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Abstract

Currently, there are no effective means to definitively diagnose Alzheimer’s
disease (AD) during life. Molecular imaging of B-amyloid (AB) or tau neurofibrillary
tangle (NFT) pathology in the AD brain, though informative, has limited diagnostic value
because similar changes are found in brains of ~30% of cognitively normal individuals

and in other neurodegenerative disorders.

We have recently shown that the enzyme butyrylcholinesterase (BChE), typically
present in high levels in the AD cerebral cortex (yet largely absent in normal brain), is a
highly sensitive and specific biomarker for the disease and could therefore provide
enhanced accuracy as an AD diagnostic. Consequently, we have developed BChE
radioligands for positron emission tomography (PET) and single photon emission
computed tomography (SPECT) imaging of the brain in AD. Rigorous in vivo evaluation
of such radiotracers in AD animal models is essential in order to establish a radioligand’s
product profile, ultimately advancing the most promising candidates towards clinical

trials in humans.

The current work develops and implements a multimodal neuroimaging analysis
framework using PET, SPECT magnetic resonance imaging (MRI) and computed
tomography (CT) to evaluate putative BChE radioligands. One such BChE radioligand
for SPECT imaging, N-Methylpiperidin-4-yl 4-['*}I]iodobenzoate (TRV6001), was found
to cross the blood brain barrier and recapitulate the known histochemical distribution of
BChE in an experimental model, effectively distinguishing an AD mouse brain from that
of a wild-type control. An essential neuroimaging analysis framework has been
developed and implemented, providing an in vivo radioligand development toolkit for the

rapid screening of lead BChE radiotracer candidates.

Brain imaging of BChE in humans may enhance the accuracy and timely
detection of AD not yet possible with current brain imaging methods and could provide a

unique opportunity to facilitate evaluation of emerging next generation therapies for AD.
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Chapter 1 Introduction

1.1 Publication Status

D.R. DeBay and S. Darvesh. Butyrylcholinesterase as a Biomarker in Alzheimer’s
Disease and Dementia in The Neuroscience of Dementia (Eds: Martin and Preedy,
Elsevier). In press. Aspects of this introductory chapter appear in upcoming book
chapter.

1.2 Overview

Alzheimer’s disease (AD) is the most common neurodegenerative disorder that
causes dementia and is a significant cause of morbidity and mortality. The etiology of
AD remains unknown and a definitive diagnosis for the disease is not yet achievable
during life. Consequently, intense focus has been placed on establishing reliable AD
biomarkers that both improve the certainty of an AD diagnosis during life and improve
our understanding of the pathogenesis of the disease. The cholinergic system is one of
the first neuronal networks that degenerates in AD and importantly, the serine hydrolase
enzyme butyrylcholinesterase (BChE) associates with pathological hallmarks of the
disease. We have recently shown that BChE is a highly sensitive and specific AD
biomarker and an important diagnostic target for molecular imaging in the AD brain that
could ultimately enhance the accuracy and timely detection of the disease. To this end,
the Darvesh group has developed several lead candidate radioligands that target and bind
to BChE. The current thesis sought to develop and implement a rigorous neuroimaging
analysis framework, offering the first direct in vivo evaluation of these radioligands for
Positron Emission Tomography (PET) and Single Photon Emission Computed

Tomography (SPECT) imaging in the brain.



In this chapter we review the current understanding of AD and associated
biomarkers, emphasizing BChE, the cholinergic system and current state of molecular
imaging of the cholinergic system. The principles of nuclear medicine neuroimaging
modalities including positron emission tomography (PET) and single photon emission
tomography (SPECT) will be reviewed in addition to complementary structural imaging
techniques such as Magnetic Resonance Imaging (MRI) and Computed Tomography
(CT). The relevant theory in the analyses of imaging data in nuclear medicine will be
covered followed by concepts of central nervous system (CNS) radiotracer development.
Finally, the overall thesis objective and hypothesis will be highlighted followed by an

overview of each thesis chapter.

1.3 Alzheimer’s Disease (AD)

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder of insidious
onset and is the most common cause of dementia (Scheltens et al., 2016). The prevalence
of AD and concomitant socioeconomic economic burdens, are predicted to dramatically
rise over the next decades (Scheltens et al., 2016). AD remains a clinical diagnosis based
on acquired impairment in cognitive domains (memory, language, visuospatial or
executive functions) that interfere with activities of daily living (McKhann et al., 2011).
Considerable overlap of symptomatology exists between AD and other non-AD
dementias, making the reliability of a clinical diagnosis of AD insufficient
(sensitivity=81%, specificity=70%) (Knopman et al., 2001). A definitive diagnosis of
AD requires the clinically observed presence of dementia during life and disease-defining
hallmarks at autopsy, namely, extracellular neuritic plaques containing B-amyloid (AB)

and intracellular neurofibrillary tangles (NFTs) containing hyperphosphorylated tau
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(Montine et al., 2012). AP and NFTs are necessary criteria but not alone sufficient for an
AD diagnosis, as they lack specificity since up to 30% of cognitively normal older
individuals also have AP and NFTs in the brain (Jansen et al., 2015; Snowdon & Nun,
2003). Nevertheless, characterizing A biomarkers, for example, in the living brain has
helped improve the accuracy of AD diagnosis during life (Johnson, Minoshima, Bohnen,
Donohoe, Foster, Herscovitch, Karlawish, Rowe, Carrillo, Hartley, Hedrick, Pappas,

Thies, et al., 2013).

1.4 Current Biomarkers in AD

A shift in research focus towards a biological (biomarker-based) definition of AD
has been suggested recently. This includes a focus on the A, T, (N) framework; that is,
amyloid (A), tau (T) and neurodegeneration (N) (Jack et al., 2018) which is currently
evaluated with quantitative molecular imaging approaches using Positron Emission
Tomography (PET) and Single Photon Emission Computed Tomography (SPECT) in

addition to structural imaging and cerebrospinal fluid (CSF)-based biomarkers.

1.4.1 B-Amyloid (AB) as an AD Biomarker

Amyloid plaques are composed of extracellular aggregates of AP peptide, with
39-43 amino acid residues resulting from y- and B-secretase proteolytic cleavage of the
amyloid precursor protein (APP) (Villemagne, 2016). An imbalance of production and
clearance of AP4> oligomer in particular has been implicated in AD, whereby AB42 and
soluble fragments aggregate into large fibrils and insoluble extracellular plaques. This

amyloid cascade has been suggested to be an early event that initiates the pathogenesis of

AD (Selkoe & Hardy, 2016).



The pursuit of A molecular imaging has taken cues from the chemistry of
established histopathological dyes (Villemagne, 2016). One such dye is thioflavin T
which, upon binding to AP, fluoresces. A derivative of thioflavin T, N-methyl-[!'C]2-
(4’-methylaminophenyl)-6-hydroxybenzothiazole (!!C-PiB) (Klunk et al., 2004), was the
first to show high affinity and selectivity for Ap plaques (Villemagne, 2016).
Subsequently, three additional ['8F] labelled AP tracers have been approved for brain
imaging by the Food and Drug Administration (FDA), to capitalize on the longer half-life
of ['"®F] (t1/2,110 min) and consequently, more widespread utility globally. These tracers
include ['*F]florbetapir, ['®F]flutemetamol and ['®F]florbetaban (Villemagne, 2016).
These agents represent a major leap forward for molecular imaging of AP during life as
an adjunct test in AD. However, the lack of specificity of AP in AD limits their
diagnostic value as 30% of cognitively normal elderly individuals have A pathology at
autopsy (Snowdon & Nun, 2003). AP imaging as an AD biomarker provides an average
sensitivity of 90% and specificity of 85% (Morris et al., 2016) (Table 1.1).

Cerebrospinal fluid (CSF) AP biomarkers have also been evaluated in AD,
reflecting the homeostatic balance between AP production and clearance in the brain. In
AD, a marked decrease in CSF AP42 and AP42/ Aaoratio has been shown consistently
with a mean decrease to approximately 56% of cognitively normal individuals (Olsson et
al., 2016). It has been suggested that this is due to AP+, aggregates becoming sequestered
in AP plaques in the brain resulting in lower amounts remaining in the CSF (Blennow &

Zetterberg, 2018).



Diagnostic Modality Sensitivity (%) | Specificity (%) Reference
*Clinical Diagnosis 81 70 (Knopmann et al., 2001)
®MRI Atrophy 83 89 (Bloudek et al., 2011)
¢ EDG-PET 90 89 (Bloudek et al., 2011)
YSPECT perfusion 80 85 (Bloudek et al., 2011)
¢ AB-PET 90 85 (Morris et al., 2016)
" tau-PET 100 86 (Wang et al., 2016)
£CSF ABy, 80 82 (Bloudek et al., 2011)
"CSF P-tau 80 83 (Bloudek et al., 2011)
'CSF T-tau 82 90 (Bloudek et al., 2011)
IBChE neuropathology 100 100 (Macdonald et al., 2017)

Table 1.1 Diagnostic performance summary (sensitivity and specificity) of current AD
biomarkers (AD vs. cognitively normal meta-analyses). *clinical diagnosis using
neuropathology “gold standard”, "magnetic resonance imaging (MRI)-based hippocampal
atrophy, °['®F]luorodeoxyglucose (['*F]FDG)-Positron Emission Tomography (PET)
temporoparietal hypometabolism, Single Photon Emission Computed Tomography
(SPECT) perfusion using pooled [*™Tc]-HMPAO, [*™Tc]-ECD or ['?*IMP] imaging,
camyloid (AB)-PET using pooled [!8F]florbetapir, ['*F]flutemetamol or ['*F]florbetaban
imaging, ‘tau-PET using radiotracer '*F-AV 1451, gcerebrospinal fluid (CSF) Aa42, "CSF
phosphorylated (P)-tau, ‘CSF total (T)-tau, Jbutyrylcholinesterase (BChE)
neuropathological quantification. Adapted from (Morris et al., 2016), (Bloudek et al.,
2011) and (Macdonald et al., 2017).



1.4.2 Tau as an AD Biomarker

In addition to AP, tau neurofibrillary tangles (NFTs) are required for the
diagnosis of AD, though they are not exclusive to this disease. Tau (tubulin-associated
unit) is a microtubule-stabilizing protein, important for the neuronal cytoskeleton and for
axonal transport (Igbal et al., 2016). Six isoforms of tau exist in humans, classified by
the microtubule binding domain repeats, namely, 3 or 4 repeats (3R and 4R, respectively)
(Igbal et al., 2016). Abnormal tauopathies occur when hyperphosphorylation of tau
generates conformational changes (misfolding and aggregation) which, in turn, prevents
normal microtubule binding. This promotes axonal destabilization, transport impairment
and degeneration, ultimately leading to neuronal dysfunction (Igbal et al., 2016).
Insoluble paired helical filaments, a major component of NFTs, also arise from tau
hyperphosphorylation and are a common feature in the AD brain (Igbal et al., 2016).

Tauopathies with both 3R and 4R isoforms include Alzheimer’s disease, Down
Syndrome and Chronic traumatic encephalopathy. Tauopathies that accumulate the 4R
isoform, include progressive supranuclear palsy (PSP), corticobasal degeneration (CBD)
and argyrophilic grain disease, while Pick’s disease expresses a 3R isoform (Villemagne
& Okamura, 2016). Despite this widespread and varied presence of tau in numerous
tauopathies, tau biomarkers continue to be considered for AD diagnosis.

Tau as an imaging biomarker is in a very early stage of development. A
benzimidazole derivative, 7-(6-['®F]fluoropyridin-3yl)-5H-pyrido[4,3-b]indole, (['*F]-
AV1451) has shown high affinity for tau and minimal binding to white matter in the
brain (Villemagne & Okamura, 2016). However, “off-target” binding has been identified

in non-tau regions of the brain including retention seen in the basal ganglia, anterior



midbrain, venous sinuses and the choroid plexus (Villemagne & Okamura, 2016). Brain
imaging of tau with ['®F] ~AV 1451 has been shown to distinguish AD from cognitively
normal controls (sensitivity=100%, specificity=86%) (Wang et al., 2016) (Table 1.1).
The presence of NFTs in a number of non-AD tauopathies represents a major limitation

for the use of such agents for specific AD diagnosis.

Over the last two decades, assays for CSF tau have been developed, including the
total tau (T-tau) assay, recognizing all 6 isoforms of tau. T-tau is a reflection of an
overall state of neurodegeneration rather than a direct marker of pathophysiological
process in AD (Blennow & Zetterberg, 2018). In AD, T-tau is elevated 2.5-fold that of
cognitively normal individuals reflecting heightened neurodegeneration (Olsson et al.,
2016). However, increased T-tau is also observed in several other neurodegenerative
disorders (Zetterberg, 2017). Of particular relevance in AD, the measurement of CSF
phosphorylated tau (P-tau) targets tau protein residues possessing the same post-
translational phosphorylation observed in the AD brain, namely, hyperphosphorylation at
threonine-181, threonine-231 and serine-199 residues (Blennow & Zetterberg, 2018).
Individuals with AD show increased CSF P-tau concentrations approximately 1.9-fold
compared to cognitively normal individuals (Olsson et al., 2016); however, to date, only
modest associations with direct measures of neurofibrillary pathology have been
documented (Zetterberg, 2017).

Taken together, current fluid biomarkers in AD have been consolidated into an
Alzheimer’s CSF profile, namely, decreased CSF Af4> concentrations with increased
CSF levels of T-tau and P-tau, generating moderate diagnostic performance in AD

(Table 1.1).



1.4.3 Neurodegeneration (N) as an AD Biomarker

Neurodegenerative biomarkers in AD includes detection of brain atrophy in the
medial temporal lobe with Magnetic Resonance Imaging (MRI) (Frisoni et al., 2010) as
well as measurement of impaired cerebral metabolism and perfusion in temporo-parietal
regions with '8Flurodeoxyglucose Positron Emission Tomography (FDG-PET) (Mosconi,
2005) and *™Tc-Exametazime, Single Photon Emission Computed Tomography
(SPECT) (Yeo et al., 2013), respectively. Moderate diagnostic performance has been
achieved with these modalities (sensitivity=83%, specificity=89%) for MRI,
(sensitivity=83%, specificity=86%) for FDG-PET and (sensitivity=80%,
specificity=85%) for SPECT (Bloudek et al., 2011) (Table 1.1). Neurodegenerative
biomarkers do not inform the cause for neurodegeneration and the lack of AD specificity
provides limited predictive value for a definitive AD diagnosis. Consequently, though
considerable progress has been made characterizing these AD biomarkers, they currently
must be used in conjunction with clinical history and cognitive testing, to support the
clinical diagnosis of AD (Johnson, Minoshima, Bohnen, Donohoe, Foster, Herscovitch,
Karlawish, Rowe, Carrillo, Hartley, Hedrick, Pappas, Thies, et al., 2013).

The limitations of AP, tau and neurodegeneration biomarkers notwithstanding, the
AT(N) classification system has provided the opportunity to formalize our current
understanding of AD progression at a biological level. Biomarker development beyond

AT(N) will be important to augment existing approaches for AD diagnosis.

1.5 The Cholinergic System and the AD Cholinergic Hypothesis

The cholinergic system is responsible for several functions in the central nervous
system (CNS) including cognition and behaviour. The major cholinergic pathways in the
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brain originate in the cholinergic complex of the basal forebrain and forms the major
cholinergic projections to cortical and subcortical regions important in memory and other
cognitive functions (Mesulam, 2013). The observation that the central cholinergic system
is one of the first neuronal networks affected in AD (Davies & Maloney, 1976) led to
development of the cholinergic hypothesis of memory dysfunction. The cholinergic
hypothesis posits that loss of cholinergic function significantly contributes to the
cognitive decline associated with AD (Coyle et al., 1983).

Neurons that release the neurotransmitter acetylcholine (ACh) are said to be
cholinergic. Components of the cholinergic system include the ACh-synthesizing enzyme
choline acetyltransferase (ChAT), high affinity choline transporters (CHT1) whose
functions include uptake of choline at the pre-synaptic terminal of neurons, vesicular
acetylcholine transporter (VAChT) to transport ACh to the pre-synaptic cleft and
cholinoceptive muscarinic (mAChR) and nicotinic (nAChR) ACh receptors for synaptic
signaling and ACh metabolizing enzymes acetylcholinesterase (AChE) and
butyrylcholinesterase (BChE) (Giacobini & Pepeu, 2006). This chapter focuses on

cholinesterases with a particular emphasis on BChE.

1.5.1 Cholinesterases: BChE and AChE

BChE and AChE are enzymes that co-regulate cholinergic neurotransmission in
the brain by controlling the concentration of the neurotransmitter ACh (Darvesh,
Hopkins, et al., 2003; Silver, 1974). BChE is an enzyme of the hydrolase class, utilizing
a serine residue at its catalytic center (Silver, 1974). While AChE is highly specific for
hydrolyzing ACh, BChE shows broader substrate repertoire and can hydrolyze a wide

variety of esters and related compounds (Lockridge, 2015). In addition to enzymatic



activity, BChE is involved in the development of the nervous system (Layer, 1983),
detoxification and drug metabolism (Lockridge, 2015). Importantly, BChE has been
shown to interact with other proteins, such as f-amyloid (Mesulam & Geula, 1994) and
NFTs (Moran et al., 1994).

BChE is a 574 amino acid residue glycoprotein (Figure 1.1). As a hydrolase
enzyme, BChE has the serine (S198:human BCHE numbering of mature enzyme),
glutamate (E325) and histidine (H438) residues at the catalytic site (Lockridge et al.,
1987). This catalytic triad is located near the bottom of a 20A deep active site gorge,
where substrates such as choline esters, react with serine to generate a tetrahedral
intermediate that collapses to expel alcohol to form an acylated enzyme that undergoes
hydrolysis to release the enzyme and product (Nicolet et al., 2003; Sussman et al., 1991).
The active site gorge of BChE is large (~500 A) relative to AChE (~300 A) and can
accommodate larger substrate and inhibitor ligands than AChE (Saxena et al., 1997).

BChE exists in different molecular forms, that have significance in health and
disease. BChE monomers and oligomers are comprised of identical catalytic subunits
(Massoulie et al., 1993) and include the G monomeric (globular) form, the G dimeric
form comprised of two monomers joined by a disulfide bridge at identical cysteine 571

residues (Lockridge et al., 1987), and the G4 globular tetramer, containing two G2 forms
held together by hydrophobic interactions (Lockridge et al., 1987). Asymmetric G4
membrane-bound tetramers also exist that are tethered to membranes either by a proline-
rich membrane anchor (PRiMA) (Massoulie et al., 1993) or by triple helical collagen-
tailed anchor in single (A4), double (Asg) or triple tetramer configurations (Massoulie et

al., 1993). The Gi form of the enzyme, is prevalent in embryonic development, while the
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Figure 1.1 3-Dimensional rendering of the monomeric crystal structure of human
butyrylcholinesterase (BChE) enzyme. BChE is a 574 amino acid glycoprotein with an
active site (red) containing catalytic triad serine (S198), glutamate (E325) and histidine
(H438). Other BChE amino acids shown in green and glycosylated regions in blue.
Image generated in PyMOL (https://pymol.org) using crystal structure (Nicolet et al.,
2003) from PDB (Protein Data Bank, https://www.rcsb.org).
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G4 form predominates in the mature healthy brain (Arendt et al., 1992). Interestingly,
there is a reversal of the molecular form to embryonic G form of the enzyme in the AD

brain.

1.5.2 Cholinesterase Distribution in Normal and AD brain

In the healthy brain, AChE is found in neurons and neuropil while BChE is found
in distinct neurons in regions such as the amygdala, hippocampus and thalamus as well as
in glia and white matter (Darvesh, Hopkins, et al., 2003). However, BChE is found at
relatively low concentrations in the cerebral cortex in the normal brain (Macdonald et al.,
2017). Inthe AD brain, AChE levels are observed to be reduced (Perry, Tomlinson, et
al., 1978) while those of BChE are markedly increased (Perry, Tomlinson, et al., 1978) or
remain relatively constant (Darvesh et al., 2010). Importantly, while there is very little
BChE activity in the cerebral cortex in cognitively normal individuals, this distribution
changes in AD. In AD, BChE preferentially associates with AP plaques and NFTs in the
cerebral cortex in a highly AD-specific manner (Figure 1.2) (Darvesh et al., 2010;
Macdonald et al., 2017; Mesulam & Geula, 1994), the significance of which is not
entirely clear. In AD, the brain ratio of BChE to AChE increases from BChE/AChE=0.2
in normal brain to BChE/AChE=11.0 in the AD brain (Perry, 1980). Additionally, BChE
in the cerebral cortex is also virtually absent in other forms of dementia (Macdonald et

al., 2017).

1.5.3 Butyrylcholinesterase (BChE) as an AD Biomarker

The preferential association of BChE with AD neuropathology positions BChE as

a viable diagnostic target in AD. We have recently published a paper comparing human
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brain tissue at autopsy from AD brains, cognitively normal older individuals and
cognitively normal older individuals with A plaques (Macdonald et al., 2017). The
diagnostic performance of AP vs. BChE quantification in predicting AD was evaluated,
using clinicopathological criteria as the gold standard. A virtual absence of BChE in non-
AD orbitofrontal cortex was seen and significantly elevated BChE was observed in AD
brains only (Figure 1.2). BChE quantification in these brains provided better overall
diagnostic performance (sensitivity/specificity = 100%/100%, receiver operating
characteristic (ROC) area under curve (AUC) = 1.0, diagnostic accuracy =100%)
outperforming A quantification (sensitivity/specificity = 100%/85.7%, ROC AUC =
0.98, diagnostic accuracy =90%) (Figure 1.3) (Macdonald et al., 2017). Importantly,
BChE was virtually absent in other common dementias including corticobasal
degeneration (CBD), frontotemporal dementia with tau (FTD-tau), dementia with Lewy
bodies (DLB) and vascular dementia (VaD) (Figure 1.4) (Macdonald et al., 2017). The
superior specificity of BChE distinguishes plaques associated with AD from those found
in the cognitively normal individuals with AP plaques. BChE is a sensitive and specific
biomarker with high predictive value in AD and a valuable diagnostic target that could

enhance the current AD biomarker armamentarium.
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Figure 1.2 Orbitofrontal cortex photomicrographs from cognitively normal (A,D),
cognitively normal with A plaques (B,E), and AD (C,F) brains stained for Ap (A,B,C)
immunohistochemistry, and butyrylcholinesterase (BChE, D,E,F) histochemistry. Note,
lack of BChE staining in normal orbitofrontal cortex (D), paucity of BChE activity in
cognitively normal with AP plaques (E), and significant BChE activity in AD (F). Scale
bar = 500pm. Representative photomicrographs adapted from (Macdonald et al., 2017).
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Figure 1.3 Receiver-Operating Characteristic Plot (sensitivity vs. 1-specificity) of B-
amyloid (AP) and butyrylcholinesterase (BChE) quantification metrics of the
orbitofrontal cortex. Empirical data shown as solid lines and fitted curves as dashed lines
of the same colour. Chance association shown as diagonal line indicates no
discriminative capability of a diagnostic test. The area under the curve (AUC) serves as
summary measure of the diagnostic accuracy of each metric. BChE demonstrated high
diagnostic accuracy with sensitivity/specificity = 100%/100%, diagnostic accuracy of
100% and ROC AUC of 1.0. AP demonstrated sensitivity/specificity = 100%/85.7%,

diagnostic accuracy of 0.90 and ROC AUC of 0.98. Adapted from (Macdonald et al.,
2017).
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Figure 1.4 Photomicrographs of post-mortem human entorhinal cortex from
corticobasal degeneration (A,B), frontotemporal dementia with tau (C,D), dementia
with Lewy bodies (E,F) and vascular dementia (G,H) stained for tau 3R (A), tau 4R
(C), a-synuclein (E), AP (G) and butyrylcholinesterase (BChE) activity (B,D,F,H).
Note, insets are higher magnification photomicrographs demonstrating examples of the
pathology observed in each of the neurodegenerative diseases including neurofibrillary
tangles (A), neuropil threads and degenerating neurites (C), Lewy bodies (E) and
intraneuronal inclusions (G). Note, BChE staining was limited to a few scattered
cortical neurons (insets B,D,F,H) and did not label pathological structures in these
neurodegenerative diseases. Scale bars = 250um, insets 50um. (Macdonald et al.,
2017).
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1.5.4 BChE as an Imaging Biomarker

Molecular imaging of the cholinergic system has generated a number of
radioligands that target VAChT, cholinergic receptors mAChR, nAChR, as well as AChE
and BChE cholinesterases. Different strategies have been adopted for imaging of
cholinesterases in the brain. The metabolic trapping principle (Kikuchi et al., 2007) is a
concept that has been successfully used for imaging of AChE, whereby a radioligand that
crosses the blood-brain barrier acts as a substrate for AChE and is hydrolyzed by AChE
into hydrophilic products that are trapped inside the brain, labelling areas where the
AChE enzyme is present (Kikuchi et al., 2007). The enzymatic trapping principle shows
promise for BChE radioligands. This approach relies on incorporating the radionuclide in
the portion of a BChE ligand that remains attached to the longer-lived acyl enzyme
intermediate, providing a more stable radiolabeled complex to accurately localize BChE
in the brain (Darvesh, 2013).

Several PET agents targeting AChE (Namba et al., 2002) and BChE (Kikuchi et
al., 2004; Kuhl et al., 2006; Snyder et al., 2001) have been tested for human brain
imaging of cholinesterases in neurodegenerative disorders. In particular, AChE imaging
with N-[!'C]methylpiperidin-4-yl acetate (''C-MP4A) and N-['!C]methylpiperidin-4-yl
proprionate (!!C-MP4P) are established radiotracers in the assessment of AChE. AChE
PET imaging was able to successfully characterize AChE activity in vivo as a therapeutic
monitoring tool after treatment with cholinesterase inhibitor donepezil in the AD brain
(Ota et al., 2010).

