al. 1977). The nomenclature is
confusing, as this receptor does not mediate effects of benzodiazepines. This led a recent focus
group to rename it “translocator protein-18 kDa” (TSPO) to reflect the main function of the
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receptor in cholesterol translocation in steroid synthesizing cells and the molecular weight of
the protein (Papadopoulos et al. 2006b). TSPO is an 18-kDa protein localized to the outer
mitochondrial membrane as a part of a hetero-oligomeric complex comprised of the voltage-
dependent anion channel and an adenine nucleotide carrier forming the putative mitochondrial
permeability transition pore (McEnery et al. 1992). Although the functions of TSPO are not
completely known in the brain, the most extensively characterized function of TSPO is in
steroid synthesis (Papadopoulos et al. 1997). While it is not known if microglia have the ability
to synthesize physiologic steroids, TSPO is thought to be involved in neurosteroid synthesis
(Papadopoulos et al. 2006a). As a constituent of the mitochondrial permeability transition pore,
it is thought to regulate mitochondrial respiration (Hirsch et al. 1989) and cell death directly
(McEnery et al. 1992) or indirectly by influencing interactions of mitochondrial permeability
transition pore proteins with factors that regulate apoptosis including Bcl-2, Bcl-X|, and Bax
(Castedo et al. 2002). Several other functions of TSPO in microglia have been speculated and
require further elucidation.

PET imaging using the TSPO (PBR) ligand PK11195

Several ligands that bind specifically to TSPO have been synthesized. Of these ligands, an
isoquinoline carboxamide derivative PK11195 (1-(2-chlorophenyl)-N-methyl-N-
(Imethylpropyl)-3-isoquinolinecarboxamide), the R-enantiomer of which has a high affinity
for TSPO (Shah et al. 1994) has been extensively characterized. PK11195 is a pharmacologic
antagonist of TSPO but has no pharmacologic effects in concentrations used in PET imaging
studies. PK11195 is the prototype TSPO ligand since it fits several of the criteria (discussed
earlier). PK11195 labeled with [3H] and [11C] has enabled the study of microglial activation
extensively in a number of animal models including experimental autoimmune encephalitis
(Vowinckel et al. 1997; Banati et al. 2000), stroke (Myers et al. 1991; Stephenson et al.
1995; Rojas et al. 2007), brain trauma (Raghavendra Rao et al. 2000; Venneti et al. 2007a),
facial nerve transaction (Banati et al. 1997; Gehlert et al. 1997), hepatic encephalopathy
(Desjardins et al. 1997), SIV encephalitis (Mankowski et al. 2003; Venneti et al. 2004,
2008d), hippocampal nerve transection (Pedersen et al. 2006), Parkinson’s disease (Cumming
etal. 2001; Cicchetti etal. 2002; Venneti et al. 2007b; Chen et al. 2008), injection of neurotoxins
such as cuprizone and trimethyltin (Kuhlmann and Guilarte 2000; Chen et al. 2004; Chen and
Guilarte 2006), and alcohol-induced striatal injury (Toyama et al. 2008).

These studies have been effectively translated to human studies. Imaging studies in human
subjects have covered a wide spectrum of neurological disorders including Rasmussen’s
encephalitis (Banati et al. 1999), ischemic stroke (Gerhard et al. 2000, 2005; Price et al.
2006), multiple sclerosis (Banati et al. 2000; Debruyne et al. 2003; Versijpt et al. 2005), herpes
encephalitis (Cagnin et al. 2001a), cerebral vasculitis (Goerres et al. 2001), AD (Cagnin et al.
2001b), amyotrophic lateral sclerosis (Turner et al. 2004), corticobasal degeneration (Gerhard
et al. 2004; Henkel et al. 2004), frontotemporal dementia (Cagnin et al. 2004), Parkinson’s
disease (Ouchi et al. 2005; Gerhard et al. 2006), upper motor neuron syndromes (Turner et al.
2005), HIV infection (Hammoud et al. 2005; Wiley et al. 2006), hepatic encephalopathy
(Cagnin et al. 2006b; Iversen et al. 2006), Huntington’s disease (Pavese et al. 2006), pre-
symptomatic Huntington’s disease (in carriers; Tai et al. 2007), intractable epilepsy (Kumar
et al. 2008), methamphetamine abuse (Sekine et al. 2008), and early onset schizophrenia (van
Berckel et al. 2008). While the utility of PK11195 as a PET ligand is beyond doubt, several
issues dampen enthusiasm regarding its investigative utility and are discussed below.

