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Abstract
INTRODUCTION: Neuroinflammation (NI) is a

involving microglia, astrocytes and perlpheral

chronic diseases of central nervous sy an

CNS tissue.

EVIDENCE ACQUISITION: I al ore modlﬁed rodent models mimicking
human neuropathologies Val 1n on basw mechanisms of NI, but also for
improving the develop ne dl@l a erapeutlc strategies.

EVIDENCE SYN po@ emission tomography (PET) allows to investigate
noninvasively CNS of rodent models at a molecular level, validating
innovative fo c@mgn@ and characterizing the time course of neuroinflammatory
changes and the o shj t disease progression, as well as the effects of experimental

treatments with high trans al potential. In particular, recent efforts of preclinical PET field are
intended to develo uw\g\\ fic and selective radiotracers that target the activation of innate immune
system in CNS.

CONCLUSIONS: Here, we have reviewed the state of art for PET in relevant rodent models of
acute and chronic neuropathologies associated with NI, with particular regard on imaging of

activated microglia and astrocytes.
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INTRODUCTION

Neuroinflammation (NI)

Neuroinflammation (NI) is a dynamic and complex defensive response to pathological insults of
various nature, involving microglia, astrocytes and infiltrating peripheral immune cells
(neutrophils, macrophages and lymphocytes).! NI is typically associated with infections of the
central nervous system (CNS), when blood—brain barrier (BBB) fails to stop biological insults, but

it may occur also in acute non infectious neuropathologies such as stroke or chronic diseases such

and vascular permeability, alteration of the BBB, infiltration

activation of resident microglia. * Moreover, a sustained inflamithato respor@p ainly mediated

by microglia and astrocytes, might be also involved in the pathogenesis -@\s ogression of chronic

neurodegenerative diseases.’ In this respect, it is not at ia @astrocytes can be
activated in response to aberrant endogenous > , mutant superoxide
dismutase 1-SODI1 and others. In particular, % & macrophages of CNS,
seem to play a pivotal role in NL’ In phy: i V)1 s_n on croglia have the function of

maintaining cerebral tissue homeostasis, ficuronal i etwork functioning in the brain.’

Following various noxious stim er, micrpgli ches from a resting, ramified form to

an activated, ameboid @gep dn@ @nvolved signaling pathways and tissue
@

microenvironment, mi may prgme: e ( emodeling/repair (anti-inflammatory M2-like

ge@o-inﬂammatory MI-like activation)." ¢ Overall, the

contribution o lo m the CNS diseases is multifarious and not yet fully
@tay @uence the balance of NI towards detrimental or beneficial
! %

outcomes, dependin of expression after CNS injury, localization, extent, chronicity,
and immune cell types n d Improving knowledge of these crucial aspects may provide new

insight on the role q \ \ acute and chronic CNS disorders as well as on their therapy.

EVIDENCE ACQUISITION

Preclinical models and imaging of NI

An increasing number of rodent models mimicking different acute or chronic human
neuropathologies associated with NI have become available and are extensively characterized.”
Genetically modified mice, carrying specific gene mutations present in human familial forms of

diseases, are of particular relevance for further understanding of molecular pathways involved in
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of particular relevance for further understanding of molecular pathways involved in the diseases.*”
Although none of these animal models show all aspects of human diseases, they might provide
valuable information on basic molecular processes of NI that are of crucial importance for the
development of novel therapeutic strategies. Molecular imaging (MI) using Positron Emission
Tomography (PET) may be a unique and useful tool for in vivo study of NI in these models. PET
neuroimaging is a quantitative noninvasive reliable method well established in human subjects
and increasingly applied in small laboratory animals thanks to the availability of high resolution
dedicated PET scanners (microPET). Different radioligands, targeting diverse functional aspects
or molecular events involved in NI might be used." ' Thus, the combined use of rodent models of

NI and microPET is an emerging approach that will more and mor tribute to the

characterization and monitoring of the spatio-temporal dynamic of th@mmatory changes

occurring in neurological disorders since the earliest/asymptomatic the evaluation of

their relationship with disease progression and to the investi@ 3

treatments. Moreover, it represents a unique tool for the valid f n& radiotracers for

ohist c@t would provide the

characterization of histopathological changes iyl 1 % d . Despite these

advantages, there are some methodological limi %ﬁe ad@%e ng these, the accuracy

of in vivo absolute quantification of the~PET\ C da@p e@ a crucial issue in rodent,

especially in mice, due to the difficulty’of/obtai in&@a @e\
an

volume effects (PVE)."" Simplifi usi @ed uptake value (SUV)'? or SUV
ratios calculating using an unaffect efer@%@é@ught be easier alternative approaches but

@e of appropriate methods for PVE correction
%‘h g& of tracer binding on the receptor sites. Due the

small concentrati t ites 1 nt brain the radiosynthesis should achieve very high

the effects of potential

key targets of NI. Finally, the complementary use of i

rial input function and to partial

they require validation.' 1

should be encourage

specific radi yity i orde n'ec@lall amounts of radioligand thus avoiding possible partial

saturation of resepto d
molecular targets, not a w&&pressed in a similar manner in different species. Overall, despite
these limitations, f@ tained in small laboratory animals with PET may be important for

translational researc m bench-to-bedside and back to the bench.