The quest for visualization of BChE associated with AD plaques is still an

ongoing pursuit. Previous studies have shown that chemical entities containing N-
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methylpyrrolidinol or N-methylpiperidinol moiety readily enter the brain (Kikuchi et al.,
2004; Kuhl et al., 2006; Roivainen et al., 2004); however, an increase in radioligand
uptake in regions typically associated with cholinesterase AD plaques was not clearly
established. For example, in vivo testing of 1-!'C-methyl-4-piperidinyl n-butyrate (Kuhl
et al., 2006), a BChE-specific ester substrate, demonstrated rapid clearance (Roivainen et
al., 2004) and overall decreased uptake in AD brain, contrary to the known histochemical

and enzymatic distribution studies of BChE (Mesulam & Geula, 1994).

A recent in vitro study comparing radioligand uptake in AD brain tissue from a
cognitively normal brain with AP plaques using autoradiography revealed that an AP
imaging agent, ['2*1]-2-(4'-dimethylaminophenyl)-6-iodoimidazo[1,2-a]pyridine
(['PI]IMPY, did not distinguish between the two tissue types, while a cholinesterase
imaging agent, 4-['**T]iodophenylcarbamate (['?*1]-PIP), selectively labelled plaques in
the cortex of the AD brain (Macdonald et al., 2016). This demonstrates that

cholinesterase imaging is a viable approach for the specific detection of AD pathology.

Other prospective 2T SPECT radioligands have been generated also containing
the N-methylpiperidinol moiety, which, again, rely on enzyme (BChE) trapping of the
radiolabel (Darvesh, 2013) in an attempt to prolong ligand-enzyme latencies (Macdonald
et al., 2011; Macdonald et al., 2016). To prevent early loss of radiolabel from the BChE—
substrate complex, incorporation of a radioactive marker on the acyl moiety instead of the
alcohol portion (first leaving group) of the ester, gives the radioactive marker longer time
to remain associated with the enzyme. Specificity of BChE over AChE was achieved by
increasing the size of the acyl group from the natural AChE substrate, ACh. The
aromatic ring bearing an iodine atom is amenable to exchange with ['2’I] via tributyl tin
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intermediate (Macdonald et al., 2011). Earlier autoradiographic evidence was generated
showing that one such iodobenzoate derivative, 1-methylpiperidin-4yl 4-iodobenzoate,
when injected into a rat, enters rodent brain and labels areas known to exhibit BChE
activity in histochemical studies (Macdonald et al., 2011). Therefore, imaging of BChE
in the cerebral cortex represents a promising diagnostic marker for AD that has the
potential for early disease detection in the living brain, not yet realized by current AP or
NFT imaging efforts.

BChE activity in the CSF has been evaluated in AD and compared in relation to
AD neuropathology and cognitive assessments. BChE activity in CSF has been observed
to decrease in AD (Darreh-Shori et al., 2006) in contrast to the well-established increase
of BChE-associated plaques in the cerebral cortex in AD. BChE CSF levels have also
been shown to be 40-60% lower in carriers of one or two APOE4 (AD genetic risk factor)
alleles and directly correlate with brain metabolism ("*fDG-PET) and cognitive function
(MMSE scores) (Darreh-Shori et al., 2006). This reciprocal relationship between
decreased BChE in the CSF and increased BChE in the cortex in AD has been suggested
to mark the incorporation of BChE into AP plaques in the brain and as such may be a

predictive biomarker for AD.

1.5.5 The Functional Role of BChE in AD

The exact role of BChE in AD remains unclear. A putative role of BChE, which
emanates from glia (Wright et al., 1993), is in the maturation of Ap plaques (Mesulam &
Geula, 1994). Higher levels of BChE in the brain could promote increased hydrolysis of

AChE, further impairing cholinergic neurotransmission. In addition, in a genome-wide
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association study, BChE, in conjunction with AD risk factor APOE4 was found to be a
chief determinant of AP deposition in the AD brain (Ramanan et al., 2014).

Additionally, among the over 60 known genetic variants of BChE, certain genetic
variants cause reduction of BChE activity, providing an opportunity to evaluate the
association of altered BChE expression to AD progression. However, the influence of
BChE genetic polymorphism in AD remains controversial. The most common BCHE-K
variant is attendant with a BChE reduction of 30% (Lockridge, 2015). While some
studies have reported a protective effect of BCHE-K or no effect, others have suggested
increased AD risk, particularly when associated with genetic risk factor APOE4 (Wang et
al., 2015).

As in human AD, mouse models of AD (5XFAD) also accumulate BChE-
associated A plaques (Darvesh & Reid, 2016). BChE knockout mice have been
generated (SXFAD/BChE-KO) and interestingly, these mice see a significant reduction in
fibrillar AP plaque deposition compared to the SXFAD mice, especially in males (Figure
1.5) (Darvesh & Reid, 2016). Taken together, these data suggest that BChE may have
mechanistic significance in the pathogenesis of AD. Regardless of whether BChE plays a
causal role in AD development, this does not preclude its utility as a highly sensitive and
specific biomarker of the disease.

The cholinergic system is a critical aspect of the proper functioning of the CNS
and cholinergic deficits have been shown to be inextricably linked with cognitive
impairment and A and tau deposition in AD. BChE is an important diagnostic target in

AD and could be adopted into the AD biomarker armamentarium.
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Figure 1.5 Images (left) showing thioflavin-S staining of fibrillar AP in female and
male 5SXFAD and SXFAD/BChE-KO mice at 6 months. Bar graphs (right) indicate
percentage of cerebral cortex area covered with fibrillar Ap pathology in female and
male mice, aged 6 months, presented as mean + SD. (**, p<0.01). Data adapted from
(Reid and Darvesh, 2015).
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1.6 Neuroimaging Techniques

Over the last half century, the field of neuroimaging has revolutionized the way
we understand the structural and functional organization of the living brain in health and
disease. Non-invasive brain imaging techniques have allowed us to visualize
neuroanatomy in exquisite detail in vivo, evaluate biochemical processes and functionally
map cognitive and behavioural processes of the brain. In this way, neuroimaging has
been instrumental in clinical diagnostic imaging improving the diagnosis, management

and treatment of neurological disorders.

The various brain imaging techniques are described in the following sections.

1.6.1 Nuclear Medicine Imaging

The field of nuclear medicine relies on emission imaging modalities including
positron emission tomography (PET) and single photon emission computed tomography
(SPECT). Molecular probes specifically designed to target various biochemical
processes in vivo are labelled with radionuclides (radioactive isotopes), which can be
detected and localized by these imaging techniques (Bushberg, 2002). PET and SPECT
imaging facilitates quantitative evaluation of not only the spatial distribution of the probe,
but also its temporal association within target regions of a living subject, making these

very powerful functional imaging techniques.

1.6.1.1 Radioactive Decay

Isotopes used in nuclear medicine undergo a spontaneous transformation of their
atomic nuclei to reach more stable states. This is known as radioactive decay, upon

which, radiation is emitted (Bushberg, 2002). Regardless of the mode, radioactive decay
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is governed by the fundamental decay equation (Equation 1.1), which describes the

quantity of radioactive material for a given radionuclide as a function of time:

Ar=Age ™™ (Equation 1.1)

where 4; is the radioactivity at time #, 4, is the initial activity, 4 is the decay constant and
t is time (Bushberg, 2002). A table of common radionuclides use in nuclear medicine and

associated physical characteristics is seen in Table 1.2.
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144

Energy keV Decay Nuclear

Radionuclide Symbol ti2 (% abundance) Mode (%) Reaction Production Modality
B"(97)/ EC
18-Fluorine 18F 110 min 511 (AR) (3) 0 (p,n) ®F cyclotron PET
11-Carbon 'c 20.4 min 511 (AR) B* (100) B (d,n) ''C cyclotron PET
YN (d,n) 5O or

15-Oxygen 150 2.04 min 511 (AR) B* (100) N15 (p,n) °O cyclotron PET
13-Nitrogen BN 9.97 min 511 (AR) B* (100) 12C (d,n) BN cyclotron PET

99m-Technetium mT¢ 6.02 hr 140 (88) IT (100) IT generator SPECT
123-Iodine 123 13.2 hr 159 (83) EC (100)  '"*Xe (p,2n) 'Cs  cyclotron SPECT

Table 1.2 Common radionuclides used in nuclear medicine. AR, annihiation radiation; B* (positron) decay; d, deuterium; EC, electron
capture; IT, isomeric transition (gamma ray); n, neutron; PET, positron emission tomography; p, proton; SPECT, single photon
emission computed tomography; ti2, physical half-life. Table adapted from (Bushberg, 2002).



1.6.1.2 Principles of Positron Emission Tomography (PET)

Positron emission tomography (PET) is an emission imaging modality that
measures the radioactive decay processes of unstable, positron emitting isotopes such as
BF, 11C, 150 and *N (Bushberg, 2002). Positron emission is a form of radioactive decay

known as beta-plus (") decay (Equation 1.2).
1X —=4Y + BT + v + Energy (Equation 1.2)

In this decay scheme, a daughter nucleus (Y) is formed upon conversion of a
proton to a neutron in the parent nucleus (X) which results in the ejection of a positron
(positively charged anti-matter electrons of equivalent mass but opposite charge) and a
neutrino, v. This results in a new daughter nucleus (Y) with a decrease in atomic number
and conserved mass number between parent and daughter (Bushberg, 2002). A common

example is shown for ['*F] (Equation 1.3).

ﬁ+
SF — %0 + B* + v + Energy (Equation 1.3)

Subsequently, the positron travels a short distance, known as the positron range
(e.g. ~0.6mm for '¥F) at which point it elastically scatters with neighboring atoms and
electrons, loses energy and slows down at which point it can collide with an electron at
rest and the pair annihilates, generating two coincident 511 keV photons that are emitted
simultaneously in opposite directions at approximately 180° apart from each other
(Bushberg, 2002). It is the detection of this positron annihilation that forms the basis of

the PET signal.
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1.6.1.3 PET Scanners

Modern day PET scanner configurations consist of concentric rings of contiguous
detector elements (scintillator crystals) which detect annihilation coincidence events
originating from a subject within the scanner (James & Gambhir, 2012). Coincidence
detection is the basis of PET image formation. The linear path traversed following the
simultaneous propagation of two 511 keV photons in opposite directions is known as the
line of response (LOR). The PET instrumentation registers the arrival of annihilation
photon pairs originating along the LOR within a narrow time window (~ns time scale),
and reject erroneous signal outside of temporal resolution (James & Gambhir, 2012).
This is often termed electronic collimation. During a PET scan, the number of
coincidences that occur between detector element pairs is recorded and indicates the
amount of radioactivity present along each particular LOR. Projections of all possible
LOR over 180° of rotation are converted into sinograms which are ultimately
reconstructed into tomographic images, representing the 3D distribution of a radiotracer
(James & Gambhir, 2012). Conventional tomographic reconstruction methods use
analytical approaches such as the filtered back projection technique that directly
computes an inverse transformation converting the measured detector signals to an image
(Levin, 2005). Improvements in reconstruction algorithms have led to iterative statistical
methods being employed for image reconstruction, where an initial prediction for 3D
radiotracer distribution is estimated and then successively modified and reprojected to
compare with the measured data in order converge on an appropriate solution (Levin,
2005). Iterative reconstruction methods offer improved spatial resolution and noise

reduction compared to analytical methods.
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Various factors influence PET image quality. Three types of coincidence events
are possible in PET. True coincidences represent authentic events in which the LOR
accurately depicts the point of origin of photon emission pair (Mittra & Quon, 2009).
Scatter coincidences are the result of one or both photons experiencing the Compton
scatter phenomenon where interaction with outer shell electrons of neighboring atoms
causes a deviation in the registered LOR and a decrease in photon energy (Mittra &
Quon, 2009). Random coincidences occur when two separate radionuclei contribute a
detected photon within the time resolution of the scanner, generating a false LOR (Mittra
& Quon, 2009). Scatter and random coincidences are undesirable, contributing to

elevated background noise and loss of contrast and quantitative accuracy in the image.

In general, the spatial resolution of PET is limited (~1mm preclinical, Smm
clinical). PET spatial resolution is determined by a number of factors including the effect
of positron range which is dependent on the energies of the radionuclide and thus the
pathlength of positron trajectories and photon non-collinearity which occurs when
positron annihilation does not occur from rest, resulting in coincident photons that are not
emitted at 180°, thus causing a LOR mis-registration that is particularly problematic for
larger scanner diameters (Levin, 2005). The PET detector element size also plays a
crucial role in how precisely it can resolve the photons it detects and localizes with
current scanners having detector resolutions (pixel sizes) of 4-6mm for clinical scanners

and 1-2mm detectors for pre-clinical systems (Levin, 2005).

The types of detector array elements (scintillator crystals) also play a direct role in
the performance of a PET scanner. Scintillator crystals absorb highly penetrant 511 keV

photons and generate a pulse of light, which can be measured via highly sensitive
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photodetectors that are coupled to the crystals. Desirable properties of a scintillator
crystal include being made of high atomic number, high density material to have effective
photon stopping power, and they must be narrow (for precision in photon localization).
Scintillator crystals must also have high detection efficiency with bright and fast
scintillation light yield to limit the dead time of the detector, thus improving the detection

efficiency (Levin, 2005).

Certain corrections and calibrations have been developed to address some of the
above-mentioned performance-degrading characteristics inherent to PET imaging, in
particular loss of signal uniformity and quantitative accuracy. Atfenuation correction is a
method that can be applied to improve 511 keV photon signal attenuation (overall loss of
counts) seen in more susceptible deeper structures. A measured correction factor can be
determined via an external radiation source reference scan or by using a CT-based
method to establish a set of scaled attenuation coefficients that can be applied to the a

subject’s PET scan (Levin, 2005).

1.6.1.4 Principles of Single Photon Emission Computed Tomography (SPECT)

Single photon emission computed tomography (SPECT) is an emission imaging
modality that measures the decay of radionuclides that emit gamma ray (or high energy
X-ray) photons (Bushberg, 2002). In SPECT, individual photons are ejected directly
from a parent nucleus, at the speed of light, due to the relaxation of protons and neutrons
that are in an excited energy state (Bushberg, 2002). Several decay modes are possible
for the various SPECT radionuclides, each producing gamma photons of differing

energies.
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Electron capture decay occurs in neutron deficient isotopes, where the parent
nucleus absorbs an electron (typically a K- or L-shell electron) which in turn causes

conversion of a proton to a neutron with a simultaneous ejection of a neutrino (Equation

1.4).

X + € —=;4Y + v + Energy (Equation 1.4)

Electron capture decay decreases the atomic number of the daughter nucleus, while the
mass number is conserved. %I is a radiopharmaceutical that undergoes electron capture

decay, releasing a characteristic 159keV photon (Bushberg, 2002) (Equation 1.5).
123 EC 123 .
s3] —='$Te + 159 keV (Equatlon 15)

Isomeric transition is another form of radioactive decay that produces gamma
radiation when a daughter nucleus transitions from an excited (unstable) state, to a lower-

energy state through internal rearrangement, as is seen with *™T¢ (Equation 1.6).

99m

#Tc—= 8Tc + Energy (Equation 1.6)

1.6.1.5 SPECT Scanners

SPECT imaging is accomplished through the use of one or more gamma cameras
(detector heads) that rotate around a subject and detect incident photons originating from
the administered radionuclide. Unlike PET, physical collimation is required to precisely
determine the direction and location of an incident photon’s LOR. This is accomplished
through the use of high density, high atomic number collimators (typically tungsten or

lead) with precise configurations of holes that allow photons to enter and strike the
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detector target (Levin, 2005). Collimators of various geometries have been developed,
some of the most common being parallel-hole, single pinhole and multi-pinhole (relevant

for pre-clinical imaging) configurations.

There are a few scenarios in which photon events are registered with SPECT
imaging. Authentic events occur when photons follow the actual LOR from the point of
emission, through the collimator hole and are accurately registered at the detector.
Compton scattering through photon interaction with electrons and nuclei in atoms of
surrounding tissue can produce positioning errors that deviate from the photon’s LOR,
causing increased background noise and loss of contrast resolution. Photons can pass
through undetected, or photoelectric absorption by surrounding tissue or at the level of

the collimator, or crystal is also possible resulting in decreased signal collection.

As in PET, detector elements in SPECT are comprised of scintillator crystals that
generate pulses of light whose signal is registered by photodetectors. The majority of
SPECT systems use Nal(TI) scintillator crystals (Levin, 2005). The total signal intensity

from each individual LOR is what forms the basis of the SPECT signal measurement.

1.6.1.6 Radionuclide Production

The vast majority of radionuclides used in nuclear medicine are artificially
produced using either charged particle accelerators such as a cyclotron, nuclear reactors
or radionuclide generators. Many isotopes for PET and SPECT imaging are generated
with a cyclotron by bombarding a variety of nuclei with high-energy charged particles. A
beam of charged particles (typically 'H, ?H, *H or *He) are accelerated by imposing a

rapidly-varying electromagnetic (RF) field between electrodes placed in a static magnetic
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field (Bushberg, 2002). This sends the particles introduced into an ion chamber in the
cyclotron in a spiral trajectory which then irradiate a “target” starting material at energies
on the order of millions of electron-volts (MeV) (Bushberg, 2002). This provides
sufficient kinetic energy to penetrate and overcome the target nuclei’s repulsive forces

permitting the nucleons within the target to interact and form new isotopes.

The following examples of ['®F], ['?*I] and [*™Tc¢] radionuclide production are

relevant to the current work described in this thesis.

For ['®F] production, an enriched ['*O]H-O target is irradiated with 'H protons at

approximately 15-20 MeV and produces ['*F]F-per the following production reaction:

180 (p,n)18F (Equation 1.7)
where %0 is the target material, p indicates a bombarding proton and 1 neutron, n, is

emitted and ['®F] is the product radionuclide (Bushberg, 2002).

For SPECT imaging, ['#] is also produced via cyclotron using a '?*Xe target that
proceeds via a 3-step reaction which generates a '23Cs daughter radionuclide that
subsequently decays via electron capture to generate '’ following the production

reaction:
EC EC
124Xe(p, 2n)1?3Cs —» 123Xe — 123] (Equation 1.8)

where 124Xe is the target material that is bombarded with a proton (p) emitting 2 neutrons,
(2n) to produce '**Cs (ti12= 1s) that subsequently undergoes electron capture (EC) decay

to 123Xe (ti2 = 2hrs) and finally to ['2’I] (Bushberg, 2002).
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Technetium-99m ([**™Tc]) is the most widely used radionuclide in nuclear
medicine and is produced using a radionuclide “moly” generator, typically on site at most
major hospitals. *™Tc-pertechnitate (**™TcOy’) is formed using a molybdenum-99
(*’Mo) parent (t12,=67hrs), produced by nuclear fission of uranium-235 (**°U)), which
undergoes B~ decay to produce *™Tc (Equation 1.9). Ammonium molybdenate
(NH4+"(Mo0Oy)) is loaded into the generator on a column containing an alumina (Al>O3)
resin. NH4+"(MoOy) undergoes adsorption with the resin and the daughter isotope in the
form of sodium pertechnitate Na+(**™TcOy") is eluted by running saline through the

column (Bushberg, 2002).

®Mo P~ oompc T 997, (Equation 1.9)

A detailed outline of physical properties of these radionuclides are seen in Table 1.2.

1.6.2 Computed Tomography (CT)

Computed tomography (CT) is a transmission imaging technique that was first
developed by Sir Godfrey Hounsfield in the early 1970’s based on principles of
radiographic X-ray imaging, the seminal discovery of Wilhelm Roentgen that created the
field of modern radiology. X-ray CT uses high energy X-ray beams to pulse highly
collimated, homogenous X-ray photons through the body to a detector target (Bushberg,
2002). The differential X-ray attenuation properties of various tissues (e.g. bone, soft
tissue and air) result in a heterogeneous distribution of X-rays that emerge from the
subject, thus generating different grayscale intensities (contrast) at the level of the

detector (Bushberg, 2002). Many X-ray projections are acquired at different angles while
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the CT gantry is rotated around a subject. Tomographic image slices are generated from

these projections through mathematical reconstruction methods (Bushberg, 2002).

CT provides high-contrast sensitivity for bone and soft tissue and is a clinical
mainstay in neurology for brain imaging. CT is a complimentary imaging modality that

provides anatomical reference to modalities such as PET and SPECT functional imaging.

1.6.3 Principles of Magnetic Resonance Imaging (MRI)

Based on the principles of nuclear magnetic resonance (NMR), magnetic
resonance imaging (MRI) is a transmission imaging modality that relies on the response
of tissues to a complex orchestration of applied magnetic fields (Bushberg, 2002). MRI
exploits the magnetic properties of certain atomic nuclei, most often proton-rich
hydrogen atoms (H"), which are vastly abundant in biological tissues in the form of water

and fat (McRobbie, 2004).

In the classical description of MRI, protons have both charge and spin,
fundamental physical properties that produce a magnetic dipole, which in H" atoms create
a net magnetic moment, owed to an odd number of protons. When placed in a large static
magnetic field (Bo), spins that are otherwise randomly oriented, become aligned either
parallel or anti-parallel to Bo (McRobbie, 2004). A slight majority of spins (3 spins per
million at 1.0T) align in parallel (a lower energy state), thus creating a net longitudinal
magnetization in the direction of By (z-axis) within a subject. In a magnetic field, spins

precess at a characteristic resonance frequency, mo, governed by the Larmour equation:

wo = YBy (Equation 1.10)
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where o is the precessional (Larmour) frequency, y is the gyromagnetic ratio and By is
the external magnetic field strength (Bushberg, 2002). The introduction of a secondary
perpendicular electromagnetic field (B1), produced by an oscillating radiofrequency (RF)
excitation pulse driven at the resonant frequency o, translates the proton net
magnetization 90° into the transverse plane (x-y plane) at which point the phase of all
protons are aligned, precess about the B axis and subsequently undergo relaxation
phenomenon as the absorbed electromagnetic energy is emitted. This induces a signal
known as free induction decay (FID) which can be measured by a surrounding RF coil,
specifically tuned to wo (Bushberg, 2002). Superimposed magnetic field gradients
(supplied by a gradient coil) permit spatial localization of this signal by imposing linear
variations in field strength to By and thus commensurate variation in resonant frequency
wo. These gradients can be applied in combination across orthogonal X,y and z planes to
isolate and excite protons in a cross-sectional slice and to spatially encode the resulting
signal in 3D space (Bushberg, 2002). MRI acquisitions are carried out using a pulse
sequence, which is the precise orchestration of multiple RF pulses and magnetic field
gradients to collect signal-averaged FID (time-domain) information that can be
mathematically resolved and assigned to a location in space using what is known as a

Fourier transformation (Bushberg, 2002). This is the basis of MRI image formation.

Differing MRI signal intensities are observed in various tissues, permitting
delineation of the structural boundaries between tissue types (e.g. cerebral spinal fluid
(CSF), grey and white matter, muscle, fat). Contrast in MRI is achieved based on the
application of various pulse sequences that are weighted towards a particular signal

relaxation mechanism (Bushberg, 2002). Ti- and T>-weighed contrast are the most
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common in MRI, corresponding to time constants of the longitudinal and transverse
relaxations of spins, respectively. Ti (spin-lattice relaxation) is a measure of the rate at
which H+ spins realign from the transverse magnetization state back to equilibrium
(longitudinal magnetization) after RF excitation. T is dependent on the interaction of H"
and it’s dissipation of energy within its surrounding environment. Spin Echo or
magnetization prepared gradient echo are typical Ti-weighted pulse sequences, whose
contrast can be manipulated by changing the repetition time (TR) of the RF pulse. In
general, a Ty sequence has short TR, short TE and water and CSF have long T; values
(>2000 ms) and appear dark on Ti-weighted images, while fat has a shorter T value (260

ms), appearing bright (Bushberg, 2002; Grover et al., 2015).

T> (spin-spin relaxation) is a measure of the rate at which H" spins move out of
phase with each other in the transverse plane. After a 90° RF excitation pulse, spins are
in phase and precess at wo. T> relaxation causes phase incoherence and spins de-phase at
different rates as a result of local field inhomogeneities generated by the molecular
interactions between H+ atoms. In general, T contrast is given by long TR and long TE.
T, relaxation values are smaller than T in structures of the brain (CSF>300, GM 64-71,

WM 64-70) and water and CSF appear bright, while GM and WM appear darker.

Of particular relevance to the research conducted for this thesis, Balanced steady-
state free precession (BSSFP) is another pulse sequence that provides high SNR images

(Park et al., 2015). This method uses a combination of T>/T1 weighting.

This chapter outlined the very basics of MRI, however, there are a wealth of pulse

sequences that generate various types of contrast. Other burgeoning applications of MRI
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include functional MRI (fMRI), which measures the hemodynamic response to brain
activity useing blood oxygen level dependent (BOLD) contrast, magnetic resonance

spectroscopy (MRS) and arterial spin labelling (ASL).

1.6.4 Strengths and Weaknesses of Neuroimaging Modalities

A summary of the strengths and weaknesses of the various brain imaging

modalities are shown in Table 1.3.
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Modality Spatial Resolution Temporal Resolution Sensitivity Safety Profile

1-2mm (PC)

PET 5-7mm (C) seconds-minutes 101~ 10"2M  Ionizing radiation
1-2mm (PC)

SPECT 8-10mm (C) minutes 10~ 10"2M  Ionizing radiation

25-100um (PC) o Ton
o Ionizing

MRI ~1mm (C) minutes-hours 103 -10°M radiation

50-200um (PC)

CT 0.5-1mm (C) minutes ND Ionizing radiation

Table 1.3 Medical imaging techniques and associated performance characteristics. PET,
positron emission tomography; SPECT, single photon emission computed tomography;
MRI, magnetic resonance imaging; C, clinical; PC, pre-clinical; ND, not determined.
Table adapted from (Gambhir et al., 2012).
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1.7 Analysis Techniques in Nuclear Medicine

This section reviews a variety of analytical approaches used for PET and SPECT
image analysis, including basic quantification methods of static images, followed by
dynamic PET (or SPECT) imaging and the pharmacokinetic analyses used in radiotracer
development. Some of the more common compartmental modelling and graphical
analysis techniques used to estimate the in vivo kinetic parameters of radioligands will be

reviewed.