PK11195 binding—reactive astrocytes versus activated microglia

A central question in the field has been the relative contributions to PK11195 binding of
reactive astrocytes and activated microglia. PK11195 binding to TSPO in the non-pathologic
brain is thought to be mainly in “resting” astrocytes and microglia. Support for expression in
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“resting” astrocytes and microglia is largely derived from cell culture studies (ltzhak et al.
1993, 1995; Park et al. 1996; Wilms et al. 2003) and remains to be confirmed in brain tissues.
In animal models, increased [3H]-PK11195 binding corresponding to activated microglia in
brain tissues is reported in rodent models of stroke (Myers et al. 1991), ischemia (Stephenson
etal. 1995), experimental autoimmune encephalitis (Vowinckel et al. 1997), multiple sclerosis
(Vowinckel et al. 1997; Banati et al. 2000), facial nerve axotomy (Banati et al. 1997), brain
trauma (Raghavendra Rao et al. 2000), hippocampal axonal lesions (Pedersen et al. 2006),
transgenic mouse models of Alzheimer’s disease (Venneti et al. 2008c), and SIV encephalitis
in macaques (Mankowski et al. 2003; Venneti et al. 2004, 2008d). Some of these studies also
report a stronger correlation of [3H]-PK 11195 binding with microglia versus astrocytes in brain
tissues (Raghavendra Rao et al. 2000; Mankowski et al. 2003; Venneti et al. 2004, 2008c).
However, some reports indicate TSPO immunostaining and [3H]-PK11195 binding
corresponding to reactive astrocytes following an initial increase in activated microglia in
rodents treated with the neurotoxin trimethyltin (Kuhlmann and Guilarte 2000) and cuprizone
(Chen et al. 2004). Others have shown that TSPO immunostaining co-localizes with activated
microglia in rats injected intracerebrally with ethanol (Maeda et al. 2007a) and in rat models
of stroke (Rojas et al. 2007). In our hands, TSPO ligand binding mainly correlates with
activated microglia (as determined by CDG68 labeling (a lysozomal marker of activated
microglia)) in regions of pathology in human brain tissues derived from patients with multiple
sclerosis, Alzheimer’s disease, amyotrophic lateral sclerosis, cerebrovascular infarction, and
frontotemporal dementia (Venneti et al. 2008b).

These discrepancies perhaps reflect the specific animal model in question as well as the
technical challenges in localization of PK11195 to a specific cell type. The cellular processes
of reactive astrocytes are intimately associated with activated microglia as demonstrated by
immunohistochemistry and in vivo two-photon microscopy and are difficult to tease apart in
representative brain sections. The approach of combining immunohistochemical markers for
reactive astrocytes and activated microglia with PK11195 high-resolution emulsion
autoradiography has to be performed on frozen brain sections where cellular morphology may
not be well preserved. While an alternative approach is performing double-label
immunohistochemistry in paraffin-embedded sections (where cellular morphology is better
preserved) using antibodies against TSPO and glial markers, these data should be interpreted
with caution, as the binding sites of TSPO antibodies and PK11195 may be different (Cagnin
et al. 2006a). These approaches are also limited by the antibodies used to detect specific cell
types, as well as by sampling biases restricted to the brain sections used in the analyses. Further,
PET imaging in vivo adds additional complexities that make it difficult to extrapolate these
studies. While the relative contributions of either cell type is still subject to debate, perhaps
alternative approaches such as in vivo two-photon microscopy with fluorescently labeled
PK11195 in mice transgenically labeled for either glial cell marker will help resolve these
issues.