Molecular PET probes for NI

Different PET approaches have been developed and used for in vivo study of NI, including
imaging of cerebral blood flow and brain glucose or arachidonic acid metabolism." '° However,
these methods do not provide evaluation of specific molecular targets involved in NI. Here we
will shortly review the main molecular targets and PET radiotracers developed/available for
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shortly review the main molecular targets and PET radiotracers developed/available for imaging
of activated microglia and astrocytes, a topic more extensively treated in recent reviews. > °

Translocator protein (TSPO) is the main target of PET radiotracers developed during the last
years for in vivo imaging of glial activation both in preclinical and clinical studies. TSPO,
previously known as peripheral benzodiazepine receptor (PBR), is a 18 kDa protein located on the
outer mitochondrial membrane of organs such as the adrenal glands, testis and ovaries, and the
pituitary glands, which is involved in steroid synthesis.'® TSPO levels in the CNS are low in
healthy condition but are dramatically increased in activated microglia and astrocytes during NI'°

regeneration.'® Thus, TSPO is an attractive imaging target for diagno rognostic and

Interestingly, modulation of TSPO expression might be also implicated in neurSal survival and
therapeutic purposes. A huge number of TSPO radioligands have b thesized for PET
1106, [''C]PBR2S,

on 1, 2, 15
‘ A-714.

imaging in preclinical and clinical fields, including [''C]PK 11195,
["*F]PBRO6, [''C]SSR180575, ['*F]GE-180, ['*F]DPA-7

[''C]PK 11195 was the first TSPO radioligand to be develeped; @ ecially when the
expected TSPO changes are small, is limited by t h non@ﬁ binding and low
bioavailability. A particular effort has been done @ J@developmem and
validation of second generation TSPO radiot zﬁ@ higﬁ electivity and specific
binding.> ** Validated fluorinated radiotra%e ue@i@td have the advantage to be
more easily implemented and distribtted across i{a}%@; g c@te s for larger studies. Although
improved signal-to-noise ratios, ra '@m«&ved in human studies inter-subject
variability in their binding potent%@§)r@ in the gene that encodes TSPO, leading
to three distinct binding a@sses@r @ binder, low-affinity binder, and the mixed-
affinity binder exprex@ ind s noteworthy that, to date, the polymorphism of
TSPO in rodentshas e st ZThus, further validation in human studies is required

when new p@in diotrac hav@’een evaluated in preclinical research. In this respect new

TSPO radioligands wifl e lecular structure not influenced by human polymorphism are

-

{:c‘ t. Among these, ['*FJFEBMPA seems to be promising candidate

since the specific bin 1@ not significantly affected by TSPO polymorphism in post-mortem in
human brain.'® Anc@&ritical point is the selectivity of TSPO for activated microglia. Although
microglial activation seems mainly underlying the TSPO radiotracer uptake, activated astrocytes
might also contribute to the signal as suggested by results obtained in studies on different
experimental models of NI '® and in a rat model of selective astrocyte activation with minimal
microglial response. '° Finally, it should be pointed out that all current TSPO radiotracers are not
able to discriminate between the different M1-like and M2-like activation states of microglia, so

the development of new probes specific for microglial phenotype is desirable. Moreover there are

Page 5 of 33



OO\ B Wk —

The Quarterly Journal of Nuclear Medicine and Molecular Imaging

specific for microglial phenotype is desirable. Moreover there are no radiotracers that are selective
for different transmembrane domains of TSPO. Despite this complexity, the use of TSPO
radiotracers allowed to characterize in vivo with PET microglial activation in human disorders and
preclinical models of NI.

Cyclooxygenase (COX) is another potential interesting target implicated in the inflammatory
cascade. COX is an enzyme converting arachidonic acid into prostaglandins (PGs) and is induced
by acute and chronic inflammatory stimulations even in the brain. There are two isoforms: COX-
1, constitutively expressed in all cell types, and COX-2, a form inducible in response to cytokines,
growth factors and pro-inflammatory molecules. The potential role of COX igoforms in brain
pathological conditions has been extensively reviewed.” *° In particular, C contributes to

different physiological functions of CNS, and can be expressed in the b t only by neurons,

cells (neutrophils,

but also from activated microglia and astrocytes, and from infiltra )
eases.”) COX-1

1c
appears predominantly localized in microglia and could pl an np a) a NI by secreting
PGs in response to microglia activation."® Thus both 1n eresting targets for
ce %b@

development of PET imaging probes. Different T loped during the
last years by radiolabeling different COX inhi %E Q hpwever displayed poor
selectivity for the different isoforms and %@}H le c for in vivo imaging.> '> %
Interestingly, the results of a recent%er orrn X‘\odel of unilateral intrastriatal
injection of lipopolysaccharides ( model of AD suggested that the S-
enantiomer of [''C]-KTP-Me m% Az%u tive and sensitive radiotracer for brain

@m @ tion. 2 Furthermore, in vitro studies have
@e S

t of ['*F]-radiolabeled COX-2 radiotracers. '

imaging of COX-1 expr:

reported promising cafrdi

The cannabinm@
immunosup@« on
ea
. _(‘

C s predominantly involved in anti-inflammatory and
CB,R, wher

in patients with AD,*%iff¢stoned striatum of a rat model of HD and in the spinal cord of a murine
model of MS.* M@er pharmacological experiments suggested that the protective effects of
cannabinoid treatment might be related to the prevention of microglial activation in a rodent
model of AD.? A series of radiotracers were developed for imaging CB,R expression in the brain.
%15 Among these, [''C]-NE40 and [''C]-A-836339 revealed favorable characteristics for in vivo
studies. > '° [''C]-NE40 showed small amount of brain radiometabolites in vivo in normal rodents

and increased uptake in a rat model with human CB,R overexpression as expected. > '° However, a
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PET study with [''C]-NE40 demonstrated lower CB,R expression in the brain of AD patients than
in controls, an unexpected result possibly reflecting [''C]-NE40 binding also to neuronal CB,R,
that might be reduced in AD.*® [''C]-A-836339, an agonist with subnanomolar affinity for CB,R
provided interesting results in AD murine models. *’

The P2X; receptor (P2X5R) is a complex target of particular interest, because its overexpression
seems to be mainly associated with the anti-inflammatory microglial phenotype.'> P2X; is a
purinergic ionotropic receptor activated by ATP (ATP-gated ion channel) expressed in a variety of
cells including macrophages and microglia, and appears to be involved in NI (Ory 2014, Monif

reported post-mortem in different animal models of NI and neurodegeneratior:

2010). * *® Increased P2X;R expression in CNS and enhanced microglial activation have been
\{%s P2X; might

be a promising target for imaging NI by PET. A variety of antagonis P2X;R have been
developed showing however different interspecies affinity * thus lim' ) eclinical validation

of potential new PET radioligands. Interestingly, using a tra@ éggl expressing the

human P2X;R (hP2X;R) in the striatum, Ory et al.”’ recently de in vivo [''CJ-JNJ-

