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Abstract

Neuroimaging techniques represent powerful tools assess disease-specific cellular,
biochemical and molecular processes non-invasivelywivo. Besides providing precise
anatomical localisation and quantification, the mesgciting advantage of non-invasive
imaging techniques is the opportunity to invesegttie spatial and temporal dynamics of
disease-specific functional and molecular eventgiitadinally in intact living organisms, so
called molecular imaging (Ml). Combining neuroimagjitechnologies witim vivo models of
neurological disorders provides unique opportusiti® understand the aetiology and
pathophysiology of human neurological disorders.thiis way, neuroimaging in mouse
models of neurological disorders not only can bedusr phenotyping specific diseases and
monitoring disease progression but also plays aendsl role in the development and
evaluation of disease-specific treatment approadimethis way Ml is a key technology in
translational research, helping to design improdesstase models as well as experimental
treatment protocols that may afterwards be implgéetennto clinical routine. The most
widely used imaging modalities in animal modelsi$sessn vivo anatomical, functional and
molecular events are positron emission tomogragPiT], magnetic resonance imaging
(MRI) and optical imaging (Ol). Here, we review tapplication of neuroimaging in mouse
models of neurodegeneration (Parkinson’s diseaBe,aRd Alzheimer's disease, AD) and
brain cancer (glioma).
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1. Introduction

Over the past years the development of animal msodél neurological disorders has
progressed rapidly. Neurosciences also increasuigiyanded improvements in non-invasive
imaging technologies, which could be employed i dissessment of neurological diseases.
Especially in the central nervous system non-inmeasiassification and characterisation of
both disease stage and treatment efficacy has ledodispensable in the evaluation of
established and experimental treatment strategies.

During the past decade, the molecular and genetises underlying many neurological
disorders have been characterised. Knowledge ofutiderlying genetic and molecular
defects of specific diseases and understandingelated pathophysiological changes are
essential for the development of novel efficiengérétpeutic approaches targeting disease-
causing molecular defects. To image molecular a&fidlar processes in vivo several imaging
modalities have been developed and implementedimat models. Imaging modalities can
be roughly divided into two groups: those primandgoviding structural information like
computed tomography (CT), MRI or ultrasound (UShdathose primarily aiming at
functional or molecular information, like PET, SPE®r optical imaging (Ol). This
subdivision, however, is arbitrary and has overilagpboundaries. Some techniques can
provide both types of information depending on itheging settings or administered drugs
(e.g targeted or activatable probes). For instaktfel can not only be used to reveal organ
structure and soft tissue morphology, but can gisovide functional and metabolic
information, such as vascular volume and permdwpilissue perfusion, water diffusion,
central nervous system functional activation, meliabspectroscopy, pH, pharmacokinetics
and gene expression. Combining different imagindhnelogies that merge structural and
functional information enables accurate, repetjtivan-invasive disease phenotyping and the
measurement of therapeutic outcomes. Furthermasg)bining two or more imaging
modalities has the potential to exploit the strbngmd overcome the shortcomings of each
modality if used alone. Optical imaging techniquee cost-effective and time-efficient,
require less resources and space than PET and MRhave excellent temporal resolution.
However, the common disadvantages of these tecesigie the limited spatial resolution and
depth penetration, making them only suitable foralkranimal research, and the lack of
optimal quantitative or tomographic information.€elhuclear imaging techniques PET and
SPECT have a high sensitivity, where very low Iswva specific tracer accumulation can be
detected but have an inherently limited spatiablteé®n. MR imaging techniques have a
spectacular spatial resolution which is not limiteg detector geometry as with nuclear
imaging or by tissue scattering properties as licabimaging, however, temporal resolution
is limited and molecular probe detection is severalers of magnitude less sensitive than
nuclear imaging techniques.

A multitude of animal models have been establigbedimic human disorders. These animal
models range from interventional models (such a®geaft, neurotoxic or mechanical lesion
models) to knockout and transgenic (mono-, bi-rigiehic through crossbreeding) animals.
With the advance of these animal models, non-iveasechniques for the evaluation of
disease-associated functional, biochemical and oameadl changes have become
indispensable, and a variety of dedicated smathahimaging scanners with high sensitivity,
specificity and resolution have been developed. Adeinvasive characterization of disease
phenotype in mouse models will further increase onderstanding of the genetic and
molecular alterations associated with diseaseatmom and progression and will allow the
design and evaluation of effective therapeutic rirgations. Furthermore, the findings in
mouse models obtained by small animal PET/SPECT MRdscanners can be directly
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compared to the human situation with clinical sesnand represent true translational
research from bench-to-bedside and back to thehbagain. However, it should be kept in
mind that up till now no true ‘humanized’ animal dets have been developed and that
interventional results obtained in mouse modelsneaessarily will be translated to 100% in
the human situation.

2. Neurodegeneration

Although no perfect neurodegenerative animal maosbakt yet, the current models of
Parkinson’s disease (PD) and Alzheimer’s diseas® (Aature complementary aspects of the
underlying neurodegenerative processes. These bmotels are important in understanding
the aetiology, pathophysiology and progression Df &hd AD and are essential in the
development of therapeutic interventions. In corabon with non-invasive neuroimaging
techniques they provide a powerful tool to followet disease process, examine the
compensatory mechanisms and investigate the efééqistential treatments preclinically to
derive knowledge that will ultimately guide clinlatecisions [1].

2.1. Parkinson’s Disease

2.1.1. Pathophysiology

Parkinson’s disease (PD) is one of the most commenrodegenerative disorders,
characterised by clinical symptoms of bradykinesesting tremor, rigidity and postural
instability. Non-motor symptoms, such as dememly@autonomia, olfactory dysfunction and
psychiatric features occur frequently, especiallyadvanced stages of the disease. However,
overt PD symptoms only appear when 80% of thetatrilmpamine (DA) or 50% of the nigral
cells are lost [2] [3]. Thus, the majority of nedegeneration in PD already occurs before
motor dysfunction develops and therefore objectig@agnostic methods, such as
neuroimaging, are required which can monitor cémtopaminergic neuronal loss before the
onset of motor symptoms.

PD is characterised by depigmentation and cell édsseuromelanin-containing cells within
the substantia nigra (SN) and other brain stemenuthis neuronal loss is associated with
Lewy body inclusions in these cells and leads te thndamental degeneration of the
nigrostriatal pathway resulting in DA depletionritadhe reticular formation (pars compacta)
to the striatum, especially the putamen. Laterhie disease course, other neurotransmitter
systems involving serotonergic cells in the mediaphe, noradrenergic cells in the locus
ceruleus and cholinergic cells in the nucleus lmsdlMeynert also become involved in the
neurodegenerative process and are responsibledsirahthe non-motor symptoms.

The exact aetiology of PD is still unknown; theedise is thought to result from a complex
interaction between multiple predisposing genes emdronmental exposures [4]. Overall,
PD is idiopathic with a subset (<15%) with a fantigtory of PD. An increasing number of
loci linked to familial parkinsonism have been fdu(PARK1-PARK11) [5]. Molecular
genetic studies have identified 7 genes associaitidthese loci. Of these genes, four have
been identified to cause autosomal dominant paokissn @-synuclein, UCHL1, NURRL,
LRRK2) and three to cause autosomal recessive disdadel, (PINK1, parkin) [6].
Recessively inherited loss-of-function mutationgeviund to cause early onset (< 50 years
at onset), L-3,4-dihydroxyphenylalanin (L-DOPA)pessive Parkinsonism. In contrast,
dominantly inherited gain-of-function mutationsuksn more typical, late-onset, Lewy body
Parkinsonism with multi-system involvement [7].

2.1.2. Animal models

Most insights into PD aetiology and pathogenesimedrom investigations performed in
experimental models of PD. For an extensive ovensee [7] [8] [9]. These models aim to
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reproduce key pathogenic features of PD includingvement disorder induced by
progressive loss of dopaminergic neurons in thestsabtia nigra and the formation af
synuclein containing Lewy body inclusions. Expennta¢ PD models can be divided in toxin-
induced models and genetic models.

2.1.2.1. Toxin-induced PD models

The key neurotoxic models of PD use the toxins értoyyydopamine (6-OHDA), 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP), rotengp&,aquat or epoxomicin.

Historically, 6-OHDA has been introduced as a dadémminergic neurotoxin more than 30
years ago and has been used essentially in smalaBnsuch as rodents. 6-OHDA shares
some structural similarities with dopamine and parephrine, exhibiting a high affinity for
several catecholaminergic plasma membrane traespostich as the dopamine (DAT) and
norepinephrine transporters (NET) [8]. Consequer@®HDA can enter both dopaminergic
and noradrenergic neurons and inflict damage ta#techolaminergic pathways of both the
central and peripheral nervous systems. 6-OHDArdgstcatecholaminergic structures by a
combined effect of reactive oxygen species (RO8)aannines [10]. 6-OHDA administration
causes nigrostriatal depletion and gliosis whemestactically injected into the substantia
nigra, median forebrain bundle or striatum. Howew@wy body formation has never been
convincingly demonstrated in the brain of 6-OHDA#Wmed rats. Unilateral injections result
in a typical asymmetric circling motor behaviouragle magnitude in rodents depend on the
degree of nigrostriatal lesion and is most prominafter administration of drugs that
stimulate dopaminergic receptors such as apomaepfrotation away from the lesion), or
drugs that stimulate the release of dopamine sugclamphetamine (rotation toward the
lesion). The unilateral 6-OHDA rat model has beed aontinues to be one of the most
popular experimental models of PD when it comesthe preclinical testing of new
symptomatic therapies, neuroprotective strategiedsi@nsplantation approaches [8].

MPTP is a potent and irreversible mitochondrial pter | inhibitor whose toxic metabolite

MPP+ is selectively transported by the dopaminesjparter DAT and whose administration
results in Parkinsonism. Although dopaminergic pearin rats are relatively resistant to
MPTP-induced toxicity for reasons not clearly umstieod, in mice susceptibility of the

nigrostriatal pathway to neurodegeneration is std@pendent with C57BL6 mice being more
sensitive and Balb/c mice more resistant to MPT#atexicity. Thanks to the MPTP mouse
model of PD an enormous body of work regarding ¢hecidation of the mechanisms of
dopaminergic neuron death and the development pérerental neuroprotective therapies
has been achieved. Conversely, the monkey MPTP Innenh&ins the gold standard for the
assessment of novel strategies and agents forrélagment of PD symptoms. It is well

established that MPTP produces, in both humansnamikeys, an irreversible and severe
parkinsonian syndrome, characterised by all ofcrelinal features of PD, including tremor,
rigidity, slowness of movement, postural instapilénd even freezing. However, as for 6-
OHDA, Lewy bodies have thus far not been convingingbserved in MPTP-induced

Parkinsonism [8].

