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Abstract

Injury to the central nervous system is characterized by the localization of activated microglia at
the site of injury. The peripheral benzodiazepine receptor (PBR) expressed on the outer
mitochondrial membrane of the activated microgliais a sensitive biomarker for the detection of
this neuroinflammatory response to an insult. PK11195, an isoquinoline ligand that specifically
binds PBR, when tagged with a positron emitter can be used as atracer for molecular imaging of
this receptor /n vivo by positron emission tomography. [11C](R)PK 11195 has been used in the
imaging of various neuroinflammatory disorders such as Alzheimer’s' and multiple sclerosis.
Based on our small animal PET imaging studies using a neonatal rabbit model of maternal
inflammation induced cerebral palsy, we propose that PET imaging using [11C](R)PK 11195 may
be a valuable tool for detecting neuroinflammation in the brain of newborns born to mothers with
chorioamnionitis.

Introduction

Theinflammatory response in the brain has been implicated in the development of a number
of neurodegenerative disorders both in the pediatric and adult age groups. Maternal
intrauterine inflammation has been recognized as one of the causes of perinatal brain injury
leading to periventricular leukomalaciaresulting in lifelong disabilities such as cerebral
palsy and cognitive impairment in the infant 1. Recent evidence has shown that activated
microglia may have aroleto play in the development of white matter injury in the perinatal
period 234, Intrauterine infection may lead to afetal systemic inflammatory response
mediated by cytokines resulting in the activation of microglial cellsin the fetal brain.
Microglial cells, when activated by pro-inflammatory cytokines release oxidative and
nitrosative products, and excitotoxic metabolites that can cause damage to the surrounding
oligodendrocytes 6. This neuroinflammatory response to perinatal insults can be detected at
an early stage by positron emission tomography (PET), using ligands that are specific for the
peripheral benzodiazepine receptors expressed by microglial cells. This review focuses on
the characteristics of the inflammatory response in the CNS that make it amenable for
detection by PET imaging, along with reviewing its current applications in the detection of
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various neurodegenerative and neuroinflammatory disordersin animal models and in
patients. We have also discussed the potential applications of PET imaging in detecting
neuroinflammation induced by perinatal brain injury in the neonatal period.

Role of microglial cells in neuroinflammation

Microglia constitute about 10-12% of the total cells of the brain 7 and are located in the
white matter and predominantly in the grey matter including hippocampus, olfactory
telencephalon, basal ganglia and substantia niagrain the normal adult brain 8. In the healthy
brain, microgliainteracts with other cortical elements like astrocytes, neurons and blood
vessels, thereby monitoring neuronal well being. The resident microglia are characterized by
ramified morphology and spiky protrusions . They are highly dynamic structures and can
sense subtle changes in their microenvironment with their motile processes and

protrusions 10.0n activation following an injury, microglia undergo a pronounced change in
morphology from ramified to an amoeboid structure presumably serving an immune
surveillance function. Activated microglia secrete proinflammatory mediators like
prostaglandins, TNF a, IL-18,chemokines, reactive oxygen species, nitric oxide and anti-
inflanmatory substances like IL10 and neurotrophic factors . In the developing brain
microglia are predominantly seen in the white matter tracts from late second trimester
onwardstill term, decreasing in density in the postnatal period but present in low densitiesin
the white matter tracts until two years of age. The microglia then migrate to the cortex where
they are found mostly during adulthood, taking on their typical ramified form 11,

Though it is till not clear if the presence of activated microgliain many neuroinflammatory
disordersis the cause or the effect, its detection can be used as areliable biomarker for brain
injury. Activated microglial cells express the peripheral benzodiazepine receptor on the
outer membrane of the mitochondriathat can be used as a sensitive marker for the presence
of neuroinflammation.