1.7.1 Quantitation of Static Images in PET and SPECT

The evaluation of PET or SPECT scans ranges from purely qualitative approaches
to more advanced quantification metrics. For example, the application of validated visual
rating scales (Mosconi et al., 2006) describing the distribution of established radiotracers
such as ['*F]FDG, remains the diagnostic mainstay in the clinical realm. Semi-
quantitative and quantitative approaches including volume of interest (VOI) and voxel-
wise analysis are most often used in research-based settings, requiring more
computationally-involved analysis pipelines. PET and SPECT scans collect sequential
radiotracer signal over time, which when corrected for scatter, attenuation and tracer
decay, ultimately represent a radiotracer concentration such as activity per unit volume of
tissue (e.g. kBg/mL). In general, quantification of absolute tracer concentrations is prone
to several methodological challenges causing considerable inter- and intra-subject
variability as well as variability between scanners. Various methods have been
developed in an attempt to overcome such issues, including the standardized uptake value

(SUV) (Boellaard, 2009; Thie, 2004). SUV (Equation 1.11), is a widely used semi-
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quantitative measure that expresses tracer concentration at time t for a particular volume

of interest (Cror()) normalized to the injected dose (ID) per body weight (BW):

— Gvor(® .
SUV = 1D/BW (Equation 1.11)

where Cyor(?) is in Kbg/mL, ID is in (MBq) and BW is in (Kg). Other normalization
factors have also been used to characterize the body volume in which a tracer is
distributed, including total surface area, and lean body mass of the subject (Stahl et al.,
2004). Inherent variability also exists with the SUV metric (Boellaard, 2009). To
overcome this unwanted variability, an extension of the SUV method has been applied
using a relative standardized uptake value (SUVr). Radioligand uptake in a VOI is
normalized to a reference region (SUVrer) that, ideally, has a stable PET signal and is
unaffected in the particular disease being studied. The SUVr (Equation 1.12) is

determined by the following:

SUVVOI

SUVr =
SUVREF

(Equation 1.12)

Common SUVrggr regions of normalization in neuroimaging include the
cerebellum, pons and whole brain. Careful selection of a suitable reference region is
critical and is dependent on the targeted disease process and the tracer being evaluated.
Use of a cerebellar reference region is ubiquitously applied in neuroimaging, often
without cause or consideration of confounding neuroanatomical deficits that may be
present including the phenomenon of crossed-cerebellar diaschesis (Tien & Ashdown,

1992). Over the last decade, a surge of research has been dedicated to computationally
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deriving stable and reliable reference regions that minimize variation in large study
cohorts (e.g. Rasmussen et al. (Rasmussen et al., 2012)). Nevertheless, SUVr metrics
have been successfully applied in a variety of applications. For example, in AD, SUVr
metrics have shown to be effective in establishing reliable cutoffs dichotomizing A
positivity/negativity using PiB and Florbetapir amyloid imaging agents (Landau et al.,
2013). SUVr methods have also been used regularly as AP imaging endpoints in AD

clinical trials (Cash et al., 2014).

1.7.2 Dynamic Imaging Evaluation in PET and SPECT

Whereas a single static PET or SPECT image can inform one of the amount and
spatial distribution of a radiotracer, dynamic PET imaging provides additional insight
into the temporal association of a tracer molecule with its target, i.e. the in vivo kinetics
of the radiotracer. The basis of dynamic PET or SPECT evaluation is the time-activity
curve (TAC), which describes the concentration of radioactivity as a function of time in a
given voxel or average voxel value within a volume of interest (VOI). TACs can be
expressed in a variety of different ways, including absolute values of quantification (e.g.
kBg/mL vs. time), as a percent of the injected dose per volume of tissue (e.g. %ID/mL vs.
time) or as a scaled value relative to the peak concentration (Cnax) reached in a VOI (e.g.
%Cmax vs. time). In radiotracer development, %ID/mL over time is a common method

to evaluate the in vivo behaviour of a particular radioligand (Van de Bittner et al., 2014).
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1.7.3 PET Kinetic Modelling

A PET image, expressing the concentration of radiotracer over time, Cper(?),
ultimately represents a composite of superimposed signal originating from different

“states” of the tracer molecule (Equation 1.13),

Crer(t) =270 Ci (V) = Ca(t) + C(t) + Cs(t) + Cus(D), (Equation 1.13)

which includes detected tracer contributions from arterial, C,(?), freely circulating, Cx),
specifically bound, Cy(?), and non-specifically bound, Cy(?), tracer. The sum of these
contributions add up to the net signal measured with PET. The accurate interpretation of
PET data requires isolation of the appropriate component of interest within the overall
PET image. To this end, various mathematical methods have been developed to analyze
time sequences of PET images to estimate the appropriate pharmacokinetic properties of

the radiotracer (Watabe et al., 2006; Wernick & Aarsvold, 2004).

Compartmental modelling is an established framework that remains the “gold
standard” in estimating a radioligand’s pharmacokinetic parameters, offering insight into
the overall state of a tracer within a physiological system over time. In this approach, a
tracer within a physiological system is characterized by interacting subsystems which are
represented as individual compartments. Each compartment reflects the concentration of
a tracer over time and the change in radiotracer concentration in each compartment can
be described as a linear function of the concentrations in the other compartments, which

can be represented as a series of ordinary differential equations (Watabe et al., 2006) (see

41



section 1.7.3.2). The driving force of these interactions is the initial input of tracer

present in the arterial blood after intravenous (IV) injection.

1.7.3.1 Arterial Input Function (AIF)

The arterial input function (AIF) is an essential component to characterize, as this
is the direct input of radiotracer that is presented to the brain during a PET scan.
Accurate measurement of the input function is critical in order to precisely quantify the
subsequent tissue response represented by the PET image. Measuring an AIF is an
invasive and extremely challenging endeavour from a technical standpoint and often a
significant barrier for full kinetic analysis. During a PET scan, simultaneous serial
sampling and dosimetry of radioligand concentration over time is required to determine
the concentration of radioactivity in the blood over the scan duration. In humans, this is
typically done by cannulating and collecting blood from a radial artery every ~10 sec
during the initial phase of tracer uptake. Further blood analytics are often performed to
determine the fraction of radioligand in the plasma (vs. those associated with red blood
cells) and metabolite correction of the AIF such that the curve represents authentic
radioligand and not radiolabelled metabolites that may be circulating in the blood. Given
the technically demanding nature of these pursuits, alternative approaches have been
proposed including the use of image-derived AlFs (IDAIF), which leverages
quantification of cardiovascular blood pools (ideally heart or a large artery, but often
small vessels such as the carotid artery is used) that are in the PET image field of view
(FOV). A variety of IDAIF methods have been validated, however few have been
adopted for widespread use largely owed to partial volume artifacts due to the limited

spatial resolution achieved by PET (Zanotti-Fregonara et al., 2011).
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1.7.3.2 Generalized Three Tissue Compartment Model (3TCM)

Compartment models with differing levels of complexity have been employed to
describe the various CNS radiotracers, the appropriateness depending on the chemical
properties of the radiotracer and the biological properties of the target. The three tissue
compartment model (3TCM) is a generalized model that describes the time-dependent
exchange of tracer concentration between the arterial blood compartment C,(?), and three
separate tissue compartments namely, the unbound free compartment Cqt), which
exchanges with a specific binding compartment Cy(t) (signal of interest) as well as the
non-specific binding compartment Cys(t) (Figure 1.6). The net flux of tracer over time
between each of these compartments can be described by the following differential

equations (Equation 1.14a — Equation 1.14c).

dCns(t) :
2 = kg Cr(t) = kg Cp(®) (Equation 1.14a)

d_cit(t) =k C()-k,C(V (Equation 1.14b)

dCf(t)

Lo—K CO+kC (O +kC(O- (K, +k+k)C O (Equation 1.14c¢)

The transfer coefficients (K, k2-ks) are the kinetic parameters of interest that
establish the behaviour the radiotracer in vivo. For a given arterial input function Cq(?)
and tissue response functions (Cx?), Cs(t) and Cys(t)), these rate constants can be
estimated. Compartment modelling requires certain assumptions, namely that the
quantity of injected radiotracer has no pharmacological effect and causes no changes to

physiology in vivo, that effects of the isotope does not alter the properties of the tracer
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Figure 1.6 Generalized three-tissue compartment model (3TCM), reflecting transfer of
radioligand concentration between four compartments, namely arterial plasma (Cqu(?)),
free tracer (Cy(?)), target-specific (Cy(?)) and non-specific (Cns(?)) binding compartments
of the brain. K; represents tracer perfusion transfer coefficient (rate of influx) (mLecm"
Jemin’) and k- - ks (min’!) represent exchange rates of radioligand between respective
compartments. BBB, blood-brain barrier.
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and that the tracer is freely diffusible and in a steady state with target and can interact
with the target wherever it is located. In the 3TCM, a favourable radioligand would have
greater target-specific binding, thus larger Cs(?) and smaller contributions from Ci(?) and
Cy(t) compartments. Greater Cy(?) of a radiotracer is favoured when a larger proportion of

ks/k4 is observed.

In practice, the fidelity of PET data generally limits the feasibility of accurately
fitting a 6 parameter 3TCM model, owed to the statistical variability of the PET method.
Most often, model simplifications are required to decrease the number of compartments
(thus estimated parameters) and reduce the statistical variance in the data. One- and two-
tissue compartment models (1 TCM and 2TCM) (Watabe et al., 2006) are frequently used
along with other reference tissue models (Lammertsma & Hume, 1996) and graphical
analyses methods (Logan et al., 1990; Patlak et al., 1983). Selected methods, relevant to

the current thesis research, are described below.

1.7.3.3 One Tissue Compartmental Model (1TCM)

The one tissue compartmental model (Figure 1.7), describes the bidirectional
exchange of tracer between arterial blood and a single tissue compartment. Here,
specifically and non-specifically bound as well as free tracer components are lumped
together and cannot be distinguished kinetically. In this simplified model, the time-
dependent tracer concentration in the tissue, Cy(?), is given by the difference of the tracer
flux entering the tissue from arterial blood C,(?), and the flux exiting the tissue. (Equation

1.15).

dace(t) _
dt

K1 Co(t) - k2 C(t) (Equation 1.15)
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BBB

VT = K1/k2

Figure 1.7 One tissue compartment model (I TCM), reflecting transfer of radioligand
concentration between two compartments, namely arterial plasma (Cq(?)) and a tissue
(Cy(1)) compartment. K; represents tracer perfusion transfer coefficient (mLecm>emin-')
and k> represents the exchange rate of radioligand from tissue compartment to arterial
plasma. The volume of distribution, VT, is given by the ratio K;/k>. BBB, blood-brain
barrier.
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In equation 1.15, Cy(1) is the tracer concentration in tissue, Cqu(?) is the tracer
concentration in arterial blood, and K; (flux into tissue) and k; (efflux from tissue) are
first-order transfer coefficients (rate constants) (Figure 1.7). K;, the rate constant for
tracer transfer from arterial plasma, is expressed as mL of plasma per cm? of tissue per
min (mLecm>emin™'),, whereas k: is expressed as the fraction of mass transferred per unit

time (min').
The differential equation describing tissue tracer concentration, Cy(?), and arterial

input function, Cy(?), in a 1 TCM (Equation 1.15) can be solved giving:

C.(O=K Cah)®@e™ ¢ = K [ C, (1) eV dr (Equation 1.16)

where K; and k: are the perfusion and efflux rate constants and @ indicates a one-
dimensional time-domain convolution, derived from a Laplace transform solution of
Equation 1.15 (Wiebusch et al., 1999). Non-linear least squares methods can be used to
iteratively fit the resulting time-activity curve data and provide estimates of K; and k2 and

thus the derived volume of distribution, V1 (Equation 1.17):
V1 =Ki/k> (Equation 1.17)

In a 1TCM, a larger radioligand tissue concentration, Cy(?), is favoured, governed by a

larger volume of distribution, Vr, thus greater proportion of K;/k:.
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1.7.3.4 Simplified Reference Tissue Model (SRTM)

Reference tissue kinetic models have also been developed which obviate the need
for invasive arterial blood sampling to directly measure the arterial input function. The
simplified reference tissue model (SRTM) (Figure 1.8) is one such example that has been
applied for neuroreceptor radioligands (Lammertsma & Hume, 1996). In this approach, a
time-activity curve of tracer concentration in a reference region (devoid of receptors)
serves as a proxy for the input function. The assumptions of the model are that all brain
regions share a common input function, that the distribution volume is the same between
tissues of interest (V) and the reference tissue (V1) (Equation 1.18) and that tissue time-
activity curves (both reference and tissues of interest) can be characterized by a 1 TCM
model. In the latter assumption, the ratio of K;/K; is expressed as a relative tracer
delivery constant, R; (Equation 1.19), and the free and specific-binding compartments of
a 2TCM are combined, giving rise to an apparent rate constant K»,, describing the overall

rate of transfer from specific binding compartment to arterial plasma.

Ve =V ; o =L (Equation 1.18)
2 kzl
Ry =22 (Equation 1.19)
1

In addition, in the SRTM, the tracer binding potential, BPnp (defined as k3/ks in a 2TCM)

is expressed as seen in (Equation 1.20).

BPyp = P (Equation 1.20)
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Figure 1.8 A simplified reference tissue model (SRTM) combines parameters of a two-
tissue compartment model (2TCM) describing the transfer of radioligand concentration
between arterial plasma (Cqu(?)), free tracer (Cy(2)) and target-specific (Cs(2)) binding
compartments, yielding a one-tissue compartment model (1TCM) with arterial plasma
(Ca(?)) and total tissue (Cy(?)) compartments. A suitable reference region is selected to
represent the tracer input function, also described by a ITCM with (Ca(?)) and free tracer
(Cr(1)) compartments. K; and K, represent tracer perfusion transfer coefficient (mLecm"
3emin!) in the target and reference region, respectively, while R; is the relative tracer
delivery constant, k- k4 (min™!) represent exchange rates of radioligand between
respective 2TCM compartments, k2, represents the apparent rate constant in the SRTM
and k2’ the rate constant for the reference region. The binding potential BPnp is
expressed as k3/ks. BBB, blood-brain barrier.
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With these model simplifications, the SRTM can be described by the following

differential equation (Equation 1.21),

dittit) =K1 Cp(V) - kza Ci() (Equation 1.21)

where Cy(), is the concentration of tracer in the total tissue compartment, Cp() is the
concentration of tissue in arterial plasma, K; is the perfusion rate constant and k2, is the

apparent rate constant of overall transfer from tissue to arterial plasma.

From this, the following operational equation can be derived for a SRTM

(Equation 1.22):

kot

] Cl (t) ® e +BPND (Equation 1.22)

Rik;
1+BPpNpD

Ce(t) =RiCL(6) + [key —

The result of this provides three estimated parameters, namely R;, k2 and BPxp and
derived parameters k> and k2.. Above is a summary of the full theoretical treatment of the
model by Lammertsma et al. (Lammertsma & Hume, 1996). In the SRTM, a larger
radioligand total tissue concentration, Cy(?), is favoured, governed by a larger binding
potential, BPxp, thus greater proportion of k3/k4, which is expressed as (k2/k2, — 1) in the

model.

1.7.3.5 Logan Graphical Analysis

Graphical analysis techniques have also been developed to simplify kinetic
parameter estimates, removing the need for computationally demanding iterative fitting
methods or a priori assumptions of a particular compartment model that a given tracer
adheres to. Patlak (Patlak et al., 1983) and Logan (Logan et al., 1990) plots are common

examples that have been implemented in the evaluation of irreversible and reversible
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tracer binding, respectively. With the Logan analysis technique (Figure 1.9), a
mathematical transformation is applied to a measured time-activity curve that expresses
tissue concentration as a function of time Ct(t) (Logan et al., 1990). The tissue activity
integrated from the time of tracer injection is divided by the instantaneous tissue
concentration Cy(t) and is then plotted as a function of “normalized” time, expressed as
the integral of the input curve Ca(t) divided by the instantaneous tissue concentration
(Equation 1.23). For reversibly binding tracers, this results in a linear relationship after

equilibration time t* (Figure 1.9).

fot Ci(t)dr _ fot C,(Ddt

oo m 0 + b (Equation 1.23)

The slope of this straight line, m, provides an estimate of the distribution volume

Vrt (Equation 1.24) analogous to what is estimated in a 1TCM.

slope=m=V; = % (Equation 1.24)
2

Here K is perfusion rate constant and k; the rate constant from tissue to arterial
plasmaina ITCM. Asina 1TCM, a radioligand with a larger volume of distribution,

V7, is favoured.

The preceding sections on the theory behind PET kinetic modeling tie into the

PET imaging study carried out in Chapter 4.
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Figure 1.9 Logan graphical analysis technique applied to A. a time-activity curve
(TAC) depicting radiotracer concentration in a volume of interest over time (blue). B.
A TAC is mathematically transformed (in blue), integrated from the time of tracer
injection and divided by the instantaneous tissue concentration Cy(?) and is then plotted
as a function of “normalized” time, expressed as the integral of the input curve Ca(7)
divided by the instantaneous tissue concentration. The slope, m, of this curve (grey) is
linear for reversibly binding radiotracer after equilibration time t* and is an estimate of
the non-displaceable binding potential (BPxp).
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1.8 Central Nervous System (CNS) Radiotracer Development

Nuclear medicine (PET or SPECT) imaging has become an essential tool for
visualizing neurochemical processes in the living human brain, achieving high molecular
sensitivity and target specificity. Despite the plethora of protein targets available to
evaluate in the central nervous system (CNS), only a small fraction of these can be
effectively imaged at present. A total of 39 CNS radioligands have been successfully
advanced for use in humans (National Institute of Mental Health, April, 2019), targeting
various aggregate proteins (e.g. AP plaques, tau NFTs), neuroreceptors (e.g. nicotinic,
mGlurl), enzymes (e.g. acetylcholinesterase (AChE), monoamine oxidase -A/B (MAO-
A/B)), channels (e.g. translocator protein (TSPO)), and transporters (e.g. dopamine
transporter (DAT)). Regardless of the type of radioligand, these tracers must satisfy a
variety of stringent design criteria to be a successful molecular imaging agent. This
section reviews some of these essential design criteria, the favourable physicochemical
properties and the general classification of receptor- and hydrolytic enzyme-based
radiotracers as well as the corresponding in vitro kinetic properties that make up a
prospective radioligand’s product profile. This ties in with the preceding Section 1.7,
Analysis Techniques in Nuclear Medicine which outlines the in vivo kinetic profile

typically assessed using various PET and SPECT image analysis techniques.

1.8.1 Radioligand Design Criteria

In general, an effective CNS radioligand must achieve a number of rather
challenging tasks in order to generate a meaningful molecular image (Figure 1.10). A
radiotracer (the parent) when introduced into the bloodstream, must readily penetrate the
blood-brain barrier (BBB) and reach a specific target in the brain while remaining intact,
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Design Criteria of Putative PET or SPECT Radioligands

Effective blood-brain barrier (BBB) penetrance

High affinity and selectivity for target

Low non-specific/off-target binding

Lack of interfering radiometabolite production
Pharmacokinetics (uptake/clearance) suitable for a given ti,
Not cleared by efflux transporters

No toxicity

Figure 1.10 Positron Emission Tomography (PET) and Single Photon
Emission Computed Tomography (SPECT) radioligand design criteria.
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with negligible production or interference from radiometabolite species (Pike, 2009; Van
de Bittner et al., 2014). The tracer should have high affinity for the target in vivo and be
highly selective for that target, demonstrating a high ratio of specific binding to non-
specific or off-target binding and thus good clearance properties to minimize noise
contributions from background (Pike, 2009; Van de Bittner et al., 2014). If successful, a
radioligand ultimately generates a resultant PET or SPECT scan that conveys image

contrast specific to the molecular target of interest.

1.8.2 Physicochemical Profile

Certain fundamental physicochemical properties of molecules have been shown to
govern optimal attributes that provide successful CNS penetration. Evaluation of such
drugs has led to the development of a prospective multiparameter optimization (MPO)
approach in drug discovery to help predict the desirability performance of a given
molecule (Wager et al., 2010, 2016). An MPO score based on six evenly weighted
parameters has been implemented, which include a) lipophilicity index calculated via
partition coefficient (ClogP), b) calculated distribution coefficient at pH 7.4 (ClogD), ¢)
molecular weight (MW), d) topological polar surface area (TPSA), ) number of
hydrogen bond donors (HBD) and f) most basic center (pKa). Each of these parameters
are given a continuous score between 0-1 and collectively summed to provide a total
MPO desirability score between 0-6. An MPO score > 3.0 predicts a high likelihood of a
molecule crossing the blood-brain barrier (BBB) with favourable pharmacokinetic
permeability (Wager et al., 2010, 2016). A summary of MPO parameters is seen in Table

1.4.
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desirability more desirable Range less desirable range

physicochemical
property function, To (To=1) (To=0)
monotonic
MW decreasing <360 > 500
monotonic
ClogP decreasing <3 >5
monotonic
ClogD decreasing <2 >4
TPSA hump function 40 < TPSA <90 TPSA <20; TPSA > 120
monotonic
HBD decreasing <0.5 >35
monotonic
pKa decreasing <8 >10

Table 1.4 Multiparameter optimization (MPO) properties of CNS drugs. 6 evenly
weighted physicochemical properties are assigned desirability functions (To) that are
scored between 0-1. Those parameters in the most desirable range, receive a score of 1
and in the less desirable range receive a score of 0. Those that lie between are scored
according to their respective To function. The composite score of all six parameters
makes up the MPO score. In general, a molecule with MPO 2> 3 has a high probability of
possessing favourable drug-like pharmacokinetic properties. MW, molecular weight;
TPSA, topological polar surface area; pKa, most basic center; clogP, calculated partition
coefficient; clogD, calculated distribution coefficient at pH 7.4. Table adapted from
(Wager et al., 2010).
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In practical terms, in order to cross the BBB, a radioligand needs to have a
relatively small MW (< 400 Da) and the molecule should be moderately lipophilic to
improve permeability of the BBB lipid bilayer (Davis & American College of
Neuropsychopharmacology., 2002). However, a trade-off exists regarding lipophilicity,
as once in brain, a tracer needs to have relatively low lipophilicity (to avoid unwanted
plasma protein binding) yet high affinity in order achieve high specific binding to non-
specific binding (Davis & American College of Neuropsychopharmacology., 2002; Pike,

2009, 2016).

1.8.3 Radioligand Classification

Radioligands can be classified in distinct categories based on their particular
target and consequently, their corresponding mechanism of action and kinetics. Here we
focus attention on radioligands that act through passive transport, which comprise the
majority of current radiotracers, as opposed to actively transported endogenous analogues
such as ['8F]FDG. Reversibly binding receptor-based radioligands (Innis et al., 2007;
Pike, 2016) are the most common tracers in use today and their kinetic evaluation is
largely generalizable to other classes of radioligands. Of particular relevance to the
current work, however, are radioligands that target hydrolytic enzymes of which three
general classes exist, including substrate-based radioligands, reversible inhibitors and

irreversible inhibitors (Rempel et al., 2017).

1.8.3.1 Receptor Radioligands

Reversibly-binding receptor radioligands (Innis et al., 2007) follow the in vitro

equilibrium binding reaction (Equation 1.25):

57



kon
R+ F=——=RB
kotr (Equation 1.25)

R = receptor

F = free ligand

B =bound receptor-ligand complex
on= association rate constant

kosr = dissociation rate constant

From this reaction equation, one can determine a radioligand’s binding potential
(BP), the ratio of bound (B) to free (F) radioligand, defined by the receptor density (more
generally, target protein concentration), Bmax, and ligand binding affinity (defined as the

inverse of the radioligand equilibrium dissociation constant, Kp (Equation 1.26):

BP = g = Bpax ® af finity = % (Equation 1.26)
D

Here, the radioligand equilibrium dissociation constant, Kp is the ratio of

dissociation rate constant (k,z) to association rate constant (k..) (Equation 1.27):

Kp = Kors (Equation 1.27)

kon

In general, greater BP makes for a more efficient tracer and is directly
proportional to the target concentration and the affinity of the ligand for the target (Pike,

2016). A summary of radioligand in vitro kinetic parameters is seen in Table 1.5.
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1.8.3.2 Hydrolytic Enzyme Radioligands: Substrate, Reversible and Irreversible
Inhibitors

Hydrolase enzymes are a family of enzymes that break down a variety of
biological molecules and are important in the proper functioning of the body and in
various disease states. Three general classes of enzyme radioligands exist, including

substrate-based radioligands, reversible inhibitors and irreversible inhibitors.

Substrate Radioligands: Substrate-based radioligands act as a substrate for enzymatic
action and subsequently become fragmented into two, with one of the radiolabel-retaining
products becoming trapped in nearby cells or tissues. The accumulation of radiotracer
signal from substrate radioligands correlates with areas of high enzymatic activity (as
opposed to reflecting total enzyme concentration) (Rempel et al., 2017). Substrate
radioligands have the distinct advantage of signal amplification, whereby catalytically
active enzymes can turn over multiple radioligand molecules generating large radioactive
signal accumulation in regions of high enzyme activity. In designing a substrate-based
radioligand, the proper selection of the labelled hydrolytic product and the selectivity of
the tracer for the target enzyme are among the more challenging features to overcome as

related enzymes could also interact with the substrate.