The herbicide paraquat is structurally similar t®R4 and is also a mitochondrial complex |
inhibitor. However, it is not a substrate or inkdbi of the dopamine transporter DAT.

Epidemiological studies have suggested an increaskdor PD due to paraquat exposure,
raising the possibility that paraquat could be amirenmental parkinsonian toxin [11]. In

contrast to 6-OHDA and MPTP, when administered teemparaquat also leads to up-
regulation and aggregation @fsynuclein [12].



Rotenone is widely used as an insecticide andquiand, like MPTP, is highly lipophilic
and thus readily gains access to all organs inetudine brain. In mitochondria, rotenone
impairs oxidative phosphorylation and it also intskthe formation of microtubules from
tubulin. Chronic administration of rotenone in ratkecan produce a progressive model of
Parkinsonism associated witlrsynuclein up-regulation and accumulation in Levkel
pathology [13]. However, despite the use of thecegsame regimen of rotenone, the severity
of the striatal dopaminergic damage in rats withigiven experiment appears highly variable,
ranging from none to near complete impairing thiedel to be used in preclinical
neuroprotection studies.

Systemic administration of the proteasomal inhib&poxomicin to adult rats has been shown
to produce many key features of PD like progresgtagkinsonism which improves with
apomorphine treatment, striatal dopamine depletmid dopaminergic cell death with
apoptosis and inflammation in the substantia nignd intracytoplasmic, eosinophilia;
synuclein/ubiquitin-containing inclusions resemglicewy bodies [14]. This model promised
to be one of the most succesful in recapitulating progressive movement disorder and
pathology associated with PD but has proven vdificdit to reproduce. For a more detailed
overview on toxin-induced animal models see [8] gfjd

2.1.2.2 Genetic PD models

The recent discovery of specific gene mutationsicegufamilial forms of PD has contributed
to the development of novel genetic mouse modeRDothat provide new tools to implicate
and understand the molecular pathways affectedDn The most common used genetic
mouse models of PD aresynuclein mice, parkin knockout mice, DJ-1knockoite, Nurrl
and PITX3-aphakia mice.

a-synuclein transgenic mouse lines includesynuclein knockout mice and mice
overexpressing human wild-type, missense mutate80PA A53T or A30P+A53T) or
truncateda-synuclein under different promoters to target dh&ynuclein expression to cells
specifically affected byr-synucleinopathies such as the tyrosine hydroxyfasenoter for
expression in catecholaminergic neurons, the gatidrived growth factor suburit(PDGF-

B) promoter for pan-neuronal expression or the myglioteolipid protein promoter for
oligodendrocyte expression [15]. Thesesynuclein transgenic mouse lines show variable
neuropathological and behavioural phenotypes amd bma used to study the role of
synuclein modifications in the courseméynucleinopathies such as PD, dementia with Lewy
bodies and multiple system atrophy characterized-dynuclein fibrils deposited in neuronal
inclusions (Lewy bodies) or in glial cytoplasmiciasions respectively.

Unlike a-synuclein that has only few identified mutatiod8QP, E46K, A53T), more than

100 mutations have been identified in the Parkinegat the PARK2 locus [16]. Several
laboratories have generated Parkin knockout micealyeting different exons of the Parkin
gene. Overall, Parkin knockout mice fail to develmpParkinsoniam phenotype, but the
different knockout models may provide a means tangre the role of Parkin in protein

turnover, oxidative stress and mitochondrial dysfiom as Parkin targets proteins for
degradation by the proteosome [16].

Also many mutations in the DJ-1 gene at the PAR®U$ have been associated with early
onset PD and DJ-1 knockout mice demonstrate demteasotor functions and altered
dopamine function in the nigrostriatal pathway.



Both heterozygous Nurrl and PITX3-aphakia mice goed models for PD because they
have the characteristic loss of nigrostriatal DAIno@s. However, these models are limited
because they do not reproduce the broad patholegy & PD and only show pathology in
the nigrostriatal pathway. Although the DA phena&ymf theo-synuclein, parkin knockout
and DJ-1 knockout mice are not as profound as #terdizygous Nurrl and PITX3-aphakia
mice, they may provide insight into the early stagéthe disease whereas the heterozygous
Nurrl and PITX3-aphakia mice provide good modelsttaly the later stages of the disease
and DA loss which may lead to the development ttebsymptomatic treatments of PD.

Recent evidence suggests that mitochondrial dysmenay play a major role in PD. PD
patients have an increased number of midbrain Dérares with respiratory chain deficits
compared to non-PD patients and studies of familigs rare inherited forms of PD have
identified genes involved in regulating mitochodlfunction. Manipulation of mitochondrial
respiratory genes (e.g. conditional knockout ofgbae mitochondrial transcription factor A)
in dopaminergic neurons of the midbrain also @iaitPD phenotype in mice (MitoPark mice)
with essential features of clinical PD [16]. Foc@mprehensive overview on genetic mouse
models see [9] and [7].

2.1.3. Non-invasive phenotyping

Neuroimaging in PD plays an important role in dssediagnosis and differential diagnosis, in
the assessment of disease extent and progressicio determine response to therapy. In the
clinical setting, especially MRI and nuclear imagtechniques are applied for the evaluation
of PD.

2.1.3.1. MR

MRI has been increasingly used to study anatonacahorphological changes (mainly gray
matter atrophy) in PD and other neurodegeneratiserdiers [17] [18]. Furthermore, MRI is

being used to map the neurobiological substratmabr and cognitive symptoms in PD by
the use of functional BOLD MRI (blood-oxygen-lewddpendent MR imaging) [19], and MR

spectroscopy (MRS) has revealed decreased N-aagtglrtate to creatinine ratios in the
striatum of patients with Parkinsonism comparedhwintrols [20].

2.13.2. PET

Over the last decades, especially radionuclide ingalyas provided valuable insights into the
mechanisms of nigrostriatal degeneration in PD iatal the in vivo assessment of disease
progression [21]. By using radiolabelled biologicaibstrates involved in DA processing,
radionuclide imaging techniques can be appliedstess the pre-synaptic nigrostriatal DA
function and integrity [22] as well as the levelsdaoccupancy of the post-synaptic DA
receptors by the use of D2-receptor ligands such'&$-raclopride, {'C]- or [*°F]-labelled
spiperone or ‘f3]-iodobenzamide (IBZM). Currently there are thrbasic approaches to
monitor pre-synaptic DA function with PEFigure 1):

1. 6-[**F]-fluoro-L-3,4-dihydroxyphenylalanine §F]-DOPA) PET, regarded as the gold
standard for the assessment of presynaptic dopagienategrity in vivo. However,
the interpretation of'fF]-DOPA scans is not straightforward as the meakaotivity
reflects tracer uptake into presynaptic nerve teatsi aromatic amino acid
decarboxylase (AADC) activity (decarboxylation @idro-dopa to fluoro-dopamine)
and the subsequent storage of fluoro-dopaminenaic vesicles.

2. DAT imaging using a variety of'{F], [**1] and [’C] labelled antagonists to
determine dopamine transporter (DAT) density, €-d-threomethylphenidate
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(*CIMP),  [*3]N-w-fluoropropyl-2B-carbomethoxy-B-(4-iodophenyl)nortropane
((*3]FP-CIT) or ZB-carbomethoxy-B-(4-[*°F]-fluorophenyl)tropane {fF]JCFT) .
DAT is specific for dopaminergic neurons and ipuassible for the re-uptake of DA
from the synaptic cleft into the pre-synaptic netemninal.

3. VMAT2 imaging using {'C]-dihydrotetrabenazine (DTBZ) to determine vescul
monoamine transporter type 2 (VMAT2) densitiy. VMATS the protein responsible
for pumping monoamines from the cytosol into syiapesicles. These synaptic
vesicles prevent catabolism of the neurotransmsitéerd store them for subsequent
exocytotic release into the synaptic cleft.

Furthermore, imaging with appropriate radiotraceas also assess cholinergic, serotonergic
and opioid function in PD as well as the in vivestdbution of activated microglia *(iC]-
PK111959) related to PD-associated inflammationd Ay labelling ubiquitous molecules
such as water {JO]H.0) or glucose {fF]-FDG), the regional cerebral blood flow or global
brain metabolism can be assessed.

Mouse models of PD, either genetically modifiedadic, have not been extensively studied
with neuroimaging techniques, primarily becausé¢hef small size of the mouse brain. Most
imaging studies in animal models of PD have beefopeed in non-human primates (MPTP
monkeys) or larger rodents (6-OHDA-lesioned raBgcause the primary neurochemical
change in these animal models is the loss of DANpeng cell bodies in the substantia nigra,
resulting in greatly decreased levels of striatAl Bhost of the imaging studies performed in
these animal models focused on investigating aspafcthe DA system [1]. In the MPTP

model of non-human primates, PET has been usetutly she changes in DA metabolism
using [°F]-DOPA [23-25], the loss of presynaptic DA termiasing DAT tracers such as

cocaine analogues [26-28], changes in postsyn&icgeceptors using D2 receptor probes
[29-31] as well as general changes in striatal dlthow or oxygen and glucose metabolism
[29].

Some recent studies showed the feasibility of nH&™® to study presynaptic DA function in
several mouse models of PD. The tracer most widsdd to investigate DA function in PD
patients and in MPTP-treated nonhuman primat&8]-POPA, can also be used for in vivo
imaging in genetic mice models of PD. Sharma arfiéagues have shown that striat2F]-
DOPA uptake is reduced in the striatum of homozgga@aver mutant mice compared to
both heterozygous and wild-type control mice [38]addition, homozygous weaver mutant
mice show an age-related decline in striatZ#]J[DOPA uptake [33]. It has to be pointed out
that [F]-DOPA is an excellent tracer to evaluate the iioVDA function in humans, non-
human primates and mice but cannot be used foivimimaging in rats because it does not
accumulate significantly in rat striatum [34].

The compensatory changes in the DA system as l ofdast striatal DA innervation, as has
been observed in patients with PD, can also beiftehby PET in MPTP-lesioned monkeys.
In a recent study by Doudet et al. usingC|DTBZ (which binds to VMAT2),
[*'C]methylphenidate (which binds to the DAT) af]-DOPA, the authors could show that
in the ventral striatum of monkeys that show 80%slof caudate-putamen DA terminals, the
reduction in binding to the DAT (75%) is less sevénan the reduction of binding to the
VMAT2 or [**F]-DOPA uptake (65%) [35]. This suggests that th&TDis downregulated
after the loss of DA innervation, presumably toussl reuptake and enhance synaptic levels
of DA, and is consistent with human PET studiesearly PD patients [36]. Even in
asymptomatic monkeys, compensation appears to efmrMPTP treatment, since normal
levels of striatal {fF]-DOPA uptake are maintained in the face of sigaiit reductions in the
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number of tyrosine hydroxylase positive (TH+) nexgan the SN [37]. Thus, the impressive
capacity of the nigrostriatal DA system for compaim, as suggested by the observation
that a loss of approximately half of nigral DA nens is required to observe symptoms of PD
[2], is also reflected in the MPTP-treated nonhunmimate model. Furthermore, the
observation that the dysfunction of the DA systean e measured in MPTP-treated
nonhuman primates that not yet show overt behaaiagymptoms (presymptomatic phase)
suggest that PET could provide a method to idgmtifgasure, and follow disease biomarkers
in preclinical studies of neuroprotective intervens [26, 30, 38-40].