Role of inflammation in neurological disorders

Theinflammatory response of the central nervous system (CNS) to various types of injuries
is dominated by the presence of activated microglia and astrocytes (reactive gliosis) at the
site of injury 1213 Even though the primary goal of this neuroinflammatory response may be
related to repair and regeneration, it can act as a double edged sword attenuating the
neuronal injury on one hand, while on the other hand exacerbating the underlying pathology.
This neuroinflammatory process may a so disrupt the blood-brain barrier (BBB), resulting in
the entry of cells such as peripheral macrophages and neutrophils from the bloodstream at
the site of injury 4. Microglial cells can act as both the target and source of pro-
inflammatory cytokines!® and have been implicated in the development and progression of
various neurodegenerative and neuroinflammatory disorders such as multiple sclerosis,
Parkinsons' disease, Alzheimer's, experimental autoimmune encephalitis etc 16.17.1819,

The role of microgliain neurodegenerative disorders such as Alzheimer's has been
investigated extensively. /n vivoimaging and quantitative morphological analysisin
transgenic mice have demonstrated that microglia can aggregate around amyloid plagques
and phagocytose A B proteins 20. Microgliaisolated from aged transgenic PS1 APP mice
exhibited marked reduction of AB binding scavenger receptors and AB-degrading enzymes
along with an increase in the proinflammatory cytokines IL-1f (interleukin-1f) and tumor
necrosis factor o (TNFa) thereby setting the stage for disease progression 21, Similarly in
Parkinsons’ disease, even though the etiology of the disease remains largely elusive,
presence of an enduring neuroinflammation is strongly suspected with activated microglia
found in close proximity to degenerating dopaminergic neurons 22
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In the pediatric age group, microglia activation has been implicated in having arolein the
development of disorders such as epilepsy, autism, leukodystrophies and chorioamnionitis
induced cerebral palsy 1232425 Activated microglia have been detected in children with
encephalitis and intractable seizures and also in animal models of seizuresinduced by
excitotoxic metabolites 2627.28 An active neuroinflammatory response characterized by
microglial activation and astroglia was noted in the cerebral cortex, white matter and
cerebellum of patients with autism along with increased CSF expression of inflammatory
cytokines 25. An increased expression of pro-inflammatory cytokines co-localizing with the
presence of activated microglia, astrocytes and globoid cells was noted in macaques affected
by globoid cell leukodystrophy 2°. Inflammatory infiltrates involving activated microglia
were also noted in the brain of patients with X-linked adrenol eukodystrophy 0.

Neuroinflammation in Cerebral Palsy

A number of clinical studies have noted the significant correlation between intrauterine
inflammation, perinatal brain injury and cerebral palsy 3132, Clinical evidence indicates that
the presence of periventricular leukomalacia (PVL) is one of the most identifiable risk
factors for developing cerebral palsy 33. PVL may be focal, characterized by areas of
necrosis in the deep white matter near the ventricles or diffuse throughout the cerebral white
matter with injury to developing oligodendrocytes and presence of activated microglial

cells 343536 |n recent years a number of in vitroand in vivo studies have implicated
microglial cellsin the development of PVL. Haynes et &. 3* have shown the increased
presence of activated microglia diffusely throughout the white matter in autopsy specimens
of patients with periventricular leukomalacia (PVL) indicating that microgliaare involved in
causing white matter damage by oxidative and nitrosative stress. Several compelling studies
have shown the correlation between elevated amniotic fluid concentrations of cytokines and
the subsequent development of PVL and cerebral palsy 37:38, Pro-inflammatory cytokines
such asIL-1f and TNF-a have been found in high concentrations in the amniotic fluid of
women with preterm labor and intra-amniotic fluid infection 3°. High levels of TNF-a,
IL-18 and IL-6 have been detected in the blood of neonates that develop spastic cerebral
palsy %0, Infantswith PVL and a history of infection have high cerebral cytokine levels such
as TNF-a and I1L-1p 4. Pro-inflammatory cytokines such as IL-1B and TNF-a have been
shown to induce microglial activation /in vitro*2. The fetal inflammatory response following
intra-uterine infection/inflammation may lead to activation and recruitment of microglial
cells present in the white matter regions of the fetal brain, subsequently resulting in
widespread production of pro-inflammatory mediators leading to the death of surrounding
oligodendrocytes and hence white matter injury (Figure 1). /n vitro studies supporting the
role of microglial cell activation in white matter injury have shown that L PS treatment
results in oligodendrocyte damage only in the presence of microglial cells 43, Activated
microglial cells may induce oligodendrocyte injury by releasing superoxides and
peroxynitrites 8, excitotoxic metabolites such as glutamate and quinolinic acid that may
cause glutamate receptor, or NMDA receptor mediated injury to oligodendrocytes °, and by
producing a variety of pro-inflammatory cytokines many of which are cytotoxic #4. Studies
have demonstrated sel ective white matter lesionsin fetal and neonatal animals after local,
systemic, or intrauterine administration of LPS 42,