PET imaging of activated microglia—the need for more sensitive and specific TSPO ligands

While [*1C]-PK 11195 has been extensively used in several diseases, issues regarding the
sensitivity and specificity should be considered. [1C]-PK 11195 retention in the brain is often
noted in regions traditionally not associated with disease pathology. Patients with Alzheimer’s
disease not only showed [11C]-PK11195 retention in all regions associated with Alzheimer’s
disease, but also showed increased [11C]-PK11195 retention in the brainstem (Cagnin et al.
2001b). Similarly, a recent study using [*1C]-PK 11195 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).
While these findings may represent a form of microglial activation due to “synaptic stripping”
in regions connected to areas of primary pathology, it is not possible to confirm the histological
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presence of activated microglia in these regions in human studies. Alternatively, these increases
may reflect regional variations in the constitutive TSPO population that are independent of the
disease pathology or a non-uniform element of non-specific [11C](R)-PK11195 binding.

Another consideration regarding the sensitivity is that the specific binding signal with [11C]
(R)-PK11195 is generally very low and challenging to quantify with typical PET image noise
levels (Petit-Taboue et al. 1991; Groom et al. 1995; Banati et al. 2000; Pappata et al. 2000).
Further, [11C](R)-PK11195 may not be able to detect mild forms of neuroinflammation. For
instance, no differences were seen in [11C](R)-PK11195 brain retention in HIV-infected
individuals with or without neurological deficits (Hammoud et al. 2005; Wiley et al. 2006).
Similarly, [1C](R)-PK11195 retention in the brain did not differ in normal subjects when
compared with patients with minor cognitive impairment (Schuitemaker et al. 2006) and
moderate Alzheimer’s disease (Wiley et al. 2008). These concerns highlight the necessity of
developing new ligands that bind with more specificity and sensitivity to activated microglia
for PET imaging in neurological diseases.

Several newer ligands have been synthesized in the past couple of years that bind TSPO. Some
of these ligands exhibit properties that may render them suitable for PET imaging. DAA1106
[N-(2,5-dimethoxybenzyl)-N-(4-fluoro-2-phenoxyphenyl) acetamide], an aryloxyanilide
derivative, shows a higher affinity and selective binding to TSPO compared to PK11195
suggested by a significantly lower dissociation constant (Chaki et al. 1999; Okuyama et al.
1999). [3H]DAA1106 labeled activated microglia and showed higher binding affinity
compared to [3H]-PK11195 in animal models of HIV encephalitis (Venneti et al. 2008a), brain
trauma (Venneti et al. 2007a), Parkinson’s disease (Venneti et al. 2007b), and rats injected with
LPS (Venneti et al. 2007b). [LLC]DAA1106 also showed retention at the lesioned site in vivo
in rats injected with LPS or 6-OHDA (Venneti et al. 2007b) and rat models of stroke (Maeda
et al. 2007a). Further, the fluorinated derivative [18F]-FEDAA1106 showed higher brain
retention compared to controls in animal models of Alzheimer’s disease (Maeda et al.
2007b). While data from animal models showed significant promise, in vivo data from ten
human subjects with mild to moderate Alzheimer’s disease are less clear (Yasuno et al.
2008). Increased [11C]DAA1106 retention was seen in all measured regions such as the dorsal
and medial prefrontal cortex, lateral temporal cortex, parietal cortex, occipital cortex, anterior
cingulate cortex, including some regions not typically associated with Alzheimer’s disease
pathology such as the striatum and cerebellum (Yasuno et al. 2008). While the authors consider
various possibilities, it is conceivable that the higher binding affinity of DAA1106 compared
with PK11195 may compromise specificity. However, further studies in human subjects and
human postmortem tissues are required to completely characterize DAA1106.

