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Abstract

Nuclear imaging enables quantitative measurements of biological proaesses

and has revolutionised biomedical research, dienMglopment and clinical practice.
Despite the advances made in this field, the ability to image fundamental aspects of
neurological diseases remains a challenge. This is partly due to the limited
availability of radiotracers for imaging excitatory neuaoigsmission and detection of
inflammation as well as an array of other biochemical processes central to the
operational function of the brainfhe aim of thigesearclwasto expand the arsenal

of radiotracers available for neuroimaging in order to study kathological

processes involved in neurological diseases.

With the aim to targeneuronalVoltage Gated Sodium Channels (VGSCs), Vascular
Cell Adhesion Moleculei 1 (VCAM-1) and N-methytD-AspartateReceptas
(NMDARS), radiotracers have been synthesiaad evaluatedAbnormalexpression

of these receptorsias been implicated in a number of pathological conditions
including epilepsy, multiple sclerosis and neurodegeneraifibaradiotracersvere
characterised and evaluateid in vivo imaging (MRI and 8ECT/CT) andexvivo
studies (phosphorimaging, biodistribution and metabolite analysisprder to
determine if theyhold significant potential as tools to study neuronal pathways as

well as for diagnostic imaging and treatment monitaring

lodinated analgues of the iminodihydroquinoline WIN17317%3, and the 1-
benzazepir2-one BNZA have been evaluated asuronalVGSC tracercandidates

in healthymice Whilst the WIN173173 analogue suffered from poor brain uptake
and was rapidly metabolised vivo, the BNZA analogue exhibited excelleimt vivo
stability and its promisig uptake in the brain warraritgther investigations.

Even though  N-(1-Napthyl}-N&(3-[**3] -iodophenyl)Né-methylguanidine
([**I1]CNS-1261) has demonstrated favourable pharmacokineticbréon imaging
in clinical studies [**IJCNS-1261 was not successful in discriminating NMDAR
expression between naivesand those induced with status epileptiaasg lithium

and pilocarpine



Promisingly,a multi modal contrast agent comprisimgcron sizedparticles of iron
oxide corjugated to 4125 radiolabelledntibodies highlighted theup-regulation of
VCAM-1 in rat modek of cerebral inflammatiorand in the lithium pilocarpine
model of status epilepticusThis versatile imaging agerfresents @ exciting

opportunity to identifyanearly biomarker foepileptogenesis.
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Thesis Outline

The focus of this thesis igsn thedevelopment and evaluation ofadiotracers for
neuroimaging in order to increase our understanding of key pathological processes
involved in neurological diseases. The emphasis is on identifying early biomarkers
for diagnosis and treatment monitoririg.chapter 1,He basic principles of nuclear
imaging and radiotracer dewgimentare introducegwith focus on theropertieso

which radiotracers must adhere to successfully target the brain. Chapter 2 begins
with a brief discussion othe factors governing purity andelds in radiochemical
reactions, and the mechanisorsglerlyingradio-iodinationof chemical moietiesThe
second part of chapter 2 details the experimental methods by which imaging systems
were calibrated to allow for accurate quantification of theadgphetectedin chapter

3, the focus ison two radiotracers for imaging of neuronal VGSC expression.
Inspired bythe results from one of these radiotracers, the attempts to synthesise a
fluorinated derivativaarediscussed in the latter part of chaptetrBthe subsequent
chapter the synthesis of aadiolabelled VCAML1 targetingiron oxide particleis
discussedThe ability of this prbeto image VCAM1 expressionn a rat model of
cerebral inflammatior(chapter 4 and in the ithium pilocarpine model oftatus
epilepticus (chapter % is described To study the interplay between
neuroinflammation and dysfunction of fast neurotraission in dseases of the
brain, the suitability of *1JCNS-1261 to detecthanges in expression of NMDA
receptors betweenehlthy rats and thesthat have been induced with (status
epilepticus) seizurebas been investigated (chapter B)e overallresults have been
summarized in chapter &ndideas have beepresatedfor future endeavors.he

experimentamethodsconductedas part of this researemeoutlinedin chapter 8.
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Chapter 1 Introduction

In vivoimaging is a powerful tool to evaluate structure and functionimeasively

in a living subject. Multiple techniques are available, which can be divided into two
main groups: those that primarily provide structural information such as Magnetic
Resonance Imaging (MRI) and Computerised Tomography (CT), and those that
predominantly give functional and molecular information, fomaraple Single
Photon Emission Computed Tography (SPECT) and Positro Emission
Tomography (PET).Nudear imaging, principally SPECT is the core imaging
modality usedn the work presented hereim this chapterthe principles behind
nuclear imagingand the process of radiotracer developmar presented The

properties required fa brain targeting tracerealso described

1.1 Nuclear Imaging

Nuclear imagingnvolvesdetection ofradioactive material® identify signatures of
diseaseandquantify biochemical processes and has been pivota

T Improving the accuracy with which disease can be detected
1 Determining the extent and severity of diséase

T Monitoring patient response to therdgy

The three princigl nuclear imaging modalities are SPECT PET, and
Autoradiography/Phosphorimaging. Since tH®70, X-Ray, CT and MRI
dominated the imaging of human anatomy. Nonetheless, functional or metabolic
changes do occur in the absence of a correspoadiaigpmicalkorrelate. Therefore
nuclear imaging provides critical information thatherwise would be unavailable

and require invasive surgeoy moreexpensive diagnostic tests.

Nuclear imaging provides information abdbe distribution of a radioactive tracer
(radiotracer) over time andan importantly show how this distribution differs
between physiological and pathological conditions. This can aid in understanding
biochemical properties under certain conditions. Hlsovital to identify the exact

anatomic location of radiotracer ttibution in order to determine the proper course
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of therapy. The pioneering work of Hasegawa and colleagues in the lat& 1880s

the stage forintegrated SPECT/CT PET/CT and PET/MR™ systems.Such
complementary, bmodal scanners make it possible to acquire both anatomical and
functional images. Hwsever in most systemssimultaneous acquisith of the
anatomy andadiotracerdistribution is not feasible. This means that artefacts can

arise from patient movement between the two sets of scans.

With the advancements in imaging technology, it is now possible to image the
distribution of picomolaamounts of radimacers™ Therefore, SPET and PET are
highly sensitivetechniques whiclare distinguished bythe detectionprinciples of
gamma rays emittedeither when radioactive nuclei decaysPECT) orfrom an
annihilation event (PETY Radioactive decay is the process where unstable atomic
nuclei spontaneously emit ionizing radiation. The unit of radioactivity is the

Becquere(Bq) and is defined as one nuclear disintegration per s€sdhd

1.1.1 SPECT

Radionuclides used for SPECT decay by emitting (single photon) gamma rays that
aremeasured directly by the scann@ollimators, which ardhoneycomb shaped lead
blocks, have small holes designed to allow only gamma rays with a parallel
trajectory to pass through and reach the detd€ligure 1a). Gamma rays which
deviate from a parallel trajectory aagtenuatedy the lead and remain undetected.
The angle of the emitted gamma rays must fall within a small range for detection,
thus SPECTcameras generally exhidibwer sensitivity compared toBH (section

1.1.2) The size andlensityof holeson the collimators can vary to suit particular
imaging requirements: collimatorgith numerous smallliameterholes(Figure 1b)
produce images with higher resolutiavhilst larger diametepunctuationgFigure

1c) offer greater sensitivity.
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Figurel. The detection of gamma rays in SPECAdllimation detection(a): only gamma
rays with a paralletrajectory (green) pass through the collimators and are detected.
Gamma rays which deviate from a parallel trajectory (red) remain undeteCellimators
can bedesigned with numerous smallameter holes (b) or sparser large diameter holes (c)
to provide higher resolutioror offer greater sensitivity

Gamma rays which pass through the collimators are detected by a solid state
scintillator, which typically is a crystal structure that converts the energy of ionising
radiation into light in the visiblespectrum (scintillation). Different scintillator
materials are used depending on the energy of the gamma rays detected as well as
the speed required for processing. As the photon energies involved in SPECT are
lower than PET, there is a wideéange of mateéals that can be used for detector
designs For SPECT, gamma rays are best detected with crystals of thallium
activated sodium iodide which is dense enough to absorb energetit? fHys.
energy of each gamma photos absorbedby the santillator which results in
excitation of the crystafan electron igemovedfrom an iodine atom)Upon de
excitation(the dislocated electron finds a minimal energy stdke) crystal reemits

the absorbed energy in the form of lighere there is a dict correlation between

the amount of light produced and the energy of the gamma ray absorbed. The
scintillation photms are then processed throygtotomultipliertubes(PMTs)which
convert the light energy into electrical impulsdsat become amplifietio enable

each radioactive decay event to be registered and mea@tigede 2). Initially,
multiple 2dimensional projections are acquired freariousangles. These events

are stored and the data subsequently ifed mathematical algorithms, which
through a process called tomographic reconstructiatesa 3dimensional image

of the radioactivepatial distributionn the field of view.
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Figure 2. The processing of detected gammaysa All PMTs simultaneously detect the
(presumed) same flash of lightom the scintillator. The intensityfahe light detected at
each PMTdependson its position from the actual incident event. The location of the
incident event can be found by weighgirthe position of each PMffom the strength of its
signaland a mean position is determingdom the different locations and strengths of
signals detected