54173717 was able to selectively and specifically bind r prehmmary results

11> to brain P2XR,

in non-human primates also showed that [''C]-INJ<54
suggesting that this would be a promising r of neuroinflammatory
pathologies. Other radiotracers for P2X7®[ %@, ‘\@nd [''C]-GSK 1482160 are
under evaluation " @

Matrix Metalloproteinases (M@@l 1da creted as inactive zymogens and

activated in the extracellular space,and w SO r@&d as NI targets. MMPs not only degrade

the extracellular matrix a ibute t @ but also act on pro-inflammatory cytokines,

chemokines and othef<i @t d eins. In vitro, activated human microglial cells

showed increase MP-3, MMP-8, MMP-10 and MMP-12. Moreover,

overexpressj
MS.? Recently\["°F

activated MMP-2 and

@6& mortem in patients with MS and in a mouse model of
@ demonstrated to be a suitable radiotracer for imaging of
early phases of experimental stroke associated to BBB damage
and potentially later t activation.”
042 nicotinic ace oline receptor (04p2-nAChR) is not only expressed in neurons of but
also in microglia and macrophages and might be involved in inflammatory responses.’’ Recently,
Martin et al.>' suggested that 2['*F]-fluoro-A85380, a specific radiotracer for a4p2-nAChR, might
be used in vivo with PET for imaging increased microglial activation in a stroke rat model.
Further studies are required to confirm the potential usefulness of radiotracers targeting a4p2-

nAChR for studying NI.
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Monoamine oxidase type B (MAQO-B) is an interesting target proposed for in vivo imaging of
activated astrocytes. This enzyme, that catalyzes the deamination of monoamines in
neurotransmitters synthesis, is located at the outer mitochondrial membrane in serotonergic
neurons but also in astrocytes where it is upregulated in activated states during NL>* [''C]-L-
deprenyl, an irreversible MAO-B inhibitors, and its deuterated form [''C]-deuterium-L-deprenyl
([''C]-DED), a more suitable PET radioligand showing lower blood flow dependence and slower
metabolism, were the first radiotracers successfully developed for imaging MAO-B activity. They
allowed to image astrocytes activation in post-mortem *° as well as in vivo studies in AD patients
** and in APPswe mouse model of AD.** Recently a bis-deuterium substituted L4deprenyl analog
has been labeled with ['*F] (['*F]-fluorodeprenyl-D2). Preliminary results st that it is a
suitable PET radioligand for in vivo study of MAO-B activity. > Oth otracers have been

developed but did not show favorable characteristics for in ViV() dies or are under

development and evaluation as extensively reported by Janssen @ @?&

We have reviewed here the main preclinical PE ing st d% J\ t relevant rodent
models of acute and chronic neuropathologie @Ra wit& i@culm stroke, MS, AD,
ALS, PD and HD. % @@,\ \@

Preclinical PET imaging in rodent models of NI

Ischemic stroke

Stroke is a common disease W eadi%@o @erm disability and death, and acute
ischemic stroke is the most on type. @ra&@emia results from occlusion of major brain
n the @ ains the treatment of choice for improving
rg¢’bod @EVh@ce suggests that inflammation triggered by the focal
an rtae on tissue outcome at different stages of cerebral

arteries and reperfusi
1,3

clinical outcome

cerebral ischemi
ischemic in a@ reperfusion may also worse cerebral injury promoting a
n

I , €
> 9,
stronger neuroinfla tory

therapeutic target with a therapeutic window. *® Different innate and peripheral immune cell

se.’” Thus NI in the ischemic stroke appears an attractive

populations infiltr @chemic brain tissue over time after stroke and might contribute to tissue
damage and/or repair.’® The temporo-spatial dynamic of these events has been in part reported ex-
vivo in experimental stroke models, *® but it is poorly known in vivo. The combined use of PET
and experimental animal models might provide further insight to this issue and thus might
contribute to the development and evaluation of new therapeutic strategies. Currently the most
common experimental model of focal brain ischemia, also used in the most part of in vivo
microPET studies, is the occlusion of the middle cerebral artery (MCAO) in rodents. MCAO may

be either permanent (pMCAOQO) or transient (tMCAO) followed by reperfusion after a variable
Page 8 of 33
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(pMCAO) or transient (tMCAO) followed by reperfusion after a variable time. *° These two
models show different pathophysiological features that have to be considered in the interpretation
of results.

Activated microglia have been the main target of PET studies in rodent stroke models, and the
radioligands for monitoring changes in TSPO sites have been mostly developed and used (Jacobs
2012, Janssen 2016) > ["'C](R)-PK 11195 was the first and most widely applied in both human
and experimental stroke studies. L 15 After tMCAO, increased [HC](R)-PKI 1195 uptake was
found in the infarct core and in the peri-infarct region at 4 and 7 days in outbred rats *° and at 2
and 14 days in spontaneous hypertensive rats *'. Increased radiotracer uptake wasdess marked at 2

and 4 than at 7 and 14 days and was mainly associated with increased ex of TSPO by

activated microglia/macrophages. Only some reactive astrocytes at the { margin expressed
TSPO sites at 7 days after stroke. * Similar findings were reported ugj ¢cond generation TSPO
radioligands in tMCAO rodent stroke models. " *7 1@DPAJM and
immunohistochemistry, Martin er al. ** further characterized ats t @ c-course of TSPO

expression and glial activation in the ischemic hemisp ter tM%@ In vivo PET imaging

revealed a strong and significant increase of ['°F 4 Q., ¢hemic hemisphere

involving the core and the peri-infarct area at : . chemia, peaking at 11

days and slowly decreasing thereafter u% S. [@9 (\\ with excess of unlabeled
DPA714 or PK11195 demonstrated the specificity @[lgEiD 'A-714 binding in the ischemic

i t@@aﬁo oral profile of PET ['*F]DPA-714
pha,

tissue at 7 days after ischemia.
binding matched with that of mic lia/ %
W uno@%c . A migration of GFAP/TSPO-positive

tivation but not with that of activated

astrocytes as evaluate

astrocytes was show gressi

highest values a y. e.