Activated microglia express toll like receptors (TLR) that are pivotal for recognizing
microbial motifs expressed by awide array of pathogens 6. The TLR4 receptors on
microglia recognizes the bacterial lipopolysaccharide and are essential for
lipopolysaccharadide induced oligodendrocyte death 43. It is shown that peroxynitrite, a
short-lived potent oxidant and the reaction product of nitric oxide (NO) and superoxide, is
the toxic microglial factor responsible for L PS-induced death of preOLs 6. The low
resistance of oligodendrocytes to oxidative stress, presence of calcium permeable glutamate
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receptors and the presence of NMDA receptors in their myelinating processes make them
highly susceptible for injury 4748, Studiesin our lab have shown that intrauterine
administration of endotoxin to pregnant rabbits near term led to a robust activation of
microglial cells confined to the periventricular white matter regions of the newborn rabbit
brain that was associated with a phenotype of cerebral palsy and hypomyelination in the
neonate 4. Dammann et a 3! have proposed that PVL and CP may develop as aresult of an
ongoing inflammatory process as evidenced by the presence of inflammatory markers weeks
after birth and activated microglia on autopsy even in adults with perinatal brain injury.

Peripheral Benzodiazepine Receptor or Translocator protein 18kDA: A
biomarker for activated microglia

The peripheral benzodiazepine binding sites (PBBS) or receptors (PBR) are multimeric
protein complexes comprising of three subunits 4°. These binding sites were originally
discovered in rat kidneys because diazepam was found to bind these receptors with high
affinity 90, Although these sites bind benzodiazepines, they are pharmacologically and
structurally different from the central benzodiazepine receptors with different physiological
functions ®1. Dueto its significant difference from the central benzodiazepine receptors, it
has been proposed that the nomenclature of the PBR should be changed to transl ocator
protein 18kDA (TSPO) to be more reflective of its function %2, These sites are now known
to comprise of the 18kDa receptor protein, the 32kDa voltage-dependent anion channel
receptor protein required for benzodiazepine binding, and the 30kDa adenine nucleotide
carrier 153, They are most commonly located in the outer mitochondrial membrane of
activated microgliain the brain ®* and have been used as a sensitive marker to visualize and
measure glial cell activation associated with various neuroinflammatory disorders 26:55.56,
Though the exact function of the peripheral benzodiazepine receptor has not been clearly
elucidated, it appears that PBR isinvolved in the regulation of cell death 7, mitochondrial
respiration %8, cell growth and proliferation 9, steroidogenesis °3, and chemotaxis and
cellular immunity 8961, The normal healthy brain does not express peripheral
benzodiazepine binding sites except in areas such as the choroid plexus, ependymal layer
and perivascular cells °®. In the presence of brain injury, the activation of microglial cellsis
typically localized to the site of the injured neuron with extension along the anterograde or
retrograde axonal pathway. This characteristic response helps localize the site and
distribution of injury accurately when imaging activated microglia providing information
about the temporal and spatial progression of various neuroinflammatory disorders.
Although /n vitro studies have shown that PBR expression may be seen both in astrocytes
and micorglia, many /n vivo studies have shown that the increased expression of PBR
following an injury has primarily correlated most consistently with the presence of activated
microglial cells 26:62.63 The extent of PBR expression appears to be directly related to the
extent of injury with alarge increase noted in the case of frank neuronal loss and smaller
increases noted with just the loss of neuronal terminals 8465, Detection of PBR expression
also appears to be amore sensitive indicator of brain injury leading to an increase even
before histological changes such as neuronal apoptosis or |oss are noted 64