Hydrolytic enzyme substrates follow Michaelis-Mentin kinetics (Rempel et al.,
2017), where a given substrate rapidly binds to an enzyme and is irreversibly transformed

to product in a one-step reaction (Equation 1.28):

k kCHf
E+S—ES - FE+P .
k: (Equation 1.28)
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E = free enzyme
S = free substrate
ES = enzyme-substrate complex
P = product
kear = rate of first committed chemical step
kr= forward reaction rate
k-= reverse reaction rate
The reaction rate or velocity (V) of this process is described by the following
equation (Equation 1.29):
_ Vmax [S] (Equation 1.29)
Km +[S]
V' = velocity of reaction
[S] = concentration of substrate (tracer)
Vmax = maximal rate of reaction

K = affinity of substrate to form enzyme-substrate complex (ES), defined by the
substrate concentration needed to reach 2 Viax

The rate of first committed chemical step, k., is defined as the ratio of Vax to the

total enzyme concentration:

(Equation 1.30)

max = mMaximal rate of reaction

[Erwii] = total concentration of enzyme
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K, can be described by the following equation (Equation 1.31):
Km = (kcae + Kp) (Equation 1.31)

where Kp is defined as the ratio of k,/kon. The enzymatic efficiency of hydrolysing a

substrate is a metric that is defined by the ratio of ke to Ky (Equation 1.32):
Enzymatic Ef ficiency = % (Equation 1.32)

The key kinetic parameters for substrate-based radioligands are Vi, Kn and
enzymatic efficiency (kcu/Km). Atlow K, the enzyme has high affinity for the substrate
(tracer) thus even at low substrate concentrations, enough levels of hydrolysis will occur.
At high K., the enzyme requires a high concentration of tracer to reach high levels of
substrate turnover. Ideally, a substrate-based ligand would have higher k.., values
(efficient enzyme processing of substrate) and lower K, (low concentration of substrate
needed for efficient processing). The enzymatic efficiency metric reflects both of these
parameters, representing a second order rate constant describing the reaction of free
enzyme and free product and accounts for the binding affinity of the substrate and
catalytic efficiency of the enzyme for the substrate (Rempel et al., 2017). High
enzymatic efficiency values indicate that a substrate will be efficiently processed by the
enzyme at physiological concentrations and tracer levels of radioligand, taking account of

substrate binding and turnover rates.

Reversible Inhibitors: Reversible inhibitors act by forming non-covalent bonds with the

target enzyme with very high affinity, causing large accumulation of tracer in regions of
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elevated enzyme concentration and relatively low signal in background areas with little
enzyme. Unlike substrate radioligands, reversible inhibitors directly reflect enzyme
expression in a 1:1 manner, regardless of whether enzymatic activity is present (Rempel
et al., 2017). Generally speaking, reversible inhibitors can proceed via competitive, non-
competitive or mixed inhibition. Most radioligands are competitive inhibitors and an
increase in apparent K, is observed in these tracers, to compete with substrate. Non-
competitive inhibition comes at the expense of decreased efficiency of substrate
processing (decrease in apparent k..;), while mixed inhibition is attendant with changes in

both K, and kca:r.

In competitive inhibition, a radioligand binds to the enzyme’s active site and
blocks further substrate binding and catalysis. The most common kinetic parameters for
reversible inhibitors are K reversivie and ICso metrics. K; reversivle tepresents the inhibition
equilibrium constant, a metric of inhibitor binding determined by ratio of enzyme-

inhibitor dissociation (k) to association (k,») (Equation 1.33):

ko )
Ki reversiple = 2L (Equation 1.33)

kOTL

ICso is a relatively easy way to measure relative inhibitor potency and is defined

as the substrate concentration at which enzyme activity is reduced by 50%.

In general, low K reversivie (and 1Cso) values are favourable for reversibly inhibiting
radioligands, deriving their potency by reducing ko, given that ko, is limited by rate of
diffusion (~10% M-!s™!). However, a lower limit of K reversinie €Xists for reversible

inhibitors (~ 10nM), at which point anything lower are considered tight-binding
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inhibitors (they don’t rapidly equilibrate with target enzyme and thus behave more like

irreversible inhibitors).

Irreversible Inhibitors: Irreversible inhibitors are analogous to substrate radioligands;
however once they interface with the enzyme, an intermediate is generated that
covalently attaches to the active site of the enzyme (typically a nucleophilic amino acid
residue). This causes inhibition of the enzyme either by blocking it’s active site or
because a catalytic residue of the enzyme ceases to function as required (Rempel et al.,
2017). Irreversible inhibitors reflect enzymatic inactivation; however, given the
irreversible nature of inhibition, where a stable tracer-enzyme intermediate is formed, a
1:1 tracer to enzyme ratio is displayed and signal amplification (as seem with substrate-

based radioligands) is not possible (Rempel et al., 2017).

Enzymatic activity is reduced by irreversible inhibitors by formation of stable
covalent bonds between inhibitor and enzyme. Covalent modification of an essential

catalytic residue or physical blockage of an active site can cause irreversible inhibition.

Irreversible inhibitors follow the kinetic scheme (Equation 1.34):

kf k,‘ *
E+1 —E] — EI
kr (Equation 1.34)

E = free enzyme

I = inhibitor

EI = enzyme-inhibitor complex
EI" = inactivated form of enzyme

ki = reaction rate constant generating EI*
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kr= forward reaction rate

k-= reverse reaction rate
A reaction rate, analogous to that of a substrate-based ligand is described by the
following equation (Equation 1.35):

_ Vmax [1] .
i (Equation 1.35)

where k; (analogous to k.. for substrates), is the reaction rate constant generating E7*, the
inactivated form of the enzyme and is similarly described by (equation 1.36):

k; = —max_ (Equation 1.36)

[Etotal ]

Here, Vi is the maximum enzymatic rate and [Ezi] is the total concentration of
enzyme. K;irreversivle 1S @ parameter analogous to K, for a substrate-based radioligand and
is defined as the concentration at which inactivation of the enzyme proceeds at 2 Vinax.
In general, irreversible inhibitors have high &; values (indicating rapid formation of
inhibitor-enzyme complex) and low K; irreversiie Values (reflecting low concentration of

inhibitor required for efficient processing) (Rempel et al., 2017).

A summary of all in vitro kinetic parameters reviewed in the current section

among each class of radioligands is seen in Table 1.5.
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Kinetic Units Definition Class of radiotracer Favourable
Parameter
Bmax (pMemg1) protein target density receptors, enzymes T
BP - binding potential receptors, enzymes T
BP = Bmax/ KD
kon (min!) association rate constant: receptors, enzymes 0
Substrate binding rate to active
site of enzyme
koff (oM L-'min™") dissociation rate constant receptors, enzymes d
Kp (nM-L1) equilibrium dissociation constant receptors, enzymes J
Kp = k(g{f/kon
Vmax (Memin-!) maximum enzymatic reaction rate enzymes T
Knm ™M) Michaelis constant: [Substrate] enzymes:substrate d
required to reach 1/2Vmax
Kn= ( keat + KD)
kcat (min!) rate of 1%t chemical step Enzymes:substrate 0
keat = Vimax/| [EnZymetotal]
EE (M eminT) enzymatic efficiency Enzymes:substrate T
EE = kcat/ Km
Ki reversible ™M) inhibition equilibrium constant Enzymes:inhibitors J
Ki= k()f// kon
Ki irreversible M) [Inhibitor] required to reach Enzymes:inhibitors J
1/2 Vmax
ki (min™) Rate constant of reaction Enzymes:inhibitors T
generating inactive form of
enzyme EI" (analogous to kca: for
substrate)
ICso ™M) [Substrate] at which enzyme Enzymes:inhibitors d
activity reduced by 50%

Table 1.5 Summary of in vitro radioligand kinetic parameters. Adapted from (Innis et al.,

2007; Pike, 2009; Rempel et al., 2017; Van de Bittner et al., 2014).
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1.9 Thesis Objective & Hypothesis

The Darvesh group has developed several lead candidate '*F and %I radioligands
that target the BChE enzyme for PET and SPECT imaging, respectively. These
radioligands possess favourable physicochemical and in vitro enzyme kinetics attributes
which may be well suited to effectively target and label BChE for brain imaging of the
enzyme. However, until now, the in vivo performance of these radioligands using PET

and SPECT imaging has not yet been evaluated.

The objective of this PhD thesis was to develop and implement a multimodal
neuroimaging analysis framework for the in vivo evaluation of these lead candidate
radioligands. In order to accomplish this, PET or SPECT imaging, with additional CT
and MRI anatomical imaging was carried out in established mouse models of AD.
Evaluation of the biodistribution and retention characteristics of these radiotracers offered
the first direct in vivo assessment of these attributes which feed forward to the product
profile of each radioligand. Ultimately, this rigorous preclinical evaluation of candidate
radioligands provides an essential step towards reaching exploratory investigational new

drug (IND) status for imaging of BChE in the human brain.

We hypothesized that ['®F] and ['?*]] radioligands that are substrates for BChE
can be effectively utilized to visualize brain BChE in vivo. Upon IV injection into the
bloodstream, these BChE-specific radioligands would cross the BBB, reach the brain and
exhibit patterns of regional retention that recapitulate the known distribution of BChE in
the AD brain, effectively distinguishing an AD brain from that of control groups that lack

appreciable BChE expression.
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1.10 Chapter Overviews

The following chapters outline work dedicated to addressing the aforementioned
objective of this thesis, in the in vivo evaluation of candidate BChE radioligands.
Chapter 2 describes the synthesis and preliminary evaluation of lead SPECT radiotracer
candidate N-Methylpiperidin-4-yl 4-['>*T]iodobenzoate (TRV6001) which was carried out
to determine its in vivo biodistribution and to evaluate patterns of regional brain retention

in the 5XFAD mouse model of AD and wild-type (WT) controls.

Building on this work, Chapter 3 focused on the development and implementation
of a 2D dynamic planar scintigraphy imaging approach, offering improved temporal
resolution for the in vivo screening of putative BChE radioligands for SPECT imaging.
Six 2T radioligands among three classes of radiotracers (pyridone, pyridine and
carbamate ligands) were evaluated to establish their biodistribution, and tracer clearance
kinetics in relevant mouse models that exhibit differential expression of brain BChE.
Kinetic summary measures for each radioligand were compared between the mouse
models evaluated. Additional comparisons were made between the radioligands studied
to elucidate potential differences in clearance characteristics among the different classes

of radiotracers evaluated.

In Chapter 4, a previously developed cholinesterase radioligand 1-methyl-4-
piperidinyl- p ['®F]fluorobenzoate (TRV6501), demonstrating high affinity as a BChE
substrate, was evaluated with in vivo PET imaging. Pharmacokinetic modeling
approaches were employed to evaluate TRV6501 retention in SXFAD and WT/BChE-
KO mice, models exhibiting brain BChE abundance and absence, respectively. A single

tissue compartment model (1TCM), simplified reference tissue model (SRTM) and
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Logan graphical analysis techniques were applied to evaluate TRV6501 retention.
Chapters 5 and 6 focused on the further neuroimaging characterization of the mouse
models regularly used in the current AD diagnostics program. Chapter 5 describes the
exploratory use of *™Tc¢-Examatazime SPECT to establish baseline brain perfusion
patterns in SXFAD and WT mouse models to determine whether the hypoperfusion
signatures of human AD are maintained in the SXFAD model. Characterizing brain
perfusion in these models is essential in order to establish the effects of disease
progression on physiological parameters such as cerebral blood flow (CBF). CBF is
directly relevant parameter to monitor in the delivery of radiotracer to the brain, hence an

important aspect to reconcile in our BChE radioligand diagnostics development program.

Chapter 6 describes the evaluation of brain function in a BChE knockout mouse
model of AD (5XFAD/BChE-KO) using ['*F]FDG PET imaging. The study sought to
determine whether a BChE-induced reduction of fibrillar AP seen in these knockout
mice, conferred an improvement in brain function compared to BChE-expressing SXFAD
mice. Determining the precise interplay between BChE, fibrillar AP and brain function
in AD will help aid in the understanding of the pathogenesis of AD and the role of these

established AD biomarkers.

Chapter 7 consolidates the overall findings and conclusions drawn from each of
the preceding thesis chapters and offers insight into the current state and future of BChE
brain imaging, outlining the future directions and hurdles to overcome on the road to
clinical translation. The significance of the current body of work and more broadly the

significance of BChE imaging in AD will be discussed.
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Chapter 2 Preliminary In Vivo Neuroimaging Evaluation
of Lead Candidate Radioligand N-
Methylpiperidin-4-yl 4-['?*lJiodobenzoate: A
Butyrylcholinesterase (BChE)-Specific
Radiotracer for Alzheimer's Disease (AD)

2.1 Publication Status

Published manuscript presented with permission.

DeBay DR, Reid GA, Pottie IR, Martin E, Bowen CV, Darvesh S. Targeting
butyrylcholinesterase for preclinical single photon emission computed tomography
(SPECT) imaging of Alzheimer's disease. Alzheimer’s Dement (N Y). 2017 Feb 24;
3(2):166-177. DOI: 10.1016/j.trci.2017.01.005. PMID:29067326 (DeBay, Reid, Pottie, et

al., 2017).

2.2 Overview

The current chapter describes the preliminary in vivo evaluation of lead candidate
radioligand N-Methylpiperidin-4-yl 4-['?*T]iodobenzoate (TRV6001). The imaging of
TRV6001 represents the first images acquired on a dedicated pre-clinical scanner and
some of the first in vivo images acquired on a SPARK SRT-50™ SPECT scanner
(Cubresa Inc., Winnipeg, MB). This research was published as a feature article in
Alzheimer’s & Dementia: Translational Research and Clinical Interventions (DeBay,

Reid, Pottie, et al., 2017) and appears in this chapter in its original published form.

69



2.3 Abstract

Diagnosis of Alzheimer’s disease (AD) in vivo, by molecular imaging of amyloid
or tau, is constrained because similar changes can be found in brains of cognitively
normal individuals. Butyrylcholinesterase (BChE), which becomes associated with these
structures in AD, could elevate the accuracy of AD diagnosis by focusing on BChE

pathology in the cerebral cortex, a region of scant BChE activity in healthy brain.

Methods: N-Methylpiperidin-4-yl 4-['?*T]iodobenzoate, a BChE radiotracer, was injected
intravenously into B6SJL-Tg(APPSwFILon,PSEN1*M146L*L286V)6799Vas/Mmjax
(5XFAD) mice and their wild-type (WT) counterparts for comparative single photon
emission computed tomography (SPECT) studies. SPECT, computed tomography (CT)
and magnetic resonance imaging (MRI) enabled comparison of whole brain and regional

retention of the BChE radiotracer in both mouse strains.

Results: Retention of the BChE radiotracer was consistently higher in the SXFAD mouse

than in WT and differences were particularly evident in the cerebral cortex.

Discussion: Cerebral cortical BChE imaging with SPECT can distinguish 5XFAD mouse

model from the WT counterpart.

2.4 Introduction

Alzheimer’s disease (AD) is a common cause of dementia (Scheltens et al., 2016).
Presently, AD diagnosis is definitively confirmed at autopsy by detecting cerebral
pathology including B-amyloid (AB) plaques and tau neurofibrillary tangles (NFTs)

(Hyman & Trojanowski, 1997). To improve clinical diagnosis, Positron Emission
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Tomography (PET) molecular imaging has been used to visualize AB and NFT in living
brain (Bloudek et al., 2011; McKhann et al., 2011). These agents represent a leap
forward in detecting the presence of AP and tau pathology (Johnson, Minoshima,
Bohnen, Donohoe, Foster, Herscovitch, Karlawish, Rowe, Carrillo, Hartley, Hedrick,
Pappas, & Thies, 2013). However, the presence of AP in cognitively normal individuals
(10% at 50 years to 44% at 90 years) and NFTs in non-AD tauopathies limits the
predictive value of these methods for AD diagnosis (Johnson, Minoshima, Bohnen,
Donohoe, Foster, Herscovitch, Karlawish, Rowe, Carrillo, Hartley, Hedrick, Pappas, &
Thies, 2013; Noble & Scarmeas, 2009). Although cognitively normal individuals with
PET amyloid positivity may represent pre-clinical stages of AD, conversion to AD has
not yet been shown (Dubois et al., 2016; Grimmer et al., 2016). Therefore, the need is

great for biomarkers to enhance existing armamentarium for AD diagnosis.

Neuronal loss, particularly cholinergic, contributes to cognitive and behavioural
symptoms of AD (Bartus et al., 1982; Coyle et al., 1983; Davies & Maloney, 1976).
With this, there is decrease in levels of acetylcholinesterase (AChE) and an increase in
the levels of the related enzyme butyrylcholinesterase (BChE), that accumulate in plaques
and tangles in the brain (Mesulam & Geula, 1994). This accumulation of BChE in
plaques and tangles enables differentiation of AD from old age (Mesulam & Geula,
1994). The observation that there is scant BChE detected histochemically in the normal
cerebral cortex, but accumulates there in association with AD pathology, suggests an

opportunity to detect this pathology during life by imaging BChE (Darvesh, 2016).

Pioneering work in cholinesterase imaging provided PET probes targeting

AChE(Irie et al., 1996; Kuhl et al., 2006; Namba et al., 2002; Ota et al., 2004; Pappata et
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al., 1996; Snyder et al., 1998) and BChE (Kikuchi et al., 2004; Kuhl et al., 2006; Snyder
etal., 2001). For example, N-[''C] methylpiperidin-4-yl acetate (['!C]MP4A) could
monitor AChE activity in vivo in the AD brain (Ota et al., 2010). Imaging BChE met less
success using the butyrate ester of N-[!!C]methylpiperidinol, which entered the brain, but
without increased radioligand uptake in regions that typically accumulate BChE-
associated AD plaques (Kikuchi et al., 2004; Kuhl et al., 2006; Roivainen et al., 2004).
Moreover, decreased uptake in AD brain compared to normal brain was observed, in
contrast to histochemical and isolation studies of this enzyme (Darvesh et al., 2010;

Geula & Mesulam, 1989, 1995; Guillozet et al., 1997; Mesulam & Geula, 1994).

A recent autoradiographic study (Macdonald et al., 2016), using a cholinesterase
radioligand, phenyl 4-['?*T]iodophenylcarbamate, was able to distinguish AD amyloid
plaques from those found in the cerebral cortex of cognitively normal brains. However,
in further in vivo studies, this radiotracer did not provide satisfactory brain retention.
Prospective substrate-type 2’1 SPECT radioligands containing the N-methylpiperidinol
moiety were designed to prolong ligand-enzyme latencies preventing loss of ['2*I] on the
initial leaving group (Macdonald et al., 2011; Macdonald et al., 2016). Ex vivo
autoradiographic evidence was earlier reported for N-methylpiperidin-4yl 4-
['ZI]iodobenzoate, which, injected intravenously into a rat, entered the brain and labeled
areas known to exhibit BChE activity in histochemical studies (Macdonald et al., 2011).
In the current study we extend this work by employing dynamic SPECT images to
evaluate BChE engagement and compare uptake, retention and brain distribution of N-
methylpiperidin-4-yl 4-['2’TJiodobenzoate radiotracer in the 5XFAD mouse model

compared to that in its wild-type (WT) counterpart (Oakley et al., 2006). The SXFAD
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model accumulates A plaques and is associated BChE activity, as in human AD
(Darvesh & Reid, 2016; Reid & Darvesh, 2015). This animal model has significant
BChE pathology over an aggressive course of amyloidosis (Reid & Darvesh, 2015). The
increased activity of this enzyme in the brain, compared to the WT counterpart, makes
this model well suited for examining the preclinical potential of BChE imaging agents as
a proof of principle. Significantly higher radiolabel retention in the SXFAD brain,
particularly in the cerebral cortex, holds promise for such agents as imaging biomarkers

for AD diagnosis.

2.5 Materials and Methods

Formal approval to conduct these experiments was obtained from the Dalhousie

University Radiation Safety Committee and Canadian Nuclear Safety Commission.

2.5.1 Synthesis/Biochemical Materials

Na'?I in 0.1N NaOH was obtained from MDS Nordion. Other chemicals and
solvents were from Sigma Aldrich (Canada). Isofluorane gas mixtures were diluted with
oxygen. UV analysis was on Ultrospec 2100 pro UV/Visible Spectrophotometer
(Biochrom) with Swift II software (Amersham). HPLC purifications were on an Agilent
1260 Infinity HPLC with ZORBAX Eclipse XDB-C18, 4.6x250mm, Sum column

(Agilent Technologies), and a RediFrac fraction collector (Amershan Biosciences).

2.5.2 Enzyme Specificity

To determine murine BChE specificity for N-methylpiperidin-4-yl 4-iodobenzoate

(Macdonald et al., 2011), repetitive scans for change in absorbance used mouse serum as
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enzyme source. Briefly, in a quartz cuvette, to a reaction mixture of 0.1M phosphate
buffer (2mL, pH 7.4) containing 0.1% gelatin, 5XFAD serum (200uL) and either: 1)
50%aq) acetonitrile (60puL, no inhibitor), ii) ImM ethopropazine (60uL, BChE inhibitor)
or iii))lmM BW 284C51 (60uL, AChE inhibitor) in 50%aq) acetonitrile, and mixed
(Mikalsen et al., 1986). Reaction was initiated with 1mM N-methylpiperidin-4-yl 4-
iodobenzoate in 50%aq) acetonitrile (30uL). The UV absorbance of each mixture was

scanned from 200-300nm every 30min for a total of 3.5h.

2.5.3 Synthesis and Labelling of Radiotracer

Synthesis of N-methylpiperidinol-4-yl 4-['?*I]iodobenzoate was performed with
modification of the procedure described previously (Macdonald et al., 2011). Briefly, in
a plastic microtube (250uL), Na'?I (~157MBq) in 0.1M NaOH q) (17uL) was diluted
with 0.1M NaOHag) (10pL), then acidified with 0.1M HClq) (32uL), followed by
addition of N-methylpiperidin-4-yl 4-(tributylstannyl) benzoate in acetonitrile (50uL,
4.6mM). The reaction was initiated by adding N-chlorosuccinimide in acetonitrile (50uL,
3mM). After vortexing (7.5min) the mixture at room temperature, 0.1M NaOHq) was
added (13pL). Precursor and non-radioactive iodobenzoate established HPLC retention
times. Radiolabelled product was purified using HPLC with 80% methanolq) at
2mL/min as eluent. Fractions were collected every 30s for 10min. Collected fractions
containing pure N-methylpiperidinol-4-yl 4-['?*I]iodobenzoate were combined and
solvent evaporated at 40°C under a stream of argon. The radiochemical yield, on
average, was 83%, based on HPLC radiograms and was consistent with radioscanned
TLC experiments that determined radiochemical purity to be >98%. Radiotracer was re-

dissolved in 0.9% saline (0.4mL) for animal administration.

74



2.5.4 Animals

Mice were cared for according to guidelines set by the Canadian Council on
Animal Care; research approved by Dalhousie University Committee on Laboratory
Animals. Pairs of female wild-type (C57BL/6J x SJIL/J F1, Stock Number: 100012-JAX)
and male transgenic hemizygous SXFAD mice (B6SJL-
Tg(APPSWFILon,PSEN1*M146L*L286V)6799Vas/Mmjax, Stock Number: 006554-
JAX) were obtained from Jackson Laboratory (Bar Harbor, ME), and cared for as
described previously (Reid & Darvesh, 2015). Imaging was performed during light phase
of the light-dark cycle. A total of 5 female mice (SXFAD n=3, WT n=2) and 7 male mice
(5XFAD n=4, WT n=3) were imaged; average age was 11.1£1.1 months. This age group
was chosen to ensure robust deposition of pathology to increase the likelihood of

detecting differences in BChE activity between WT and SXFAD mice.

2.5.5 SPECT-CT Imaging

Mice were weighed immediately prior to imaging, anaesthetized with 3%
isofluorane in an induction chamber, restrained in a TailVeiner Restrainer (Braintree
Scientific) while under a continuous stream of 1.5% isofluorane. Mice were secured in
prone position in a Magnetic Resonance (MR)-compatible animal bed. N-
Methylpiperidin-4-yl 4-[1?*T]iodobenzoate (17.65-44.77MBq in 0.9% saline (140-
200uL)) was administered through the lateral tail vein catheter line and subsequently
flushed with saline. Mice were wrapped in a blanket on a heated bed, maintained under
continuous stream of 1.5-2% isofluorane and respiration rate monitored for the duration
of scan (SA Instruments Inc. Stony Brook, NY). The mouse head region was centered on

a 14mm axial field of view (FOV); sequential SPECT frames (4 projections per frame)
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were acquired in super list mode (SLM) over three Smin windows followed by six 10min
windows with a SPARK™ SRT-50 (Cubresa Inc.) single head standalone tabletop
SPECT scanner integrated with a Triumph XO LabPET pre-clinical computed
tomography (CT) scanner (Trifoil Imaging, CA). After initial scanner setup and homing
cycle of the SPECT gantry, frame 1 commenced 3.5min post injection with subsequent
frames acquired on average at 3.5, 9.75, 16.0, 22.5, 33.75, 45.0 and 56.75min. Following
SPECT scanning, a CT scan was acquired for anatomical reference and subsequently co-
registered with anatomical magnetic resonance imaging (MRI) acquired in a separate
scan (see below). CT images were collected in fly mode with a 70 kVp x-ray beam
energy (160pA beam current), 512 projections, 4 summed frames/projection, with 2x2
binning and magnification of 2.26X, providing complete whole brain coverage in a

56mm FOV. CT scan duration was 8.5min.

2.5.6 MR Imaging

MRI scans were performed in a separate session prior to SPECT/CT imaging to
facilitate regional analyses of radiotracer retention in the brain. MR imaging was carried
out as described in a MRI protocol (Macdonald et al., 2014). Images ((142um)?, full brain
coverage) were acquired at 3.0T over 61min using a 3D balanced Steady-State Free

Precession, (b-SSFP) imaging sequence (T2/Ti-weighting).

2.5.7 Image Processing

Sequential SPECT images were reconstructed over each of seven frames acquired
(three 5min frames and four 10min frames) as follows: SPECT super list mode (SLM)

data were converted to list mode data using built-in Cubresa SPARK™ preprocessing
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routine at 160keV with a 20% energy window applied. List mode data was reconstructed
using an iterative 3D Maximum-Likelihood Expectation Maximization (MLEM)
algorithm (9 iterations) using HiISPECT software (SciVis GmbH, Goéttingen, Germany).
Resultant SPECT images yielded an effective in-plane resolution of 0.7mm. Dark image
and quantitative calibrations were performed weekly for the duration of the study and
applied to each image acquired.