post-morteo i aca n @ﬁllso reported in the ischemic hemisphere of mice after
induction of tMEAO /XC

a lesser extent, as early a \J days after tMCAO, in line with post-mortem studies in mice
(Gelderblom) or wit t@ tudies in living rats.*' Recently, tMCAO model in rats was also used
to validate ['*F]FE , anew TSPO radioligand that might be potentially less affected by human
polymorphisms. Preliminary results showed specific binding of ['*FJFEBMP in the infarcted
striatum of rats 7 days after tMCAO, as confirmed by displacement studies.'® The time course of
neuroinflammatory processes has been also characterized in rat models of permanent focal
cerebral ischemia. In contrast to tMCAO, increased [''C]JPK11195 uptake was not observed 7
days after pMCAO in the infarct core, presumably due to lack of reperfusion and reduced tissue

radiotracer availability, but only in normoperfused peri-infarct zone.* Peri-infarct region also
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perfused peri-infarct zone.* Peri-infarct region also showed increased glucose metabolism at PET
and increased microglia/macrophages activation at immunohistochemistry, and might represent
tissue at risk of secondary damage.* The time-course of [''C]PK11195 uptake after pMCAO,
studied in rats between 2-45 days and at 7 months after stroke, seems to be also different from that
reported in tMCAO, showing mainly an early peri-infarct increase followed by a late shift towards
secondary degenerative regions such as the thalamus and the pyramidal tracts, as confirmed by
Ibal staining at 28-56 days and 7 months.***" However, the long term neuroinflammatory effects
in chronic stages after stroke were studied only in pMCAO. Interestingly, persistent microglial

ischemic lesion even 7 months after pMCAO, a finding in line with pre observation in

activation and increased [''C]PK11195 binding might be observed in regions gemote from the
human stroke. ** The role of this long lasting neuroinflammatory respo he final tissue and

clinical outcomes deserve further investigation. Second-generation @a ioligands were also

tested in pMCAO showing similar results. *’ @F &

Treatment with minocycline, a neuroprotective agent, reduc ] 4 uptake in the
ischemic brain region of tMCAO rats at 7 days after str ithout @/a t effect on the final
infarct size.”® A similar decrease of ['*F]DPA-7 @e ischemic brain
region of tMCAO mice at 3 and 7 days after %ﬁvmg& @th AMD3100, an anti-
inflammatory agent mainly acting on peri ne c@:

To date, potential NI targets other than FSP h@n 1 poorly explored in vivo with

@@oriudy, Martin et al ' tested 2['°F]-

04p2-nAChR, and demonstrated that

microPET in experimental strok
fluoro-A85380, a radioligand tha emfx

increased expression of t rr@

ted in vivo in tMCAO rats, with a similar
%n

time-course of [''C]PK1 ‘S« Vi the same animals and of microglial activation
measured post- lb immunostaining. Which could be the modulatory
role of a4B n inj @hould be investigated. Recently, Zinnhartd e a/ *° have

characterlzed roﬁle of MMPs activity and microglial activation using
['"®*F]BR-351, an 1nh1b1tor§AMPs and ["*F]DPA-714, respectively. Compared to ['"*F]DPA-
714, ["*F]BR-351 up owed an earlier increase (between 24 hours and 7 days after stroke)
followed by a rapididecrease, suggesting a different time-dependent MMPs expression and
veragliahectiesmtin of these studies showed that microPET imaging of TSPO and/or of other
relevant molecular targets of NI may allow to characterize and monitor in vivo the spatio-temporal

dynamic of microglial activation in rodent models of focal cerebral ischemia, as well as the effects

of therapies.
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Multiple sclerosis (MS)

Multiple sclerosis (MS) is considered a chronic neuroinflammatory and neurodegenerative disease
of CNS. The pathological hallmarks of MS are focal demyelinated plaques within the CNS
showing different degree of inflammation, gliosis and axonal damage depending the timing and
clinical phenotype.' Although MS has been considered a disease primarily affecting the white
matter, recent evidence suggest that demyelinated lesions might be found in the cortical gray
matter of MS patients.”> Acute active plaques are most frequent in acute and relapsing-remitting
MS and are characterized by T and B cells infiltrates, activated microglia and macrophages,
myelin debris and BBB damage, whereas chronic lesions in remitting phases %low levels of
inflammatory infiltration and no evident demyelination.' The relationship ’ weeninflammatory
aspects and neuronal/axonal loss are controversial. The balance bepwe l-like and M2-like

<’ euronal damage, and

phenotypes of microglia seems to play an important role in demyelin
remyelination in MS.> Experimental autoimmune encephalomyelitis EAE dents reproduce
n the e\ carch field.” The use

the key pathological features of MS, and is the most widely plie

of EAE model contributed to a better understanding dla@jls and therapy of

MS. EAE might be induced in a variety of rat a .<\--.. immunization with

different myelin proteins or peptides. Depe % e n' % sed, different clinical
6)
o&

phenotypes of MS and histological/n [ change an be obtained: proteolipid

Rt i@SJL mice; myelin basic protein

mono s1c@se in PL/J mice; chronic-progressive
models of myelin oligoden: e glycopr peptide-induced disease in
dels of myelin oligod 1 & ( 5-55) de-induced di C57/BL6

mice (Gold 2006). Di st@@ n performed in animal models of MS using

["*F]FDG as a m i eawg@é ic rate of activated immune cells as well as specific
radioligands § sel t of NI. MicroPET studies of EAE-MOG chronic-

protein peptide (PLP139-151)-ind apsing
(MBP)-induced non-demyelinati

progressive 1 repo @wrea@ F]FDG PET uptake in the spinal cord of C57BL/6 mice
from day 8 to % ization and of dark agouti rats between 10-14 days from
immunization.”® The in ed ["®FIFDG uptake was associated with the presence of

inflammatory infil @ determined at histology *>°® and correlated especially with CD68-
positive cells in rats.” Moreover, immunosuppressive therapy with dexamethasone, performed in
mice, reduced glucose metabolism in the spinal cord.’® However, the high background of
["®F]FDG in the normal CNS and the lack of specificity for glial cells limit the use of this
radiotracer. Recently, PET studies using specific TSPO radioligands for imaging microglial
activation were performed in experimental MS models. Increased ['*F]DPA-714 uptake was found
in thoracic and lumbar spinal cord of a rat model of acute monophasic EAE at 10-12 days after