Similar to MPTP lesions in non-human primates, ateilal 6-OHDA lesions of the
nigrostriatal projections (medial forebrain bundfB) in rats result in decreased@G]CFT
binding to the DAT and decreas€dd]DTBZ binding to the VMAT? as a result of decredse
density of the transporter and loss of presynapti¢ terminals [41] and an increased
[*'C]raclopride binding to D2 receptors due to upragah of these receptors [42, 43].
Furthermore, it could be shown that there is a dfegendent relationship between the
amount of 6-OHDA injected into the MFB and PET meas of the integrity of the striatal
DA system [1, 41]. In contrast to the traditionaFBl lesion model, which leads to near-
complete loss of DA innervations in the lesionednisphere, partial lesions can be
accomplished through the intrastriatal infusior6e®HDA. Unilateral striatal infusion of 6-
OHDA decreases striatal'C]CFT binding and increaseS'¢]PK11195 binding, a ligand of
peripheral benzodiazepine receptors and a surragatr&er of reactive microglia, in the
lesioned striatum, at three weeks post-lesion coedbto baseline [44]. In the same model,
daily treatment with a COX-2 inhibitor has been whoto prevent striatal microglial
activation at 12 days postlesion, without prevenirA terminal loss [45].

Also pharmacological MRI has been used to deteahgbs in the 6-OHDA rat model after
amphetamine or apomorphine administration and givaghts into the physiological effects
that underlie the behavioural response [46, 47uwexs et al. evaluated by behavioural
testing and non-invasive imaging of DAT activity ethphenotypic effects of local
overexpression ofi-synuclein in the substantia nigra of rats [48]nfié@ral vector-induced
overexpression of the A30P clinical mutantoefynuclein let to a dose-dependent motor
dysfunction (amphetamine-induced asymmetric rottwith considerable inter-individual
variations. In those rats exhibiting more than if¥versive rotations, the underlying deficits
in dopaminergic neurotransmission could also be itod non-invasively by means of
[*#]FP-CIT ([*23%] N-w-fluoropropyl-2b-carbomethoxy-3b-(4-iodophenyl)rogane) SPECT
(DaTSCAN). LV-SYN(A30P)-transduced rats showed up to 31% r&docin dopamine
transporter binding (mean 10+15%0.05) compared to normal rats, whereas in thetigesi
control rats (6-OHDA rats) an average loss of 94418 pamine transporter activity could be
monitored.

2.1.4. Therapy

Therapy of PD is mainly based on pharmacologicahttnent with symptom-reducing or
neuroprotective drugs. Pharmacological dopamin&acement using oral L-DOPA has been
over many years the treatment of choice. Howewan éf the symptomatic benefits of oral
L-DOPA are remarkable in the early stages of treeale, with time the majority of PD
patients develop motor complications such as markwithgs between immobility and
mobility (on—off motor fluctuations), involuntary awements (dyskinesia), and
neuropsychiatric complications [49]. Therefore, siderable efforts have been made to
develop novel treatment approaches that providgakinsonian benefits without side
effects and new forms of therapy are emerginguaiioly deep brain stimulation as well as
gene- and cell based therapies. Evaluation of pleertac efficacy has usually been limited to
clinical scores, such as the Unified Parkinson &seRating Scale (UPDRS). However, over
the last years the targets for potential diseasdifjning treatments have been more and more
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approached by in vivo neuroimaging techniques. @&éyeclinical and clinical trials testing
antiparkinsonian or neuroprotective drugs haveisetl PET or SPECT imaging to non-
invasively assess disease progression in PD [30]82].

2.1.4.1. Gene therapy

Gene therapy for PD was first developed in rat nedsing transduction of a single gene
encoding tyrosine hydroxylase (TH), the enzyme tlmtverts tyrosine into L-dopa. In the
past ten years, gene therapy approaches for PD beee further developed into three
directions: (i) transduction of multiple genes edse in the production of dopamine and
dopamine turnover in nigro-striatal nerve termindig transduction of genes encoding
growth and antiapoptotic factors for the preventainfurther degeneration of nigrostriatal
neurons, (iii) vector and promoter systems whiahran-toxic and support long-lasting gene
expression. For a comprehensive overview on gegraply approaches in neurodegenerative
disorders see Jacobs et al [53].

In a recent study, the correction of dopaminergiarantransmission after gene therapy could
be demonstrated with*'{C]-raclopride PET imaging and correlated to the avébural
recovery [54]. In this studipcal delivery of an adeno-associated viral vectm@xpressing the
tyrosine hydroxylase (TH) and GTP cyclohydrolag&CH1) enzymes in the striatum of rats
with a unilateral 6-OHDA lesion of the nigrostriatarojection neurons resulted in
reconstitution of the DOPA synthesis capacity ia denervated striatum, and led to recovery
of motor functions in the treated animals. Furthementhe presence of endogenous DA at the
striatal D2 receptor sites could be monitored norasively with the f:C]raclopride tracer
and microPET imaginin vivo as evidenced by normalization of the increas&d]faclopride
binding in the hemiparkinsonian rats. In the sameysthe authors quantified separately D2
receptor density and affinityn vivo and in vitro and confirmed that the changes in
['C]raclopride binding observed are explained byange in the apparent affinity and not by
a change in D2 receptor density.

Neuroprotective strategies may be especially usefutarly PD stages and neurotrophic
factors have attracted considerable interest aanpat therapeutic agents in PD. It has been
shown that glial cell-derived neurotrophic fact@dBONF; [55]) and brain cell-derived
neurotrophic factor (BDNF; [56]), as well as otheurotrophic factors related to GDNF,
such as neurturin, can protect nigrostriatal nesifoom neurotoxic stress and can promote
regeneration in rat and primate models of PD [58][[59] [60] [61]. In MPTP-treated
baboons, intracerebroventricular implantation disagenetically engineered to release GDNF
attenuates the loss dfff]-DOPA uptake within the caudate (the region cévse the site of
the cell transplant) [62], whereas lentiviral deliy of GDNF into the lesioned striatum and
substantia nigra one week after unilateral MPTRttinent in non human primates reverses
behavioural changes, enhances stridt&]{DOPA uptake compared to controls and prevents
nigrostriatal degeneration [59]. In the unilateGOHDA model of PD in rats, GDNF
infusion into the SN and lateral ventricle proteatminst loss of TH+ cells in the SN and
prevents the 6-OHDA-induced reduction in DAT as suead by 'C]RTI-121 [63, 64].

2.1.4.2. Céll therapy

The loss of a specific type of dopaminergic calls?D makes the prospect of replacing the
missing or damaged cells very attractive. Sevezhlreplacement strategies have been tested
under experimental and clinical conditions in paskinian animal models and advanced PD
patients [65]. In animal models cell types usedrapeise or non-human primate embryonic
stem cells [66] [67] [68], rodent or human embrydi@tal/adult tissue-specific neural stem
cells [69] [70]. Several clinical trials have beperformed with retinal pigmented epithelial
cells on gelatine beads (Spherarfiingr1] or primary human embryonic/fetal mesencejshal
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tissue [72] [73] transplanted into the striatumRiD patients. To ensure the best clinical
outcome, cell transplantation therapies can eésilgerfected in preclinical animal models.

In recent years much progress has been encountenexh invasive detection of transplanted
cell location and function with MRI [74] but alscEFP imaging can be used to evaluate
transplant function [75]. Striatal transplantatioihfetal DA neurons in unilateratl 6-OHDA
rats restores the rCBV response to amphetamineeasured with phMRI as well as the
[*'C]CFT binding in the lesioned striatum and behardbuecovery does not occur until
[*'C]CFT binding is restored 75-85% of the intact sj@@, 77].In the same animal model,
Bjorklund and colleagues have shown that mouse dllS tansplanted into the rat striatum
differentiate into DA neurons and decrease behaslasymmetries (drug-induced rotation).
In addition, f'C]JCFT binding was increased in the grafted striammd correlated with the
number of TH+ neurons in the graft, and amphetanmdaced increases in rCBV in the
corticostriatal pathway were restored to contreels, as measured by MRI [66].

2.2. Alzheimer’s Disease

2.2.1. Pathophysiology

Alzheimers's disease (AD) is the most common fofmd@mentia in the elderly comprising
more than 50% of all dementia cases and the riskewé€loping AD doubles approximately
every 5 years between the ages of 65 and 85 yAf@rds characterised by early memory
deficits, followed by the gradual erosion of otheognitive functions. The hallmark
pathological features of AD in the human brain casgintracellular neurofibrillary tangles
(NFT), extracellular amyloid depositions in the rforof senile plaques and blood vessel
deposits, synapse dysfunction and synaptic loggpnal loss, increased oxidative damage to
lipids, proteins and nucleic acids and loss of l@tahhomeostasis. These histopathological
features presumably all lead to another key pathcdd signature of AD: brain atrophy. The
major constituents of the amyloid plagues are indel fibrils of the amyloid-beta (AR)
peptides, generated by proteolytic processing efléinger amyloid precursor protein (APP)
that is found normally in cell membranes and memsaof intracellular organelles by two
proteases, the 3- agesecretases [78]. AR fragments of variable lengthparticular the 40-
and 42-amino-acid subspecies (A3 40 and Al 42)najer constituents of amyloid plagues
[78] [79]. The NFT represent insoluble polymershgperphosphorylated tau protein that in
its normal phosphorylated state stabilizes microles of axonal cytoskeleton. The most
severe neuropathological changes occur in the bgppus, followed by the association
cortices and subcortical structures, includingahe/gdala and the nucleus basilis of Meynert.
The progression of these pathological processessssciated with the cognitive decline
characteristic of AD and probably develops manyydeefore the clinical manifestations of
the disease become apparent.