CT images were reconstructed with a 512x512x512 image matrix over a 56 mm
FOV using built-in optimum noise reconstruction procedures with the Triumph XO CT
acquisition software, yielding images with (102pum)? isotropic resolution. Fusion of
SPECT and CT images was achieved using established coordinate transformations
between two modalities, whose common coordinate frames were applied in AMIDE
Imaging Analysis software (Loening & Gambhir, 2003). Images were assessed by visual
inspection to ensure accurate fusion results. MRI images underwent 3D maximum
intensity projection (MIP) processing of 4 phase cycle frequencies and resulting
reconstructed images were zero-padded (interpolated to higher resolution grid to increase

the effective resolution and image quality) in ImageJ (NIH, USA).

2.5.8 SPECT/CT/MRI Coregistration and Dynamic SPECT Regional Analysis

Inter-modality registration performed between SPECT/CT/MRI and a MR-based
3D digital mouse atlas permitted parcellation of the brain for regional analyses as
described previously(Macdonald et al., 2014). A 6-parameter rigid body registration was
performed between mouse MR and a standard brain from which the digital atlas was
derived using Automated Image Registration 5.3.0 (Woods et al., 1998). Higher spatial

transformations (warping) were applied to standard brain and corresponding warped MR
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atlas. MRI and warped MR atlas, along with SPECT/CT fused images were imported
into AMIDE, where affine registration between modalities was carried out (Loening &
Gambhir, 2003).

SPECT ROI statistics were generated to determine N-methylpiperidin-4-yl 4-
['2IJiodobenzoate retention for six regions of interest (ROI) defined by the MR atlas: i)
whole brain, ii) cerebral cortex, iii) hippocampal formation, iv) amygdala, v) thalamus
and vi) basal ganglia. Composite ROIs were derived using fslmaths scripts employing
threshold and subtraction commands carried out in FSL (Oxford, UK). Whole brain
ROIs contained all atlas brain structures excluding the cerebellum and brainstem. “Rest
of brain” masks were also generated for each brain structure investigated, comprised of
whole brain excluding the ROI of interest. N-Methylpiperidin-4-yl 4-['>*I]iodobenzoate
retention values in raw time activity curves are reported as the average (mean voxel
value) percent injected dose per mL of brain tissue (%ID/mL). Retention indices were
computed for each ROI, expressed as relative standardized uptake values (SUVRs) with
each rest of brain internal reference tissue (represented as SUVRror = SUVRror/SUV (whole

brain-ROT)). Lhis metric was used to limit any possible inter-subject or inter-scan variability.

2.5.9 BChE Histochemistry

Brain tissue processing and BChE histochemistry were carried out as described
previously to generate photomicrographs of BChE distributions in 5XFAD and WT

mouse brains (Darvesh & Reid, 2016).

78



2.5.10 Statistical Analysis

Unpaired t-tests (single tailed, assuming unequal variances) of group means
(5XFAD vs WT) were carried out at each time-activity curve interval for both %ID/mL
and SUVR metrics. Differences were concluded at a significance level of 5% (p<0.05,*),
1% (p<0.01, **) and trends were identified at (p<0.1, T). All data are presented as group
means + standard error of the mean (SEM). All statistical tests were performed in Excel®

(Microsoft Office, v.15.13.1).

2.6 Results

2.6.1 Synthesis of N-Methylpiperidin-4-yl 4-['ZI]lodobenzoate

The radiotracer was prepared and purified using modifications to an earlier
procedure (Macdonald et al., 2011). Here, acetonitrile replaced methanol as reaction
solvent to prevent ester methanolysis. Reaction time was reduced (15min to 7.5min) by
continuous vortexing once reactants were combined. Better separation and purification
of product by HPLC was effected by making the reaction mixture slightly alkaline with
0.1M NaOH.q) instead of NaHCO3(q). These modifications provided radiochemical
yields >80%, radiochemical purity >98% and calculated specific activity of

approximately 4500 GBg/umol.

2.6.2 Cholinesterase Specificity for 1-Methylpiperidin-4-yl 4-lodobenzoate

The non-radioactive iodobenzoate was examined using mouse serum containing
both AChE and BChE. As indicated in repetitive scans (Figure 2.1A), the ester

underwent slow hydrolysis at pH 7.4 over 210min. When mouse serum was first treated

79



2.5
: — Omin
\©\n/o —— 30 min
2ol "0 -
4 RSN o
8 — 120 min
£ 1.5+ 150 min
_E 180 min
210 min
° =
] 1.0
L
< 0.5
0.0+

] ] ] 1 I ]
230 240 250 260 270 280 290 3('10
Wavelength (nm)

B.
@
Q
c
]
8
[
o
@
R
<
I ] ) ] ] ] L] 1
230 240 250 260 270 280 290 300
Wavelength (nm)
C.
2.5+
2.04
@
Q
c
@
o
3
<]
@
9
<

250 2:10 2&0 2('30 2'}0 21'30 250 3(']0
Wavelength (nm)

Figure 2.1 5XFAD mouse serum hydrolysis of N-methylpiperidin-4-yl 4-iodobenzoate
demonstrated by repetitive UV scans at 30min intervals over 3.5h in 0.1M phosphate
buffer (pH 7.4) A. Without inhibitor added (inlay shows probe chemical structure). B. In
the presence of BChE inhibitor ethopropazine. C. In the presence of AChE inhibitor, BW
284C51. No effect on hydrolysis in the presence of BW 284C51. Abbreviations: AChE,
acetylcholinesterase; BChE, butyrylcholinesterase; SXFAD, B6SJL-
Tg(APPSwWFILon,PSEN1*M146L*L.286V)6799Vas/Mmjax mouse strain; UV,

ultraviolet.
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with BChE inhibitor ethopropazine, under the same conditions, no hydrolysis occurred
(Figure 2.1B) (Mikalsen et al., 1986). In contrast, AChE inhibitor, BW 184C51, showed
no effect on ester hydrolysis (Figure 2.1C), indicating the iodobenzoate interacts with

BChE over AChE (Mikalsen et al., 1986).

2.6.3 Sequential SPECT Imaging

Following injection of N-methylpiperidin-4-yl 4-[!%I]iodobenzoate, sequential
SPECT scans of mouse brain were acquired over 60 min, divided into 5 and 10min
frames. Sequential SPECT frames generated 472,846 to 1,044,089 counts for Smin
frames and 671,233 to 1,901,199 counts for 10min frames. These count levels provided
sufficient signal-to-noise ratio (SNR) and reconstructed image quality for assessment of
brain uptake and retention of radiotracer. SPECT, CT and MRI image registration
provided robust and reproducible affine and non-linear registration of these modalities
with corresponding MR-based digital atlas (Macdonald et al., 2014). From this,
comparisons of brain retention of radiotracer could be assessed in SXFAD and compared

to WT mice.

2.6.4 Whole Brain Retention of Radioligand

Time-activity curves, reflecting retention of radiolabel (Figure 2.2 B), were
generated from dynamic SPECT images (Figure 2.2 A) at each time point over whole
brain SPECT scans in SXFAD and WT brains. This enabled semi-quantitative
comparison of radiotracer retention between SXFAD and WT groups. Results described
represent pooled male and female data since no sex differences were observed (separate

analysis, not shown).

81



A. WT
sagittal axial coronal coronal
[ =
E
un
™
£
E
w
™~
o
— 5
o E
c <
g€ 3
w
E o
ZE
@
9 o~
[72 ]
Q
bo
£ c
g
>
<R
o
o
£
£
(=]
)
<t
£
E
un
™
(Y]
un
%ID/mL
Whole Brain
B 16+
" 14 "
124 AD
TEI 104
8 #
S 1 .
- g Pt
P2 t- 5
c L) J T L) L) 1
10 20 30 40 50 60
Time (min)

Figure 2.2 A. Representative WT (left) and SXFAD (right) sequential SPECT/CT brain
images in sagittal, axial and coronal planes. SPECT activity source maps indicate initial
uptake and blood-brain barrier penetrance of radiotracer by 3.5min post-injection (PI) in
both WT and 5XFAD brains, with greater radiotracer retention in the SXFAD brain
compared to WT. Image intensities expressed as percent injected dose per mL (%ID/mL)
are set to a common color scale of 0-32%ID/mL. B. Corresponding whole brain
radiotracer SPECT time-activity curves for SXFAD (blue) and WT (green) mice (Mean =+
SEM). Significantly greater cerebral retention is evident in SXFAD compared to WT. *
denotes statistically significant differences (p<0.05); T indicates a statistical trend
(p<0.10).
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Both WT and 5XFAD strains showed rapid uptake of radiotracer into the brain
(Figure 2.2 A,B), indicating it readily crossed the blood-brain barrier. Shown in the time-
activity curves (Figure 2.2 B), by 3.5min after ligand injection, radioactivity is clearly
visible in both 5SXFAD and WT mouse brains (Figure 2.2 A). Time-activity curves
(Figure 2.2 B) indicate subsequent washout of radiotracer in SXFAD and WT brains
within 15-20min post-injection. In each time frame up to 60min, there was greater (up to
2.3-fold) retention of label in 5XFAD brains relative to WT. Heterogeneous distribution
of radiolabel throughout the whole brain (Figure 2.2 A) was evident. Distribution
differences of radiolabel in WT and 5XFAD brains could reflect areas of high BChE-
associated AD pathology. Radiotracer assessment of the regional distribution
demonstrated specific patterns of retention that distinguish SXFAD brains from WT

controls.

2.6.5 Comparative Histochemical- and SPECT-Visualized Regional
Butyrylcholinesterase Activity

Histological analysis represents the “gold standard” for detection of BChE
activity in brain tissue and indicates a heterogeneous distribution of the enzyme
throughout the brain. For example, as observed in the normal human brain, WT mouse
brain (Figure 2.3, top) exhibits very little BChE histochemical staining in the cerebral
cortex (Darvesh et al., 2010; Mesulam & Geula, 1994). However, the cerebral cortex of
5XFAD shows marked BChE accumulation (Darvesh & Reid, 2016; Reid & Darvesh,
2015) (Figure 2.3, bottom). Since both the cerebral cortex and subcortical regions, such
as the hippocampal formation and thalamus develop BChE-associated AD pathology, it
may be assumed that a region such as the cerebral cortex, that normally has little BChE

activity, may provide the greatest contrast for detecting BChE-associated AD
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Figure 2.3 Photomicrographs showing representative BChE histochemical staining at
mid-coronal level in WT (top) and SXFAD (bottom) brains. Note little BChE staining in
cerebral cortex of WT mice and marked elevation of BChE in cerebral cortex of SXFAD
mice. Significant accumulation of BChE in subcortical regions is also apparent, beyond
that observed in the WT brain. CC=cerebral cortex, H=hippocampal formation, BG=basal
ganglia, Th=thalamus, A=amygdala. Scale bar = Imm and 100um (inlay).
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pathology (Figure 2.3) than would subcortical regions that express BChE in the absence
of AD pathology. This notion is supported by semi-quantitative analyses of SPECT
radiolabel retention (Figure 2.4). To compare potential differences in radiotracer
retention between SXFAD and WT brains, several different regional metrics were tested
to generate time-activity curves. ROIs examined included the cerebral cortex, basal

ganglia, hippocampal formation, amygdala and thalamus (Figures 2.3, Figure 2.4).

2.6.6 Cortical and Subcortical Retention Comparisons

Time-activity curves for regional comparisons (Figure 2.5) of 5XFAD and WT
images (expressed as %ID/mL) showed similar trends in each ROI to observed for whole
brain evaluation (Figure 2.2 B). This was true for the cerebral cortex (Figure 2.5A) as
well as some subcortical structures (Figure 2.5B-E). It is evident that it depends on the
ROI examined as to whether significant differences in retention of radiotracer could
identify AD pathology through BChE association. For example, comparing robust
retention in the cerebral cortex of SXFAD relative to WT (Figure 2.5A) with that in the
amygdala (Figure 2.5E), where there is no significant difference detected for the retention
in the two strains. A summary graph of fold difference in radiotracer retention between
5XFAD and WT time-activity curves is presented for the cerebral cortex and subcortical
areas in Figure S5F. All ROIs show the same trend of greater radiotracer retention in
5XFAD brain relative to WT. However, the greatest difference in radiotracer retention

over time (~3-fold) is seen for the cerebral cortex. Since increased BChE accumulation
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Figure 2.4 Comparison of BChE activity at mid-coronal level (as in Figure 2.3) in
specific brain regions of WT (left) and SXFAD (right) mice detected with radiotracer
SPECT analysis. A. CT with co-registered MR. CC=cerebral cortex, H=hippocampal
formation, BG=basal ganglia, Th=thalamus, A=amygdala. B. SPECT images acquired at
4min post-injection with co-registered CT/MR and ROIs. Marked retention in the
5XFAD cerebral cortex is evident in the SXFAD brain compared to WT with less
difference in retention evident in amygdala, hippocampus, basal ganglia and thalamus.
Image intensities expressed as %ID/mL and set to a common scale of 0-40%ID/mL.
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Figure 2.5 Corresponding N-methylpiperidin-4-yl 4-['>*T]iodobenzoate time activity
curves for SXFAD (blue) and WT (green) mice. Mean = SEM. * denotes statistically
significant differences (p<0.05), 1 indicates a statistical trend (p<0.10) A. Sustained
retention in the cerebral cortex over each dynamic frame was observed in SXFAD
compared to WT up to 60min. B. A similar trend of sustained retention was observed in
basal ganglia up to 60min. C. Early retention in hippocampus was greater in the SXFAD
brain up to 30min, D. A similar trend of early retention was seen in the thalamus up to
30min. E. No differences were observed in amygdala retention between SXFAD and WT
over the entire time course. F. Ratio of 5SXFAD to WT time activity curve means
indicating the fold difference (increase) in radiotracer retention in the cerebral cortex
(blue), basal ganglia (light blue), hippocampus (orange), thalamus (pink) and amygdala
(purple) relative to WT controls. Cerebral cortex retention was approximately 3.5 fold
greater at 4min post-injection and was maintained at approximately 2.5 fold up to 60min
post-injection.
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in cerebral cortex is a prominent feature of AD progression, it is of value to assess the
relative proportion of radiotracer in the brain that can be attributed to the cortex (Darvesh
et al., 2010; Mesulam & Geula, 1994; Perry, Perry, et al., 1978). The cortical retention
index, a relative SUV (SUVRc.cortex/(whole brain-c.cortex)) metric that expresses tracer retention
in the cortex normalized to radiotracer uptake in the rest of the brain, serves as a means to
assess cortical retention while limiting inter-scan and inter-subject variability between
scans. With this metric, the cortical retention index was found to be significantly greater
(18-31%) in 5XFAD brain than in WT controls (Figure 2.6A), which was sustained over
the 60min of study. This is indicated by the ratio of label retention in SXFAD cerebral
cortex over that of WT controls is consistently on the order of 1.2 to 1.3 over each time

point examined (Figure 2.6B).
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Figure 2.6 A. N-Methylpiperidin-4-yl 4-['?’TJiodobenzoate retention indices for 5XFAD
(blue) and WT (green) mice. Mean + SEM. A. Cortical retention index (SUVRc cortex/whole
brain: cortical retention normalized to whole brain) was 18-31% greater in SXFAD brains
vs WT over the 60 min imaging window. * and ** denote statistically significant
differences (p<0.05, p<0.01, respectively). B. Fractional difference in cortical retention
index between SXFAD and WT indicating between 1.18-1.31X greater retention in the
cerebral cortex of SXFAD mice compared to WT.
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2.7 Discussion

A number of approaches have been undertaken to develop biomarkers for
definitive diagnosis of AD, including PET brain imaging of amyloid and tau. Several
amyloid imaging agents have been approved as ancillary agents to test for AD and tau
imaging agents are being developed (Villemagne et al., 2015). However, since amyloid
plaques and tau neurofibrillary tangles can also be found in cognitively normal
individuals, development of additional biomarker targets seems imperative to improve the
diagnosis of AD during life (Hou et al., 2004; Johnson, Minoshima, Bohnen, Donohoe,
Foster, Herscovitch, Karlawish, Rowe, Carrillo, Hartley, Hedrick, Pappas, & Thies,
2013). Changes in components of the cholinergic system, such as the appearance of
BChE associated with AD pathology in the cerebral cortex, provides an opportunity to
image this pathology without registering similar anomalies that may also be present in the
brains of many cognitively normal individuals. Thus, BChE may represent a viable
diagnostic imaging target which must be carefully considered. In other dementias, such
as dementia with Lewy bodies and vascular dementia, there are no reported increases in
levels of BChE (Perry et al., 2003; Xiao et al., 2012). However, for tauopathies, BChE
radiotracers will need to be evaluated in appropriate mouse models to determine their

specificity.

The radiotracer N-methylpiperidin-4-yl 4-['2I]iodobenzoate, selectively engages
with BChE and undergoes slow hydrolysis (Figure 2.1). This radiotracer crosses the
blood-brain barrier and there is greater retention in brains of the SXFAD mouse model
than WT counterparts (Figure 2.2). Sequential SPECT imaging analysis measuring

differential retention of radioactivity in the cerebral cortex and various subcortical
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regions (Figure 2.4) revealed known histochemical BChE activity (Figure 2.3). Time-
activity curves derived from sequential SPECT analysis consistently indicate elevated
retention of radioactivity in brains of SXFAD mice compared to WT counterparts
(Figures 2.2 and 2.5), that is particularly evident in the cerebral cortex (Figures 2.5 and

2.6).

In previous attempts, N-methylpiperidinyl acetate and proprionate could image
ACHhE in the human brainwhile N-methylpiperidinyl butyrate, a specific substrate for
BChE, entered the brain and accumulated in certain regions (Roivainen et al., 2004), but
it was unable to distinguish AD from normal brain (Kuhl et al., 2006). It is not clear why
N-methylpiperidinyl butyrate could not recapitulate what is known from post-mortem
brain histochemistry. There are several possibilities that include nonspecific or off-target
binding of the tracer, or that the radioactive atom ('!C) is located on the side of the ester
molecule that is the first leaving group during the BChE-catalyzed hydrolysis. This could
cause the radioactive atom being rapidly dispersed away from the target. To test this
possibility, a radiotracer with a larger acyl group bearing the radioactive atom was
employed. The placement of the radioactive atom (!2°T) on the acyl portion of the ester
ensures a longer lived enzyme-acyl intermediate than the earlier ligands. Altering the
placement of the radioactive atom appeared to improve the imaging outcomes in this
study. More importantly, these findings are in keeping with earlier observations in
human AD that BChE associates with AD pathology (Geula et al., 1994; Geula &
Mesulam, 1995; Guillozet et al., 1997; Ota et al., 2004). Evidence that BChE
radiotracers can distinguish between AD pathology and that in cognitively normal brains

with pathology bodes well for increased diagnostic performance with the development of
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selective BChE targeted imaging agents for comparative studies focused on the cerebral

cortex (Macdonald et al., 2016).

2.8 Conclusions

These preliminary findings provide in vivo evidence of N-methylpiperidin-4-yl 4-
['2IJiodobenzoate crossing the blood-brain barrier and are suggestive of target
engagement of this radioligand with BChE-associated pathology in the cerebral cortex of
the SXFAD brain. The current study demonstrates that BChE-specific radiotracers can be
developed as AD diagnostic agents. This work opens avenues for further investigations
to determine the temporal association of BChE accumulation in pathology using SPECT

BChE radiotracers in this and other pre-clinical models and, ultimately, in human AD.
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Chapter 3 In Vivo Screening of BChE Radioligands
using 2D Dynamic Planar Scintigraphy

3.1 Publication Status

Manuscript in preparation.

D.R. DeBay, L.R. Pottie, G.A. Reid, K. Kanayama, E. Martin, S. Burrell, C.V. Bowen, S.
Darvesh. 2D Dynamic Planar Scintigraphy evaluation of putative BChE AD Diagnostic
Radioligands.

3.2 Overview

This chapter builds on the pre-clinical Single Photon Emission Computed
Tomography (SPECT) imaging and analysis framework developed in Chapter 2 which
permitted a preliminary in vivo evaluation of lead candidate radioligand N-
methylpiperidinyl-4-['2}I]iodobenzoate (TRV6001) targeting butyrylcholinesterase
(BChE) for AD diagnostics (DeBay, Reid, Pottie, et al., 2017). This imaging scheme
utilized sequential three-dimensional (3D) SPECT images acquired over one hour with
subsequent co-registration of computed tomography (CT) and magnetic resonance
imaging (MRI) for anatomical localization of tracer uptake. The strength of this method
lied in the ability to determine the regional distribution of TRV6001 in the brain, albeit at
the expense of temporal resolution and with images of relatively low signal to noise ratio
(SNR). SPECT acquisition using a single head gamma camera required the acquisition of
four separate projections to generate a single SPECT image frame ultimately provided an
imaging timepoint every ~4 minutes. Radiotracer kinetics, particularly in the early
uptake (perfusion) phase after intravenous (IV) administration typically occur at a much

more rapid timescale on the order of seconds (Kang et al., 2016).
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The work in the current chapter focuses on developing and implementing two-
dimensional (2D) dynamic planar scintigraphy capabilities with the Cubresa SPARK™
SRT-50 tabletop SPECT scanner (Cubresa Inc., Winnipeg, MB). This approach offered
greatly increased temporal resolution, through the continuous acquisition of 2D lateral
projections of the mouse brain. Proof-of-concept evaluation of BChE radioligand
clearance characteristics provided insight into the kinetic profile of six candidate ['%]]
radioligands and ultimately validated the use of 2D dynamic planar scintigraphy as a

rapid screening tool to evaluate candidate ['2°I] BChE radioligands.

3.3 Abstract

In central nervous system (CNS) radioligand development, rapid screening of lead
radiotracer candidates in animal models is an essential component in establishing a
radioligand’s product profile, putting the most promising candidates forward for
evaluation in human clinical trials. In Alzheimer’s disease (AD), a number of molecular
imaging agents have been developed and evaluated in humans including those that target
AP and tau. However, in general, these agents lack specificity for AD as up to 30% of
cognitively normal individuals have evidence of this pathology. As such, a definitive
diagnosis of AD during life remains elusive. The enzyme butyrylcholinesterase (BChE)
is a highly sensitive and specific AD biomarker and a promising candidate for brain
imaging diagnostics. To this end, we have developed several classes of radioligands for
brain imaging that target BChE. The synthesis and in vivo evaluation of six such BChE

radioligands is described here.
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Methods: A series of lead [!2’I] BChE-targeting radioligand candidates in three classes
of molecules were synthesized, including pyridones: i) (p-['**I]iodophenyl)methyl 6-0xo-
1H-pyridine-2-carboxylate (TRV7005), ii) (p-['**I]iodophenyl)methyl 1-methyl-6-oxo0-

1 H-pyridine-2-carboxylate (TRV7006), iii) (p-[1**I]liodophenyl)methyl 6-methoxy-2-
pyridinecarboxylate (TRV7019), iv) benzyl 6-[(p-['**T]iodophenyl)methoxy]-2-
pyridinecarboxylate TRV7040); diphenyl carbamates: p-['**I]iodophenylamino benzoate
(TRV5001) and piperidines: N-Methylpiperidin-4-yl 4-['**T]iodobenzoate (TRV6001).
The product profile of each radioligand was characterized based on their physicochemical
attributes (using multiparametric optimization (MPO) scoring) and in vitro kinetic profile
(evaluating standard enzyme kinetics parameters, including the maximum enzymatic
reaction rate (Vua), rate of first chemical step (Kcar), Michaelis constant (K,), enzymatic
efficiency (kca/Kn) and inhibition equilibrium constant (K;)). Radioligands were then
imaged in vivo over one hour using two-dimensional (2D) dynamic planar scintigraphy in
four strains of mice exhibiting differential expression of BChE. These mice included a
familial AD mouse model (SXFAD) and corresponding wild-type (WT) counterparts in
addition to BCHE-knockout BCHE-KO mice and a derived SXFAD-BChE-KO strain
both of which lack a BChE-expressing phenotype. Scintigraphy imaging permitted
determination of each radiotracer’s ability to cross the blood-brain barrier (BBB) in
addition to their biodistribution in the brain over time. Whole brain time-activity curves,
generated from dynamic scintigraphy acquisitions binned into 60x 1-minute frames, were
fit with a mono-exponential decay function from which the rate of tracer clearance,
kelearance (min'), the half-life of tracer clearance, #1/2ciearance (min) and asymptotic

radiotracer concentration (i.e. tracer concentration remaining in the brain), C4 (%Cmax)
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could be derived and evaluated. For each radioligand, these kinetic summary measures
were then compared between the groups of mice imaged. Pooled data of mouse strains
within each radioligand permitted an overall comparison of tracer kinetics between

radioligands using an analysis of variance (ANOVA) statistical design.

Results: ['?°]] radioligands were successfully synthesized with all radioligands achieving
sufficiently good radiochemical yields (56.5-87%) and radiochemical purity (95.2-
95.9%). In general, most radioligands possessed favourable physicochemical
characteristics, registering MPO scores ranging between 3.43-4.74 for TRV7005,
TRV7006, TRV7019, TRV5001 and TRV6001, while TRV7040 had a lower MPO score
2.41. In vitro enzyme kinetics identified the radioligands as having high specificity for
BChE. 2D dynamic planar scintigraphy provided sufficient image quality to evaluate the
biodistribution of the radioligands evaluated. With the exception of TRV7040, all
pyridone radioligands, including TRV7005, TRV7006 and TRV7019, crossed the BBB
and were taken up in the brain. Diphenyl carbamate radioligand TRV5001 and piperidine
radioligand TRV6001 also crossed the BBB and were taken up in the brain. Whole brain
time-activity curves were generated from which kinetic summary measures of tracer
clearance were successfully evaluated. In general, no significant differences in kcicarance,
t1/2¢learance and C4 Were observed between mouse strains for each radioligand evaluated,
save TRV7019, where a 58% decrease in keiearance (SXFAD = 0.23 + 0.4 min™'; WT = 0.4
+0.04 min!; p=0.041) and commensurate increase of 82% in ¢;/2cicarance (SXFAD = 3.22
1+ 0.55 min ; WT = 1.77£0.15 min p =0.065 (statistical trend)) were demonstrated.