immunization with MBP as compared to controls. The specificity of ['*F]DPA-714 binding was
Page 11 of 33
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ificity of ['"*F]DPA-714 binding was confirmed with displacement studies using both unlabeled
PK11195 and DPA-714. Immunohistochemistry showed that TSPO expression colocalized with
activated microglia and macrophages, but not with astrocytes.”’ In this study the binding of
['"®F]DPA714 was not investigated in the brain because inflammatory changes in this model are
prevalent in the spinal cord.”’ Interestingly, increased binding of ['*F]DPA714 could be detected
between 12-16 days after immunization in the cerebellum and in the brainstem of PLP-EAE SJL/J
mice, a model of RR-MS known to involve also brain areas (Figure 1.B).*® Increased TSPO

expression colocalized with increase microglial activation as evaluated by Ibal immunolabeling.”®

['""F]PBR11, another high affinity second generation TSPO radioligand.

authors also showed that a mild but significant increase of tracer upta\@l found in the pre-

symptomatic stage in several brain areas, including the cerebellum a

focal chronic EAE-like model of MS, Airas ef al. 60 demons@QI ncreé
al

uptake could be detected in lesional and perilesional areas.of 1

These findings were similar to those reported in symptomatic EAE-PLP mice using microPET and
t&stmgly these

> Using a striatal

ed ["*F]GE180

@ Sphere at 127 days

g@y, they showed that

after EAE induction, corresponding to activated mi

microPET with ['*F]GE180 was able to demonstrgte inWiyvo

% yZ@ @%nt with fingolimod, a
n estln al.

61
have used the new

oglial activation

(both in lesion volume and in binding potenti

finding confirmed by immunohistoche

radiotracer [''C]TZ3321 that specifically binds fo s -1 “phosphate receptor 1 (S1PR1),
the target of fingolimod therapy s@esm the inflammatory lesions of MBP
induce EAE rat model. The results\showe % increased [''C]TZ3321 uptake could be
detected in the lumbar 1n %

§ mice, corresponding to increased SI1PR1

expression by activ es in the white matter as demonstrated by

gll 0
. n ta suggest that microPET and new radioligands for
therapeutic s, @fght provide a new and useful tool for evaluation of
inflammatory p ces& \-

Martin et al. ®* have inves ed the relationship between glutamate excitotoxicity, microglial
activation and oligo §ytes/neuronal death using ["*F]FSPG, [''C]PK11195, and ['*F]FDG
respectively. Both f%&%l 1195 and ['®F]FSPG uptake values were significantly increased in the

lumbar spinal cord at the peak of clinical symptoms, indicating that microglial activation in this

inally, using a longitudinal multitracer PET study approach,

region could contribute to glutamate release, a finding also supported by Ibal immunostaining and
reduced ["*F]JFSPG uptake following depletion of microglial population. In contrast, ['*FJFDG
seems to have low sensitivity in monitoring disease progression, possibly due to mixed and

opposite signal related to neuronal death and inflammatory response.®
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Overall, the results of these studies suggest that the use of microPET with radiotracers targeting
microglial activation or other interesting NI molecular targets is feasible in rodents model of MS

and might provide new insight on diagnosis, pathogenesis and therapy.
Alzheimer’s Disease (AD)

A body of evidence indicates that the innate and adaptive immune systems is implicated in AD
and may play a role in the pathogenesis and progression of the disease.’ It is hypothesized that in
early stages of AD, microglia are protective by promoting amyloid clearance. At later stages,
however, the microglia become less efficient resulting in increased production Eneurotoxw pro-

2, 63, 64
1 loss ’

inflammatory molecules that might contribute to neurodegeneration and
Interestingly, bone marrow-derived mononuclear phagocytes or perlph crophages’’ might
also contribute to amyloid plaque-associated microgliosis, ** and c emic inflammation
such as obesity, smoking, diabetes and atherosclerosis are oft oCia AD.% Overall,
several aspects of NI in AD remain controversial or oor@w as the dynamic,

earliest stages, as well as the differentiation of fal\ or e Preclinical PET

topography and severity of neuroinflammatory respon g the @ isease since the
combined with immunohistochemistry and b studl. r1bute to improve our
understanding of mechanisms underlyi n AD development of effective
therapeutic strategies. The most co eXx er1 of AD are transgenic mice
overexpressing presenilin (PS) 1 or protem (APP), the three genes
identified in autosomal dominant ‘miutatio AD 7 Imaging of microglia activation
using TSPO radiotracers one $ target for PET preclinical studies in rodent
u

models of AD. At diffefenee ofacu ch as stroke that is characterized by a strong NI

response, in chronic ve ,- es such as AD the degree of microglia activation is
relatively lo @ 6 ex@smn This represents a challenge for in vivo imaging and
requires the d lop ?@ cers with very high specific binding and affinity for TSPO.

The first TSPO radlohga ](R) PK11195, widely used in human studies, did not reveal in
vivo significant brai g increase in 13-14 month-old APP/PS1 mice despite evidence of
increased CD11b i@lostaining.66 Higher [''C](R)-PK 11195 brain retention could be detected
only at late stages (16-19month-old APP/PS1 mice),”> when microglial activation was more
prominent as shown by immunohistochemical studies. Recently, numerous second-generation
highly specific TSPO radiotracers have been used to image in vivo microglia activation in
preclinical AD mice models. In a pioneering study, increased ['*F]fluoroethyl-DAA1106 binding
induced by anti-amyloid treatment could be detected in the hippocampus of in 20-month-old