Benzodiazepines such as 7-chloro-5-(4-chlorophenyl)-1-methyl-1,3-

dihydrobenzo[ 1,4] diazepin-2-one (Ro5-4864) bind the peripheral benzodiazepine receptor
with nanomolar affinity with weaker affinity for the central benzodiazepine receptors. Other
classes of compounds such as isoquinolines, phenoxyphenyl acetamides,
pyrazolopyrimidine, indoleacetamide, and imidiazopyridines aso bind PBR having the
potential to be developed as biomarkers for the presence of activated microglial cellsin
brain injury 6667,
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PET imaging of activated microglial cells with [11C](R) PK11195

The constitutively low expression of PBRs in the normal brain with anincrease in
expression that islocalized to the site of injury makes it an attractive biomarker for the
detection of neuroinflammation and brain injury by imaging. Isoquinoline ligands such as
PK 11195 (1-[2-chlorophenyl]- A-methyl- A-[ 1-methyl-propyl] -3-isoquinoline carboxamide)
bind the 18kDA subunit of the peripheral benzodiazepine binding site %8 that are expressed
on activated microglial cells. When labeled with carbon-11, PK 11195 can be effectively
used as aligand for PET studies, indicating the presence of activated microgliain acute
inflanmatory and neurodegenerative disorders °6:62.69 (Table 1). The (R) enantiomer has
been shown to have higher affinity for the peripheral benzodiazepine binding sites than the
(9 enantiomer 70 and, therefore, the [11C](/)-PK 11195 is used in most studies. In our
study, we have demonstrated an increase in the retention of [11C](R)PK 11195 indicating
specific binding of the tracer to peripheral benzodiazepine receptorsin activated microglial
cellsin the newborn rabbit brain exposed to endotoxin /n utero. (Figure 2). Theincrease in
[11C](R)PK 11195 retention also correlates with our immunohistological studies, which
demonstrates a change in morphology from ramified to ameoboid microglia (Figure 3a) and
arobust increase in amoeboid microglial cellsin the periventricular white matter regionsin
these animals 4 “1(Figure 3b). The longitudinal assessment of [11C] PK 11195 binding
kinetics can be used as an effective tool in following the evolution of microglial activation in
PVL and to determine the optimal time period for institution of therapy and to follow
response to treatment.

[11C](R)-PK 11195 PET imaging in animal models of disease in models of Parkinson’s
disease, cuprizone —induced demyelination, traumatic brain injury, stroke and cerebral palsy
have been useful for demonstrating the presence of activated microgliain these

models 63.71.72,73,74 The use of small animal PET provides a unique approach for
conducting longitudinal studies in the same animal to determine the temporal progression of
the disease and to monitor response to novel therapies.

Theligand PK11195 is effective in determining the cellular response in CNS pathology due
to the fact that its entry into the brain from the blood is rapid and is not dependent on the
blood brain barrier 7. Thein vivo PET signal and hence quantification of PK 11195 binding
may vary depending upon the cerebral blood flow which may be increased in certain regions
due to inflammation or decreased globally due to sepsis and poor cardiac output. Changesin
blood brain barrier permeability and recruitment of peripheral macrophages may also dictate
the amount of tracer uptake in the brain. Lammertsma and Hume et al 76 used a simplified
reference tissue model to determine the binding potential of 11C PK11195, in which the
ratio of the rate constant with which the tracer binds in the diseased region to areference
healthy area and the rate constant of dissociation or wash-out from these regions, is
calculated in order to estimate the specific binding of the tracer in the affected region. In our
animal model due to the small size of the brain and potential errorsin manually defining
disease free regions, a semi-quantitative estimation of specific binding was determined by
comparing [11C](R)PK 11195 retention in the whole brain over time, in the newborns with
neuroinflammation versus the controls /2.

Recently, tracers devel oped using other ligands such as [11C] DAA1106 [a phenoxyphenyl
acetamide derivative, N-(2,5-dimethoxybenzyl)-N-(5-fluoro-2-phenoxyphenyl) acetamide],
[11C] CLINME [ an acetamide derivative, 2-(6-chloro-2-(4-iodophenyl)-imidazo(1,2-
a)pyridine-3-yl)-N-ethyl-N-methyl-acetamide], and [11C] DPA-713 [a pyrazolopyrimidine
derivative, N, N-diethyl-2-(2-(4-methoxyphenyl)-5,7-dimethyl-pyrazol o(1,5-a) pyrimidin-3-
yl)-acetamide] have been shown to have a greater affinity to the PBR than [11C] PK 11195
with less signal to noise ratio /477,
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Clinical Application of [11C](R)PK11195 imaging in perinatal brain injury