The cause of AD remains controversial. Recentlg,apolipoprotein E gene on chromosome
19 has emerged as a susceptibility gene for spprdi(SAD) and a putative marker for AD
with the apoE4 allele increasing and the apoEZ2eatlecreasing the risk of developing AD.
The apoE4 allele has a role in the accumulatioAl$¥2 and its binding properties to tau, and
it operates as a risk modifier by decreasing treeagnset in a dose-dependent manner [80].
And although R-amyloid has been suggested as thnauyr cause of AD [81], it is still under
debate which specific form of AR is responsible fioe neuronal damage leading to the
cognitive impairment in patients. It is still anespquestion whether soluble or insoluble Al
oligomers or mature amyloid are most toxic [82]e3& facts necessitate the attempt for in
vivo detection and quantification of amyloid in theain of patients during the course of the
disease to understand the natural history of tlseadie and to evaluate the effects of
antiamyloid therapies.
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In families with early-onset AD (FAD) autosomal dioyant mutations have been identified in
three genes, i.e. presenilin (PS-) 1 and 2 and @cthyrecursor protein (APP) genes. FAD
accounts for less than 1% of the total number of &Bes. Mutations in these genes alter
normal processing of APP causing the extracellataoumulation of amyloid plaques. Most
FAD cases are caused by mutations in the gend8Sdt and PS-2, of which over 130 have
been identified. The presenilins are componentthefproteolyticy-secretase complex that,
together with 3-secretase, generates AR3. Also ihare 20 pathogenic mutations have been
identified in the gene for APP. Other than age mdet, the clinical and pathophysiological
features of early-onset FAD cannot be discrimindteth those of late-onset SAD. Although
no mutations in the gene encoding tau (MAPT) hasenbidentified in AD patients, both
exonic and intronic mutations in MAPT have beennfibun patients with other forms of
dementia, such as frontotemporal dementia and i®arkism [83, 84].

2.2.2. Animal models

Mouse models of AD have become essential biosystendeveloping and defining optimal
imaging approaches to visualise AD pathology inovas well as for understanding the
genotype-phenotype interaction in this diseasey ¥ studies have attempted to model AD
in non-human primates and rats using excitotoxgioles in specific brain areas such as
perirhinal and entorhinal cortices or hippocampnd & monitor the induced pathological
features with 1’F]-FDG PET (decreased cortical and hippocampalagieanetabolism) [85]
[86] or MRI (decreased BOLD signal in hippocampusl aortex or increased apparent
diffusion coefficients (ADCSs) in the CA1 region)7388].

The most common rodent model of AD is the transgembuse model. The finding that, in
familial forms of dementia, the genes that encduegroteins that are deposited in plaques
and NFT (AR and tau, respectively) are mutated esiggl a causal role for these proteins in
the disease process and led to the generationanggenic animal models. There exist
multiple transgenic dementia mouse models (tau lBpA8 models, secretase models, ApoE
models and axonal transport models) and some emphady one hallmark pathological AD
feature, while double or triple transgenic modedsedop more clinically relevant pathology.
Typical transgenic (tg) mouse models of AD mimicieas aspects of AD such as over-
expression of human amyloid precursor protein (hAPResenilin-1 or -2 or apo-lipoprotein
E and several excellent recent reviews exist [89].[Most of these murine models of AD
typically show overexpression of hAPP and suffici@f levels to insure amyloid deposition.
Besides being useful tools in the analysis, undedghg and possible treatment of the disease
based on findings in histology, biochemistry, malac biology and behavioural testing these
mouse models have been of help in characterisafiamyloid-imaging agents and have been
used for non-invasive phenotyping by multi-traceTRand MRI.

2.2.3. Non-invasive phenotyping

To date, there is no definitive pre-mortem diagader AD in patients. As the NFT and [3-
amyloid plaques are the neuropathological hallmarksAD that preclude the cognitive
decline, the ability to directly visualise thesethmdogies with in vivo diagnostic imaging
techniques might contribute to the early diagn@sigd monitor the success of treatments.
Furthermore, imaging in animals may provide a toohon-invasively monitor pathological
changes and correlate these with behavioural clsange

2231 PET

The development of PET amyloid ligands based omlakelled analogues of Congo red and
thioflavin started more than 10 years ago and vilmh in vitro binding studies in tissue
homogenates in mice or human autopsy brain tissuesaging studies in rodents, humans
and non-human primates. Direct imaging of R-amyfaahues in transgenic mouse models
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has been mainly performed using the compound NyhgthC]2-(4’-methyl-aminophenyl)-
6-hydroxybenzothiazole (of'fC]PIB for “Pittsburgh Compound-B”) that binds fitbairy (but
not amorphous) AR deposits at low nanomolar affinteadily passages the blood-brain
barrier and rapidly clears from normal brain tisf2. Toyama and colleagues [92] used the
Tg2576 mouse model of Alzheimer’s disease to evaltre feasibility of microPET imaging
using the radiolabeled compoun#JPIB to image and quantify AR plaques in vivo.
Surprisingly, unlike in humans and aged non-humamates, the tracer{C]PIB does not
accumulate to a great extent in the APP transgerase brain in vivo [93] although
multiphoton imaging in transgenic mice overexpnegsAPP has shown that PIB after
peripheral administration enters the brain quickhd labels AR deposits [94]. A possible
reason for the insensitivity of PET imaging in aajitg mouse amyloid with*{C]PIB may lie

in the paucity of high-affinity binding sites fohis radioligand in APP Tg mouse brain
compared with AD brains and can be overcome by aidtering ['C]PIB synthesized with
high specific radioactivity [95].

Besides the direct measurement of 3-amyloid plagemeésoPET imaging can help in the
characterisation and phenotyping of animal moddisAlzheimer's disease by taking
advantage of other radiotracers already implemeimtéhe clinical application for diagnosis
in AD like e.g. [®F]JFDG (glucose hypometabolism)M¢]N-methyl-4-piperidyl-acetate
([*"C]MP4A, attenuated cholinesterase activity) OtCJ[flumazenil (F*C]JFMZ, neuronal
integrity). Considering that*{FJFDG PET is becoming one of the most widely used
diagnostic tools for clinical AD, the expectatidrat this technique would also be widely used
in examining transgenic mice has not been metTiis is most likely a result of the limited
resolution of PET, because whereas autoradiogragies show decreased cerebral glucose
metabolism in the posterior cingulate cortex, iwoviPET imaging does not allow the
identification of this change [96]. To combat theasal resolution limitations of PET,
multimodal imaging approaches combining highfieieksgth MRI with microPET imaging
are increasingly being performed. In a knock-outusgmodel for the brain/neuron specific
insulin receptor (NIRKO) Schubert et al. [97] intigated the influence of neuronal insulin
resistance in neurodegeneration and could demd¢mstraduced Akt and GSK3R
phosphorylation and hyperphosphorylation of Tautggmoin NIRKO mice as compared to
controls. Speculations on the regulative role afromal insulin receptors on cerebral glucose
metabolism lead to the performance of microPET yaea in NIRKO micein vivo with
[*®F]FDG in collaboration with our group. In this siudg and control animals underwent
['®F]FDG PET as well asn vivo high-resolution microMRI for co-registration asfed¢o
differentiate distinct brain regions and hypermetabactive harderian glands and to ensure
proper region-of-interest (ROI) analysis. Brainbi@ekground ratios for{F]JFDG uptake in
NIRKO mice did not show any significant differene@s compared to control animals
suggesting that in this specific study insulin sijng did not have a substantial influence on
basal brain glucose metabolism detectable by miEEfofFigure 2). In a subsequent study,
including multi-tracer PET imaging, the effect otus ceruleus (LC) degeneration (induced
by N-(2-chloroethyl)-N-ethyl-bromo-benzylamine (d3p that specifically targets the
noradrenergic neurons of the LC) and its contrdouto AD pathogenesis was investigated in
a Tg AD mouse model (APP23 transgenic mice) [98}his study only transgenic mice who
were also treated with dsp4 showed decreased écetekellum ratios in*{FJFDG uptake,
[Y*"C]FMZ binding, and T'C]MP4A trapping, indicating that locus ceruleus efegration and
inflammatory reactions contribute significantlyA® pathogenesisHigure 3).

2.2.3.2. MR

By far, the most commonly employed imaging techaiquTg mouse models of AD is MRI.
MRI has been used both clinically and preclinicatiyprovide secondary structural readouts
such as measures of brain atrophy or indicatorsmafrostructural changes of brain
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parenchyma [99]. Brain atrophy can be assesseddasumements of total or partial brain
volume (e.g. hippocampal volume) or indirectly byasuring ventricular volumes. In 24-
months old hAPP23 mice ventricles are enlarged 8¥4% compared with wild type
littermates. Microstructural changes in brain pahgma can be measured by ADC, a
sensitive indicator of alterations in cellular voles, and was evident only in 24-months old
transgenic mice [100]. And diffusion tensor imagi@TI) may give more detailed
information about the type of diffusion abnormaligsed on the directional compounds. For
instance, DTI of the white matter tracts in APPSWerndemonstrated that young APPSW
mice were comparable to control mice, whereas agem had a reduction in relative
anisotropy in all white matter tracts compared vaigfe-matched controls [101].

However, the prominent role of MRI in preclinicaDAesearch arises primarily from the fact
that 3-amyloid deposits contain iron allowing thtarbe directly detectable by MRI in T2-
weighted or T2*-weighted images as hypointensesaireaigh-resolution images [102] [103]
[104]. Even individual amyloid plaques throughobe tcerebral cortex and hippocampus
using T2-weighted pulse sequences can be deted@%s]. [Nevertheless, T2*-weighted
hypointensities alone are not specific for AD antheo sources of T2/T2*-weighted
hypointensities (such as blood vessels) or vartghih plaque metal content may lead to
misidentification [106] [103] [104]. Therefore, thmore specific approach for the early
detection of AD is the use of targeted contrasintegg€l07]. A first approach uses an Al
peptide component that specifically binds to plagaed that can be labelled with either
gadolinium or dextran-coated ultrasmall superpaamatc iron oxide nanoparticles for direct
amyloid plaque detection in vivo by T1-weighted T@-weighted MRI respectively [108]
[109]. A second approach uses an anti-Al3 monoclamibody fragment attached to a
gadolinium chelator [110]. Also a fluorinated amlaphilic compound based on Congo-red,
(E,E)-1-fluoro-2,5-bis(3-hydroxycarbonyl-4-hydrosyyrylbenzene (FSB), and detectable by
both'H and**F MRI has recently been reported to target plaglies).

'H-MRS has been proposed as a sensitive tool toctdesurodegenerative processes, in
particular AD. The analysis is primarily based @ tsignals: myo-inositol (an indicator of
membrane and second messenger turnover) Nuadetylaspartate (NAA, a marker of
neuronal integrity). Patients with MCI have MRS &p& with an increased myo-inositol
signal intensity whereas AD patients have an anlli significant decrease in the NAA peak
[112]. However, in PS2APP transgenic mice only ged animals (24 months) significant
decreases of the NAA and glutamate signals canbkereed, at younger age there are no
differences between tg and wt littermates [113].