1.1.2 PET

Radionuclides used for PET decay by emitting a positron, which travels a short
distarce before annihilating with an electron. In doing so, the combined energy of
the two particles is converted intwo gamma rays that travel at 180° to each other
PET scannersonsist of a circular array of detectors designed specifically to only
detectlinearpairs of gamma rays within a short time of each other (typically within

8 - 12 nanoseconds). Therefore, PET scanners produce images via coincidence
detection(Figure3). Gamma rays arising from positron antakion are less prone to
attenuation than gamma rays emitted by SPECT radionuclides due to iedr hi
energies (51KeV vs. 801 160 KeV). Once detected, the gamma rays undergo a
similar process of signal processing and amplification as the SPECT signals

described in section 1.1.1.
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Figure 3. Coincident detectionin PET An emitted positron annihilates with an electron
creating two 511KeVgammarays. Represented athe finite postron range and the non
colinearity of the anniilation photons. For diagrammatic purposes, positron rangetard
anglebetween the two emitted photonkave beerto a great extent exaggerated

Positron range is the distance from the site of positron emission to the annihilation
site. PET scanners @t the annihilation photons which define the line of response
as opposed to thecation ofthe decayingadionuclide Therefore, positrons which

travel a longedistance willresult ina higher degree of image blurring.

A positron and an electron aretrcompletely at rest when they annihilate. The small
net momentum of these particles means thatatin@hilatedphotons will not be
exactly at 180and this is referred to as naoolinearity If the difference in the time
of detection of these photonsgamaller than a predetermined value (typically.2

ns) then the two detectors define a line of respdPE&. systems assurtigat gamma
rays are emitted axactly 180°, resulting in a small error in locating teent of

annihilation. Blurring of images aaed by norcolinearity carbe estimated by:

y ndnfg¢cg 9 Equationl

WhereD is thedistancebetween the two coincidence detectors
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The annihilatedohotons travel toward$¢ detectors positned around the subject,
where they get absorbed and produce an electrical sigsalmentioned, hHe
absorbing material of the detector is important for determining the interaction
probability and the accuracy by which the system can measughtitensenergy

and time of contact® Consequently, the materials commonly used for PET
scintillators are bismth germanat&® lutetium oxyorthosilicate, or gadolinium

orthosilicated u e t o t-rhyestoppinghpowgrrandxspeed of signal processing.

1.1.3 PET vs. SPECT, Clinical vsPre-Clinical

Spatial resolution and detection sensitivity are importanfopmance characteristics
for imaging system& In geneal, clinical PET scanners offer superior spatial
resolution compared to SPECYstems whereasn the preclinical settingSPECT
scannerslisplay higheresolution capabilitiesompared to PE{Figure4).* This is
mainly due to the fact that SPECT systems are not affected by phymsitations

that hinder PET cameras to reach-sublimetre ranges.

Resolution
8-12 mm 4-6 mm 1-2 mm <1mm
Clinical SPECT | Clinical PET | Pre-Clinical PET | Pre-Clinical SPECT

Figure4. Spatial resolution across clinical and {gimical PET and SPECT scanners

Many factors affect the quality of the final-censtructed PET imagé§.These
include the size of the crystal detors, positron range, photon roolinearity, the

total number of events that occur during the @itjan timeand the reconstruction
algorithms. Photon mnge and nowolinearity (as represented ifrigure 3) are
complications not presenn clinical and preclinical SPECT systemsinstead,
SPECT gamma camerasly on collimabrs to determine the gamma ragjectory.

In clinical systems that require imaging of a large patiesitimators typically have
parallel holesIn contrast, small animal imaging requires substantially higher spatial
resolution for a muckmaller object, and this is achieved by pinhole collimators. As
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a consequencethe imaging field of view andsensitivity of the system becomes
compromisedas a sufficient amount of radioactivityust pass through the small
pinholesin order for the deteateeventsto be transformed into images.uliple
pinholes can be used to achieve a reasonable-ofadetween spatial resolution,
sensitivity andFOV. Pinhole collimators magnify the object in the projection and
hence improve the resolution in the objggace, relative to the intisic resolution of

the detecto(Figure5). The notion that SPECT is unique for magnification imaging
is not enirely true. Specialised detectors could magnify PET images and thig highe

resolution imaging method may be in principle applied to human imagjing.

Pinhole Parallel-hole
Collimator Collimator

Figure5. Comparison of mulpinhole and parallethole collimators used in prelinical and
clinical SPECT imagiri@nhole collimators (left) generate magnifigishiverted images

Additional factors such as attenuation and scatter can degrade SPECT image quality
and this is discussed in detail in chaptefi2e overall image quality in small anima
imaging is affected to a lesser extent Imededegrading factors as rodentsr
examplemice, are much smaller (20 40 g) comparedo humans (average 75 kg).

This disparity is also one of the main reasons why small animal PET scanners offer
greater reslution than their clinical counterparts: PET scanners used femall

animals,D in Equationl is generally smaller
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1.1.4Autoradiography and Phosphorimaging

Whilst PET and SPEC%howradioactivity distrbutionin vivo, autoradiography and
phosphorimaging measure the distribution of radioactivity on tissue sections in two
dimensionsjn vitro or ex vivo These imaging techniques can reach resolutions of
less than 10 microns. Therefore, structures thataresmd to be imagedn vivo

can be assesdusing these methods.

For autoradiography and phosphorimaging, the radioactive tissue or organ-is cryo
sectioned with a thickness typically between 80 uM. These sectioned slices are
mounted on glass slideand then exposed to either a photographien fil

(autoradiography) or a phosphorimaging screen.

Phosphorimagingcreensare coated with photmeactive phosphor crystals that are
europium (Eu) activated barium fluorohalide compounds. Tissue sections oantain
radioactivity are apposed on the screen and the energy from the radioactive
emissions is absorbed by theosphorcrystals. As a result, Blis oxidisedto EU*

and the releaskeelectron is stored in the phosphor lattideAfter the exposure
period, the screen is scanned in a phosphagéenusing a red laser. This releases the
trapped electrorreducingEu®* back to EG" and reemitting the stored energy as blue
light. The intensity of the emitted light is proportional to the amount of radioactivity
in the sample. The blue light is detedttind processebly a photomultiplier tube and

the data are stored as a digital image of the locations and intensities of the

radioactivity in the sample.

The resulting image is then analysed using dedicated software programmes, and if a
set of radioactivestandards are included with the tissue samples, the amount of
radioactivity within discrete regions of the image can be quantified. Further details
of how this is performed are outlined in chapter 2. The screen can be reused by

erasing the stored imageghwvhite light.

Phosphor screen resolution is determined by the size of the phosphor crystals, the
thickness of the coating, and the concentration (packing density) of the crystals.
Phosphor crystal size and layer thickness are both inversely relatedotation,

whilst a greater concentration of crystals will increase resolution.
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Phosphor screen crystals are substantially larger than the silver halide crystals in film
autoradiographyAs a result, phosphor screens display superior sensitivity and hence
exposure times are reducEdrhis isvery convenient for radionuclides emitting low

energy gamma rays such’as.

For phosphorimagingnd autoradiographyynamic range is the intensity range over
which signals can be quantified. This is equal to the net signal from the highest
activity that can be measured (at the level of saturation) divided by the lowest
activity level that can be detected. This lowest activity level is governed by the noise
level that can be measured. Another advantage of phosphor screens is the increased
linear dynamt range of five orders of magnitude compared to fifviBhis makes it

less likely that screens will be saturated (and thus the user has a greater latitude for
the expoare time),and a larger range of intensities can be quantified in a single

image

One of the drawbacks of autoradiography and phosphorimaging is that the tissue of
interest must be phy=lly removed from the subject. For this reason, these
techniques & exclusively used for research, in particular to validate the binding
properties of novel tracers and to quantify the expression of biomolecules such as
receptorswithin tissues of interesMoreover,in vivoimaging with PET and SPECT
provides the oppaunity to performlongitudinal dynamic studie€onverselyjn ex

vivo studies such as autoradiography and phosphorimaging, only a single time point

per animal can be sampled during an investigation.