APP23 (Tg) mice, corresponding to increased microglial activation as confirmed ex-vivo by
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croglial activation as confirmed ex-vivo by immunohistochemistry. ®” The same authors showed,
however, that [''C]-AC-5216 was more sensitive than ['*FJFEDAA1106 in measuring increased
hippocampal and entorhinal cortex TSPO density at 11 months of age in a different Tg model of
AD, the PS19 line over-expressing human Tau. ®® Very slow washout of ['*FJFEDAA1106 from
the brain and high unspecific binding might in part account for these results, suggesting that
["*FIJFEDAA1106 is not a suitable radioligand for PET studies of AD. Increased ['*F]-PBR06
brain uptake was detected in 15-16-month-old Thyl-hAPPLond/Swe (APPL/S) mice compared
with WT controls, but not in younger mice (9-10 months of age) despite extensive increases in
CD68 and TSPO immunoreactivity.”’ These results are in line with those reported using the ['*F]-
GE180 in APP/PS1dE9 Tg mice showing increased uptake in the hippocav@% old Tg mice
compared to age-matched WT but not in young Tg mice. To investigate vo and ex-vivo the
relationships between microglial activation and amyloid load, micm@u pitracer studies were
performed using PET amyloid and TPSO radiotracers. Progr@ ase i&the ["*FIGE180

SUV forebrain to white matter ratio was observed with age in P ( @ e when compared

with age-matched WT mice reaching 25% at 16 mofiths< latter age, a positive
correlation was found between this TSPO in viv load assessed by
['®F]-florbetaben, as previously also shown i 1n mo@ od -S,- ,) amy101d051s (APPswe
PS1-dE9) using ["*F]DPA-714 and ["*F]- studles in vivo data were
well-correlated with in vitro immunostaring of activ @ 11 and B-amyloid plaques. These
findings demonstrated the close r b mi al activation and B-amyloid load in
different Tg models of AD. Using\a ve e§@1 second-generation TSPO radiotracer,

[''C]PBR28, and 5XFAD ery a@s el with early amyloid deposition, Mirzaei et
al.” showed that [11 @1

creased in Tg mice at early stages (6 month of
age) as compar atch @e. Autoradiographic and immunohistochemical ex-
Vivo studie th@t ong hn@etween increased microglial activation, upregulation of
TSPO, and amyloid oR i \w s AD model. Whether [''C]PBR28 is as sensitive in detecting
early microglial activatio@) models characterized by a milder inflammatory response should
be further explored. @

Overall, the results vivo TSPO studies in AD animal models suggest that although second-
generation TSPO radioligands appeared more sensitive, increased TSPO expression could be
detected only at late stages when microglial activation was more intense, independently of the
radiotracer used. Interestingly, however, they provide evidence that TSPO expression is mainly

associated to microglial activation and amyloid pathology
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Among the other NI targets a particular the attention has been focused on CB;R. The CB,R is
expressed by activated microglia and mediate the inflammatory response in vitro and in vivo even
in AD as reported in the paragraph “Molecular PET probes for NI”. Increased specific binding of
[''C]A836339, a selective CB,R PET radiotracer, has been recently demonstrated in the brain of
12 months old APPswe PS1-dE9 Tg mice as compared to age-matched WT. Quantitative
immunohistochemistry analysis revealed that activated microglia showed the maximum intensity
of CB2R expression as compared to activated astroglia.

The role of astrocytes in the NI response in preclinical models of AD is less known and less

74

activation

explored, because there are no radiotracers and molecular targets selective for astrocytes.
Recently, using [1IC]-deuterium-L-deprenyl (["'C]DED), a marker of asﬁ@%

increased cortical and hippocampal radiotracer binding was reported in A mice compared to

18-24 months. In

age-matched WT mice, more marked at 6 months than at 815
agreement with results from human studies > these findings sug

ast es activation is
an early response that may precede amyloid load. Howeyer, m vi a@%graphy failed to

@Qﬂ WT mice and
%‘fhcampus at 18-24
N

t1
ese ;,- ) vestigation. Although

immunohistochemistry showed more prominent as tiv

than at 6 months in APPswe mice. These dis Kﬂl

the in vivo detection of NI with mictePET\ invneur models of AD remains

/2

challenging due to the relative mild r€gional c ng@he euroinflammatory response, taken
us

.

through different molecular targetsyand ot@iom such as B-amyloid load, Tau deposition

and the integrity of neur@
better understand the@ 0

together all data reported above ess to confront PET imaging of NI,

i

(¢]

ion @\lifferent available models of AD in order to
o§ processes and the effect of potential therapeutic
approaches.
Other Neurog e dS@@
@ @ @
Amyotrophic era@sis ALS
:

Amyotrophic lateral scler(@\ALS) is a neurodegenerative disease characterized by a progressive

©)

loss of motor neu e&;"f’ ) in the spinal cord, brainstem nuclei and motor cortex. > NI, and
specifically activated microglia are neuropathological features of ALS and might be involved in
MN degeneration processes in ALS. Different genetic mutations were identified in familial and
sporadic ALS allowing the generation of a number of new transgenic rodent models of disease.
The mutation of the gene encoding the enzyme Cu2+/Zn2+ superoxide dismutase (SOD1) is the
most frequently found and well characterized. SOD1 transgenic mice is the model that best
describes ALS phenotypes.’® In particular it displays NI and neurodegenerative features similar to

G93A
1

those reported in ALS patients. Therefore, SOD mice provide a useful tool for investigating
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ported in ALS patients. Therefore, SOD1%*# mice provide a useful tool for investigating NI in
vivo using molecular imaging. PET and TSPO radiotracers such as [''CJPK11195 and
['"®F]IDPA714 have been first used in patients with sporadic ALS and provided evidence of
increased binding in different cerebral regions including motor cortex, prefrontal cortex,
thalamus.""®> MicroPET studies of NI in animal models of ALS might contribute to validation of
new PET radioligands, to a better understanding of pathological mechanism involved, to monitor
disease progression and therapy. Gargiulo e al.'* were the first to demonstrate that significant
increase in TSPO expression could be measured in vivo with ["*FIDPA-714 and microPET/CT in

the brainstem of symptomatic SOD1%** mice aged 117 + 12.7 days, compared|to age-matched

transgenic mice over-expressing the non-mutated wild-type human S (Figure 1.C).
Importantly, immunohistochemistry revealed that the TSPO expressi s increased in the
brainstem motor nuclei (trigeminal, facial, ambiguous and hypogloss known to be site of
neurodegeneration, and was colocalized with Ibal 1mmunore Worthy however
that the small size of the spinal cord prevented in vivo acc ‘ f TSPO changes
despite immunohistochemistry evidence of increased T ressm a tivated microglia in
all spinal tracts. Moreover, the possible contribution t1V e the PET-TSPO
signal was not evaluated and deserves ﬁth atlo 51 same animal model,
Brownell et al”’ investigated in a s m r o contrlbutlon of altered
glutamatergic function to NI in ALS iffere st f omatlc disease using PET and