However, no significant difference in asymptotic tracer concentration, C4 (5XFAD = 56.2
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1 5.0%; WT =55.9 £ 6.1%, p =0.964) was apparent between SXFAD and WT groups.
Comparison of kinetic summary measures between radioligands revealed significantly
greater ¢1/2 clearance (thus faster keiearance) for TRV5001 and TRV6001 compared to all other
radioligands. The asymptotic tracer concentration, Ca was also significantly greater for
TRV5001 and TRV6001 compared to all other radioligands suggesting greater brain

retention of these radioligands.

Discussion: In general, the BChE radioligands evaluated in the current study possessed
favourable physicochemical characteristics, with all but one radioligand (TRV7040)
crossing the BBB which was accurately predicted by MPO score. 2D dynamic planar
scintigraphy proved to be a robust technique with sufficient sensitivity to evaluate
radioligand kinetics clearance and was able to distinguish different rates of clearance
between radioligands. Even within the same class of radioligands, different clearance
behaviour was apparent. 2D dynamic planar scintigraphy imaging can be combined with
in vitro kinetics and MPO scores as part of the tracer product profile and provide valuable
information that can be incorporated into a “go/no go” paradigm for further

characterization and development of candidate BChE radioligands.

3.4 Introduction

Alzheimer’s disease (AD) is the most common cause of dementia (Scheltens et
al., 2016) and a definitive diagnosis of AD during life remains elusive. Brain imaging
biomarkers that measure f-amyloid plaques (Ap), tau neurofibrillary tangles (NFT) and

neurodegeneration (Jack et al., 2018), though informative, generally lack the diagnostic
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specificity required for a definitive diagnosis. There is a great need for improved brain

imaging biomarkers to enhance the accuracy of an AD diagnosis during life.

AD is a state of cholinergic dysfunction, which significantly contributes to the
cognitive decline associated with AD (Coyle et al., 1983). The cholinergic enzyme
butyrylcholinesterase (BChE) associates with A} and tau pathology in AD. We have
recently shown in human brains at autopsy that BChE is a highly sensitive and specific
biomarker of AD, has strong predictive value and could therefore elevate the accuracy of

an AD diagnosis.

To this end, we have developed several classes of radioligands for brain imaging
that target BChE. The synthesis and in vivo evaluation of six such BChE radioligands are
described here, which include pyridones: i) (p-['**I]iodophenyl)methyl 6-oxo-1H-
pyridine-2-carboxylate (TRV7005), ii) (p-[!**I]iodophenyl)methyl 1-methyl-6-0xo-1H-
pyridine-2-carboxylate (TRV7006), iii) (p-['**I]Jiodophenyl)methyl 6-methoxy-2-
pyridinecarboxylate (TRV7019), iv) benzyl 6-[(p-['**T]iodophenyl)methoxy]-2-
pyridinecarboxylate TRV7040); a diphenyl carbamate: p-['**T]iodophenylamino benzoate

(TRV5001) and a piperidine: N-Methylpiperidin-4-yl 4-['**T]iodobenzoate (TRV6001).

3.5 Materials and Methods

Formal approval to conduct the current experiments was obtained from the
Dalhousie University Radiation Safety Committee and the Canadian Nuclear Safety
Commission (license 07154-2-17.10). Mice were cared for according to the guidelines
set by the Canadian Council on Animal Care (Dalhousie University Committee on

Laboratory Animals Protocol 15-070).
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3.5.1 Physicochemical Evaluation of ['2%]] Radioligands

Multiparametric optimization (MPO) scores were determined as outlined by
Wager et al. (Wager et al., 2010). Six physicochemical properties of each radioligand
including molecular weight (MW), topological polar surface area (TPSA) most basic
center (pKa), calculated partition coefficient (clogP), calculated distribution coefficient at
pH 7.4 (clogD) and hydrogen bond donors (HBD) were determined. These properties
were evenly weighted and scored between 0-1 to give a composite MPO score.
Typically, an MPO > 3.0 is predictive of a radioligand’s ability to cross the blood-brain

barrier (BBB) and reach the brain.

3.5.2 In Vitro Enzyme Kinetics

In vitro enzyme kinetics were carried out using standard methods that have been
described previously (Darvesh, Walsh, et al., 2003). Enzyme kinetic parameters included
the maximum enzymatic reaction rate (Ve (Memin')), rate of first chemical step (Kear
(min')), Michaelis constant (K,,), enzymatic efficiency (ke./K») and inhibition

equilibrium constant (K; (min!)).

3.5.3 Radiosynthesis

3.5.3.1 (p-['Zl]lodophenyl)methyl 6-oxo-1H-pyridine-2-carboxylate (TRV7005)
Synthesis of (p-['?*1]lodophenyl)methyl 6-0xo-1H-pyridine-2-carboxylate was
performed with modifications of a procedure described previously (DeBay, Reid, Pottie,
etal., 2017). Briefly, in a plastic microtube (250 pL), Na'?*I (~185 MBq) in 0.1 M
NaOHqg) (20 pL) was diluted with 1 M NaOHag) (20 pL), then acidified with 1 M

HClag) (25.5 puL). The solution was vortexed, centrifuged and checked to ensure the pH
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was acidic. To this was added acetonitrile (50 pl) followed by (p-(tributylstannyl)
phenyl)methyl 6-oxo-1H-pyridine-2-carboxylate in acetonitrile (50 pl, 4.64mM). The
reaction was initiated by adding N-chlorosuccinimide in acetonitrile (50 pl, 3mM). After
vortexing (7.5 minutes) at room temperature, the reaction mixture was centrifuged and
injected in an Agilent Infinity 1260 HPLC with a 250mm zorbax xdb eclipse C18 column
with an eluent of 80% methanol and 20% water run at 1ml per minute. After 6 minutes,
the eluent was switched to 100% acetonitrile at 3 ml per minute to remove any unreacted
precursor. Fractions were collected every 30 seconds. Using a retention time established
with (p-lodophenyl)methyl 6-oxo-1H-pyridine-2-carboxylate, the appropriate fractions
containing the radioligand were collected and combined in a glass v-vial. The combined
solution, with 5ul of 1M HCI added, was dried at 55°C under a light stream of argon.
Radiotracer was re-dissolved in 5% ethanol and 0.9% saline (0.25 mL) for animal

administration.

3.5.3.2 (p-['2I1]lodophenyl)methyl 1-methyl-6-oxo-1H-pyridine-2-carboxylate
(TRV7006)

Synthesis of (p-['**I]lodophenyl)methyl 1-methyl-6-0xo-1H-pyridine-2-
carboxylate was performed with modifications of a procedure described previously
(DeBay, Reid, Pottie, et al., 2017). Briefly, in a plastic microtube (250 uL), Na!?[ (~185
MBq) in 0.1 M NaOHq) (20 pnL) was diluted with 1 M NaOHq) (15 pL), then acidified
with 1 M HClg) (20 pL). The solution was vortexed, centrifuged and checked to ensure
the pH was acidic. The precursor, (p-(tributylstannyl)phenyl)methyl 1-methyl-6-oxo-1H-
pyridine-2-carboxylate in acetonitrile (20 pl, 3mM), was added and the reaction was
initiated by adding N-chlorosuccinimide in acetonitrile (20 pl, 3mM). After

vortexing (7.5 minutes) at room temperature, the reaction mixture was centrifuged and
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injected in an Agilent Infinity 1260 HPLC with a 250mm zorbax xdb eclipse C18 column
with an eluent of 100% acetonitrile at 0.7ml per minute. Fractions were collected every
30 seconds. Using a retention time established with (p-lodophenyl)methyl 1-methyl-6-
oxo-1H-pyridine-2-carboxylate, the appropriate fractions containing the radioligand were
collected and combined in a glass v-vial. The combined solution, with 5ul of 1M HCl
added, was dried at 55°C under a light stream of argon. Radiotracer was re-dissolved in

5% ethanol and 0.9% saline (0.25 mL) for animal administration.

3.5.3.3 (p-['?l]lodophenyl)methyl 6-methoxy-2-pyridinecarboxylate (TRV7019)

Synthesis of (p-['**I]lodophenyl)methyl 6-methoxy-2-pyridinecarboxylate was
performed with modifications of a procedure described previously (DeBay, Reid, Pottie,
etal., 2017). Briefly, in a plastic microtube (250 pL), Na'?*I (~185 MBq) in 0.1 M
NaOHqg) (20 pL) was diluted with 1 M NaOHg) (15 pL), then acidified with 1 M
HCl(ag) (19.5 pL). The solution was vortexed, centrifuged and checked to ensure the pH
was acidic. To this was added acetonitrile (50 pl) followed by (p-(tributylstannyl)
phenyl)methyl 6-methoxy-2-pyridinecarboxylate in acetonitrile (50 ul, 3mM). The
reaction was initiated by adding N-chlorosuccinimide in acetonitrile (50 pl, 3mM). After
vortexing (7.5 minutes) at room temperature, the reaction mixture was centrifuged and
injected in an Agilent Infinity 1260 HPLC with a 250mm zorbax xdb eclipse C18 column
with an eluent of 90% acetonitrile and 10% water run at 1ml per minute. Fractions were
collected every 30 seconds. Using a retention time established with (p-
Iodophenyl)methyl 6-methoxy-2-pyridinecarboxylate, the appropriate fractions
containing the radioligand were collected and combined in a glass v-vial. The combined

solution, with 5ul of 1M HCI added, was dried at 55°C under a light stream of argon.
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Radiotracer was re-dissolved in 5% ethanol and 0.9% saline (0.25 mL) for animal

administration.

3.5.3.4 benzyl 6-[(p-['?*lJiodophenyl)methoxy]-2-pyridinecarboxylate (TRV7040)

Synthesis of benzyl 6-[(p-[%*I]iodophenyl)methoxy]-2-pyridinecarboxylate was
performed with modifications of a procedure described previously (DeBay, Reid, Pottie,
etal., 2017). Briefly, in a plastic microtube (250 pL), Na'?*I (~185 MBq) in 0.1 M
NaOHyq) (20 pL) was diluted with 1 M NaOHaq) (10 pL), then acidified with 1 M
HCl(aq) (17 pL). The solution was vortexed, centrifuged and checked to ensure the pH
was acidic. To this was added acetonitrile (50 pl) followed by benzyl 6-[(p-
(tributylstannyl) phenyl)methoxy]-2-pyridinecarboxylate in acetonitrile (25 pl,
3mM). The reaction was initiated by adding N-chlorosuccinimide in acetonitrile (25 pl,
3mM). After vortexing (7.5 minutes) at room temperature, the reaction mixture was
centrifuged and injected in an Agilent Infinity 1260 HPLC with a 250mm zorbax xdb
eclipse C18 column with an eluent of 90% acetonitrile and 10% water run at Iml per
minute. Fractions were collected every 30 seconds. Using a retention time established
with Benzyl 6-[(p-iodophenyl)methoxy]-2-pyridinecarboxylate, the appropriate fractions
containing the radioligand were collected and combined in a glass v-vial. The combined
solution was dried at 55°C under a light stream of argon. Radiotracer was re-dissolved in

5% ethanol and 0.9% saline (0.25 mL) for animal administration.

3.5.3.5 p-['?%lliodophenylamino benzoate (TRV5001)

The synthesis of TRV5001 followed methods that have been described previously

(Macdonald et al., 2016).
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3.5.3.6 N-Methylpiperidin-4-yl 4-['?3]]iodobenzoate (TRV6001)

The synthesis of TRV6001 followed methods described previously (DeBay, Reid,

Pottie, et al., 2017).

3.5.4 Animals

In the current study, four strains of mice were utilized to evaluate candidate
radioligands, namely SXFAD and wild-type (WT) mice with additional BChE-KO and
5XFAD-BChE-KO mice evaluated in some instances and are detailed below. The
5XFAD mouse model (Oakley et al., 2006) is based on familial AD mutations and the
model overexpresses human amyloid precursor protein (4PP) and presenilin 1 (PS1)
mutations. 5XFAD is a model of aggressive amyloidosis exhibiting AP} deposition as
early as ~2 months of age (Oakley et al., 2006). In addition, a number of similarities
between this AD animal model and human AD have been documented, including loss of
synaptic markers, cognitive impairment (Eimer & Vassar, 2013; Oakley et al., 2006) and
importantly, association of BChE with AD pathology (Darvesh & Reid, 2016; Reid &
Darvesh, 2015). 5SXFAD, WT, BChE-KO and 5XFAD/BChE-KO mice were produced

and strains maintained as outlined previously (DeBay, Reid, Macdonald, et al., 2017).

A summary of mice demographics including age, sex, sample size (n) and

average injected dose for each radioligand is seen in Table 3.1.
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S0l

TRV # Structure IUPAC Modality | S5XFAD WT BCHE-KO Age ID (mCi)
Name n (M,F) n (MF) n (M,F) (months) | Total Cts (x106)
o - 2D dynamic | 4 (4M,0F) | 4 (4M,0F) | 1 (5X-BCHE-KO) | (11.2+02) [ (1.45+0.114) mCi
TRV7005 & o«@ éodophle}nlwn?zt_hyl planar (IM,0F)
-0x0-1H- ine- o
NH I 2—carb02§/,{;te scintigraphy (9.08 £ 1.12)
(0]
o - 2D dynamic n/a 3 (0M,3F) T (BCHE-KO) (123+0.0) [ (0.959+ 0.029) mCi
TRV7006 N0 Todophenyl)methyl planar (OM,1F)
| N 1-methyl-6-oxo- . h
~ | | H-pyridine-2- scintigraphy (6.56+ 0.15)
0o carboxylate
0 - 2D dynamic | 3 (OM,3F) 3 n/a (12.7+0.3) | (1.398+ 0.200) mCi
TRV7019 5 o&@\ I%Olﬁ:;%)mezthyl planar (OM,3F)
- Xy-2- .
N I pyridinecarboxylate scintigraphy (9.21£1.38)
(o]
~
0 ~ Benzyl 6-[(p- 2D dynamic | 2 (2M,0F) | 2 (IM,IF) n/a (84+1.1) | (1.175£0.130) mCi
TRV7040 ‘ x O% 1odopheny;)methox planar
! AN N pyridineyc];rt}oxylate scintigraphy/ (7.15 + 0.86)
0 3D SPECT
S p-Todophenylamino | 2D dynamic 2 (OM,2F) 1 (OM,1F) n/a (5.1+£0.8) | (0.871 % 0.062) mCi
TRV5001 D/ D \© benzoate planar
| ° scintigraphy (6.19 + 0.36)
5 O/ NMethylpiperidin- | 2D dynamic Wa T T (3X-BCHE-KO) | (10.1%0.0) | (0.864% 0.110) mCi
TRV6001 o | Ayl4 planar (1IM,0F) (1M,0F)
iodobenzoate SR
| scintigraphy (3.20+ 0.75)

Table 3.1 2D dynamic planar scintigraphy subject demographics, grouped by butyrylcholinesterase (BChE) [!#I] radioligand. TUPAC
= International Unit of Pure and Applied Chemistry nomenclature; n = number of subjects; M = male; F = female; ID = injected dose
in millicuries (mCi); Total cts = total counts of radioactive decay acquired over scan. Mean + SEM.



3.5.5 2D dynamic Planar Scintigraphy

3.5.5.1 Dynamic Scintigraphy Acquisition

At least two hours prior to imaging, mice were weighed and given an
intraperitoneal (IP) injection of Lugol’s solution (potassium iodide (KI)), dosed at
8.63ul/g to block potential accumulation (albeit a small proportion) of free ['2°] in the
thyroid, a gland that avidly uptakes ['?*I] in the form of Na['%’I]. Mice were then placed
in an induction chamber, anaesthetized with 3% isofluorane (in 97% oxygen) and
restrained in a TailVeiner Restrainer (Braintree Scientific Inc., Braintree MA, USA)
while under a continuous stream of 1.5% isofluorane gas. A custom built, in-house
catheter line (30-gauge, 0.5 inch needle; 0.025/0.012 inch polyethylene tubing, Braintree
Scientific Inc., Braintree MA, USA) was placed in the lateral tail vein. Mice were then
secured in prone position, wrapped in a blanket on a heated animal bed and maintained
under continuous stream of 1.5-2% isofluorane while the respiration rate monitored for
the duration of the imaging procedure (SA Instruments Inc. Stony Brook, NY). Scans
were acquired with a SPARK™ SRT-50 tabletop SPECT scanner (Cubresa Inc., MB,
CA) equipped with a Imm diameter single pinhole tungsten collimator (SciVis GmbH,
Gottingen, Germany) with a transaxial aperture field of view (FOV) of 30mm and
inherent sensitivity of 50 cps/MBq. The mouse head region was centered on the
scanner’s FOV and demarked with fiducial markers incubated with ['2*I] and integrated
within the imaging bed. A 2D planar scintigraphy acquisition was initiated, acquired as a
continuous lateral projection over 60 minutes. Two minutes after the start of the scan,

each radioligand was administered through the tail vein catheter line over ~15sec and
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subsequently flushed with ~20uL saline. A summary of the average injected doses of

each radioligand is seen in Table 3.1.

2D planar scintigraphy projections were converted to list mode data using built-in
Cubresa SPARK™ preprocessing routine at 159 keV with a 20% energy window applied.
Images were reconstructed to a 208 X208 matrix, yielding a resolution of 0.8mm. List
mode data of the 60 minute scan were then re-binned into 60 second frames giving an

effective temporal resolution of 60 sec for each projection image.

3.5.5.2 3D SPECT/CT Imaging of TRV7040

For radioligand TRV7040, corroboration with three-dimensional (3D) SPECT
was performed to more closely evaluate the regional distribution of tracer in the brain.
Animal preparation for SPECT imaging followed a similar procedure outlined in section
3.5.5.1 with the following modifications. Mice received an IV injection of TRV7040
(1.27mCi in 210uL), followed by a saline flush of ~10uL. Tracer uptake occurred in
conscious mice over 10 minutes. The mouse head region was centered on a 14mm axial
field of view (FOV) and a 3D static SPECT scan was acquired in super list mode (SLM)
over 40 minutes (4 projections) on the SPARK™ SRT-50 single head standalone tabletop
SPECT scanner (Cubresa Inc., Winnipeg, MB) integrated with a Triumph XO LabPET
pre-clinical computed tomography (CT) scanner (Trifoil Imaging, CA). Following
SPECT imaging, a CT scan was acquired for anatomical reference. CT images were
collected in fly mode with a 70 kVp x-ray beam energy (160pA beam current), 512
projections, 4 summed frames/projection, with 2x2 binning and magnification of 2.26X,

providing complete whole brain coverage in a 56mm FOV. CT scan duration was 8.5min.
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3.5.5.3 2D Dynamic Planar Scintigraphy Imaging and Statistical Analyses

At the frame of peak tracer concentration in the brain (Cmax), @ Smmx15mm
rectangular ROI was manually placed over the lateral whole brain projection (aligned
with the fiducial markers) and then propagated over each of the remaining 59 frames for
analysis in VivoQuant® (Invicro, Boston, MA). Mean whole brain projection ROI values
of each frame were extracted and used to generate time-activity curves of the 60-minute
scintigraphy acquisition. Time-activity curves were expressed as a percentage relative to

the peak concentration (i.e. %Cmax) of tracer that reached the brain.

The brain retention characteristics of each radioligand were evaluated by fitting a
single mono-exponential decay function (Figure 4.1), via iterative least squares method to
the respective radioligand’s time-activity curves depicting %Cnmax in the brain.

Exponential fits were constrained to start at a peak brain concentration, Cmax, of 100%.

108



Radioligand Clearance
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Figure 3.1 Radioligand concentration in the brain as a function of time,
C(1), depicting the single-phase clearance of a radiotracer from the brain
with an initial peak concentration, Cmax. Clearance is expressed as a
decreasing monoexponential function with associated kinetic parameters
1172 clearance (the half-life of tracer clearance (min)), kciearance (the rate of
tracer clearance (min'')), and Cy (the asymptotic tracer concentration,
expressed as %Cmax).
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Goodness of fit of the resultant exponential curves was evaluated using R? and
standard deviation of the residuals (Sy,x) metrics, with higher R? and lower Sy.x values
indicating fits that better-describe the overall data. Exponential fitting was performed in
PRISM 8.0 (GraphPad, San Diego, CA). Three derived parameters of the exponential fits
were evaluated, providing summary measures of radiotracer clearance, namely, the rate
constant of tracer clearance, kcicarance (min''), the half-life of tracer clearance, ¢/ cicarance

(min), and the asymptotic concentration of tracer, Cy (%Cmax).

For each radioligand, group means of these derived summary measures were
compared between mouse strains imaged using independent samples student t-tests at a
significance level of 5% (p<0.05), assuming equal variances (to permit statistical

comparison among even those groups with only single mice represented).

A separate analysis of these summary measures was performed to evaluate the
inter-tracer differences in kinetic summary measures using an analysis of variance
(ANOVA) statistical design. If significant, post-hoc analyses were subsequently carried
out to compare groups using least significant difference (LSD) comparisons. All

statistical tests were performed in SPSS (IBM, Armonk, NY).

3.6 Results

3.6.1 Physicochemical Profile of ['23]] Radioligands

In general, radioligands possessed favourable physicochemical characteristics,
registering MPO scores that ranged between 3.43-4.74 for TRV7005, TRV7006,

TRV7019, TRV5001 and TRV6001, while TRV7040 had a lower MPO score of 2.41. A
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summary of all six physicochemical properties that comprise the MPO score for a given
radioligand is seen in Table 3.2. A central nervous system (CNS) radioligand with MPO
>3 has a high probability of crossing the blood brain barrier. A desirable CNS radioligand
typically possesses a lower MW (<360g/mol), possess a TPSA between 40-90, have

fewer HBD (<0.5), and favours smaller ClogP (<3), ClogD (<2) and pKa (<8) values.

3.6.2 In Vitro Enzyme Kinetic Profile of ['23l] Radioligands
Evaluation of enzyme kinetic revealed that ['2*I] radioligands in the current study
had favourable in vitro kinetic profiles, suggesting suitable specificity for BChE. A

complete summary of in vitro enzyme kinetic parameters is seen in Table 3.3.

3.6.3 Radiosynthesis

['2I] radioligands were successfully synthesized with all radioligands achieving
sufficiently good radiochemical yields, with a range between 56.5-87% and high
radiochemical purity, with a range between 95.2-99.9% among the radioligands

evaluated. A full summary of these radiosynthesis results is seen in Table 3.3.
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TRV #

Structure

Name

MW
(g/mol)

TPSA

clogP/clogD

HBD

MPO

TRV7005

(p-lodophenyl)methyl
6-oxo-1H-pyridine-2-
carboxylate

355.13

55.4

9.51

2.68/2.67

4.74

TRV7006

(p-lodophenyl)methyl
1-methyl-6-oxo0-1H-
pyridine-2-
carboxylate

369.15

48.33

20

29/29

4.50

TRV7019

(p-lodophenyl)methyl
6-methoxy-2-
pyridinecarboxylate

369.15

48.42

20

4.04/4.04

3.43

TRV7040

Benzyl 6-[(p-

iodophenyl)methoxy]-

2-pyridinecarboxylate

445.26

48.42

20

5.76 /5.76

241

TRV5001

p-lodophenylamino
benzoate

339.13

38.33

12.3

3.44/3.45

3.80

TRV6001

N-Methylpiperidin-4-
yl 4-iodobenzoate

345.18

29.54

7.72

3.05/3.45

4.73

Table 3.2 Physicochemical profile of lead butyrylcholinesterase (BChE) ['2*]] radioligands, evaluated from six physicochemical
properties including MW, molecular weight; TPSA, topological polar surface area; pKa, most basic center ; clogP, calculated partition

coefficient; clogD, calculated distribution coefficient at pH 7.4 and HBD, hydrogen bond donors. These properties are evenly

weighted and scored between 0-1 to give a composite Multiparametic Optimzation (MPO) score (Wager et al., 2010). In general, a
central nervous system (CNS) radioligand with MPO >4 has a high probability of crossing the blood brain barrier. A desirable CNS
radioligand typically possesses a lower MW (<360g/mol), possess a TPSA between 40-90, have fewer HBD (<0.5), and favours

smaller ClogP (<3), ClogD (<2) and pKa (<8) values.
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TRV # Structure Name Enzyme Kinetics Radiosynthesis
Vimax keat Km Kecat | Km Ki RCY RCP
(Memin™) (min’") (min™) (%) (%)
0 -
TRV7005 [y o Iodophenyl)methyl 4900 1.5x10° 3.3x108 4.38x107 68 96.3
NH | 1-methyl-6-0x0-1H- n/a
o pyridine-2-
carboxylate
0 -
TRV7006 Sy o lodophenyl)methyl 3000 2.1x1073 1.5x108 3.1x1073 56.5 95.2
I N | 6-methoxy-2- n/a
o pyridinecarboxylate
O Benzyl 6-[(p-
TRV7019 Ny” o iodophenyl)methoxy 80000 1.1x10* 7.6x108 8.8x10°¢ 74.2 99.9
LN ]-2- n/a
0 l pyridinecarboxylate
O p-lodophenylamino not
TRV7040 B o/\© benzoate subsltlrc:te or substrate | not substrate not substrate subsl':roatte or 78.7 98.8
'\[jv AN L o or or inhibitor or inhibitor g
) inhibitor inhibitor inhibitor
B o p-lodophenylamino
TRV5001 /©/ Wo( \© benzoate n/a n/a n/a n/a n/a 87 96
|
0 /O/ N-Methylpiperidin-
TRV6001 /©)Lo 4-yl 4-iodobenzoate 21.0x10°¢ 328 123x107° 2.7x108 n/a 83 98
I

Table 3.3 In vitro enzyme kinetic parameters and radiosynthesis results of candidate butyrylcholinesterase (BChE) ['?]] radioligands.
For in vitro kinetics, the maximal enzymatic reaction rate, Viax (Memin™), ke. (min) rate of the first committed chemical step, Km
Michaelis constant, enzymatic efficiency (Kc./Kn) and K;, inhibition equilibrium constant were evaluated. In general, an effective
BChE radioligand possesses a higher value of Vi, kcar, kea/Km and K; and a lower K, value. The radiosynthesis of these tracers
resulted in a radiochemical yield (RCY) between (56.5 — 87)% and a radiochemical purity (RCP) between (95.2 — 99.9)%.