1.2 Radiotracers
1.2.1 Radionuclides

Radiotracers hav two essential components: a radionuclide that emits ionising
radiationasit decays and a ligand specific for a biological targ&tradionuclide is

an atom with an unstabmbinationof protons and neutrons in tmeicleusand
thus has excess energyailable which canbe imparted to a newly created ratitn
particle (alpha orbeta particles or gamma raysThe choice of radionuclide is

governed by several fact6ts
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1 Physical lalf-life (the time where the radioactivity decays by -tradf of its
initial value)

1 The nature of the radiation emitted (gamma raysich require lead
shielding alpha or beta particlethat can beshelded with paper and
aluminium respectively
Ease of production and availability

Suitability for labellingthe ligand

With the exception of radio metals such®®3a and®”Rb which are obtained from a
generatorradionuclides used for PET imaging @reduced incyclotrors. Nearly all
positron emitters have to be produced on site due to their rapid decay. In contrast,
SPECT radionuclides have longer Hales (Table 1), thus can be produced at a
distant commerail centre and delivered to the site of radiotracer synthesis. This can
be more cost effective as cyclotrons are expensive- (@ million) and require

highly skilled staff for operation and maintenance.

1.2.2Isotopes andRadioisotopes of lodine

Radimuclides can also be referred to as radioisotopes of an element. Isotopes of an
element are atoms that have the same atomic number (identical number of protons)
but different atomic masses (different number of neutrofisg nuclear imaging
studies outlind herein featureradioiodinated tracers.lodine has numeus
radioisotopesand the naturally occurringsotope, iodine127, can be used for
modelling radiolabelling reactions. With its short Hel (13 hours) and medium
energy gamma emission (1B®V), iodine-123 is the preferred choice f&PECT
scintigraphy. With a convenient haliife of 4.2 days, iodind24 labelled
radiopharmaceuticals are increasingly becoming useful tools for PET infading.

other instarces, iodine-131 is routinely used foSPECT radiotherapystudies in
particular treatment of hyperthyroidismuel to its emission of sherange beta

radiation®

lodine-125, the choice afadionuclide in this thesidaslow energy gamma emission
and long haHife (35 KeV and 60 days respectivelylhese properties make iodine

125 extremely useful for radioimmunoasséyend brachytherapywhich involves
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the use osmall radioactive pellets or seedd-urthermore, iodind 25 is extensively

used in preclinical studies, especially for preliminary evaluationsledd tracer

candidates.

Maximum Positron Photon

Isotope  Half-life Energy Energy

125) 60 days - 27 keV

133 13 hours - 159 keV

SPECT 9mTc 6 hours - 140 keV

111 2.8 days - 23 keV

133Xe 5.3 days 80 keV
_ |

m 0.64 MeV 511 keV

PET 11¢ 20 min 0.96 MeV 511 keV

13N 10 min 1.19 MeV 511 keV

15g 2 min 1.72 MeV 511 keV

Tablel. The properties ofommon SPECT and PET radioisotopes

1.2.3Pharmacokinetics

Radiotracers must displdstvourable pharmacokinetics, which can be defined as the
interaction between the drugdbody, encompassing the processes of absorption,
distribution, biotransformation (metabolism) and excretion over fn@he
pharmacokinetics of a radiotraces predominantlydependant onts chemical

structure

The ligand carrying the reporter radionuclide must possess a number of vital

properties which include:

1 Accessible sites for efficient and rapid radiolabelling

1 High structural stability to withstand the radiolabelling conditions
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1 High metabolic stabilityfter administration into the living organism

After intravenous injection of a radiotracer, it is distributed throughout the body via
the systemic circulation. During trandite radiotracer can undergo metabolism and
be excretd from the circulation. Thigrocess is known as clearance and can be
defined as the notional volume of blood from which a substance is completely
removed per unit tinfé&

e s ST OA
#1 AAOAJI—,%— Equation2

The area under curve (AUC) is the total area beneath a plot of plasma concentration
against time after administration of the radiotracer. Radibligh Performance
Liquid ChromatographyRadicHPLC) canidentify andmeasure the cwentration

of radiotracers in the plasma whilat gamma countecan determinehe tissue
distribution over time, revealing the total amount of radioactivity in the tissues of
interest. This provides important information abdwiw rapidly radiotracers are
distributed, metabolised or excretéeurther information about these two techniques

is provided in chapter 2.

Biodistribution studies can quantify the amount of radioactivity in different organs of
the bodyover time The results provide an insighs to which tissues have the
highest uptake of the radiotracer and how this distribution vaxiestimebetween
healthy and diseased statdhe stability of the parent radiotracer can also be
evaluated from biodistribution experiments. For examplefutgination will give

8 which accumulates in bone tissue, and specifically within hydroxyapatite: a
naturally occurring mineral with the formu@e;o(POs)s(OH),.”® The OH ion can be
replaced by fluoride to produce fluoroapatitberefore, high uptake of radioactivity

in bone tissue following administration of &fF-labelled tracer is strongly indicative

of defluorination in vivo. Similarly, high uptake of radioactivity in the thyroid
suggestive ofde-iodination This is becaus¢he sodium iodide symporter (NIS)
mediates uptake of iodide into follicular cells of the thyroid gland, which is the first
step in the synttsés of thyroid hormonesThese lormones (thyroxine and

triiodothyronine) play animportant role in the development and functional
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maintenance of the CN@&part from thyroid cells, NIS can also be found, although
less expressed, in the salivary glands, &dnand the gastric mucosa. Therefore,
high levels of radioactivity in these tissues following administration of radio
lodinated tracers imply that dedination is a major metabolic route.

Metabolic processealter the core scaffold of radiotrasday transforming lipophilic
substances into hydrophilic products that can be excrgtetdbolites of radiotracers

in vivo can cause unwanted distribution of radioactivity and this reduces image
quality. Although imaging modalities such as PET and SPEEVeal the
distribution of radioactivity and changes in their concentration over tirttegy
provide no information about the chemical composition oféagtracerTherefore,

it is important to determine the stability of a radiotracer as it gives a neeaftire

proportion of radioactivity that corresponds to the parent tracer.

Ideally, radiotracers should give high targetbackground ratios: a high uptake of
the radiotracer in the tissue of interest compared to its-gpenific) localisation
elsewhee throwghout the body. The ability of small molecubediotraces to reach
their target is dictated byhysicochemical propertieddr examplemolecular weight
andlipophilicity) which for those targeting the braghouldin most caseadhere to

the rulesestablished by Lipinsk®

Small molecules or peptides are cleared from the circulation and localise to the target
tissue more rapidly compared to large molecules such as proteins and antfbodies
This is because, although the structure of the vascular endotheligha®tiayer
varies throughout the body, the effective pore size in normal intact endothelium is
less than 5 nM, enabling smatiolecules to achieve rapid equilibrium with the
extravascular extracellular spaéeirthermore, renal clearance of larger molexige
impededby the small pores (4.57 5 nM in diameter) of the glomerular capillary

wall.

Lipophilicity is a measure of the polarity of a compound. The traditional measure of
lipophilicity is Log P: the partition coefficient of a molecule betweeragn®usand

lipophilic phase, usually water andtanol*

31



> >
—|
o m
O ™~

2 O
Ol.0

Equation3

8
Kl

Therefoe, lipophilic substances are npolar and have a lowsolubility for water

and thus can also be referred tohgdrophobic.Many compounds howeveontain
ionisable groups and are likely to be charged at physiologicalLpg P only
describes the coeffiae of neutral (uncharged) molecules. Lbgs the distribution
coefficient of a compound in a mixture of two immiscible phases at equilibrium and
can be determad in a similar manner to Log P, howeviestead of using water, the

aqueous phase is adjusteca specific pH using a buffét

Polar compounds are highly soluble in water and tend to be cleared rapidly via the
kidneys whereadipophilic compounds are commonly excreted via the liver
However the elimination of lipphilic compounds can be slow due teabsorption
across the kidney tubules back into the bloodstr&atipophilic compounds can

also bind toa higher degree tplasmaproteins such as serum albunand, as a
result, are unavailable to bing the intended targét. 3* Essentially, his can
influence the distribution of the compourahd compromiseits ability to cross
biological membranes (Figure 6). In addition, changes in plasma protein
concentrations, which occur in certain disease staes under various
pathophysiological conditions such as aggn change the unbound concentrations

of lipophilic compounds
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Tissue/Site of

Pl
asma Interest
Protein-Bound Protein-Bound
Compound Compound

Free Compound =——= Free Compound

Figure6. A two compartment model representing th@fluence of plasma protein binding
on drug distribution

The distribution ofadiotracers should reflect the presence of the biological target in
a concentration dependent manner, giving a high taogedckgrouw ratio. For
imaging of a receptorhe interaction of a radiotracer with its target depends on
binding affinity. The binding of a particular drug (D) or radiotracer to biedogical

target orreceptor (R) can be described by the following expredsion

$ 2 —z $2 Equation4
&

ki = rate constant fasssociation between the drug and receptor

k1 = rateconstanfor DR complex dissociation

Affinity describes the strength with which a ligand binds to a receptor and is equal to
theky/ k; ratio. A high affinity ligandhas a greater tendency to bind to the receptor
(a largek; value) relative to its dissociation from the receptor (a skhygllalue).Kqy

is the equilibrium dissociation constant and is the reciprocal of the afflitiy).