¢S ( R5) radiotracer and [''C]PBR28, a

T s
%g nd results revealed that both ['*F]JFPEB

binding potential and [''C ccu 1 increased during the progression of disease

severity. Immunohist i anséo increased Ibal staining in brain and spinal cord

['"®*F]FPEB, a metabotropic gluta

second-generation high affinity

regions where 1 RS5 was observed. However, the TSPO expression
was not 35@ X- V@ udle@These results suggested that excessive glutamate may

contribute to @@ Verall although the results of these studies require a further

validation in a greater numbse \e ammals they strengthen the high relevance of microPET studies
of TSPO sites for the§l@ terization of microglial activation in SOD1G93 A mice model of ALS

and of possible mechanisms implicated in the ALS pathology.

Parkinson’s disease (PD)
Parkinson's disease (PD) is characterized by the relatively selective death of dopaminergic (DA)
neurons in the substantia nigra pars compacta (SNc¢) leading to a striatal dopamine deficit. It is

mainly sporadic and is usually accompanied by motor symptoms such as bradykinesia, rigidity,
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postural instability and resting tremor, although a rising occurrence of non-motor symptoms is
now recognized. One neuropathological feature of PD is the occurrence of neuroinflammatory
processes which manifests particularly through the activation of microglial cell and astrocytes in
the SN¢ "® Regulating NI appears therefore to be a relevant therapeutic approach for PD, and PET
molecular imaging in animal models can bring valuable information in this context. A wide range
of preclinical models of PD are to date available, and among them those developed in rodents are
well-adapted to PET exploration. In this field, the most extensively used are the toxin-based
models, in particular through the systemic injections of 1-Methyl-4-Phenyl-1,2,3,6-

DA neurons,

Tetrahydropyridine (MPTP) in mice and stereotaxic delivery of 6-hydroxydopamine (6-OHDA)
into the forebrain or in the striatum of rats.” These neurotoxins lead to the‘@s&

odels of PD have
standin J2 (PGJ2) in

mice and LPS in rats, mimicking progressive loss of DA neuro d aetivati @f astrocytes and

microglia. *! Besides these toxin-based models, rodent models S\J itk\ %0\(;0 mutations have

been generated, and among them the transgenic mice ex g 0-s as gained particular
1 tu st

@of PD. ¥ Several

¥
PET radioligands have already been used in r K odels of %n P 6@) lar for monitoring the
-re

attention since aggregation of this misfolded protet
density of dopamine transporters (DAT) ptor: \@, there are to date few PET
studies investigating neuroinflammat ponse @ ted@ PI) neurodegeneration in rodent

-1 d rat model the degeneration of the

models. Cicchetti ez al. * have m 6?
DA system using the DAT tracer{''C] and evaluated the microglial response by
["'CIPK11195 at 3 wee 'onéx @\ C]ICFT uptake paralleled with increased
striatun @U ]@dmative of a microglial activation, as confirmed
by OX42 immu i ) '@owaged further investigation about the relationships
between NI
developed r@ Q» P ced by the SNc/striatum injection of PGJ2, Shivers et al. ™
have evaluated the neurtive effect of pituitary adenylate cyclase-activating polypeptide
(PACAP). In vivo REDjmaging with the TSPO ligand [''CJPK11195 confirmed that PGJ2
induced a local micreghia activation that was not significantly modified by the treatment. These in
vivo results were also in agreement with in vitro Ibal immunostaining. Very recently, Fricke et al.
% have longitudinally studied the neurodegeneration, NI and neurogenesis in an intranigral 6-
OHDA-induced PD mouse model. The microglial activation was evaluated using the TSPO tracer

["*FIDPA-714 which showed an increased accumulation at the direct lesion site but not at the

striatal level. These results were also confirmed by in vitro Ibal signal, demonstrating that in this
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model the degeneration of dopaminergic cell bodies was accompanied with NI. It is interesting to
note that when 6-OHDA is administered at the level of dopaminergic nerve endings, i.e. the
striatum, the NI is observed both in this primary lesion site and in the SNc. ¥ * Overall, although
few data yet still available, it appears that in vivo PET imaging of NI in parallel to
neurodegeneration in rodent models of PD can be useful to monitor the relationships between both
processes and then evaluate different innovative neuroprotective approaches aiming at slow down

the course of the disease.
Huntington’s disease (HD)

Huntington's disease (HD) is a genetic disorder characterized by mutant husitingtin protein, that

results in progressive loss of GABAergic medium spiny neurons (MS v@ he striatum and in

cortical areas leading to muscle coordination problems and cognitive t.% Several studies
©

have hypothesized a role of NI, and in particular the activation crag
108is ity braif pggions affected, that

2, in t@ pathogenesis of
HD. Studies on pre-symptomatic HD patients showed microgl

correlate with the clinical severity. Mutant huntingtin
acting as proinflammatory factors that further ipduc 'crol@l@@@on, followed by
neuronal dysfunction and death. *® Rodent mod %ave d@d and are classified in
genetic and nongenetic. Prior to the transgenesis o unti@, rgdent' models of HD were based

on intrastriatal injection of neurotox@a qui@&@ic %&QA) and kainic acid (KA), or
- 1

systemic injection of 3-nitropropi c itr 1onic acid (3-NP) and malonic acid
(MA), producing a predictable cell dgath 1

humans are reproduced i odels@r§

activation. These models,/an pagiicy

only on the li of>t @10 esis of HD that involved a deregulation of the
11

tes mi to release cytokines,

N
i tg n s.¥ Most of the typical features of HD in

i@\xeuronal loss, reactive glyosis and microglia

X
=

-induced one, have been recently reconsidered

9

kynurenine e@ y m@ﬁed mouse and rat lines expressing a form of the mutant

a
HTT (mHTT)"gene & Qresentative of the HD progression and pathology. The R6/1,
e g