Functional MR imaging has also been used in AD rsodEhe cerebral haemodynamic
response induced after pharmacological stimulatiath a GABA antagonist or after
electrical forepaw stimulation and measured withcfional MRI could only reveal reduced
responsiveness in aged APP23 mice [114] [115].

2.2.4. Therapy

To date, there is no cure for AD and the availatil@cal core treatment is only symptomatic
and based on pharmacological therapy [116]. Howeas@mal models are playing a central
role in the development of effective therapeutratsigies based on current knowledge of the
biological mechanisms underlying the disease amdrakclinical trials are on their way.

2.2.4.1. Drug treatment

Several drugs have proven to be of use in the Isaton/reduction of the cognitive and
functional decline during various stages of the eds®. Cholinesterase inhibitors
(rivastigmine, donepezil and galantamine) are thadard first-line therapy in patients with
mild-to-moderate AD. The N-methyl-D-aspartate (NMDweceptor antagonist memantine is
used as mono-therapy or in combination with a deslierase inhibitor for patients with
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moderate AD, and as mono-therapy for patients wébere AD. Those drugs are the only
drugs approved by the United States Food and DdmiAistration (FDA) for the treatment

of AD and augment cholinergic transmission or redgtutamate-mediated neurotoxicity
associated with the disease.

2.2.4.2. Experimental treatment

Other, more experimental treatment approaches ssldhe pathological mechanisms of the
disease (AR deposits, NFT, oxidative stress andonal loss). Vaccination was the first
treatment approach demonstrated to have a genmpact on amyloid plaque load and
disease process, at least in animal models of ADr][1Several studies evaluated the
therapeutic potential of active immunisation by ciaation with AR homologous peptides
[118] [119] [120] or passive transfer of exogenans-AR monoclonal serum [121] [122] in
Tg mice models of AD and the effects of such antig®id treatment on amyloid burden
have been monitored with non-invasive imaging tegpes such as*iC]JPIB PET [95].
Although active immunisation with synthetic AR1-#/2as been shown to be effective in
mouse models to significantly reduce the AR burdecompanied by improved cognitive
performance, clinical trials had to be stoppedragteolment of about 300 patients due to the
development of an extensive T-cell mediated asep#@aingoencephalitis in 6 % of treated
patients [123] [124]. Clinical trials for passivemunisation are underway.

A number of proteins actively promote the conforimal transformation and stabilisation of
soluble AR to fibrillary AR and are called pathatmd chaperones. Such proteins in AD are
apolipoprotein E, especially its4 form, al-antichymotrypsin (ACT) or C1g complement
factor. Other proteins or compounds such as Cordp anthracycline, rifampicin, anionic
sulphonates or melatonin can interact with AR armeygnt its aggregation into fibrils or bind
to AR and break the formation of [3-sheet structfdrsheet breakers). Due to their action these
compounds have been tested in experimental appedth5s] [126].

The progressive neuronal loss in AD has been thgeteof nerve growth factor (NGF)
therapy [127] [128]. Neurotrophic factors suppoeuronal survival, migration and neuritic
outgrowth, support the fully functional state oftara neurons and can exert direct effects on
synapse function influencing neurotransmitter redeand synaptic efficacy [129] [130]. First
animal studies showed that intracerebroventricufdusion of NGF can prevent the
degeneration of cholinergic neurons in rodent anchgte models of cholinergic neuronal
degeneration [131] [132] but also causes numeraddes sffects like weight loss [133],
sympathetic axon sprouting [134] and Schwann cajfration [135]. Similar adverse effects
were encountered after intracerebroventriculardioin of recombinant NGF in patients with
AD [136] and therefore other delivery approaches toebe developed.

In recent years gene delivery has emerged as atptaehnique for chronic delivery of
therapeutic proteins of interest in vivo. CNS geeévery can be achievesk vivo (injection

of autologous cultured cells genetically modifienl groduce NGF in the region of the
cholinergic basal forebrain (experimental: [137381[139], clinical: [140]) or in vivo (direct
injection of viral vectors carrying the NGF gengoirthe basal forebrain region which then
becomes genetically modified to produce elevatedl$eof NGF (experimental: [141] [142],
clinical: [143]).

Lately, also dietary strategies have gained ine@ascognition in preventing AD. Not only
intermittent fasting and caloric restriction diebat also diets enriched in omega-3
polyunsaturated fatty acids or the antioxidantwveestrol, Ginkgo biloba or the green tea
component epigallocatechin-3 and moderate consompti red wine have shown to reduce
A neuropathology and/or the memory impairmentsgmmice [144] [145] [146] [147] [148]
[149].
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Finally, biometals have been implicated in AD n@athology and a detailed review on the
loss of metal homeostasis in AD and the modulatiometal bio-availability as a therapeutic
strategy for the treatment of AD has been publidhe@rouch et al. [150].

3. Neurooncology

Normal brain is composed of a variety of cell typesluding neurons, glia (astrocytes,

oligodendrocytes, microglia and ependymal cellgscular epithelium and meningeal cells.
Intracranial tumours arising from brain meningegiimgiomas) and tumour metastases from
systemic cancer (such as lung, breast, colon) ateconsidered primary brain tumours.

Primary brain tumours can be classified into glismaccurring in the brain parenchyma
above the tentorium, and medulloblastomas, childyoung adult cerebellar tumours

occurring below the tentorium. Here we will focusgliomas.

3.1. Pathophysiology

Diffuse infiltrative gliomas are the most commormnmary adult brain tumour, accounting for
40% of all primary and 78% of all malignant centrervous system tumours. The term
glioma includes several heterogeneous entitiesgtwhave in common a presumed glial cell
of origin. Subcategories of gliomas include asttomyas, oligodendrogliomas, oligo-
astrocytomas, ependymomas and glioblastomas. Aiogptd the World Health Organisation
(WHO) classification, gliomas receive a histopatigid grade on the basis of the presence of
nuclear changes, mitotic activity, presence of #mel@al proliferation and necrosis [151].
Low grade gliomas (WHO II) are defined as diffusetfiltrative astrocytotic tumours with
cytological atypia (diffuse astrocytomas, juverlecytic astrocytomas, oligodendrogliomas,
gangliogliomas and mixed gliomas); tumours presgngéinaplastic cell types and high mitotic
activity are classified as WHO 11l (anaplastic farmaf astrocytoma, oligodendroglioma and
oligastrocytoma); gliomas with additional microvak proliferation and/or necrosis as
WHO grade IV (glioblastoma and its variants). Th&diogical grading is highly relevant to
predict prognosis. The median survival of patiemtss WHO grade Il glioma is usually more
than 5 years whereas the median survival of patierth high grade gliomas remain modest
(< 15 months) despite recent advances in microsairgtechniques, radiation and
chemotherapy [152]. Surgical resection and radraghyehave been the mainstay of treatment
[153] and only recently have the benefits of chdmampy been unequivocally shown in a
randomized trial [154]. Yet, even under such thesprecurrence is the norm, and disease
will follow a fatal course in virtually all patiestwith malignant glioma. This inability to
successfully treat brain tumours mostly is dueh® lack of understanding the underlying
complex brain tumour biology and treatment outcasnbardly predictable because of high
genetic heterogeneity and individually different lecmlar tumour phenotypes that are
responsible for tumour growth.

Glioblastoma may arise through 2 distinct pathwafyseoplastic progression. Tumours that
progress from lower grade (Il or Ill) astrocytiertaurs are termed secondary or type 1 GBM,;
tumours that arise de novo without any evidencea dbwer-grade precursor are termed
primary or type 2 GBM. Secondary GBM develop in iyger patients (fifth to sixth decade)
with time to progression from low-grade lesionsgiag from months to decades. Primary
GBM develop in older individuals (sixth to sevemtcade) and have short clinical histories
(less than 3 months).

Over the past two decades a complex series of mlalechanges leading to glioma
development have been identified. Investigatiorts iglioma pathogenesis have revealed
several disturbances in key biological pathwaysiltieg) in de-regulation of the cell cycle,
alterations of apoptosis and cell differentiationneovascularization as well as tumour cell
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migration and invasion into brain parenchyma. Theghly complex signal transduction
cascades, which are differentially activated atehsed, involve signalling between multiple
parallel and interrelated pathwaysiqure 4). Growth factors and their receptors, such as
epidermal growth factor receptor (EGFR), vasculadathelial growth factor (VEGF),
platelet-derived growth factor receptor (PDGFR) &nachsforming growth factgs; primarly
acting through receptor tyrosine kinases (RTK),ehbeen implicated in the initiation and
progression of gliomas [155, 156]. EGFR amplificatioccurs in(40% of GBM and a
constitutively active deletion mutant, EGFRvIIIfaind in 20-30% of GBM.

Also disruptions of a set of tumour suppressor pats with direct effects on cell cycle
control are involved in glioma pathogenesis. Thge®etic alterations include a loss, mutation
or hypermethylation of tumour suppressor genesh(ascTP53) and other genes involved in
the regulation of the cell cycle (such as cyclipeledent kinase inhibitor 2A CDKN2A (also
known as INK4a/ARF locus), p16*, p14"™F and phosphatase and tensin homology
(PTEN)) as well as activation or amplification ohomgenes (such as MDM2, cyclin-
dependent kinase 4 CDK4 and cyclin D1 and D3),timation of the retinoblastoma (Rb)
tumour suppressor pathway, loss of heterozygok®H) on chromosome 9p, 17p, 22q, 13q,
199 or 10g and O6-methylguanine-DNA-methyltranger@GMT) promoter methylation
[156, 157]. During progression from low-grade asytoma (WHO grade Il) to anaplastic
astrocytoma (WHO grade Ill) and to glioblastoma tifmime (WHO grade V) a step-wise
accumulation of these genetic alterations occurs @istinct molecular genetic alterations
have been identified in primary and secondary GBMS8| [159]. Primary GBM are
characterised by relative high frequencies of EGERplification, PTEN deletion,
CDKN2A/p16 loss, pRb alteration and LOH 10p and,l@bereas secondary GBMs often
contain TP53 mutations or G:&A:T mutations at CpG sites. Furthermore, molecular
alterations have been identified, which indicaterdipeutic response of patients and, thus,
have prognostic relevance [160-163].