This value is widely used to describe the binding of drugs to a recépiKy value
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relates to the amount of ligand needed for a particular experiment and so the lower

the value oKy, the highethe affinity.

Radioligand binding assays redehe affinity and specificity of a radiotracer to the
receptor of interestin saturation experiments, tissue sections, cultured cells or
homogenates are incubated with an increasing concentratiaadibéabelledigand

or drug Figure7).%° Analysis using curve fitting programmeeeasue the affinity of

the labelled compound for a receptiiy @ndrecepor density Bmay).
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c
o w
2 T 0.5B,,,
— O
oe
=) /

>
>

K, [D] free drug

Figure?. Graph of bound versus free drug showing relationship betweeand B .

The graph representedfigure7 has the following equation:

0 O Equation5

When[D] (drug or radiotracer concentration) is equaKtathe term[D] / (K4 + [D])
will equal 0.5 and therefore the walue will be half the 0Bnax Binding potential,
(BP), is defined as:

., v O Equation6
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and is proportional to the total numbémreceptors in the region of interest.

However,there will be somalegree of nosspecific binding. Thedegree of non
specific bindingcan be determined usiregsaturating concentration of an unlabelled
compoundwhich compets for the target receptor bindy site against a fixed
concentration of the labelled compound. Under such conditions, virtually all the
target receptors are occupied by the unlabelled compound and any radioactivity
detected corresponds to radiotracer bindhag cannot be displace@he choice of
compound is usually one that has a known affinity for the target of interdke
nonradiolabelled version of the radiotracer investigatepecific binding can then

be determined from total binding and rgpecific binding by the relationgh

s s~

41 OA1 " ETAETC 3IBAAREEE/ Equation?

For a competitive interaction, the concentration of a compound which inhibits the
specific binding by 50% at equilibrium is known as the half maximalbitdry
concentration (Ig). Similarly, the concentration or dose of a drug that gives half
maximal response is known as thaf maximal effective concentration (k). The
ICsovalue can be converted k; usng the ChengPrusoff equatiof!:

, Equation8

[L] = the concentration of the free radioligand used in the assay

Ki : the comrentration of competing ligarttiat waild occupy 50% of theeceptorsf
no radioligand was presen¥hereas the I§value for a compound may vary
between experiments depending on radioligand concentratiok; thean absolute

valuedependant only on the target and inhibitor concentratibmsK; value for an
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unlabelled drug should be the same askhéor the same drug in itsadiolabelled

form.

1.3 Radiotracer Development

For nuclear imaging to remaiat the forefront of diagnostic imaging)ew
radiotracersneed to be established. NeWmless, e small number of novel
radiotracers emerging in the clinic reflecs the lengthy and costly process
underpinning thie development. For example, Schering and Amersham invested
roughly $150 milliondollars during 1999 2004 for new imaging agestbut were

not successful in delivering a product umtiid-2007>® This high rate of failure is a
cause of concern when attempting to develop madiotracers in industry or

academia?®

The process for radiotracer developmsnsummarised ifrigure 8. The first phase
identifies potentialtargets (e.g. ion channels, receptothpat play a vital role in the
generation or exacerbation of disease. At this stage, the clinical questions that need
to be addresed areformed what is the mechanistic role ohi$ targetin the
pathophysiology of the disegskow can the actions of this target bemessed,

which chemical moieties will have the best fit at the target binding sies@ these

have been tackled drthe aims are sea library of compounds is assembled, or an
existing library of compounds is used to test for target affirfitypm thisa lead
molecule to be radiolabelled identified andits molecular properties as well its
specificity and selectity for the target of interest aravestigated through binding

assaygsection 1.2.3

After in vitro evaluations,in vivo animal (preclinical) research is performed to
ascertain the pharmacokinetics (section 1.8fZhe radiotracer candidate is this
stage of radiotracer developmehatforms the core researdt this thesis. Multiple
factors need to be reviewéat in vivoimaging of animals, and heneasure reliable
results areobtaired. For example, gendespecies and straican have signifigat
effects on the pharmacokinetics and metabolism of a radiotracer, as \welitlzs
physiological parameters. This in part can be due todhgnglevels of hormones,
glucose and hepatic enzymes. Equally, fasting and dietary patterneflnagce the
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distribution and metabolism of the radiotracdie injection volume and the
physiological effects of the radiotracer itself also need to be considered when
performing sequential imaging in the same animal. The general recommendation for
the maximum volumeon an intravenous injection is around 4% to 5% of the
ani mal 6s blood volume. Accordingly, the
more than 200 pL and 1000 pL for a fAtAnaesthesia affects respiration and
cardiac function, thusaffecting radiotracer distributiorand kinetics. Rigorous
control of anaesthesia is therefore impigein in vivo imaging experiments to

ensure the results are not confoundedtarabtainhighly reproducibledata®® **

Clinical trials are conductetb determine how faithfully the preinical findings
translate into humans. To reach this stage, theclprieal data must prove the
radiotraceris efficacious with a high benefib-risk ratio. Many clinical trials
however have a high failure rate, particularly at the early stages (Phase 1). This is
attributed to species variation between humans and rodents, in particular metabolism,
radiotraceraffinity to efflux pumps,the density and distributiomf the target and

ability for the radiotracetto cross the bloctirainbarrier (BBB). Consequently,
radiotracers that exhibit ideal properties in rodents may fail in humans. This is
proven by epibatidine derivatives, developed as radiotracers for imaging of the

nicotinic cholinergic receptofs.

Lead . . Pre-Clinical

Figure8. The process afadiotracer development

In addition, @aluating the actions of potential drug candiddbesh at the pre
clinical and clinical stages can be a lenggrgcessMolecular imaging with PET
and SPECT cafacilitate faster and more cestfective decisiormaking to eliminate
failures early in the drugvaluationprocess, whilst advancing promising candidates

sooner®®
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1.4 Radiotracers for Neuroimaging

At each stageof the long and complex pipeline for radiotracer development,
processes are finely tuned depending on the imaging tahgehis section, the
desirable characteris that have been proposed for small molecadigotraces to

target the brain are discussed. In general, the criterion is fairly demanding, and
thereforesuccessful brain radiotracers have been rather sporadic.

Radiotracers can enter the brain by passive diffusion acro®&idbd Brain Barrier
(BBB), which is a highly selective permeability barrier, maintaining the necessary
environment for brain functioff The BBB is well equipped with efflux pumps such
as Rglycoprotein (Pgp) and multidrug resistanissociated proteins thiunction to

repel many unwanted xenobiotic compounds. The propertiessihall molecule
radiotracers must therefore exhibit to cross the BBB incftide:

A molecular weight lower than 500 g/mol
A polar surface area below 80 A?
The number of hydrogen bond donors lower than five or the sum of
nitrogen and oxygen atoms less than 10

1 A Log P between 1 an@.5. (Exceptionally, some useff radiotracers with
lower or higher lipophilicity readily enter the brain, shown by
[*'C]MePPEP (cLod®: 5.7): a radiotracer for brain cannabinoid subtype 1
(CBy) receptors?d)

1 Minimal affinity for efflux pumps and enzymes at the BBB

Ideally, metabolismfor brain radiotracershould dominate outside of theam
yielding less lipophilic radienetabolites with poor brain entry amd interaction

with the targetRadio-metabolites that are formed in the brain can be problerasitic
they can give a falsenpressiorof the parent radiotracer distribution. Thidbecause
SPECT and PET have no means to discriminate between the chemical identities of
detected radioactivity.

Additional parameters that will suit radiotracers for neuroimaging include:

1 The absence of functional groups that will strongly ionise at plogical pH
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1 A high brain uptakeof the desired radiotracen rodent and noimuman
primate

1 Disassociation or inhibition constants for the target in the nanomolar range

A convenient measur®r radiotracer concentration in the brain is the standardised
uptake value (SUV) which normalises radioactive concentration (e.g. Bg/mL) to

injected radioactive dose and subject body weight (%1D/g).