The past few years have seen an explosion of promising compounds that are in various
preclinical stages of development. These ligands include the 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), the pyrazolopyrimidines [11C]-DPA-713 (James et al. 2005) and DPA-714 (James et
al. 2008), [18F]imidazo[1,2-a]pyridines and [18F]pyrazolo [1,5-a]pyrimidines (Fookes et al.
2008), [(125)1]-CLINDE (6-chloro-2-(4'iodophenyl)-3-(N,N-diethyl)-imidazo[1,2-a]
pyridine-3-acetamide) (Arlicot et al. 2008), N-[11C]methylated imidazopyridineacetamides
(Sekimata et al. 2008), 11C-AC-5216 (Yanamoto et al. 2007), and [(11)C] CLINME (Boutin
et al. 2007). 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 TSPO.
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Activation of microglia is seen in several neurological disorders and constitutes a significant
component of the underlying pathology, although the pathogenesis of these various diseases
differs enormously. In this review, we discussed some of the current literature implicating
activated microglia not only as perpetrators of disease, but also as cells with neuroprotective
potential. Understanding the common cellular pathways that are involved in activation of
microglia and associated neuronal injury may help in the design and implementation of more
effective therapeutics.

The clinical diagnosis of neurodegenerative disorders requires the presence of irreversible
clinical symptoms and signs. Traditional imaging studies such as CT and MRI have been of
limited assistance in the diagnosis of dementia in general (Das et al. 2003). Current
methodologies, such as structural MRI assessment of brain volume, are insensitive late
measures of neurological damage and the diagnosis by neurocognitive tests is possible only
after irreversible neuronal damage has occurred. Effective therapy requires early intervention
at the onset of neuronal injury prior to the appearance of structural atrophy and irreversible
signs and symptoms. In vivo imaging of activated microglia in neurological disorders may
enable early diagnosis and therapeutic interventions. The recent years have revolutionized in
vivo imaging of activated microglia in live subjects. Microscopic imaging in transgenic animal
models has produced a better understanding of the physiology and pathology of microglia.
Attempts to develop therapies targeting neuroinflammation will require some means of
monitoring the inflammatory pathogenic process. Imaging activated microglia may provide a
better index of disease progression during treatment with immunomodulatory or other
potentially neuroprotective drugs than clinical neuropsychological testing. Imaging of
activated microglia may be able to help in the early assessment of neuroinflammation, monitor
the severity and progression of the disease, and help evaluate the effectiveness of CNS therapies
aimed at modulating neuroinflammation.
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Fig. 1.

Complex dynamics of microglial activation in aging, Alzheimer’s disease, and
immunotherapies. Resting microglia constantly survey their environment and are thus termed
“surveying microglia”. With aging microglia cells become “dystrophic” characterized by
morphological and functional changes. In disease states such as Alzheimer’s disease, microglia
undergo activation causing release of toxins that are detrimental to neurons and neuronal
precursor cells promoting neurodegeneration. Immunotherapies result in increased microglial
phagocytosis of amyloid plaques and promote amyloid clearance
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In vivo imaging of microglia in living subjects by microscopic techniques and positron
emission tomography (PET). a PET imaging of microglial cells in vivo involves utilizing
ligands labeled with radioisotopes such as [11C](R)-PK11195 that bind translocator protein-18
kDa (TSPO, also called the peripheral benzodiazepine receptor (PBR)) expressed on the outer
mitochondrial membrane in microglia. The radioisotope undergoes positron emission decay
resulting in the emission of a positron, which annihilates with an electron producing a pair of
gamma particles that are emitted 180° apart and are detected by the PET scanner. b Microglia
are labeled with green florescent protein under control of genetic loci specific to microglia
such as CXC3R1 and Iba-1. In such transgenic mice, the skulls of the animals are thinned and
animals are imaged with two/multiphoton microscopy. Deep visual penetration and optical
sectioning of the tissue enable time-lapse, real-time, 3D imaging of microglia in vivo in live
animals
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