Amoeboid microglial cells accumulate in the immature white matter through the end of the
second trimester until term as part of normal development decreasing in density towards
term but maintaining their morphology even in early infancy (Chugani et al 1991)11.78,
These microglial cells eventually migrate towards the cortex where they are found during
adulthood 1. Hence, activation of microgliathat are normally present in the white matter
tracts may make the fetal brain particularly vulnerable for white matter injury during
gestation and around term.

Detection of activated microglial cells /n vivo can provide valuable information about the
degree of injury sustained in the perinatal period. Neonates born to mothers with
chorioamnionitis either diagnosed clinically or by placental histopathology, can be screened
by PET imaging with [11C](R)PK 11195 for the presence of activated microglia cells as an
indicator of neuroinflammation and hence possible predictor for the development of brain
injury secondary to intrauterine infection. Though large radiation exposures in the neonatal
period is amatter for concern, with regard to the radiation dose, [11C](R)PK 11195 scansin
neonates could be accomplished using effective doses approximately equal to the yearly
background radiation exposure, and |ess than or equal to the exposure of aclinical CT scan
of the head. CT scans currently result in an effective dose of around 3090 mSv (3.0-9.0
rem) per scan to the organ scanned /9. At these doses in the newborn period thereis asmall
risk of radiation associated cancer of around 0.04-0.06% lifetime attributable risk with the
above exposure 7. This risk decreases substantially with a decrease in the dose used. With
the PET scan the typical neonatal doses would be around 5mSv which is 6-18 times less
than that reported with CT scans. Given the very serious debilitating consegquences of the
development of cerebral palsy from perinatal brain injury, PET scanning for early detection
of neuroinflammation in the neonate may potentially have a high benefit to risk ratio. A non-
invasive technique that would help detect the presence and progress of neuroinflammation at
avery early stage would be beneficial in directing relevant supportive therapies and follow
up for these patients. Judicious use of PET scanning in the neonatal period would also
eventually help in the development of early therapeutic interventions that can be directed
towards these patients.

Conclusion

Molecular imaging of the PBR provides a unique approach for detecting the presence and
extent of brain injury in various neurodegenerative and neuroinflammatory disorders.
Although there has been increased interest in PET imaging for detection of
neurodegenerative disorders in adults and older children, its potential applicationsin the
neonatal period and during infancy have not been explored adequately. PET imaging for
detection of neuroinflammation can be a valuable tool for non-invasively diagnosing the
presence and extent of brain injury in newborns exposed to intrauterine insults. When used
in conjunction with diffusion tensor imaging or magnetic resonance spectroscopy it can be
used to detect subtle changesin the CNS that may not be obvious by conventional imaging
techniques. PET imaging of neuroinflammation may be useful as a prognostic indicator for
the development of white matter injury and cerebral palsy, and can also provide valuable
information for monitoring the response to therapeutic strategies.
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Figure 1. Proposed mechanism of oligodendrocyte and white matter injury in maternal
intrauterine infection

Thefigureillustrates oligodendrocyte damage and microglial activation in response to
cytokines following Lipopolysaccharide (LPS) exposure in the mother. LPS exposure in the
mother following maternal intrauterine infection results in the release of pro-inflammatory
cytokines. These cytokines may cross the blood brain barrier resulting in the activation of
the microglial cellsresulting in a change in morphology to an amoeboid form from a more
ramified form. The activated microglia over-express peripheral benzodiazepine receptors
(PBR) located in the outer wall of the mitochondriathat can be imaged using [11C]

(R)PK 11195 by PET. Release of reactive oxygen species, reactive nitrogen species and
cytokines by the activated microgliamay lead to the arrest of oligodendrocyte progenitors.
Inability of oligodendrocyte to produce myelin may subsequently lead to hypomyelination
of neurons and white matter injury causing periventricular leukomalacia.
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Figure 2. PET images of [11C]PK 11195 uptakein coronal sections of the rabbit brain for the
first 10 minutes of the scan and the last 10 minutes of the scan at day 1 of life