When developing radiotracers for the brain, it is also importanbadcertain
differences in target density and structbedween species. Having this determined at
an early stage would assist in interpreting results and potentially reduce problems
when translating the radiotracers to human studieurthermore, in order to
maximise the imagability of the radiotracerthe target should be highly localised

and abundant in the organ of interest. This cexplainwhy [''C]MePPEP works

well as a brain radiotracer despite its high lipophilicity:;C&eptors are one of the
most abundant roteincoupled eceptors in the bmj so givea high recepter

specific to norspecific signal.

1.5Summary

The fundamental principleof nuclear imagingand radiotracershave been
introduced. It has also been shown that radiotracer development is an intricately long
process and that succadstracers for neuroimaging must conform to specific

properties.

39



Chapter 2 Experimental Methods for Radiolabelling and
Quantitative Analysis

The radiotracers useidr SPECT and PET imaging shoub& synthesised with a
high yield, purity and specifiactivity (SA). How this can be achieved and
determined is discussed imetfirst part of this chapteln addition attention is given

to themethods employed to incorporatalic-iodideonto diemical moieties.

Nuclearimaging only requiresmall quanties of theradiotracer(picomolar) for
detectionandthus offers exceptional sensitivitfo maximise this utilityand extract
accurate information from the data, the quantitative accuracy of the imaging
modality need to be determineddow best to attairthis is detailed inhle second

part ofthis chapter

2.1 Radolabelling with lodine

As part of the research outlined in this thesis, SPECT radiotracers have been
developed and therincipal radionuclideused is ddine125 ¢29). Aliphatic carbon

iodine bonds are weak (222 kJ/mol) and so are prone to breaking, espeoiralty

due toa plethora ofenzymatic systemsAs a result, when radioiodine used to
radiolabel a chemical construct, it is preferentially targeted tozragpon atom in a
vinylic or aromatic system since the resulting carlmaline bond is stronger (268

and 297 kJ/mol respectively).

Several strategies have been developeddalabel compounds with radioisotopes
of iodine (*1). The ideal method foany given radiochemicakactionis dependent
on a variety of factors ands individually optimised to suit particular needs.
Oxidative electrophilic radioiodination techniques aoatinely usedfor labelling

proteinsandsmall organic molecules

In electrophilic substitution eetions, a moiety with high electron density sashan
aromatic ring will attack electrophiles (atoms, molecules or ions which have an
affinity for negative charge and will accept electrosy. a result, a new bond is

formed accompanied by bond cleavased loss of a positively charged group.
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Electrophilic radioiodination reactions require an oxidising agent to generate the
electrophilic species (H@ H,O'l, ICI). Oxidising agents accept electrons and in
turn become reduced whilst the reactant is ogdlisThe most frequently used
oxidising agents are peracetic acid andNhehloro ®@mpounds such as chloramine

T, lodogen and succinimidebl-chloro compounds are the most popular oxidants
used’, however their relatively strong oxidising propertiesinduceunwantedby-
products. To minimise this, chloran@T can be immobilised on spherical
polystyrene prticles while a thin layer ofodogen can be applied to the walls of

reaction vessels.

Of the N-chloro compounds,adioiodination usinglodogen (1,3,4j@etrachlore
3 U ,-diphknylglycoluril Figure 9) occurs in milder conditions than those required
for the chloramineT reaction®® This results inless oxidative damagealthough in

some cases, at the expense of reduced yields.

c|/ \H/ \CI
o]

lodogen™

Figure9. The chenral structure of lodogen.

Overall, radioiodination withddogen is extremely simple and reliafflén brief, a
solution of iodogen in an organic solvent such as dichlorometbarsed to coat the
inside of reaction vessels. Following evaporation of the solvent, the protein, peptide
or compound to be labelled added in a stable buffer (e.g. PBS, pH 7.4) to the
reaction vessel. The reaction commences following additionl}éfa] and can be
monitored by chromataogphic techniques. Reactions are thestopped

approximately 30 minutes lat&y simply removing the solution frorine reaction
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vessel(Figure 10). For practical ease, pmoated iodogen tubes are commercially

available.
Addition of Addition of Removal of radioiodinated
protein Nal* protein from reaction vessel
e L Y
. ° R
) ?unﬂcanonof.
° radiolabelled protein
o ‘a®
lodogen coated Reaction begins Reaction Stops

tube

Figurel0. Radioiodination of proteins using pmated iodination tubes.

Praeins labelled with radioiodinasing oxidative electrophilic radioiodinatidrave
long been used in nuclear medicine and biomedical res&afidhe reaction of
lodogen with iodide ion in solutio(Nal) results in the oxidation of to I, (I-Cl)
which then apidly reacts withsites within the target molecules that can undergo
electrophilic substitution reactions.

Aromatic ringswithin amino acids, principally tyrosingre the sites of iodination in
many proteis.>® The point of attachment is at the most electlense part of the
ring. Therefore, \vth tyrosine, substitution of a hydrogen ion with the reactive
iodonium ion occur®rthoto the phenolic hydroxyl grous¢hemel). This isdue to
resonance stabilisation provided by the lone pair of electrons on the oxygen atom.
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Schemel. (Radiojiodination of tyrosine.

Essentially the functional {R) groups present on the aromatic ring that is to be
radiolabelled is key in determining the radiolabelling methodology. Electron rich
substituents will activate towards electrophilic substitution, wbitlhe whole have
shorter reaction times, require lower temperatures and entail more facile purification

compared to nuctghilic substitution reactions.

2.1.1Radioiodination of Small Organic Molecules

For the radioiodination of small organic molesyline exchange reaction can either
be isotopic (*I for I) or norisotopic (*I for Br)>! In othercases, the exchgacan be
for a metal atom (M). One of the main advantages of this method apgutunity
to regioselectively radioiodinate activated andadévated arenes under very mild
conditions. Thisattractive method relies on the fact tha electropositive character
of the metals used and the resutipolarisation of the ®1 bond makescarbon
metd bonds much more activatedof an electrophilic attack thararborhydrogen

bonds. Therefore, substitution of M by *I is easier than substitution of H by *I.

The most commonly used exchange method for radioiodination involves organotin
compounds, whichreadily affords site specific radioiodination, even at room
temperaturé® Due to theirinductive effecs, alkyl groups attached to the tin increase
electron density at the aromatic or vinylic carbon bound to the metal, thus facilitating
attack @ specisliSehende2).l Overall, there is a plethora of reactions
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described in the literature where organotin precursors are used for radioiodifiation.
*% Also, the carborsilicon bondshars similar propertiego the carbotin bond thus
organosilaneqe.g. trimethylsilane)can be used in exchange reactions to give
iodinated compounds.

h R R R
\\_;©/ —_— *| cl —_— . /©/ + Me;SnCl
Me3Sn Me;Sn”™~ |

Scheme2. Radigodination of organotin compounds.

2.2Radio - High Peformance Liquid Chromatography

High Performance Liquid Chromatography (HPLC) is a poweidol in analytical
chemistryandis used to separate, identify and quantify chemical components in a
mixture>’ It is a highly improvedversionof column chromatagphy: nstead of a
solventelutedthrough a column under gravity, it is forced throdmhhigh pressre

and so experimental times are substantially redEeyure 11). Furthermore, the
particles for loading theHPLC columns areconsiderablysmallerin size which
provide a larger surface area to maximiggeradions between the stationary and
mobile phasg This facilitates the separation of chemical componentsich are

structurally very similar.

Purification by means of HPLC is also robust as it provides automadigzhctivity

and UV detection of thechemcal constituents In most set ups, the UV and
radioactive detectors are in tandem with each other, thus the data is collected a few
seconds apart, with the time lag dependant on the flowafasolvents eluting
through the columrand the volume of tubindpetween the two detectorlV
detectionrelies on the fact that organic compoumdth chromophoe groupsabsorb

UV light set to a particular wavelength (usually 254 nm)b&am ofUV light is
directed at the stam of liquid eluting from the column andJ& detector is plaa®
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at theopposite sideo record how much of the light has been abso(beglre11).

The amount of light absorbedill depend on the concentratioof a particular
chemical moietyassing throgh the UV beam at a certain #nirhis relationshipis
described by théambertBeer law where absorbance is directly proportional to the
concentration of the absorbimgmpoundif the path length of the measuring cell is

held constant.

Analysis

Pump Injector Column Detectors @ /
Ce 3
WiEN

UV detector Fraction
= Collector
1
1

Waste

Solvents

Output from the
column —

f

UV light

Figurell. Schematigepresentation of HPLC

There are two main types BIPLC:

1 Normal HPLC: Essentially,the principles arethe same @& column
chromatography and thin layer chromatography (TLC) where the column is
packed withsmall silica partites. Therefore, polar compounds waltihere
strongly to the polar silicacompared tdipophilic compoundswhich will
elutefirst.