3.2. Animal models

Many in vitro andin vivo models of brain tumours have been developed asylititreased
our understanding of brain tumour initiation, fotroa, progression and metastasis and
provided an experimental system to discover nowekrapeutic targets and test various
therapeutic agents. Many tumour-derived cell lihage been established and they are often
employed for screening of novel drugs in cell adtor xenograft experiments because of
their ready availability and ease of use [164]. dgmaft models, induced either by
subcutaneous or by orthotopic (into native tumat@s} injection of primary tumour cells or
tumour cell lines, represent the most frequent used/ivo cancer modelling system.
However, both cell culture and xenograft model eyst lack the stepwise genetic alterations
thought to occur during tumour progression and dbracapitulate the genetic and cellular
heterogeneity of primary tumours and the complerdur-stroma interaction. In contrast,
genetically engineered mouse models recapitulate mocurately the causal genetic events
and subsequent molecular evolution in situ and gige to tumour-stroma interactions
resembling those of the native tumours and alsbduarcellular subpopulations like cancer
stem cells thought to be of central importanceh® development, maintenance and drug
resistance of brain cancer [164]. In recent yeaeveral such mouse models have been
developed using combinations of the above-mentigiiema-associated genetic alterations.
For review see [165] [166] [167].

Most of the cell lines used in xenograft cancer el®dre transgenic cell lines that exhibits
overexpression, underexpression or complete iretativ of a gene of interest to provide
insights in the molecular and functional charasters of cancer. Moreover, in addition to this
gene of interest often a second reporter genetredinced and allows for non-invasive
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phenotyping of the effects of induced moleculaeraltions by molecular imaging techniques
[168].

3.3. Non-invasive phenotyping

The imaging techniques that are used clinicallyet@luate patients with primary and
metastatic brain tumours are also commonly emplagechouse brain tumour models and
allow the early identification of morphological,thaphysiological, functional and metabolic
changes associated with tumour growth.

331 MR

Conventional MRI techniques, such as T1- and T&jhteid imaging, contrast-enhanced T1-
weighted imaging, dynamic contrast enhanced (DQBaging and diffusion-weighted
imaging (DWI) provide information on tumour locat®on and extent, local blood-brain
barrier (BBB) damage and brain invasiveness, reditood flow and blood volume and
tumour cellularity which, in the clinical settingre known to be associated with glioma grade
and prognosis. Also secondary changes associatedumour growth, such as oedema, brain
shift or hydrocephalus can be determined on twotriatimensional MR images. Recently,
McConville et al. demonstrated that MRI can be usepredict tumour grade and survival in
a genetically engineered mouse model of glioma J[189the Ntv-a model, approximately
100% of mice spontaneously develop gliomas by kweé age, with 30% of these tumours
displaying high-grade histologic feature$2-weighted and T1-weighted, gadolinium-
enhanced MRI could distinguish between high- angtdoade tumours on the basis of their
growth rate and contrast enhancement.

However, care should be taken when interpretingrashleakage as an indicator of BBB
breakdown due to malignant degeneration as this can be absent in diffuse infiltrative
tumour regions, non-specific or induced by thersipeintervention [170]. Especially the
treatment with antiangiogenic compounds can rest@eéBBB in angiogenic regions without
concomitant tumour regression and underlines tleel ier alternatives to gadolinium-based
contrast-enhanced MRI to detect progressing tunpautions that are not associated with
angiogenesis and thus BBB disruption but are basean angiogenesis-independent tumour
growth, for instance via cooption of preexistensatdature [171]JAlthough these infiltrative
lesions can not be detected with gadolinium-basedirast enhanced MR, the relatively low
vascular volume in these tumours, as comparedetsurounding tissue, can be exploited to
detect these lesions using blood pool contrasttagerch as ultrasmall particles of iron oxide
(USPIO) [172] and to evaluate the response to magibgenic therapy [173].

Another technique to follow in vivo tumour angio@sis as a necessary component of tumour
expansion, invasion and possible metastasis is DA that enables the longitudinal
investigation of changes in tumour vascular perniggbvascular density and vessel
morphology. Recently, Veeravagu et al. demonstratechn orthotopic murine (GL26)
glioblastoma model that in vivo changes in bloodset permeability, as shown by DCE
MRI, correlates withistologic quantification of vascular density aressel caliber as well as
with the molecular expression of angiogenic facsush as VEGF and angiopoietins (ANG-1
and ANG-2) [174].

DWI can also be used in cancer imaging to asseseuucellularity and infiltration and to
monitor response to therapy [175]. The apparerfugldn coefficient (ADC) of water has
been found to increase in the early phase of amtaratherapies. Treatment-induced killing of
tumour cells in a 9L brain glioma model, leadingaalecrease of cell density in tumour
tissue, results in an increase of the ADC that bwgxplained by destruction of tumour cells,
widening of the extracellular space and a consdgiremease in extracellular, relatively
mobile water [176]. Moreover, the treatment-indugeztease in ADC values occurs as early
as 4-5 days after therapy onset and precedes vtiarmenour changes [169].
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Although metabolic changes associated with intraefatumour growth can be monitored

with MRS [177] and can be used for brain tumournatgping [178] and to evaluate cell

damage as early as 2-4 days after ganciclovirnreat in gene therapy of experimental
gliomas [179], most information on the metaboliatstof intracranial gliomas can be gained
by PET imaging.

3.3.2. PET

Dependent on the radiotracer used, PET can revgaltspecific quantitative information on
various processes, most of them related to the@sed cell metabolic rate within gliomas
[180]. The most commonly used radiotracers in btamour imaging are radiolabelled"%--
fluoro-2-deoxy-D-glucose [¥*F]JFDG), methyl*'C-L-methionine [*'C]JMET), O-(2-%F-
fluoroethyl)-L-tyrosine [**F]FET) and 3deoxy-3-*F-fluoro-thymidine [*®F]-FLT). These
radiotracers are incorporated into proliferatingmlas depending on their tumour grade, as a
reflection of the increased activity of membrarsngporters for glucos¢'{F]JFDG), amino
acids [MCJMET and [*®F]FET) and nucleosides[*{F]FLT) as well as the increased
expression of cellular hexokinasf®f]FDG) and thymidine kinase[*{F]FLT) and give
information on energy metabolisni*§]FDG), protein synthesis[*tF]FET) and DNA
synthesis [¢°F]FLT) [181]. Furthermore, hypoxic tumour cells cae $electively labelled
with radiolabelled derivatives of misonidazole (e'¥-fluoromisonidazole *F-MISO) to
evaluate tumour tissue oxygenation rate [182].uksdur hypoxia is an independent predictor
of outcome and is associated with chemo- and resiistance®-MISO PET imaging not
only has the potential for defining the biologicaicroenvironment of a tumour, but also can
help in selecting and directing the appropriatattresnt.

3.3.3. Reporter-transgene imaging

Many recent advances associated with imaging tusnousmall animals have arisen from the
application of reporter transgenes. Such transpased approaches have enabled the non-
invasive measurement of a wide range of biologigatameters with excellent tumour
specificity [183]. The detection and measurementuciferase activity (bioluminescence
imaging), fluorescent protein excitation (fluoresce imaging) and herpes simplex type 1
thymidine kinase (HSV-1ik) activity (PET) are among the most commonly apmplie
transgene-based approaches for imaging in miceyMdferent xenograft tumour cell lines
constitutively express an optical imaging reporgene. In small animal research, optical
imaging is especially useful for rapid and accursttedies of tumour biology. It has been
shown that there is a tight correlation betweent@mamission and gadolinium-enhanced
MRI for intracranial tumour growth surveillance fg185] [186], and the growth dynamics
of tumours or metastases can be accurately detedmry quantification of the relative
changes in light emission intensity over time. @§lalso proved to be a particularly useful
tool for measuring the efficacy of cancer therasufor instance, bioluminescence imaging
(BLI) has been used to monitor intracranial 9L gficcoma tumour cell kifiollowing 1,3-
bis(2-chloroethyl)-1-nitrosourea (BCNU) treatmenii84] or to evaluate the response of
intracranial glioblastoma xenografts to primary ssalvage temozolomide therapy [187].
Also spatially restricted (tissue-specific) and peamally restricted (inducible) reporter
transgene expression strategies have been empdayeasively to image tumour dynamics in
mice [188] [189] [190].

3.3.4. Targeted ligand imaging

The development of targeted imaging ligands hathéurenabled the non-invasive evaluation
of diverse other aspects of in vivo tumour biologych as tumour cell apoptosis, angiogenic
blood vessels or expression of specific tumourgants or signalling pathways with Ol, PET
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and to a lesser extent also MRI and have beentosedhluate the efficiency of therapies that
target these specific molecular entities (see jhere

3.4. Therapy

Over the last years, notably within the field ofmiur research, crucial improvements in the
knowledge of genetic and molecular alterationshat basis of tumour development were
made and allowed the development and use of a eeergtion of drugs that target specific
molecular entities [191]. The development of suokeh rationally targeted cancer therapies
benefits significantly from efficient screeninghiologically relevant systems as well as from
the advances in targeted molecular imaging, not mnthe assessment of drug targets (which
could be used for patient selection) but also diydeeatment response.

3.4.1. Genetherapy

Triggered by our experience in clinical gene thgrégr patients with glioblastoma [192]
[193], imaging-guided gene therapy paradigms faongh models have been studied
extensively by our group, where biological actigeget tissue for gene therapy vectors have
been imaged b{*'C]MET- or [*®F]FLT-PET Figure 5A), where transduction efficiency has
been studied by Ol df®F]FHBG-PET Figure 5A), and where therapeutic efficiency of the
gene therapy paradigm has been correlated to watisd efficiency Fig 5B, C) and
evaluated by**CIMET- or [**F]FLT-PET (Figure 6) [194] [195]. Furthermore, we have
shown that the quantification of transduced gengresssion, which can be transriptionally
regulated is possible by PET and (Higure 7) [189]. These imaging paradigms have
important applications when designing protocols tfansplantation of genes into diseased
tissue in clinical application.

3.4.2. Anti-angiogenic therapy

A variety of genetic anomalies that trigger glioassociated angiogenesis, such as
overexpression of the growth factors VEGF, EGF, FD&hd their receptors or chronic
activation of the hypoxia-inducible transcriptioacfor-1 (HIF-1) have been identified and
can be measured directly or indirectly by non-imv@smaging techniques and used as read-
outs for targeted tumour treatment. Conventionalgimg techniques like MRI and PET focus
on the measurement of physiologic parameters, aadblood flow, blood volume, vascular
perfusion, permeability and/or structure and regméethe radiographic tools in current clinical
trials of anti-angiogenic therapy [196]. During thest years, intense research focused on
VEGF/VEGFR-targeted molecular imaging and a wideietsa of targeting molecules
(peptides, proteins, antibodies and nanopartidese been labelled with various imaging
labels (such as radioisotopes, fluorescent dyes,nainrobubbles) for PET, SPECT, optical
imaging or contrast-enhanced ultrasound imagingwiour angiogenesis [197, 198]. Hsu et
al. [186] used multi-modality (BLI, MRl and PET) mecular imaging to determine the
antiangiogenic and antitumour efficacies of a vkdove-targeting fusion toxin
(VEGF(121)/rGel) composed of the VEGF-A isoform VIE&21) linked with a G(4)S-tether
to recombinant plant toxin gelonin (rGel) in anhatbpic glioblastoma mouse model. In this
study, the level of target expression was monitobefore therapy by°fCu]-1,4,7,10-
tetraazacyclododedane-N,N',N",N"-tetraacetid dEIOTA)-VEGF(121)/rGel PET, whereas
[*®F]FLT scans were obtained before and after treatnienevaluate VEGF(121)/rGel
therapeutic efficacy. In VEGF(121)/rGel-treated enia significant decrease if°f]FLT
uptake and peak BLI tumour signal intensities cdagdobserved as compared to non-treated
mice and these results were validated by histolagalysis.