R6/2 and YAC transgenic 1 odels are the most widely used HD models and are characterized
%,

most representative ause they develop moderate striatal pathology and exhibit an increased

by a progressive striate aronal atrophy. In particular, knock-in mouse models are considered
astrogliosis in the striatum at 24 months of age. * Moreover, regarding the study of the brain
immune system, the use of transgenic animals may be even more interesting because it has been
shown that the expression of mHTT in microglia promotes cell-autonomous pro-inflammatory
transcriptional activation via myeloid lineage-determining factors and induce neuronal death in the

presence of sterile inflammation.” There is no available HD-specific biomarkers for monitoring
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disease progression and assess experimental treatments. Therefore, biomedical research is
interested to investigate PET targets in HD focusing on the role of NI, using TSPO selective
radiotracers. PET studies using TSPO radioligands, such as [''C]PK 11195, [''C]GE180,
[''C]PBR28 identified increased activated microglia in HD patients, and have correlated striatal
and extrastriatal neuronal dysfunction with increased microglial signal.” Limited PET data on
microglial activation in HD are available except from AMPA- and QA - induced models that, for
the high and reproducible presence of activated microglial, have been widely used for the
evaluation and comparison of new TSPO radiopharmaceuticals. In addition, as previously stated,

% for the first

these experimental models based on the induction of striatal excitotoxicity, reproduce the
progressive loss of spiny neurons as well as other pathological. ***° Morescél&

time quantified the time course of neurodegeneration in dopaminergic cél striatum and NI in

unilateral intrastriatal QA-injected rats. They showed a clear time-de 1t reduction in the [''C]

m@Q}, evaluating the

eceptors densities

Raclopride binding in QA treated animals, and neuronal loss
reduction of a neuronal nuclei marker (NeuN) and of D2 and a
by immunolabeling in the same animals. Moreover, t nd an@ea e of [''C]PK11195
binding in striatal and extrastriatal regions of the i ed si e @peaked at 8 days
and then progressively declined. [''C]PK111 %re c&m ximmunohistochemical

analyses using the microglial marker OX-42 ( . Sir@ %@were reported by Arlicot et
s

al. °" using the SPECT ligand CLINDE. ISP e§ n \& valuated also in a longitudinal
PET studies on cynomolgus mo 0 icatt @progressive increase of ['*F]DPA-
714 binding, that culminated at day %ﬁl ent at 91 days. Immunohistochemistry
revealed an early microgli elay@s T c@\activation. TSPO staining showed a stronger
colocalization with rog ( @ GFAP-activated astrocytes.”® Some evidences
indicate that TSROQ’j ctive activity, an effect that involves the modulation

(¢ UL
of microgli -- g)@lel, @éver et al. *® showed that PK11195 and three other TSPO
ligands increased ne S

activation, but not of astls. Unfortunately, this study is the only example of the use of

, an effect that was associated with reduction of microglial

TSPO radiotracers to @ gate in vivo the effects of microglia modulation on illness progression

and neuronal loss.
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CONCLUSIONS

PET molecular imaging of NI in a number of preclinical models strongly contributes to improve
our knowledge on cellular inflammatory populations involved in different CNS diseases. In
addition, this approach brings highly relevant information on the in vivo spatio-temporal dynamics
of inflammatory cell types/processes and on their contribution to pathogenic mechanisms.
Preliminary data also support the potential role of preclinical PET on detecting the effects of
treatments in reducing NI. It should also be stressed the important contributign of preclinical

studies in the validation of new PET radioligands by assessing their in 4dve \brain kinetics,

specificity, sensitivity and selectivity before application to human studi¢ o date, radioligands
svobtained in rodents
as t& PVE should be
0 \@ ostly related to

increased microglial activation. This response could b ted an@actermed especially in

targeting TSPO sites were mostly developed and used. Although the
cannot be always directly translated to humans and other limlt@

considered, overall these results demonstrated that TSPO e

stroke and EAE models, while in models of r ne t 1t appears more
exm ' @}) detail the contribution

challenging but still feasible. Future studies a
of microglial activation to clinical outcom: se d to evaluate the effects of
therapies. The issue of TSPO human I‘phl rn ec Xuent different binding affinities

of the second-generation radioli er Cc ex the use of these radiotracers in

human studies. Thus TSPO radiotiacers e o polymorphism are under evaluation.
Moreover, interesting alt i g 1ng mlcrogha and other NI processes have

been proposed or are/tn effort should be done for the identification of
phages, monocytes, B and T cells and astrocytes. In

@émerging for selective imaging of "neurotoxic" and

radioligands is challe @, evertheless promising probes are under investigation.

In this general con&&mcroPET imaging in rodent models appears to be a strong opportunity to
follow-up the neuroinflammatory processes along the pathological course. Moreover multitracers
microPET studies may provide new insights on the relationships between NI and other specific
hallmarks of brain disorders, such as neuronal integrity (through exploration of receptors or
transporters) or abnormal protein aggregates in neurodegenerative diseases. If these studies will be

performed in well-characterized animal models of NI and designed for a precise objective, they
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formed in well-characterized animal models of NI and designed for a precise objective, they could

represent a unique tool with high translational relevance.

Tis work received funding from the European Union’s Seventh Framework Programme

(FP7/2007-2013) under grant agreement no. HEALTH-F2-2011-278850 (INMiND).
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Figures

Figure 1. A. ['"*F]DPA-714 PET/CT in a mouse model of MCAO, 7 days after 20 minutes of right
transient occlusion: transaxial PET images acquired between 20 and 50 minutes after tracer
injection showed increased ['*F]DPA-714 uptake in the ischemic side (ref. 44). B. PET sum imag-
es 20-50 minutes co-registered to CT: sagittal sections showed that ['*F]DPA-714 uptake is
increased in EAE mice with respect to the control in the brainstem and cerebellum. This increase
is higher in the mouse clinically more affected (score 4) (ref. 58). C. PET sum images 20-50
minutes co-registered to CT: sagittal sections showed that ['*F]DPA-714 uptake is increased in

symptomatic SOD1%** mice (score 4) with respect to the WT SODI in the bragstem (white ar-

row) (ref. 13).
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