1 Reverse Phase HPLC: This is the more commonly used method where the
stationary phase silica particles anedified with long hydrocarbon chains
typically between8 to 18 carbons rendering it nofpolar. The analytes are
separated according to their lipophilicity: the most lipophilic compounds

have a stronger adsorption with the hydrophobic stationary phase and elute
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relatively late, requiring a higher proportion of npolar solvent (usually
methanol or acetonitrile mixed with waten) the mobile phaseModifiers
such as myanoesoluble salts and acids (e.g. tetrabutylammonium salts,
trifluoroacetic acid) are ofteadded to tB mobile phase solvents in order to

improvethe chromatographic peak shape

The time taken foa compound to elutdarough the columard reachthe detectors

known as the retention tinvehich will depend on:

The flow rateused (as this will affect the flow rate of the solvent)
The nature of thetationary phase (including composition guadgiticle size)
The temperature of the column

The hysiochemical properties of the compound

=4 =2 42 4 -

The composition of the eluent used

For radiotracer synthesis, it is paramount that the retention time of the pure, non
radiolabelled product is determined under the same HPLC conditions in order to
elucidate the lemical identity and hence the desired fraction vimththe

radiolabelledmixture.

HPLC results are presented in a chromatogram where the retention times are
assigned on the-axis and the intensity of UV or radioactivity detection is plotted on
the yaxis. Thearea undeapeak is proportional to thguantityof compound which

have passed the detecwat that time and thisis calculated automatically bg
computer linked to thesystem.This makes it possible to calibrate the system to

ascertairconcertrations of the relevant compounds

2.3 Specific Activity

Specific activity, defined as radioactivity per unit mass ofsiéw@ple can determine
the chemical contamination of the sample with nonradioactive isotopes of the
radionuclide. Thereforelow SA can result in unwanted @hmacological effects

which cancause potential toxicity as well as affecting measurements.
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To calculateSA of the radiolabelled prodydhe UV responses of the pure, ron
radiolabelled (cold)productin a range ofuitableconcentrationsare analysed by
HPLC.>® This concentration range is tailored around the analytical radiochemical
yield obtained for that particular radiotrac@he resultingconcentratiorresponse
curve is then appliedto convet the UV responseeluting with the radiolabelled
product into moles. The amount of radioactivity corresponding to the girasiu
determined by integration of the radietectedpeaks on the HPLC chromatogram
and the injected activity, assumitigere & no loss of radioactivity on the HPLC
system. The specific activityanthenbe reportedas the amount of radioactivity per

mol (MBg/umol).

2.4 Quantitative Accuracyfor Imaging

In the studies performed as part of this Pih@ioactivity levels were measd

using an ion chamberSPECT/CT scannetyphoon scanner angamma counter

where resultgre presented in varying units (for example, Bq @iM). Therefore,

in the subsequent sections of this chapter, the methods employed to cross calibrate
and acquirequantification factors forthese equipment are outlined. This is
particularly importanfor normalisingthe recorded counis ROIs to the amount of

radioactivity initially injected.

2.4.1In Vivo SPECT

For nuclear imagingPET allows more accurate upntification primarily due to its
higher energy gamma emittergoincident detectiorand superior correction for
confounding factors such attenuationNeverthelessjevelopmers inthe hardware
and reconstructioalgorithmsfor SPECT systemever the yarshaveincreased its
detectioncapability, thus making it an attractive option for vivo imaging using

longerlived radionuclide§®

However, several physical factoacempromisethe quantitative accuracy of SPECT
and PET. These include:
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1 Attenuation: the los®f detected signals from the radionuclide beseaof
their absorption in the body

1 Spatial Resolution: the ability of the imaging system to discriminate between
two adjacent objecisThis can be expressed by tifgl width at half
maximum (FWHM) FWHM is given by the difference between the two
extreme walues of the independent variable at which the dependant variable is
equal to half its maximum valugigure 12). If the points are separated by
less than the FWHM distanod the system, thetwo separatgointswill be
visualised asne

1 Partial volume effects: the loss of apparent activity in small objects or regions
due to the limited resolution of the imaging system

1 Scatter: deviations from the expected trajectofgnd hence part loss of

energy of a gamma raypon interaction with matter

f(X)

F(X)max

VZ: f(x)max_

Figurel2. Graphical representation of the FWHM.

Theseeffectscanlead to a wrong interpretatiast the results. For examplphotons
which deviate from the detectomsay lead to a missed count. dther cases, the
scattered photon coulde detected in the wrong location, leading to an -over
underestimation of countd.It is therefore important toonsiderthe magnitudeof
these effects when quantifyinigp vivo images Also, since the uptake in organs of

interest typically varies from <1% to 30%, there is a need to determine the validity
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of measurements fno SPECT imaging, specially whenlow radioactivity levels
have been injectedndthere isminimal uptake in region®f-interest (ROI).In the

nextsectionis discussetiow the attenuation and calibration factovgere attained

In this body of work,SPECTCT imaging was peformed ona NaneSPECT/CT
small animalin vivo scanne Calibrationson this systenfollowed the protocols
outlined in the manufacturers manuahd have beenconducted for each
radionuclideaperture combistion used The camera was calibrated forl25
attenuationusing a syringe filled with a knoweimountof radioactivity(measured in

an ion chamber)To mimic the attenuation caused by the animal body, the syringe
was placed inside a Plexiglas phantom filled with wakegure 13). This water

filed phantom is likely tomore closelyresemble the attenuation caused by soft
tissue rather than bones such as the skull. However it would be very difficult to find
a phantom that suits both soft and hard tissues exattlg. phantom was

subsequentlgcanned using thma n u f a cspecificatiangd s

The phantomimages were reconstructed usimgVivo Quant software, which
convers dimensionless image count values to units of radioactivitymiega

Becquerel(MBq) or kilo Becqterel (KBq). A calibration factor was obtained from
theradioactivity levelsneasured in then chambeand the InVivo Quant software,

which was stored and implementedhe reconstruction of subsequent images.
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Figure 13. Quantification phantomsused for rat (a) andnouse apertures(b) on the
SPECT/CT scanner

2.4.2Phosphorimaging

Phosphorimaging is a powerful tomr ex vivoanalysis, to visualise the distribution
of the radiotraceat higher resolutiog, particularly m the suborgan levelthan that
obtainedin vivo with SPECT.For the studies outlined in this thesisymounted
phosphor screensvere used, which were scanned a Typhoon 9410 Trio

Phosphorimager

Many precautions werendetakenso that the results wid not be confounded by
factors unrelated to the study-or example, because phosphor screensliginé
sensitive and white light will erase them, the screens were stored at room
temperaturewithin a cassette which providemldark anddry environmentlt was

also imperative that the screens had minimal exposure to white light when being
transferred from the cassette to the scanner as direct exposure to bright light can

erase up to 90% of the stored energy in less than 1 minute.
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The screens were erasasing a light box and cleangdth MIN-R Screen cleaner
wipes before use. Alsoto minimise the chances of blurred images, the soneen

not adjusted once placed in contact with the radioactive samples.

To obtainsoundquantitative data, the optimumpmosure time was determined based
on the radionuclideand the amount of radioactivity in the samgtarthermore, the
screens werecannedmmediately afte exposureas the loseintensity of the stored

data with time(signal fading)’°

Phosphorimages have been quantifieihg radioactive standards comprising the
radionuclide used in thstudy These standards wercoexposedwith the relevant
brain sections to ensureethhave the same exposure time #ngthe same level of
potential signal fadinglhe counts recorded from the standards were used to produce
a calibration curvecorrelating the amount of radioactivity measured in MBq by the
ion chamberto the amount ofcounts recorded by the Typhoon scanner. This
furnishedthe calibration factofor quantification and for normalisintpe results to
theamount of radioactivity injected into the animals.

Radioactive standards for phosphorimaging quantification wergaprdin buffer
solutions (PBS) Depending on the levels of radiotracer uptake in the brain, the
highest radioactivity concentration was measured inidhechamber Subsequent
concentrations were obtained by serial dilutions (1:2). Aliquots of the stEwiare
spotted ontoquadrilateralfilter paper mounted on microscope glass slides and
allowed to dry. The volume spotted for each radioactive concentration was identical
and thesize of the quadrilateralsnsurel uniform distributionof the radioactive

sdutions.

2.4.3 Biodistribution

Results for biodistribution studies are reported as % injected dose per gram of body
weight (%ID/g). This was calculated by creatirgg calibration curveappropriate
concentrations of radioactivity in identical volumeseprepared by serial dilutions

and measured inWizardf 2470 Automatic Gamma Countevhich was also used to
measure radioactivity content in the tissues of interest. This calibration curve

correlated the measured radioactivity in MBq from ite chambe (which was
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used to determine the dose of radioactivity injected into anintalghatin counts
per minute (CPM) recordeby the gamma counter and thus provided a conversion

factor for quantification.