Also expression of cell adhesion molecules, sucintegrins, is significantly up-regulated
during tumour growth and angiogenesis amfi3 expression has been correlated with tumour
aggressiveness [1994vp3 integrin expression can be measured by targetdmlabelled

21



[200] [201], paramagnetic [202] and fluorescent3dR@nolecules (cyclic arginine-glycine-
aspartic acid RGD peptides) and this method candeel to selectively target suicide gene
therapy [204] or drug delivery [205]. Serganovaakt[206] developed a dual reporter gene
cassette to monitor non-invasively the dynamics spatial heterogeneity of HIF-1-specific
transcriptional activity in tumours and showed thHE-1-mediated activation of TKGFP
(thymidine kinase green fluorescent protein; [20i@porter gene expression in hypoxic
tumour tissue can be non-invasively and repeatedilyalised in living mice using PET
imaging with [8F]-2"-fluoro-2’-deoxy-1B-D-arabionofuranosyl-5-ethyl-uracil (FEAU).
Nanoparticle technology has been shown to be aatrerstool for drug delivery.
Nanoparticles can be used as vehicles for the atgliwf imaging contrast agents and
therapeutics in a targeted manner [208]. Reddyl.gR@9] selectively targeted angiogenic
endothelial cells within brain tumour vasculaturghwa nanoparticle formulation consisting
of an encapsulated imaging agent (iron oxide omwr#lacent) and a photosensitizer
(Photofrin). The authors could show the feasibibfythis method to detect significant MRI
contrast enhancement in intracranial gliomas falhgw.v. nanoparticle administration and to
specifically treat the gliomas after photodynanterapy. The same technology can be used
to target annexin conjugated nanoparticles composedfluorescent and paramagnetic label
to apoptosis [210] [211].

3.4.3. Apoptosis

Aberrations of apoptotic signalling have been cdad to be one of the hallmarks of cancer
pathology [212] and therefore, the development giantitative technique to detect apoptosis
non-invasively could provide immense advantagesefaluating therapeutic strategies in
vivo (Lee, clin cancer res 2007). Modulating thegtptic pathway by caspase inhibitors or
activators represents special opportunities foragpeutic intervention and underline the need
for non-invasive monitoring of early drug resporetethe molecular level. This can be
achieved by direct imaging of caspase activity.(e@ppase peptide substrates containing
either a nuclear or a bioluminescence label [223}] [215] [216] or a near-infrared optical
fluorochrome [217]) or by imaging the downstreanfieets on surface phosphatidylserine
(PS) expression (e.g. radionuclide [218] [219],apaagnetic [220] or fluorochrome labelled
Annexin V [221]). By means of such imaging paradsgthe effect of apoptotic pathway
regulating drugs can been identified [222] [2141GR This is particularly important, as there
is already evidence, both from the laboratory dradlinic, that an early apoptotic response
to therapy is a good prognostic indicator for tmeait outcome [223]. It should be pointed out
that E2F-1 mediated transcriptional regulation WHRBF-1 being an important “decision
marker” for uncontrolled proliferation or initiatio of apoptosis can be non-invasively
assessed by placing molecular imaging marker gendsr transcriptional control of E2F-1
responsive promoter elemeniBdure 8) [190].

3.4.4. Céll therapy

The use of neural stem cells (NSCs) for the treatnoé brain tumours has attracted much
interest in recent years [224]. The characterisiicISCs that make them attractive vehicles
for targeted delivery are their tropic behaviouwvaods neoplasms. Aboody and colleagues
[225] first documented that modified exogenous NS@jected into the contralateral
hemispheres migrate over long distances to sitgiahas in mice. Recently, several groups
have reported promising results with extended sahjP26] [227] or reduced tumour growth
[225] [228] [229] [230] after neural stem cell-bdsgene therapy in animal models of high-
grade gliomas. An intrinsic tumour-inhibition effeaf neural stem cells has been observed
after co-inoculation of NSCs with glioma cells [23dr grafting into established gliomas
[226]. Also, due to the pluripotency of neural steetls, a potential role of NSCs may be to
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repair the damage caused by the brain tumours #leessand the neurological impairment
that is frequently associated with traditional eanceatment approaches [232].

Until recently, the in vivo study of particular pdptions of cells, such as NSCs, was mainly
based on snapshot images from ex vivo histologysTimaging techniques fan vivo
longitudinal detection of the dynamics of thesdscbecame desirable. Over the past years,
the tumour targeting abilities of implanted neussém and progenitor cells have been
monitored non-invasively with various imaging matles and most extensive information
has been gained with optical imaging. Also cellN# imaging techniques have been used
increasingly and even PET imaging has been apmidétect stem cell migration and therapy
in intracranial glioma models. By use of biolumioesce imaging systems, Shah and co-
workers simultaneously monitored both the migratmihNSCs toward gliomas and the
efficacy of tumour necrosis factor-related apopgasducing ligand (S-TRAIL) on the glioma
burden in real time by dual enzyme substrate (Rluc) imaging [230]. However, in general,
BLI offers poor tissue penetration and poor spaéablution. Miletic et al [233] together with
our group used a multimodal imaging protocol conmgnmulti-tracer PET and MRI to
demonstrate that a subpopulation of bone marrowekimesenchymal stem cells can be
used as tumour-infiltrating therapeutic cells aghimalignant glioma. The stem cells
genetically engineered to express HSV-1 thymidimease (TK) were injected into rat
intracranial 9L gliomas. After transplantation,msteell localization and distribution could be
monitored non-invasively by means of the HSV-1 Tp€dfic PET radioligand 9-(4-fluoro-3-
hydroxymethylbutyl)-guanine {fFJFHBG). In addition, the therapeutic effect of gatovir
treatment could be monitored sequentially by MRId ai'CIMET-PET and strongly
correlated with histological analysigigure 9). Cellular imaging by MRI (cellular MRI)
provides another non-invasive dynamic method faalwating the seeding, migration and
homing of magnetically labelled NSCs [234] [235F well as an excellent soft tissue
differentiation with a high spatial resolution. $hled Zhang and co-workers [236] to
successfully monitor neural progenitor cells lad@Nvith superparamagnetic particles (SPIO)
in a rat gliosarcoma model usingvivo MRI as they infiltrated the tumour mass or as they
tracked down invading tumour cells. Also, migratiand incorporation of magnetically
labelled NSCs into the angiogenic vasculature afrbtumours has been studied [237] [238].
Brekke and colleagues [224] investigated the p@kaof cellular MR imaging to monitoim
vivo the migration and infiltration of GRID-labelled mine NSCs (MHP36) from the seeding
site to the tumour region in a rat glioma modehgsdiongitudinal multiparametric MRI. In
addition, the authors were able to demonstratéhapeutic potential of the mere injection
of neural stem cells through an MRI-based measurewfetumour growth and development
of vasogenic oedema. Fulci et al [239] used callM&I to non-invasively monitor innate
immune response (MION-loaded macrophages) aftemgli virotherapy in a syngeneic rat
glioma model. Furthermore, the applied image pmltenabled the authors to image the
increased efficiency of oncolytic virotherapy affmeadministration of cyclophosphamide.
This increased efficiency was credited to the imoswppressive action of
cyclophosphamide. However, it should be pointed that transplantation of mouse NPCs
into the intact mouse brain can reveal signs obatrolled proliferation and migration even
to distant areas (e.g. spinal cord) after varidose tpoints Figure 10), indicating that
molecular imaging should be used and implementetdrclinical applications of therapeutic
stem cell technology to reveal signs of uncontbieem cell behaviour in vivo [240].

4. Conclusion
Continuous refinements in available mouse modeletter with improvements in small

animal imaging techniques have recently led topadrprogress in the variety of ways disease
biology can be monitored non-invasively in livingnimals. Insights into the
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pathophysiological processes related to diseasation and progression resulted in the

identification of new molecular targets or treatmsinategies and functional imaging probes

directed to disease-specific alterations have lo@loped and optimized. These advances
increased our knowledge dfsease dynamics and refined the design of effective therapeutic
interventions in a true translational manner.

5. Future challenges

The ability of non-invasive imaging techniques $3ess neurological disease states is beyond
dispute.

In the near future, a careful validation of the l@ggbimaging probes and imaging readouts
need to be addressed. The establishment of eféeativlecular biomarkers or end-points
capable of defining critical parameters, such asegie signatures or metabolic and signalling
states of specific disorders, will provide fasterore effective and less expensive ways to
diagnose disorders, to evaluate drug efficacy andefine patient sub-groups more likely to
have therapeutic benefit. Furthermore, the appimaging protocols for disease diagnosis
and therapy guidance need to be standardised ier dod compare experimental results
between research groups.

Ultimately, application of non-invasive imaging okurological disorders will result in
improved patient care and lead to patient-spetiierapies with greater efficacies and fewer
side effects.
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7. Figure legends

Figure 1. Schematic drawing of central dopamine processing aynaptic terminal of a
nigrostriatal dopamine (DA) neuron and its postgyiatarget, a striatal GABAergic
projection neuron.

In the DA neuron, tyrosine is converted to DA irotateps: The first and rate-limiting step is
the synthesis of L-3,4-dihydroxyphenylalanine (DQRA the enzyme tyrosine hydroxylase
(TH). The second step is catalysed by aromatic amatid decarboxylase (AADC). Newly
synthesised cytoplasmic DA is then captured in igised vesicles by the vesicular
monoamine transporter-2 (VMAT2), stored and reldaggto the synaptic cleft upon
activation. On the post-synaptic side, DA bindstsospecific receptors (D1 and D2 receptor
families) to mediate its actions. DA is then eitheretabolised extraneuronally into
homovanillic acid (HVA) by monoamine oxidase (MAQ); taken up by the presynaptic
terminals by the dopamine transporter (DAT) to éeesicularised or metabolised into 3,4-
dihydoxyphenylacetic acid (DOPAC) by catechol-Odnyetransferase (COMT). Also the
sites of action of four different PET ligands uded visualisation of the DA system are
illustrated. First, radioactive fluorine substitité-DOPA ([°FIDOPA) uptake represents
striatal uptake, AADC activity and presynaptic eear storage. A second way to label the
presynaptic neurons is to use a specific ligandshi® DAT (e.g'C-d-threomethylphenidate,
[Y'CIMP or [**3]N-w-fluoropropyl-2b-carbomethoxy-3b-(4-iodophenyl)mopane, 2i]FP-
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CIT) or the VMAT2 (e.g*'C-dihydrotetrabenazineC]DTBZ). Finally the post-synaptic
DA receptors can be labelled by usitig-raclopride,'®F-spiperone of?3-iodobenzamide
(23.1BZM).