3.6.4 2D Dynamic Planar Scintigraphy

The following results describe the 2D dynamic planar scintigraphy imaging
findings of six BChE radioligands that were administered through IV tail vein injections
into mice two minutes after the start of a 60-minute scintigraphy scan that was acquired
in the lateral plane. Whole brain time-activity curves were generated from which a single
exponential function was fitted to determine kinetic parameters of tracer clearance from
the brain. Goodness of fit metrics for each radioligand are seen in Table 3.4 and in
general, indicate a strong correspondence of the fitted curves with the measured
scintigraphy time-activity curve data suggesting that this approach adequately describes

the clearance characteristics for each radiotracer.

In the subsequent sections, time-activity curves for each radioligand are shown in
sequence following the scintigraphy image series and are also shown in a combined

summary panel at the end of the current section (Figure 3.21).

In general, scintigraphy projections of the mouse brain showed sufficient image
quality, generating between (3.2010.75) — (9.21+1.38) million counts across radioligands
(Table 3.1). Scintigraphy images could delineate whole brain from other extracranial
structures in close proximity. Differential patterns of distribution were observed over

time between the various radioligands evaluated, as detailed in subsequent sections.
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['1] Goodness of fit
Radioligand
mean + SEM (range)
R? SS Sy.x

TRV7005 0.93+£0.02(0.76 -0.98) | 446+59 (122-684) | 2.87+0.17 (2.05—-3.56)
TRV7006 0.92+0.02 (0.88-0.97) | 392+£52(271-494) | 2.68 £0.18 (2.24 - 3.03)
TRV7019 0.95%0.01 (0.93-0.98) | 15913 (132-202) 1.71 £0.07 (1.57-1.93)
TRV7040

TRV5001 0.91£0.04 (0.84-0.97) | 446+£59 (137-303) | 2.13+0.26 (1.62—-2.39)
TRV6001 0.94£0.02(0.92-0.96) | 219+68 (151 -287) | 2.04+0.33 (1.71 -2.37)

Table 3.4 Goodness of fit metrics for each ['?°I] radioligand modeled by a single
decreasing exponential function. R?, Sum of squares (SS), and standard deviation of
residuals (Sy.x) were evaluated for the brain clearance curves for each radioligand. Mean
+ SEM shown in addition to the range of values in parentheses. Smaller SS, Sy.x values
and R? values closer to 1.0 indicating better overall fits. In general, these goodness of fit
metrics indicated a strong correspondence with the measured scintigraphy time-activity
curve data, suggesting that this approach adequately describe the radioligand clearance
kinetics for each radiotracer. TRV 7040 was not evaluated as it did not cross the blood-
brain barrier.
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3.6.4.1 TRV7005

2D dynamic planar scintigraphy scans revealed significant whole brain uptake of
TRV7005, confirming the ability of TRV7005 to cross the blood-brain barrier (BBB).
Representative images series for SXFAD and WT mice are seen in Figure 3.2 and Figure
3.3, respectively. Peak radioligand uptake occurred in the SXFAD and WT brain at
frame 4 (2 minutes post-injection) in all but one WT mouse (frame 5), with uptake
largely restricted to the brain and subsequent washout of TRV7005 from the brain in both
5XFAD and WT mice was apparent by visual inspection over the scan duration (Figure
3.2, Figure 3.3). A diffusely distributed background signal was also seen in extracranial
regions within the animal as the scan progressed. Whole brain time-activity curves are
seen in Figure 3.4, presented as mean time activity curves for SXFAD and WT groups
(Figure 3.4A, Figure 3.20A), as individual subject data with corresponding fits (Figure
3.4B, Figure 3.20B) and as fitted curves alone (Figure 3.4C, Figure 3.20C). Mean time-
activity curves for SXFAD and WT were similar, with considerable overlap apparent
between the time-activity curves of the two groups (Figure 3.4A), save a subtle
divergence of the curves observed between 5-15 minutes suggesting a short period of
latent clearance in the SXFAD brain, that subsequently reaches values similar to that of
WT. Nevertheless, no significant differences were observed in the overall rate of tracer
clearance, keiearance (SXFAD =0.12 £ 0.03 min™' ; WT=0.12 £ 0.02 min™!; p = 0.971) the
half-life of clearance, #;/2cicarance (SXFAD = 6.51 £ 1.19 min; WT =7.21 £ 1.75 min; p =
0.756) or asymptotic tracer concentration, C4 (SXFAD =49.2 + 5.10%; WT =42.5 +

1.03%; p = 0.281) between SXFAD and WT groups (Figure 3.21A-C, Table 3.5).
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Figure 3.2 TRV7005 dynamic planar scintigraphy scans for a representative SXFAD
mouse. Lateral projections were acquired dynamically over 60 minutes with radioligand
administration occurring 2 minutes after the start of the scan. Images were binned into
60X 1-minute frames for analysis (frames 1-40 displayed in the figure, denoted
numerically in white at the top left of each image). A fused CT/MRI overlay serves as an
anatomical reference in frame 1 indicating brain (yellow arrow), heart (red arrow),
thyroid/salivary gland region (green arrow) and integrated fiducial marker placed at the
most rostral extent of the olfactory bulb (purple arrow). D=dorsal; V=ventral, R=rostral;
C = caudal. TRV7005 crossed the blood-brain barrier (BBB) and was taken up in the
brain with peak radiotracer accumulation occurring at 2 minutes post-injection (frame 4)
in SXFAD mice. Radiotracer uptake was largely restricted to the brain with subsequent
washout of TRV7005 apparent over the course of the scan. A diffuse distribution of
background signal is also seen extracranially within the animal over the course of the
scan. Corresponding whole brain time-activity curves are seen in Figure 3.4, Figure 3.20
and associated kinetic summary measures of tracer clearance are seen in Figure 3.21,
Table 3.5. Colour scale represents average counts per second (cts/s) in a given image
pixel.
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Figure 3.3 TRV7005 dynamic planar scintigraphy scans for a representative WT mouse.
Lateral projections were acquired dynamically over 60 minutes with radioligand
administration occurring 2 minutes after the start of the scan. Images were binned into
60X 1-minute frames for analysis (frames 1-40 displayed in the figure, denoted
numerically in white at the top left of each image). A fused CT/MRI overlay serves as an
anatomical reference in frame 1 indicating brain (yellow arrow), heart (red arrow),
thyroid/salivary gland region (green arrow). D=dorsal; V=ventral, R=rostral; C =
caudal. TRV7005 crosses the blood-brain barrier (BBB) and is taken up in the brain with
peak tracer concentration (Cmax) occurring at 2 minutes post-injection (frame 4) in all but
one WT mouse (Cmax reached at 3 minutes post-injection). As in SXFAD, radiotracer
uptake was largely restricted to the brain with subsequent washout of TRV7005 apparent
over the course of the scan. A diffuse distribution of background signal is also seen
extracranially within the animal over the course of the scan. Corresponding whole brain
time-activity curves are seen in Figure 3.4, Figure 3.20 and associated kinetic summary
measures of tracer clearance are seen in Figure 3.21, Table 3.5. Colour scale represents
average counts per second (cts/s) in a given image pixel.
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Figure 3.4 Whole brain time-activity curves for TRV7005 expressed as percent of peak
concentration (%Cmax) in brain. A. Mean time-activity curves (mean = SEM) are shown
for WT (green), SXFAD (blue) and SXFAD-BChE-KO (black). B. Time-activity curves
of individual mice and corresponding fitted exponential function (solid line). C. Fitted
exponential functions alone for individual mice from which kinetic summary measures
were derived and compared (Table 3.5, Figure 3.21).
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3.6.4.2 TRV7006

TRV7006, a structurally similar radioligand to TRV7005, also readily crosses the
BBB and is taken up in the brain. Representative image series for WT and BChE-KO
mice are seen in Figure 3.5 and Figure 3.6, respectively. Peak radioligand uptake reliably
occurred at frame 4 (2 minutes post-injection) in the WT and BChE-KO mice. A similar
pattern of brain uptake was observed to that of TRV7005 (Figure 3.5, Figure 3.6).
Washout of TRV7006 also occurred in both WT and BChE-KO mice. Whole brain time-
activity curves are seen in Figure 3.7, presented as mean time activity curves for WT and
BChE-KO mice (Figure 3.7A), as individual subject data with fitted functions (Figure
3.7B) and as fitted curves alone (Figure 3.7C). Mean time-activity curves for WT and
BChE-KO demonstrated considerable overlap apparent between the time-activity curves
of the two groups (Figure 3.7A). No significant differences were observed in the rate of
clearance kciecarance (WT = 0.16 £ 0.06 min™! ; BChE-KO = 0.21 + 0.03 min’! ; p = 0.525)
t12ctearance (WT = 4.72 £ 0.93min ; BChE-KO =3.27 £ 0.93 min; p = 0.517) or asymptotic
tracer concentration, C4 (WT = 52.3 £ 4.6%; BChE-KO =49.3 £ 4.6, p =0.770) between

WT and BChE-KO mice (Figure 3.21D-F, Table 3.5).

120



. . L] L] L]

1.0 cts/s 5.0

Figure 3.5 TRV7006 dynamic planar scintigraphy scans for a representative WT mouse.
Lateral projections were acquired dynamically over 60 minutes with radioligand
administration occurring 2 minutes after the start of the scan. Images were binned into
60X 1-minute frames for analysis (frames 1-40 displayed in the figure, denoted
numerically in white at the top left of each image). A fused CT/MRI overlay serves as an
anatomical reference in frame 1 indicating brain (yellow arrow), heart (red arrow),
thyroid/salivary gland region (green arrow) and integrated fiducial marker placed at the
most rostral extent of the olfactory bulb (purple arrow). D=dorsal; V=ventral, R=rostral;
C = caudal. TRV7006 crosses the blood-brain barrier (BBB) and is taken up in the brain
with peak tracer accumulation reliably occurring at 2 minutes post-injection (frame 4) in
the WT mouse. A similar pattern of uptake was observed as with TRV7005, with
subsequent washout apparent over the course of the scan. A diffuse distribution of
background signal is also seen extracranially within the animal over the course of the
scan with additional cardiac signal accumulation at early timepoints. Corresponding
whole brain time-activity curves are seen in Figure 3.7, Figure 3.20 and associated kinetic
summary measures of tracer clearance are seen in Figure 3.21, Table 3.5. Colour scale
represents average counts per second (cts/s) in a given image pixel.
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Figure 3.6 TRV7006 dynamic planar scintigraphy scans for a representative BCHE-KO
mouse. Lateral projections were acquired dynamically over 60 minutes with radioligand
administration occurring 2 minutes after the start of the scan. Images were binned into
60X 1-minute frames for analysis (frames 1-40 displayed in the figure, denoted
numerically in white at the top left of each image). A fused CT/MRI overlay serves as an
anatomical reference in frame 1 indicating brain (yellow arrow), heart (red arrow),
thyroid/salivary gland region (green arrow) and integrated fiducial marker placed at the
most rostral extent of the olfactory bulb (purple arrow). D=dorsal; V=ventral, R=rostral;
C = caudal. TRV7006 crosses the blood-brain barrier (BBB) and is taken up in the brain
with peak tracer accumulation reliably occurring at 2 minutes post-injection (frame 4) in
the BCHE-KO mouse. A similar pattern of uptake was observed to WT, with subsequent
washout apparent over the course of the scan. A diffuse distribution of background signal
is also seen extracranially within the animal over the course of the scan with prominent
cardiac signal accumulation at early timepoints. Corresponding whole brain time-activity
curves are seen in Figure 3.7, Figure 3.20 and associated kinetic summary measures of
tracer clearance are seen in Figure 3.21, Table 3.5. Colour scale represents average
counts per second (cts/s) in a given image pixel.
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Figure 3.7 Whole brain time-activity curves for TRV7006 expressed as percent of peak
concentration (%Cmax) in brain. A. Mean time-activity curves (mean = SEM) are shown
for WT (green) and BChE-KO (black). B. Time-activity curves of individual mice and
corresponding fitted exponential function (solid line). C. Fitted exponential functions
alone for individual mice from which kinetic summary measures were derived and
compared (Table 3.5, Figure 3.21).
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3.6.4.3 TRV7019

TRV7019 also readily crosses the BBB and is taken up in the brain.
Representative image series for SXFAD and WT mice are seen in Figure 3.8 and Figure
3.9, respectively. Peak brain perfusion reliably occurred at frame 3 (1-minute post-
injection) in the SXFAD and WT mice investigated, with prominent tracer uptake in the
brain and notably, unlike TRV7005 and TRV7006, sustained cardiac tracer signal
accumulation was a notable feature (Figure 3.8 and Figure 3.9) in addition to diffusely
distributed background signal throughout the body. Washout of TRV7019 also occurred
in both SXFAD and WT mice. Whole brain time-activity curves are seen in Figure 3.10,
presented as mean time activity curves for WT and BChE-KO mice (Figure 3.10A), as
individual subject data with fitted functions (Figure 3.10B) and as fitted curves (Figure

3.10 O).

Mean time-activity curves for SXFAD and WT (Figure 3.10A), showed a
divergence of the curves observed between 5-15 minutes, similar to what was observed
with TRV7005. Significant differences were observed in kinetic summary measures
between 5XFAD and WT, where a 58% decrease in kcicarance (SXFAD = 0.23 £ 0.4 min™' ;
WT =0.4+0.04 min'; p=0.041) (Figure 3.21G) and commensurate increase in
t12¢tearance (SXFAD = 3.22 £ 0.55 min; WT = 1.77 £ 0.15 min p =0.065 (statistical trend))
(Figure 3.21H) were demonstrated in the SXFAD brain. However, no significant
difference in asymptotic tracer concentration, C4«(S5XFAD = 56.2 £ 5.0%; WT =55.9 £
6.1%, p =0.964) was apparent between SXFAD and WT groups (Figure 3.21I). A

summary of these tracer clearance metrics is seen in Figure 3.21G-I and Table 3.5.
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Figure 3.8 TRV7019 dynamic planar scintigraphy scans for a representative SXFAD
mouse. Lateral projections were acquired dynamically over 60 minutes with radioligand
administration occurring 2 minutes after the start of the scan. Images were binned into
60X 1-minute frames for analysis (frames 1-40 displayed in the figure, denoted
numerically in white at the top left of each image). A fused CT/MRI overlay serves as an
anatomical reference in frame 1 indicating brain (yellow arrow), heart (red arrow),
thyroid/salivary gland region (green arrow) and integrated fiducial marker placed at the
most rostral extent of the olfactory bulb (purple arrow). D=dorsal; V=ventral, R=rostral;
C = caudal. TRV7019 crosses the blood-brain barrier (BBB) and is taken up in the brain
with peak tracer accumulation reliably occurring at 1-minute post-injection (frame 3) in
5XFAD mice. Prominent brain uptake is observed (in a similar pattern to that of
TRV7005 and TRV7006) with subsequent washout of TRV7019 over the duration of the
scan. A diffuse distribution of background signal is also seen extracranially within the
animal over the course of the scan. Corresponding whole brain time-activity curves are
seen in Figure 3.10, Figure 3.20 and associated kinetic summary measures of tracer
clearance are seen in Figure 3.21, Table 3.5. Colour scale represents average counts per
second (cts/s) in a given image pixel.
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Figure 3.9 TRV7019 dynamic planar scintigraphy scans for a representative WT mouse.
Lateral projections were acquired dynamically over 60 minutes with radioligand
administration occurring 2 minutes after the start of the scan. Images were binned into
60X 1-minute frames for analysis (frames 1-40 displayed in the figure, denoted
numerically in white at the top left of each image). A fused CT/MRI overlay serves as an
anatomical reference in frame 1 indicating brain (yellow arrow), heart (red arrow),
thyroid/salivary gland region (green arrow) and integrated fiducial marker placed at the
most rostral extent of the olfactory bulb (purple arrow). D=dorsal; V=ventral, R=rostral;
C = caudal. TRV7019 crosses the blood-brain barrier (BBB) and is taken up in the brain
with peak tracer accumulation reliably occurring at 1-minute post-injection (frame 3) in
WT mice. Prominent brain uptake is observed (as was observed in SXFAD) with
subsequent washout of TRV7019 over the duration of the scan. A diffuse distribution of
background signal is also seen extracranially within the animal over the course of the
scan. Corresponding whole brain time-activity curves are seen in Figure 3.10, Figure
3.20 and associated kinetic summary measures of tracer clearance are seen in Figure 3.21,
Table 3.5. Colour scale represents average counts per second (cts/s) in a given image
pixel.
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Figure 3.10 Whole brain time-activity curves for TRV7019 expressed as percent of peak
concentration (%Cmax) in brain. A. Mean time-activity curves (mean = SEM) are shown
for WT (green) and SXFAD (blue). B. Time-activity curves of individual mice and
corresponding fitted exponential function (solid line). C. Fitted exponential functions
alone for individual mice from which kinetic summary measures were derived and
compared (Table 3.5, Figure 3.21).
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3.6.4.4 TRV7040

Scintigraphy imaging of TRV7040 revealed an apparent inability of the
radioligand to cross the BBB in appreciable amounts. Representative images series of
TRV7040 for SXFAD and WT mice are seen in Figure 3.11 and Figure 3.12,
respectively. Within 1 minute after TRV7040 injection (frame 3), signal accumulation is
apparent in the heart and avid uptake of tracer in the ocular region and proximal arteries
that serve this area is observed. Sustained retention in this region occurs over the
duration of the 1-hour scan. Tracer accumulation in thyroid and salivary gland regions
gradually emerges by 8 minutes post-injection (Frame 10), and is maintained over the

duration of the scan.

Where no clear uptake in the brain was apparent, further tracer kinetic analyses
were not carried out. However, 3D SPECT imaging was investigated to evaluate the
precise distribution of the tracer in vivo. A SXFAD mouse received 1.27mCi of
radiotracer and after 10 minutes of uptake, underwent a 40min static SPECT/CT scan.
Results confirm the planar scintigraphy findings, with negligible radioligand reaching the
brain however, avid uptake of TRV7040 is seen in the eye and hardarian glands with a
focal distribution of radiotracer seen in these regions (Figure 3.13). This is consistent

with the 2D dynamic planar scintigraphy scans acquired (Figure 3.11 and Figure 3.12).
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Figure 3.11 TRV7040 dynamic planar scintigraphy scans for a representative SXFAD
mouse. Lateral projections were acquired dynamically over 60 minutes with radioligand
administration occurring 2 minutes after the start of the scan. Images were binned into
60X 1-minute frames for analysis (frames 1-40 displayed in the figure, denoted
numerically in white at the top left of each image). A fused CT/MRI overlay serves as an
anatomical reference in frame 1 indicating brain (yellow arrow), heart (red arrow),
thyroid/salivary gland region (green arrow) and integrated fiducial marker placed at the
most rostral extent of the olfactory bulb (purple arrow). D=dorsal; V=ventral, R=rostral;
C = caudal. TRV7040 fails to cross the blood-brain barrier (BBB); however, avid uptake
and sustained retention of radiotracer in the ocular region is a prominent feature with
gradual accumulation of TRV7040 ventrally over time in the thyroid and salivary gland
region. Strong cardiac signal accumulation is a feature of this particular TRV7040 scan.
Colour scale represents average counts per second (cts/s) in a given image pixel.
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Figure 3.12 TRV7040 dynamic planar scintigraphy scans for a representative WT mouse.
Lateral projections were acquired dynamically over 60 minutes with radioligand
administration occurring 2 minutes after the start of the scan. Images were binned into
60X 1-minute frames for analysis (frames 1-40 displayed in the figure, denoted
numerically in white at the top left of each image). A fused CT/MRI overlay serves as an
anatomical reference in frame 1 indicating brain (yellow arrow), heart (red arrow),
thyroid/salivary gland region (green arrow) and integrated fiducial marker placed at the
most rostral extent of the olfactory bulb (purple arrow). D=dorsal; V=ventral, R=
rostral; C = caudal. As in 5SXFAD mice, TRV7040 fails to cross the blood-brain barrier
(BBB) in WT; however, avid uptake and sustained retention of radiotracer in the ocular
region is a prominent feature with gradual accumulation of TRV7040 ventrally over time
in the thyroid and salivary gland region. Colour scale represents average counts per
second (cts/s) in a given image pixel.
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Figure 3.13 TRV7040 3D single photon emission computed tomography (SPECT) scan
of a 5XFAD mouse that received 1.27mCi of radiotracer and after 10 minutes of uptake,
underwent a 40 min static SPECT/CT scan. Negligible radioligand reached the brain
however, avid uptake of TRV7040 is seen in the eye and Hardarian glands with a focal
distribution of radiotracer seen in these regions. This is consistent with the 2D dynamic
planar scintigraphy scans acquired (Figure 3.11 and Figure 3.12).

131



3.6.4.5 TRV5001

Dynamic scintigraphy images revealed that TRV5001 readily crosses the BBB
and is taken up in the brain. Representative images series for SXFAD and WT mice are
seen in Figure 3.14 and Figure 3.15, respectively. Peak brain uptake occurred between
frames 4-6 (6-8 minutes PI). Uptake was largely restricted to the brain, with elevated
extracranial background signal observed within the animal (Figure 3.14 and Figure 3.15).
Washout of TRV5001 was apparent by visual inspection in both SXFAD and WT brains,
albeit over a prolonged period compared to TRV7005, TRV7006 or TRV7019. Whole
brain time-activity curves are seen in Figure 3.16, presented as mean time activity curves
for 5XFAD and WT groups (Figure 3.16A), as individual subject data with corresponding

fits (Figure 3.16B) and as fitted curves alone (Figure 3.16C).

No significant differences were observed in the overall rate of tracer clearance,
ketearance (SXFAD =0.12 £ 0.03 min! ; WT=0.12 + 0.02 min’!; p = 0.971) the half-life of
clearance, t1/2ciearance (SXFAD 6.51 £ 1.19 min; WT = 7.21 £ 1.75 min; p =0.756) or
asymptotic tracer concentration, C4 (SXFAD =49.2 + 5.10%; WT=42.5 £ 1.03%; p =

0.281) between SXFAD and WT groups (Figure 3.21J-L, Table 3.5).
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Figure 3.14 TRV5001 dynamic planar scintigraphy scans for a representative SXFAD
mouse. Lateral projections were acquired dynamically over 60 minutes with radioligand
administration occurring 2 minutes after the start of the scan. Images were binned into
60X 1-minute frames for analysis (frames 1-40 displayed in the figure, denoted
numerically in white at the top left of each image). A fused CT/MRI overlay serves as an
anatomical reference in frame 1 indicating brain (yellow arrow), heart (red arrow),
thyroid/salivary gland region (green arrow) and integrated fiducial marker placed at the
most rostral extent of the olfactory bulb (purple arrow). D=dorsal; V=ventral, R=
rostral; C = caudal. TRV5001 crosses the blood-brain barrier (BBB) and is taken up in
the brain with peak tracer accumulation reliably occurring at 1-minute post-injection
(frame 3) in SXFAD mice. Washout of TRV5001 also occurred in the 5XFAD brain;
however, longer periods of brain retention are apparent vs. other pyridones such as
TRV7005, TRV7006 and TRV7019. Corresponding whole brain time-activity curves are
seen in Figure 3.16, Figure 3.20 and associated kinetic summary measures of tracer
clearance are seen in Figure 3.21, Table 3.5. Colour scale represents average counts per
second (cts/s) in a given image pixel.
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Figure 3.15 TRV5001 dynamic planar scintigraphy scans for a representative WT mouse.
Lateral projections were acquired dynamically over 60 minutes with radioligand
administration occurring 2 minutes after the start of the scan. Images were binned into
60X 1-minute frames for analysis (frames 1-40 displayed in the figure, denoted
numerically in white at the top left of each image). A fused CT/MRI overlay serves as an
anatomical reference in frame 1 indicating brain (yellow arrow), heart (red arrow),
thyroid/salivary gland region (green arrow) and integrated fiducial marker placed at the
most rostral extent of the olfactory bulb (purple arrow). D=dorsal; V=ventral, R=rostral;
C = caudal. TRV5001 crosses the blood-brain barrier (BBB) and is taken up in the brain.
Peak brain uptake reliably occurred at frame 3 (1-minute post-injection) in the WT mice
investigated. Prominent tracer uptake and sustained retention is observed in the brain,
exhibiting longer periods of retention prior to radiotracer washout in WT mice.
Corresponding whole brain time-activity curves are seen in Figure 3.16, Figure 3.20 and
associated kinetic summary measures of tracer clearance are seen in Figure 3.21, Table
3.5. Colour scale represents average counts per second (cts/s) in a given image pixel.
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Figure 3.16 Whole brain time-activity curves for TRV5001 expressed as percent of peak
concentration (%Cmax) in brain. A. Mean time-activity curves (mean = SEM) are shown
for WT (green) and SXFAD (blue). B. Time-activity curves of individual mice and
corresponding fitted exponential function (solid line). C. Fitted exponential functions
alone for individual mice from which kinetic summary measures were derived and
compared (Table 3.5, Figure 3.21).
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3.6.4.6 TRV6001