The Wizard® 2470 Gamma Counter consists of 10 detec made of thallium
activated,Nal crystals. For each new study, normalisatievas conductedising
solutions of the relevant radionuclitte correct for differences in efficiency between
the detectorgFigure 14). Normalisationinvolves measuringhe sameradioactive
solution in each of the wells andries the amplification of the pulses from each
detector, which then pass through a common energy winbtloiw.ensures that there

is uniformityin the detection winolw across the gamma counter wells.

50;
401
301

201

CPM (x 10*5)

10;

1 2 3 4 5 6 7 8 9 10
Detector

Figurel4. Results of the gamma counter afteormalisation Normalisationensures there
isauniform detectionwindow betweenthe detectors.

2.5 Summary
In this chapter thdasic conceptsf radiolabelling anchow to accurately quantify

SPECT datéhave been introducedhe methods for calibrating and determining

conversion factorbetween the equipmensedhave also been outlined.
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Chapter 3 Evaluation of Voltage Gated Sodium Channel Rickers
for Imaging with SPECT and PET

3.1 Aim and Hypothesis

In the studies wtlinedin this chapter, the core aim wasdevelopradiotracersand
evaluate their potentiab image the expression ¥bltage Gated Sodium Channels
(VGSCs). It was assumd that radioiodinated analogues of the BNZA and
WIN173173 compound class would bind to neuronal VGSCs.

3.2Sodium Channels

Abnormal expression and function ¥lGSCs ha beenidentified in a number of
neurologicalconditions includingmultiple scleros and epilepsy Radiotracers for
imaging VGSCstherefore hold significant potential as tools to study neuronal
pathways as well as for diagnostic imaging and treatment monitoring. Despite this

potential, the field of VGSC imaging remailasgely unexplored

3.2.1 Structure and Function

Sodium channels are integral membrane proteins, which conduct sodium idphs (Na
through a cell 6s plasma membrane, either
gated sodium channelgy changes in the electrical mbrane potentia(voltage

gated sodium channelsJhis conduction triggers action potentials that propagate

along neurons antb other electrically excitable celf8.As a result, this allows
communication and ecordination of processes ranging from locomotion to

cognition particularly when speed is of the essetice.

Pioneering studies have revealbdee conformationaltates for VGSCsat resting
membrane potentials, sodium channels alesed and thus neconductive®
Depolarisationsopen anchctivate the channels, permittihg’” ions to flow through.
Following this, the channels enter the inactive state before returning to the non

conductive, resting statéFigure 15). During prdonged depolarisations, slow
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inactivationoccurs. This inactivation is about four times slower compared to fast
inactivation, and involves rearrangements of the channel®pdmesome neurons,
inactivation of the sodium current is incomplete, resulting in a slow inactivating

current, often refeed to as a slow, persistent Naurrent (yap).

Resting
Closed but can be
activated

Inactivation Activated Inactivation
Fast Open Slow

Inactivated
Closed

Figurel5. Conformational statesf VGSCs

VGSCs are composed of a principal s ubuni t , assohiated ithoreor b e
more auxiliary b sub ubsubusit hav® been idertifled,s e n c
nine of which have been characterisby their distinct pharmacological and
electrophysiological properti€d. The remaining isoformseems to be gated by
sodium concentration rather than voltage changee nomenclature for VGSC
isoforms uses a numerical system tefine subfamilies and subtypes based on
similarities between the amino acid sequend&srefers tdahe chemical symbolfo

the principal permeating iowith the principal physiological regulator (voltage)
indicated as a subsctifNa,).®® The number followingndicates the gene subfamily
(currently only N&1l), which is succeeded by mumberidentifying the specific
channel isoform (e.g., Na&.1). This last number has been assigned according to the

approximate order in which each gene was identified.

The ion caducting pore of the channel is found within tBeubunit, which folds
into four domains eachcontaning six transmembrane helicéS1-S6 Figure 16).

Extra and intracellulatoops connect these six helicegth the N and C terminals
both located intracelluty.®” The S4 helixhas positivdy charged amino acid

residues which serve as gating charges, moving across the membrane to initiate
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channel opening in response to a depolarisation of the memBbitam@ore module

is formed by the S5 and S6 helices whtdre S6 helixcontainsbinding sites for
varioustherapeutically importarpore blocking drugsThe b subuni ts mooc
function of theJsubunits and help their integration into the plasma mem©fane.

B - Subunit o - Subunit

Figure16. Structural representation of VGSO#e poret 2 NJY A ybahit compiisesour
domains (labelled ¢ 1V), eachwith six transmembrane helice$he cicles on helice$s, 1116
and IV6 represent the binding sites for therapeutic blocking dftigs.

Recently, studies elucidating the crystal structur¢ghefArcobacter buteri VGSC
Na,Ab haverevealedthe molecular basis of voltage sensing, ion conductance and
voltage dependant gatifi§. Hydrophilic interactions between arginine charges
within the voltage sensdf4) appeaedto catalyse gating charge movemeaising
activation. InvestigationBavealsoindicated that the voltage sensor domains, along
with the S4S5 linkers dilated the central pore by pivoting together around a hinge at
the bae of the pore module. Furthermore, sle¢ectivityfilter for the channelsvas
found to be short, about 4.6 A wide, and water filled with four acidic side chains

surrounding the narrowest part of the ion conduction patfifvay.

The classification of VGSE€is based on their sensitivity to tetrodotoxin (TTX),
which is a potent neurotoxin produced by marine organisms such as the tetraodon
pufferfish®® Nanomoar concentrations of TTX bloekd Na,1.1-1.4, N 1.6 and
Nay1.7 whilst significantly higher(micro mola)j concentrations wer@eeded to

block Na,1.5, Ng1.8 and Nal.9%° The isoforms in TTXsensitive and TTX
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resistant groups areevertlelessclosely related based on their amino acid sequences.
The VGSC subtypes are differentially distributed throughout the body, as shown in
Table2.

Isoform Location
Na,1.1, Na,1.2, Na, 1.3, Na,1.6 Central Nervous System
Na,1.4, Na,1.5 Cardiac and Skeletal Muscles
Na,1.7, Na,1.8, Na,1.9 Peripheral Primary Sensory Afferents

Table2. VGSC subtypdscated throughout the baly. Na,1.2 appears to predominate in
the immature brain, with Ngl.6 becoming more prevalent during maturatiéh.

The research outlined in this chapter focuses on neuronal VGSCs, in which their
dysfunction or over expressi@ailong axons and neurons has been implicated in a
number of neurological diseasas particular multiple sclerosis and epilep3yne

next sectionof this chapter will present sona the evidence linking VGSCs to

thesebrain disorders.

3.2.2VGSCs in Disease

3.2.2.1 Multiple Sclerosis

Multiple Sclerosis (MS) is amflammatory disease of the Central Nervous System
(CNS) with a wide range of symptoms including problems with muscle control,
vision and balance. There is currently no cure for MS dtiebiagh a number of
treatments are available, none can halt the progression of primary progressive MS.
Therefore, more effective treatments are requiretid to achieve this, ady
biomarkerseed to be established.

Two processesiave been implicated in the pathogenesiM8t The first is axonal
damage, where the axon becomes severekstroyed and so electrical impulses are

impeded along the nerve or across the syn&psehe second processs
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demyelination, which describes the loss of the protective myelin sheath that insulates
nerve fibres and allows the efficient transmission of impulses along them. These two
processes affeché ability of neuron@to communicate with each other, resulting in
loss of neurological function and the debilitating effects observed in MS patients.

NumerousexVvivo studies have identified changes in VGSC expression under MS
conditions.Immunocytochenstry with subtype specific antibodiagvealeda 52%
reduction in Ngl1.6 and a 63% increase in\\a2 expression along the optic nerve
in animal models of M@ompared to controlS. A similar pattern was observéd

the retinal ganglion cells, suggesting thatyMN@ can support conduction in

demyelinated axon$.

As mentioned, axonal degeneration is one of the pathological features of MS. A
mar ker for axmyladi d np ue cAPP)sWsibg flparescelg i n (b
labelled antibodiesi, t has been sho wAPP pobitwd axonstico N 4 %
expressNgl.6and the sodium calcium exchanger (
APP negative axorfS. The high expression of Ngl.6 is thought to produce a
persistent sodium current, triggering a reversal of NCX. As a result, NCX imports

c&* whilst exporting Na and the subsequent accumulation of intraaxcaédium

ions triggers injurious secondary cascades and axonal ffjury.