3D ROI (indicated by red dotted lines) were drawn for the whole brain. The activity in the
brain decreases over time for the saline injected control pups from 0-10 minutes of the scan
when compared to 50-60 mins of the scan, while it increases over time for the newborn
rabbit pups exposed to endotoxin /n uteroindicating specific binding of the tracer to
activated microglial cellsin the endotoxin exposed pups. White arrows indicate fiducial
markers used for co-registration of PET with MRI images.
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Figure 3.

a. Tomato lectin staining of microglial cellsin postnatal day 1 brain of rabbit kitsborn
to damsinjected intrauterine with saline (control) (A) and 20ug/kg L PS (endotoxin)
(B).

Microgliain the control group exhibits ramified morphology (A, arrow) whereasin the
endotoxin group the processess are shorter and thicker(B ,arrow). Anincrease in the density
of amoeboid microglial cells in the endotoxin treated group was noted when compared to the
control group.

b. Tomato lectin staining of microglia in postnatal dayl control and endotoxin exposed
kits.
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Representative images indicate a robust increase in microglial cells along the border of

lateral ventricle, internal capsule and corpus callosum in the endotoxin kit when compared
to control.
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Table 1

Imaging of Peripheral benzodiazepine receptors in human neuroinflammatory disorders:

Neur ological
Disorder

References

Findingson PET Scan

Alzheimer’s Disease

Schizophrenia

Multiple Sclerosis

Huntingtons Disease

Parkinsons Disease

Progressive supranuclear palsy

Corticobasal degeneration

Amyotropic Lateral Sclerosis

Multi System Atrophy

Ischemic stroke

Brain Tumors

Encephalitis
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Increased [11C](R)PK 11195 uptake was seen in 38% of patients with
mild cognitive impairment. Patients with increased cortical [11C] PIB
retention, amarker for B amyloid also had increased cortical [11C]
(R)PK 11195 binding in the cortex.

[MC](R)PK 11195 PET detected significant 20-35% increasesin
microglial activation in frontal, temporal, parietal, occipital and
cingulate cortices along with a2 fold increase in [11C]PIB-PET

Significant increase in [C](R)PK 11195 binding in the entorhinal
temporoparietal, and cingulate cortex

[1C](R)PK 11195 in total gray matter was increased in patients with
schizophrenia.

Binding potential of [*C]vinpocetine to PBR was found to be greater
than that of [11C](R)PK 11195

[MC](R)PK 11195 binding in striatal and cortical structures
Significant increase in striatal [1XC](R)PK 11195 binding was observed
Increased uptakeof [1'C](R)PK 11195 in putame and, frontal cortex .

Increased mean levels of [1C](R)PK 11195 binding in the pons, basal
gangliaand frontal and temporal cortical regions

[1C](R)PK 11195 binding potential in the midbrain contralateral to the
clinically affected side were significantly higher in PD

Increased mean [11C](R)PK 11195 binding in the basal ganglia,
midbrain, the frontal lobe, and the cerebellum

Increased [11C](R)PK 11195 binding in the right putamen and the right
thalamus, right pallidum, right substantia nigra, , and caudal pons

Increased mean [1C](R)PK 11195 binding in the caudate nucleus,
putamen, substantia nigra, pons, pre- and postcentral gyrus, and the
frontal lobe

Significant increase in uptake of [*1C](R)PK 11195 in the motor cortex,
pons, dorsolateral prefrontal cortex and thalamus

Increased [11C](R)PK 11195 binding was primarily found in the
d_orsol ateral prefrontal cortex, putamen, pallidum, pons, and substantia
nigra

Increased [11C](R)PK 11195 binding in Cerebral cortex

Increased [11C](R)PK 11195 binding in Thalamus

High specific binding of [3H]PK 11195 to human glial tumors was
demonstrated

Increased [11C](R)-PK11195-PET was observed within the affected
limbic system and additionally in areas connected to the limbic system
by neural pathways, including the lingual gyrusin the occipital lobe
and the inferior parietal lobe

Increased binding of [11C](R)-PK 11195 in patients with Rasmussen’s
encephalitis throughout the affected hemisphere
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