Figure 2: Unaltered brain glucose metabolism in NIRKO mice.

Shown are representative high-resolution magnesonmance images (upper) and matched
[*®F]FDG microPET images (lower) through the brainaofepresentative control mouse

(upper) and a representative NIRKO mouse (lowe@lsRwere placed in a transaxial plane

(arrow). Distinction between brain and hypermetaboarderian glands (arrowhead) is made
by coregistration with MRI (adapted from Schuberile PNAS 2004 with permission [97]).

Figure 3. Altered cerebral glucose metabolism, neuronalgiiy and cholinergic function
detectedn vivo after noradrenergic depletion of APP23 mice.

A. Representative high-resolution magnetic resonamcageés (first row) and matched
representative'fF]FDG, ['C]FMZ, and [*CJMP4A microPET images (second—fourth rows,
coronar is left; transaxial, middle; sagittal, figlthrough the brain of saline-treated (left
panel) and dsp4-treated APP23 (right panel).

B. Quantification of ¥F]FDG, [F'C]FMZ, and [*C]MP4A uptake in saline-treated wild-type
(wt-con) and saline-treated APP23 (tg-con) micelat months of age. No significant
differences were detected.

C. Quantification of {*F]FDG, [''C]FMZ, and }'C]MP4A uptake in saline-injected (tg-con)
and dsp4-treated (tg-dsp4) APP23 transgenic mitieeatame age revealed a decrease in all
parameters after LC degeneration (mean+SEM; n=alsi per group; Student’s t test;
*p<0.05) (adapted from Heneka et al. J Neurosc 24i@t6 permission [98]).

Figure 4. Schematic representation of relevant signal tractsmlu pathways and cell cycle
control pathways known to be dysregulated and waaebin glioma initiation and growth.

GF, growth factor; GFR, growth factor receptor; RTkceptor tyrosine kinase; EGF,
epidermal growth factor; VEGF, vascular endothaliadwth factor; PDGF, platelet-derived
growth factor and their respective receptors EGFRGFR and PDGR; MAPK, mitogen-
activated protein kinase; ERK, extracellular sigrgjulated kinase; MEK, MAPK/ERK
kinase; PLC, phospholipase C; PKC, protein kinas®IBK, phosphatidylinositol-3-kinase;
PTEN, phosphatase and tensin homology deleted mmadsome 10; Akt, protein kinase B;
MmTOR, mammalian target of rapamycin; HIF-1, hypexiducible factor-1; INK4a/ARF,
Inhibitor of Kinase 4/Alternative Reading Frame twm suppressor genes; CDK4, cyclin
dependent kinase 4; MDM2, murine double minute @gene; p53, protein 53 transcription
factor; RD, retinoblastoma tumour suppressor pmptERF1, transcription factor (activator)
from E2F family of transcription factors

Figure 5. Imaging-guided gene therapy paradigm.

A. Experimental protocol for identification of viabtarget tissue and assessment of vector-
mediated gene expressionvivo in a mouse model with three subcutaneous gliomaa. R
localization of tumours is displayed by MRI. RowtBe viable target tissue is displayed by
[*®F]FDG-PET; note the signs of necrosis in the latpartion of the left-sided tumour
(arrow). Rows 3+4: following vector-application anthe medial viable portion of the tumour
(arrow) the tissue dose of vector-mediated geneessjon is quantified byjF]FHBG-PET.
Row 3 shows an image acquired early after tragection, which is used for coregistration;
row 4 displays a late image with specific tracecusulation in the tumour that is used for
guantification (adapted from Jacobs, Rueger ewdth, permission [194]).

B. Response to gene therapy correlates to therapgatie expression. The intensity of
cdIRESk39gfp expression, which is equivalent to transductidiciehcy and tissue-dose of
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vector mediated therapeutic gene expression, isumea by {*FJFHBG-PET (in %ID/g), and
the induced therapeutic effect is measured §]fLT-PET (R=0.73, p<0.01). Therapeutic
effect ([°F]FLT) was calculated as the difference betwe@R]FLT accumulation after and
before therapy (adapted from Jacobs, Rueger etigh. permission [194]).

C. Relation between changes in volumetry alfi]FLT uptake. Changes in tumour volume
and f8F]FLT uptake were plotted for tumors grown in 1ldeumice. There is a strong
correlation between volumetry and change in FLTaket (R=0.83) for those tumours
responding to therapy (complete responders) andceakev correlation (R=0.57) for those
tumors not responding to therapy (non respondés).correlation was found for those
tumours where focal alterations offJFLT uptake occurred which did not lead to a reiduc

in overall tumour volume (partial responders; addpfrom Jacobs, Rueger et al., with
permission [194]).

Figure 6: Multimodal imaging of response to vector-mediagede therapy.

Shown are representative three-dimensional MR ism&@&-weighted FLASH; echo time, 5
ms; repetition time, 70 ms; 60j pulse; resolutib®l x 121 x 242um after administration of
gadoliniumdiethylenetriaminepentaacetic acid; A1-A£3-E3 and G),fCIMET PET (B1-
B3, D1-D3 and F) and{F]JFHBG PET scans (C1-C3).

Al, Bl, C1, D1, E1, F and G: 9LDsRed tumour-bearatg that had received LCMV-tk-GFP
injection with ganciclovi treatment. A2, B2, C2, @&d E2: 9LDsRed tumour-bearing rats
that had received LCMV-tk-GFP injection without gattovir treatment. A3, B3, C3, D3 and
E3: 9LDsRed tumour-bearing rats that received galyciclovir treatment.

Time points after tumour implantation: 6 d, MRI &ef ganciclovir treatment (A1-A3); 7 to 8
d, ['®CIMET PET before ganciclovir treatment (B1-B3); 9 H°FJFHBG PET before
ganciclovir treatment (C1-C3): 14 d®C]MET PET during ganciclovir treatment (D1-D3);
15 d, MRI during ganciclovir treatment (E1-E3); 20 ["*CIMET PET after ganciclovir
treatment (F); and 22 d, MRI after ganciclovir treant (G) (adapted from Miletic et al., with
permission [195]).

Figure 7: In vivo bioluminescence imaging of exogenous gaggilation (induced luciferase
(LUC) expression) and image validation by histology

A. Temporal analysis of up- and down-regulation Bid_expression. HET-6C injection was
performed intratumourally at day 0. Days where Uumghescent images were obtained are
indicated at the upper right corner, days of doxliog treatment at the top.

B. Quantitative analysis of luciferase signal (OFR-@FF) in response to doxycycline.

C. Temporal analysis of up- and down-regulation &fCL expression in the intracranial
glioma model (OFF-ON-OFF-ON). Indicated are thesdafytumor growth.

D. Image validation by histology. BLI of a mouse twg a subcutaneous glioma stably
expressing LUC on its left shoulder aftarvivo transduction with HET6C-luc in the tumour
on the right shoulder. Representative histologsetions taken from th& vivo transduced
tumour showing co-localization of eGFP, expressedsttutively from the herpes viral
immediate early 4/5 promoter, and RFP, expressed the bi-directional regulated promoter
(Unit for all colour scales as well as the histogran temporal analysis was defined as
photons/second/cm2/steradian (p/s/cm2/sr), scaleowerlay: 150 mm, exposure time: 0.5
s)(adapted from Winkeler et al. Plos One 2007 ywéhmission [189]).

Figure 8: Noninvasive imaging of E2F-1 mediated transcripdicregulation.

A. E2F-regulated cells and negative and positiveroboells were implanted as a set of four
tumours in the back of different groups of expemniaé mice. Mice were followed over time
by bioluminescence imaging until tumours could beady visualised. Mice were then
subjected to BCNU treatment (50%) or control treatm(50%), and repeat imaging was
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performed 24 h later. An increased luciferase digras observed only in mice bearing E2F-
1-regulated cells and not in mice bearing negatind positive control cells. Color scale,
luminescent signal intensity; blue, least intengaa; red, most intense signal.

B. mean of the total bioluminescent signals emitteainf E2F-1-regulated tumours and
negative and positive control tumours in respolesB@NU administration. Columns, mean
of three independent experiments with n = 6 aningds group; bars, SD. Significant
differences are indicated by * (P < 0.05) and **<R.05) (modified from Monfared et al.

with permission [190]).

Figure 9: Multimodal imaging of cell-based glioma therapy.

Representative threedimensional MRI (T1-weightedAEH, echo time = 5ms, repetition
time = 70ms, 60° pulse, resolution 121 x 121 x@d2post-administration of gadopentetic
acid (Gd-DTPA)), {'CIMET PET and ’FJFHBG PET scans. Time points after tumour
implantation: &-c) 6 days, MRI before ganciclovir (GC) treatmentf) 7-8 days, T.CJMET
PET before GC treatmeng-) 12 days, ’F]JFHBG PET during GC treatmeni:l{ 13 days,
MRI during GC treatmentng-0) 14 days, 'CIMET PET during GC treatmentp) 21 days,
MRI after GC treatmentq) 22 days, 'CIMET PET after GC treatment. The three different
groups were treated as following, d, g, j, m, p, § bone-marrow derived tumour infiltrating
cells expressing thymidine kinase and green fluamtsprotein (BM-TIC-tk-GFP) injection
with GC treatment;l e, h, k, ) BM-TIC-tk-GFP injection without GC treatment, (f, i, |,

0) 9LDsRed gliomas only with GC treatment (adaptednf Miletic et al. Mol Ther 2007 with
permission [233]).

Figure 10: Bioluminescence imaging of aberrant stem cell atign.

Murine neural progenitor cells genetically engimeketo express luciferase, HSW.-and
GFP (C17.2-LITG cells) were injected into the Igfitiatum of a non-glioma-bearing mouse
and their behaviour over time was monitored withicgb imaging. NPC migration in the
direction of the cerebellar hemispheres (red arrom)ld be demonstrated 13 days after
injection (red arrow); at 3 weeks, NPCs also |aeliat the level of the thoracolumbar spine
(green arrow) (adapted from Waerzeggers et al. 2hBpermission [240]).
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