Interestingly, lamotrime, a sodium channel blocking agent, was found to be
effective in preventing axonal degeneration in an animal model of MS whilst various
sodium channel blocking ageritaveameliorated spinal cord flammation’* These
include TTX, lidocaine,phenytoin and ca@amazepine which exhibit protective
effects at concentrations that do not compromise the conduction of action potentials.
The protective role of sodium channel blockers is based on the assumption that

sodium channels contribute to activation of microgtid enacrophage’s

3.2.2.2 Epilepsy
Epilepsy is a neurological disorder characterised by recurrent seffiutbsrdetails
about this disease agivenin chapters). Alterations in the density and distution

of VGSCs have been observed in animal modlscute or chronic epilepsy.
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Genetic studies on the E1 (epileptic) mouse strain found an over expression of
Na/1.2 mRNA levels (by 30 40% compared to controls), suggesting that altered
VGSC expression ay be one of the intimate processes underlying epileptogéfesis.

The origin of epileptic seizuress thought to invale hypeexcitability caused by
excessive depolarisatianThis increase in depolarisations is thought to refsait

high frequency action potentials generated by VGSC&.Blockade of VGSCs is

the most commn mechanism of action among currently available antiepileptic drugs
(AEDs), including phenytoin, carbamazep and lamotrine/® As mentioned,
VGSCs cycle through three states (resting to open, open to inactivated, inactivated to
resting Figure15). During seizures, the aberrant firing of action potentiesslts in

a high proportiorof sodium channelin the inactivated stat#$ VGSCsare unable

to respond to further depolarisations uttigy have returnedrom the inactivated to

the resting stateAEDs bind preferentially to the inactivated state and glow the

fast inactivation pathway of VGSCh doing s¢ these drugs can suppress the rapid

and excessive firing of neurons that can start a seizure.

3.3VGSC Blockers

Compounds can bind selectively to distinct conformational states of VE&BUgs
can impair the conduction of Kaither by binding to thextracellular pore opening
(TTX, Saxitoxin) or by blocking the channels from the intracelluliaie Slocal

anaedtetics, antiarrhythmic agentsiggering conformational changes

Toxins have been useful for unravelling the structural and molecular determinants of
VGSCs by modifying gating actiofS.At least six toxirbinding sites (sites -)

have been identified with site 1 toxins inhibiting and Zite toxins enhancing
sodium curren?? The usefulness of toxins as clinically relevant drugs is limited by
their high molecular weights and lack of subtype specitf€itfyurthermore toxins,
which have affinity for resting state VGSCs, cannot be removed by changing the
membrane voltage or the gating of the chanhigwever, promising success has
been demonstrated witProTx-Il, a peptide derived from tarantula venavhich is

two orders of magnitude more selective for,N@ and inhibited action potential
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propagation in nociceptdts whilst pO-conotoxin has beenshown to selecively

block Na,1.8 currents in chronic pain animal mod®ls.

Inhibition of VGSCsfrom the intracellulaside requires binding at sites located at

the surface of the S6 heliceghich will occludethe poreopenng® It has been
hypothesised that these binding sites can be accessed by two distinct mechanisms: a
hydrophilic pathway requiring binding of the drug from the intracellular side during
channel opening and a hydrophobic pat®’ Indeed, the recent crystal structure of

the Arcobacter butzleriVGSC NavAb confirmed the existence of hydrophobic
fenestrations within the protein lipid interfa®.This suggests a molecular
mechanism featuring a closathte for VGSC inhibition. Hydrophilic compounds

will be incompatible for the hydrophobic route, thus requiring channel opening. In
this case, cumulative block of VGSCs occurs with Higlguency opening, with

drug dissociation from the binding site slovikan its association rafee. K; > 1).

In contrast, neutral or hydrophobic compounds can access the intracellular binding
site through the hydrophobic pathway when VGSCs are in the closed state, as well as

the hydrophilic pathway during channel opening.

Many neurological conditions involve neurons firing action potentials with high
frequency and thus cells display a tonically depolarised membrane potential.
Consequently, compounds exhibiting a frequency dependant inhibition of neuronal
VGSCs are desilde as they will tend to only target VGSCs in the affected areas.
Drugs whichhave a slowdissociation from VGSCs when the membrane potential is
returned to the resting value upon repolarisation are most effe¢tafeecting high
frequency firing, as deamstrated by phenytoin and carbamazepine.

Although many VGSC blockers have been develdpeglre 17), there are currently

still no established tracers for imagingf excitatory ion channeldn vivo.
Neverthelessa number of tracers have been evaluated for imagimgroéthytD-
aspartate receptors (NMDARS), whichexplored in chapter &or VGSC tracers, it

is likely that both ion channel expression and funcitan influence the binding
pattern, at least for state dependant ligands. In addition, the subtype selectivity of a
tracer will determine its potential applicatioi$ierefore, in order tdiagnose and/or

treat CNSrelated diseases, potential new drugs havee significantly more active

at neuronal VGSC&\a,1.1-Na,1.3) compared to those at other regions such as in
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cardiovascular tissuéNa,1.4, Ng1.5), whilst demonstratingminimal effect on
normal action potentiaf® However the high degree of homology between VGSC
isoforms makes developmesf subtype selective ligands challenging. Eirailarity

in the amino acid sequence between the brain sodium channel geGéELA
SCN2A and SCN3Ais greater than 90%nd these three genes closely resemble
additionalbrain genes(SCN8A, as well as sodm channel genes in theeripheral
tissue and sensory neuesi® The binding of VGSC tracer® vivo is therefore
likely to reflect VGSC expression in the periphery as well as in the brain, with state

dependant ligands showing increased uptake in tissues with high electrical activity.
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Fgure 17. Structures olVGSC blockers

As part of this research, two radiotracers have been developed and their ability to
target neuronal VGSCs has been evaluated by biodistribution, metabolite analysis,
and in vivo SPECT/CT imanpg in healthy miceln the subsequent sectiothe
results from the two studies are reported, beginning in each case \sitora
introduction, reasoning why that particular compound class was selectedcésr tra
development and evaluatiomhe experimerl methods for the synthesis and

evaluation of the two ters are reported in chapter 8.
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3.4Benzaz@inone Derived VGSC Blockerfor SPECT Imaging

34.1 BNZA

It has been reported théttet tbenzazepire-one derivative H]BNZA (Figure18, 1)

is a highly potent and setdependnt VGSC blockerdisplayng high affinity to rat
brain synaptosomal membrand& € 1.53 + 0.46 nM) as well as to transfected
human hNal.5 (g = 0.97 nM) and hNgl.7 Kq = 1.6 nM) VGSCisoforms®
Furthermore, sodium channel modulatimtsibited binding of {H]BNZA to ratbrain
membranes in a concentration dependant marared displayed K; values
(veratidine: K; = 6.8 = 2.4 uM, phenytoinK; = 8.0 £ 1 puM)similar to those found

in competition experiments with other well characterised sodium channel ligands
such as H]batrachotoxin(K; = 7.0 uM) Batrachotoxin (BTX) is an extremely
toxic alkaloid that binds with high affinity to VGSCs in nerve and muscle
membranes rad due toits potency and specificity, is commonly used to study the

function of sodium channefs.%?

FaC
2 0
g Pk
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4

Figurel8. Structure oBNZA ) and one of is analogues?).

Analogues of BIZA have demonstrated goadetabolic stability and havebeen

shown to be highly efficacious in the maximal electroshock (MES)del of
epilepsy in mic&® When orally dosed at 3 mg/kg, analoguéFigure18) prevented

shock induced toniclonic seizures in 90% of subjects (n = 10) at 30 min post
dosing. These results are comparable to those obtained with clinical standards such
as carbamazepine (MES ED= 3.4 mg/kg) ad lamotrigine (MES EDy, = 2.2.
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mg/kg),andimply that derivatives of this compound class caossthe bloodbrain
barrier (BBB).

Collectively, these datauggest that -benzazepirR-ones meet many of the key
criteria for developing neuronal radiotracereind that suitably radiolabelled
derivatives of BNZAhave the potential famaging of VGSCs.

3.4.2 Results

3.4.2.1 Radioiodinated BMA Analogue

The precurso(3) for the radioiodinated BNZA analogué)(was prepared by Dr C
Per&-Medinain an excelent overallyield (46%)% In one of the synthetic steps
obtain 3, a racemic substratéN-Boc-DL-3-fluorophenylalanine) was used, and
therefore the precurs¢8) and the radiolabelled produdt®1]4) were obtained as a
mixture of diasteeoisomers. &mipreparative HPLCwas used to separate the
diastereoisomers of the radiolabelled produt®{@), whilst enriched fractions of
the nonradiolabelledproduct &) were obtained by column chromatography. The
two diastereoisomers cf were termedhigh-4 (h-4) and low-4 (I-4) according to
their relative affinitiedowards neuronal VGSC3he absolute configuration around

t h ecarddn(denoted by *) was not determined for this study.

Scheme3. Radiolabellingof the trimethyltin tin precursor to obtain a radioiodinated
derivative of BNZA.

62

























































































































































































































