Dynamic scintigraphy images revealed that TRV6001 readily crosses the BBB
and is taken up in the brain. Representative images series for WT and SXFAD/BChE-KO
mice are seen in Figure 3.17 and Figure 3.18, respectively. Peak brain uptake occurred
between frames 4-6 (6-8 minutes PI). Uptake was largely restricted to the brain, with
elevated extracranial background signal observed within the animal (Figure 3.17 and
Figure 3.18). Washout of TRV6001 was apparent by visual inspection in both SXFAD
and WT brains. Whole brain time-activity curves are seen in Figure 3.19, presented as
mean time activity curves for WT and SXFAD/BChE-KO groups (Figure 3.19A), as
individual subject data with corresponding fits (Figure 3.19B) and as fitted curves alone
(Figure 3.19C). Statistical comparisons of kciearance, t1/2ciearance 0 C4 Were not possible, as

only one mouse per group was evaluated.
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Figure 3.17 TRV6001 dynamic planar scintigraphy scans for a representative WT mouse.
Lateral projections were acquired dynamically over 60 minutes with radioligand
administration occurring 2 minutes after the start of the scan. Images were binned into
60X 1-minute frames for analysis (frames 1-40 displayed in the figure, denoted
numerically in white at the top left of each image). A fused CT/MRI overlay serves as an
anatomical reference in frame 1 indicating brain (yellow arrow), heart (red arrow),
thyroid/salivary gland region (green arrow) and integrated fiducial marker placed at the
most rostral extent of the olfactory bulb (purple arrow). D=dorsal; V=ventral, R=rostral;
C = caudal. TRV6001 crosses the blood-brain barrier (BBB) and is taken up in the brain.
Peak brain uptake reliably occurred at frame 6 (4 minutes post-injection) in the WT
mouse and a more sustained distribution of radiotracer is seen in the brain over time
compared to pyridone radioligands such as TRV7005, TRV7006 and TRV7019.
Corresponding whole brain time-activity curves are seen in Figure 3.19, Figure 3.20 and
associated kinetic summary measures of tracer clearance are seen in Figure 3.21, Table
3.4. Colour scale represents average counts per second (cts/s) in a given image pixel.
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Figure 3.18 TRV6001 dynamic planar scintigraphy scans for a representative 5X-BChE-
KO mouse. Lateral projections were acquired dynamically over 60 minutes with
radioligand administration occurring 2 minutes after the start of the scan. Images were
binned into 60X 1 minute frames for analysis (frames 1-40 displayed in the figure,
denoted numerically in white at the top left of each image). A fused CT/MRI overlay
serves as an anatomical reference in frame 1 indicating brain (yellow arrow), heart (red
arrow), thyroid/salivary gland region (green arrow). D=dorsal; V=ventral, R= rostral; C
= caudal. TRV6001 crosses the blood-brain barrier (BBB) and is taken up in the brain.
Peak brain perfusion occurred at frame 5 (3 minute post-injection) in the SXFAD-BChE-
KO brain a more sustained distribution of radiotracer is seen in the brain over time
compared to pyridone radioligands such as TRV7005, TRV7006 and TRV7019.
Corresponding whole brain time-activity curves are seen in Figure 3.19, Figure 3.20 and
associated kinetic summary measures of tracer clearance are seen in Figure 3.21, Table
3.5. Colour scale represents average counts per second (cts/s) in a given image pixel.
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Figure 3.19 Whole brain time-activity curves for TRV6001 expressed as percent of
peak concentration (%Cmax) in brain. A. Time-activity curves are shown for WT
(green), SXFAD-BCHE-KO (black). B. Time-activity curves of individual mice and
corresponding fitted exponential function (solid line). C. Fitted exponential functions
alone for individual mice from which kinetic summary measures were derived and
compared (Table 3.5, Figure 3.21).
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Figure 3.20 Whole brain time-activity curves for TRV7005 (A,B,C), TRV7006 (D,E,F),
TRV7019 (G,H,I), TRV5001 (J,K,L) and TRV6001 (M,N,O) radiotracers, expressed as
% of peak concentration (%Cmax) in brain. Mean time-activity curves (mean = SEM) are
shown in the left column (A,D,G,J,M) across the strains evaluated for each respective
radioligand (blue = 5XFAD; green = WT; black = BChE-KO or 5XFAD-BChE-KO).
Time-activity curves of individual mice within a strain are shown in the middle column
(B,E,H,K,N) with corresponding exponential fit (solid line). Exponential fits alone are
seen in the right column (C,F,L,L,0) for each radioligand, from which kinetic summary
measures were derived and compared (Figure 3.21, Table 3.5).
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Figure 3.21 Kinetic summary measures of tracer clearance from the brain for TRV7005
(A,B,C), TRV7006 (D,E,F), TRV7019 (G,H,I), TRV5001 (J,K,L) and TRV6001
(M,N,0) radioligands. For each radioligand, the rate of tracer clearance, kciearance (min’'),
shown in the left column (A,D,G,J,M), half-life of tracer clearance #/2cicarance (min),
shown in center column, (B,E,H,K,N) and asymptotic tracer concentration, C4 (%Chmax),
shown in right column (C,F,I,LL,0) were compared between SXFAD (blue), WT (green)
and in some instances BChE-KO (black) and 5XFAD-BChE-KO (black) mice. Mean
(£SEM). No significant differences between mouse strains were observed in Aciearance,
t1/2¢tearance O Ca for TRV7005, TRV7006 or TRV5001 (p > 0.281); statistical comparison
not possible for TRV6001. A 58% decrease in kciearance (SXFAD =0.23 £ 0.04; WT =
0.40 £ 0.04; p =0.041) and a commensurate increase in ¢;/2ciearance (SXFAD = 3.22 £ 0.55;
WT = 1.77 £ 0.15; p = 0.065 (statistical trend)) was observed with TRV7019; however,
C4 was not significantly different between SXFAD and WT with TRV7019. *, p<0.05; ,
p<0.10 (statistical trend).
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TRV# kelearance (min’l) 112 clearance (min) C4 (%Cmax)
5XFAD WT BCHE-KO p value SXFAD WT BCHE-KO p value 5XFAD WT BCHE-KO p value
5XBCHE-KO 5XBCHE-KO 5XBCHE-KO

TRV7005 ] 0.12+0.03 | 0.12+0.02 0.07 0.971 6.51+£1.19 | 7.21+1.75 10.38 0.756 49.2+5.1 425£1.0 42.8 0.281
TRV7006 n/a 0.16 £ 0.03 0.21 +0.03 0.525 n/a 4.72+0.93 3.27+0.93 0.517 n/a 52.4+4.6 49.3+4.6 0.334
TRV7019 0.23+ 0.04 0.40 + 0.04 n/a 0.041* 3.22+£0.55 | 1.77£0.15 n/a 0.0651 56.2+5.0 559+ 6.1 n/a 0.964
TRV7040

TRV5001 0.05+ 0.03 0.07 £ 0.03 n/a 0.803 21.2+13.2 | 9.74+13.2 n/a 0.703 70.4+7.8 622+7.8 n/a 0.654
TRV6001 n/a 0.04 0.03 n/a n/a 16.4 21.2 n/a n/a 69.5 67.1 n/a

Table 3.5 Dynamic planar scintigraphy kinetic summary measures of radioligand clearance for each of the radiotracers evaluated in
5XFAD, WT, BCHE-KO and 5XFAD-BCHE-KO mice (mean + SEM). The rate of tracer clearance (kcicarance), half-life of tracer
clearance (#1/2ciearance) and asymptotic tracer concentration (C,4) were compared (where possible) between mouse groups using an

independent samples student’s t-test, assuming equal variances. For TRV7019, kciearance Was significantly (58%) lower and a

commensurate increase in ¢;/2ciearance in the SXFAD brain was observed compared to WT; however, the final asymptotic radiotracer
concentration in the brain, C4 was not significantly different between SXFAD and WT mice. No other significant differences were
observed between mouse strains in each of the other radioligands evaluated. * denotes statistical significance (p < 0.05) and §
denotes a statistical trend (p<<0.10). Entries with “n/a” indicate that no data was available and the greyed-out entry for TRV7040 is
owed to the lack of blood-brain barrier penetrance required to evaluate brain radioligand kinetics.



3.7 Comparison of Kinetics Between Radioligands

To compare the clearance behaviour between radioligands, data were pooled
across each radiotracer (combining available SXFAD, WT, BChE-KO and 5XFAD-
BChE-KO mice) to generate mean time-activity curves. Given that no differences were
observed between mouse strains (save subtle differences in TRV7019 analysis), this
approach was justifiable to provide a overall picture of radioligand behaviour. In the
ANOVA statistical design, if significant interaction was present (p<0.05), post-hoc

comparisons were made using least significant difference (LSD) comparisons.

Overall mean time-activity curves for each radioligand are shown in Figure
3.22A. Differing clearance characteristics are apparent by qualitative inspection of these
curves, suggesting differential brain retention among the radioligands evaluated. Pooled
kinetic summary measures between radioligands were compared using ANOVA. Main
effects of tracer clearance rate, kcicarance (p = 0.0001), half-life of clearance, ¢1/ciearance (p =
0.0015), and asymptotic tracer concentration C4 (p = 0.0011) were significant. TRV5001
and TRV6001 both had significantly greater ¢1/ ciearance (TRV5001 = 17.4 + 8.5 min;
TRV6001 = 18.8 £ 2.4 min) compared all other radioligands (p < 0.065) representing
retention in the brain that was 2.6-7.5x longer than TRV7005, TRV7006 and TRV7019
(Figure 3.22 B). Owed to the inverse relationship between #1/2 ciearance and keiearance an
identical but opposite trend of increased kciearance Was also observed (data not shown).
The asymptotic tracer concentration, C4, of TRV5001 (67.7 £ 5.3%Cmax) and TRV6001
(68.3 £ 1.2%Cnmax) was also significantly greater (1.2-1.5X greater) than the other
radioligands evaluated (p < 0.04) indicating that more radioligand remains at the end of

the 60-minute scan duration (Figure 3.22C).
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Figure 3.22 Average time-activity curves (A) and kinetic summary measures (B-C)
including (B) half-life of tracer clearance, ¢1/ciearance (min) and (C) asymptotic tracer
concentration, C4 (%Cmax) for BChE radioligand candidates derived from pooled data
across each radiotracer. Mean £ SEM. In general, TRV5001 and TRV6001 both had
significantly greater ¢,/ ciearance (TRV5001 = 17.4 £ 8.5 min; TRV6001 = 18.8 £ 2.4 min)
compared all other radioligands (p < 0.065). A similar trend was seen for rate of tracer
clearance (kciearance). The average Ca of TRV5001 (67.7 £ 5.3%Cmax) and TRV6001 (68.3
+ 1.2%Cmax) was also significantly greater (1.2-1.5X greater) than the other radioligands
evaluated (p < 0.04) indicating that more radioligand remains at the end of the 60-minute
scan duration. Shown are radiotracers that readily cross the blood-brain barrier.
TRV7005, blue; TRV7006, red; TRV7019, green; TRV5001, orange; TRV6001, black.
T, p<0.10; *, p<0.05; **, p<0.01; *** p<0.001.
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TRV# in vivo kinetic Summary Metrics (pooled)

n kcleamnce (min_l) 1172 clearance (mln) CA (%Cmax)
TRV7005 9 0.11+£0.02 7.23 £0.95 454+24
TRV7006 4 0.17£0.03 4.36+0.75 51.6+34
TRV7019 6 0.31£0.05 2.50+0.41 56.1 £3.5
TRV7040
TRV5001 3 0.06 £ 0.02 17.4+8.5 67.7£53
TRV6001 2 0.04+0.01 18.8+2.4 683+ 1.2

Table 3.6 Pooled in vivo kinetic summary measures for lead BChE radioligands. The
rate of tracer clearance, kciearance (min'), half-life of tracer clearance ;/2ciearance (min) and
asymptotic tracer concentration, C4 (%Cmax) were compared using an ANOVA statistical
design (see Figure 3.22). TRV7040 was not taken up by the brain and thus not included
for the current analysis.
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3.8 Discussion

This proof-of-concept study was aimed at developing and implementing a 2D
dynamic planar scintigraphy method to evaluate in vivo kinetic characteristics of
candidate BChE radioligands using the Cubresa SPARK™ SRT-50 tabletop SPECT
scanner. It was our expectation that this method could be implemented as a rapid
screening tool to help evaluate the radioligands in development by characterizing the
kinetics of tracer brain clearance and retention, which is valuable information that feeds

forward into the product profile of each radiotracer.

The radiosynthesis of six radiotracers was performed in the current work
including molecules in the pyridone class (TRV7005, TRV7006, TRV7019 and
TRV7040), a diphenyl carbamate (TRV5001) and a piperidine radioligand (TRV6001).
Each were successfully synthesized producing high radiochemical yields (56.5-87%) and
radiochemical purity (95.2-95.9%). In general, most radioligands possessed favourable
physicochemical characteristics, registering MPO scores ranging between 3.43-4.74 for
TRV7005, TRV7006, TRV7019, TRV5001 and TRV6001, while TRV7040 had a lower
MPO score 2.41. In vitro enzyme kinetics identified the radioligands of each class as

having favourable kinetic properties that indicate good selectivity for the BChE enzyme.

The first question we sought to determine was whether a particular radiotracer has
the ability to cross the BBB and be taken up in the brain. 2D planar scintigraphy image
quality was sufficient to generate sagittal projections garnering between 3.2-9.2 million
counts that were able to depict the biodistribution of radioligands at the whole brain level

as a stand-alone method, without the use of CT for anatomical reference. Differing
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patterns of radioligand distribution were revealed with this technique. Other anatomical
features were discernable including uptake in regions such as salivary glands and thyroid
as well as ocular regions in some instances. In general, for those radioligands that
crossed the BBB, the distribution of tracer in the perfusion phase was similar, with tracer

signal predominantly in the brain, followed by washout of the tracer over time.

Dynamic scintigraphy was able to distinguish those tracers that reached the brain
versus those that did not. TRV7005, TRV7006, TRV7019, TRV5001 and TRV6001
were all taken up by the brain while TRV7040 did not reach the brain in appreciable
amounts. The MPO score served as a good predictor of BBB penetrance. The MPO of
TRV7040 (MPO = 2.41) was the only tracer lower than the suggested MPO threshold
(<3) and scintigraphy confirmed the inability of TRV7040 to cross the BBB and reach the
brain. This is an interesting finding given that TRV7040, which is structurally similar to
other radioligands in the same class of molecules, exhibits drastically different

biodistribution behaviour in vivo.

Whole brain time-activity curves depicting radioligand concentration over time
expressed relative to the peak concentration reached in the brain (%Cnmax) Were generated
from which a single exponential function was fitted to data. Goodness of fit metrics, in
general, indicate a strong correspondence of the fitted curves with the measured
scintigraphy time-activity curve data suggesting that this approach adequately describes
the clearance characteristics for each radiotracer. Direct quantification was not possible
in the current study, however raw time activity curves expressed as cps/cc and cps/ID

were also generated (data not shown). Exponential fits were also carried out on these
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data, producing near-identical results in estimates of kcicarance and ¢1/2cicarance to that

obtained by time-activity curves expressed as %Cuax.

The 2D dynamic planar scintigraphy approach provided sufficient sensitivity to
monitor the clearance of radioligands over time and was able to detect different tracer
clearance behaviour in vivo. In comparisons of pooled data between radiotracers,
TRV5001 and TRV6001 both had significantly longer half-lives (¢ciearance) and greater
residual concentration (Cy) in the brain compared all other radioligands evaluated. This
indicated greater retention of these radioligands in the brain that is sustained even at 1

hour after radioligand administration.

For radioligand TRV7019, comparisons of SXFAD and WT mice revealed
significant differences in kciearance and ¢1/2 ciearance between the two strains, with more rapid
clearance of tracer in WT mice compared to SXFAD, reaching similar overall
concentrations at the end of the 60 minute scan. No other significant differences between
mouse strains were detected in the radioligands evaluated. Interestingly, TRV7019 had
the highest in vitro enzymatic efficiency (kca/kn) of the radioligands studied yet clears the
fastest whereas TRV6001 with the lowest enzymatic efficiency clears the slowest in the
brain. This is perhaps counterintuitive as one might expect the opposite with a highly
selective BChE radioligand engaging with the BChE target in the brain. The relationship
between in vitro enzyme kinetics and in vivo imaging evaluation of these radioligands

warrants further investigation.

There are a number of limitations in the current study. The statistical power is

limited owed to relatively low sample size and given that data is comprised of a number
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of different strains of mice. Pooled data were used for comparisons of tracer clearance
between radioligands, a justifiable choice to strengthen statistical comparisons,
particularly given the minimal differences in tracer clearances observed between strains
evaluated within each radioligand. Adding additional numbers within each strain to

strengthen the statistical power of these inter-strain comparisons is recommended.

In general the current results represent a temporal resolution (60 seconds) that is
somewhat coarse, as tracer kinetics occur much more rapidly (on the order of seconds)
(Kang et al., 2016), particularly in the early perfusion phase of brain uptake. This likely
means that capturing the true peak radiotracer concentration, Cmax is not possible owed to
a lower sampling rate. The net result is likely an underestimation of Cmax and thus an

underestimation of Cy4, kciearance and t1/2 ciearance from the fitted curves.

In the future, a modification to the study design would be to immediately sacrifice
mice and excise the brain to determine the remaining radioactivity left in the brain after a
scintigraphy scan for the various radioligands being evaluated. Back-correction to the
time of peak concentration would provide a proper estimate of %ID/cc which could be
compared with other radioligands, as has been described previously (Apostolova et al.,

2012).

In conclusion, the results from this study reveal important in vivo kinetic
characteristics of putative BChE radioligands that, until this point have not been
evaluated. 2D dynamic planar scintigraphy is an effective pre-clinical imaging technique
to evaluate the biodistribution of putative BChE radioligands and has the sensitivity to

detect differences in radioligand clearance kinetics in the mouse brain. This method can
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be combined with in vitro kinetics and MPO scores as part of the tracer product profile
and provide valuable information that can be incorporated into a “go/no go” paradigm

for further characterization and development of the candidate radioligand.
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Chapter 4 Synthesis and In Vivo Evaluation of 1-methyl-
4-piperidinyl- p ['®F]fluorobenzoate: A
Butyrylcholinesterase Radioligand for PET
Imaging of the Brain in Alzheimer’s Disease

4.1 Publication Status

Manuscript in preparation.

D.R. DeBay, L.R. Pottie, G.A. Reid, E. Martin, S. Burrell, A. Bou Laouz, C.V. Bowen, S.
Darvesh. Synthesis and in vivo evaluation of 1-methyl-4-piperidinyl- p
[18F]fluorobenzoate: A butyrylcholinesterase radioligand for PET imaging of the brain in
Alzheimer’s disease.

4.2 Overview

The current chapter focuses on the synthesis and in vivo positron emission
tomography (PET) evaluation of a previously developed cholinesterase radioligand 1-
methyl-4-piperidinyl p-'8[F]fluorobenzoate (TRV6501). Originally developed as a
potential acetylcholinesterase (AChE) imaging agent (Bormans et al., 1996) this molecule
was largely abandoned owed to initial evidence suggesting rapid washout from AChE-
rich structures in the brain, casting suspicion about its suitability as a substrate for AChE.
Nevertheless, its role as a BChE imaging agent has not been fully explored. Given the
structural similarities of TRV6501 to other radioligands in development that are selective
for BChE, further in vivo evaluation of TRV6501 is warranted. The current work
represents initial progress in [!8F] radiochemistry in our group and serves as an exemplar

to establish a PET pharmacokinetic modelling analysis framework, ultimately expanding
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the analytical toolkit that is essential in order to rigorously characterize putative BChE

radioligands for AD diagnostic development.

4.3 Abstract

There are currently no effective means to definitively diagnose Alzheimer’s
disease (AD) during life. Molecular imaging of amyloid or tau pathology in the AD
brain, though informative, has limited diagnostic value because similar changes are found
in brains of ~30% of cognitively normal individuals. We have recently shown that the
enzyme butyrylcholinesterase (BChE), typically present in high levels in the AD cerebral
cortex (yet largely absent in normal brain), is a highly sensitive and specific biomarker
for the disease and could therefore provide enhanced accuracy as an AD diagnostic. The
synthesis and in vivo evaluation of one such positron emission tomography (PET) BChE
radiotracer, 1-methyl-4-piperidinyl p-'¥[F]fluorobenzoate (TRV6501) is described here.
Methods: The physicochemical and in vitro kinetic profile of TRV6501 were evaluated
using multiparametric optimization (MPO) scoring and standard enzyme kinetics
techniques. TRV6501 was synthesized and injected into SXFAD mice (n=3) and
WT/BChE-KO counterparts (n=3), chosen due to their abundance and absence of BChE
expression in the brain, respectively. Dynamic PET acquisitions were acquired over 42
min, followed by computed tomography (CT) scans for anatomical reference. Regional
PET time-activity curves were generated from a magnetic resonance (MR)-based
template mouse brain atlas coregistered to the PET/CT images. Relevant structures to the
cholinergic system and AD were evaluated, including whole brain, neocortex,
hippocampus, globus pallidus, caudate/putamen, and cerebellum. To establish the in

vivo pharmacokinetic behaviour of TRV6501, kinetic modelling was employed using
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three approaches, namely, a one tissue compartment model (1TCM) with an image-
derived arterial input function (IDAIF) derived from the proximal common carotid artery
(CCA), a simplified reference tissue model (SRTM) with cerebellar gray matter reference
region and finally, through Logan graphical analyses techniques. Estimates of brain
distribution volume (VT), binding potential (BPxp) and associated kinetic parameters
including influx rate constants K; (ITCM), R; (SRTM) and efflux rate constant k> were
compared between SXFAD and WT/BChE-KO strains. The suitability of the selected
models in describing the kinetics of TRV6501 was evaluated with various goodness of fit
metrics including sum of squares (SS), R2, and standard deviation of residuals (Sy.x)

methods.

Results: TRV6501 demonstrated a favourable physicochemical profile, with an overall
MPO score of 4.69 and in vitro enzyme kinetic profile indicating high specificity for
BChE. Cerebral uptake of TRV6501 indicated that this radiotracer readily crossed the
blood-brain barrier (BBB) reaching the brain. Marked tracer accumulation was observed
at early timepoints in both the SXFAD and WT/BChE-KO brain, with a regionalized
distribution evident in cortical and subcortical regions. Subsequent washout of
TRV6501was observed over the duration of the scan in both SXFAD and WT/BChE-KO

mice.

Using a 1TCM, whole brain estimates of K; (5XFAD, 0.43 + 0.13 mLecm>emin!;
WT/BChE-KO, 1.79 + 0.77 mLecm>emin'), k> (5XFAD, 0.14 £ 0.02 min!; WT/BChE-
KO, 0.42 +0.13 min!) and V1 (5XFAD, 3.05 + 1.11 mLecm™; WT/BChE-KO, 3.73 +

0.91 mLecm™) were not significantly different between 5XFAD and WT/BChE-KO mice
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(p = 0.178). Similarly, regional estimates of K; (SXFAD, (0.21 £0.10—0.76 £ 0.18)
mLecmemin’'; WI/BChE-KO, (0.71 + 0.24 — 3.18 + 1.40) mLecm>*min'), k> (5XFAD,
(0.01 £0.01 —0.18 + 0.02)min'; WT/BChE-KO, (0.16 + 0.02 — 0.55 £ 0.19)min ") and
V1 (5XFAD, (2.24 £ 1.10 —4.71 £ 0.51)mLecm™; WT/BChE-KO, (2.95 + 0.60 — 5.46 +
1.49)mLecm) were not significantly different between SXFAD and WT/BChE-KO in

the brain structures investigated (p > 0.382).

Using a SRTM with cerebellar gray matter reference region, whole brain
estimates of R; (5XFAD, 0.81 + 0.21 mLecm=emin"'; WT/BChE-KO, 0.92 £ 0.07 mLecm"
Semin'), k> (5XFAD, 0.68 £ 0.32min"'; WT/BChE-KO, 0.05 + 0.05 min'') and BPxp
(5XFAD, 0.08 + 0.07 mLecm™; WT/BChE-KO, 6.61 £ 6.60 mLecm™) were not
significantly different between SXFAD and WT/BChE-KO mice (p > 0.188). Similarly,
regional estimates of R; (5XFAD, (0.96 + 0.44 —4.21 + 2.93) mLecm*min"'; WT/BChE-
KO, (1.10 + 0.85 - 4.10 £ 2.95)mLecm>*min™!), k> (5XFAD, (0.07 £ 0.06 — 0.68 +
0.32)min'; WT/BChE-KO, (0.13 £ 0.06 — 0.35 + 0.17)min"!) and BPxp (5XFAD, (0.03 +
0.02 — 6.75 + 6.63)min"'; WT/BChE-KO, (0.01 + 0.01 — 6.98 + 6.52)min"!) were not
significantly different between SXFAD and WT/BChE-KO in the brain structures

investigated (p > 0.274).

Using Logan graphical analyses techniques, whole brain estimates of Vt
(5XFAD, 2.93 + 1.35mLecm™; WT/BChE-KO, 3.27 £ 1.18 mLecm™) were not
significantly different between SXFAD and WT/BChE-KO (p = 0.861). In a similar

manner, regional estimates of V1 (5XFAD, (2.28 + 1.25 - 5.77 £ 1.20) mLecm™;
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WT/BChE-KO, (2.45 + 0.38 — 4.28 + 1.83)mLecm™®) were not significantly different

between SXFAD and WT/BChE-KO in the brain structures investigated (p > 0.136).

Goodness of fit metrics of 1TCM, SRTM and Logan graphical analyses indicated
a strong correspondence with the empirical data (SS: 0.002-3.77; R%: 0.61-1.00; Sy.x:
0.01-0.44) suggesting that the various models evaluated describe the estimated TRV6501

pharmacokinetic parameters well.

Conclusions: These preliminary findings indicate that TRV6501 readily crosses the
blood brain barrier and perfuses the brain. There is washout of TRV6501 and in the
various models evaluated, no significant differences in rates of influx (K;, R;), efflux (k2)
or corresponding retention metrics V1 or BPnp were seen between SXFAD and
WT/BChE-KO mice. Further evaluation with greater sample size will minimize variance
and strengthen the statistical power of these analysis. Validation of the proposed IDAIF
method using a metabolite-corrected plasma input function generated through direct
arterial blood sampling will refine the precision of these analyses and may help to further

elucidate the in vivo kinetics of TRV6501.

4.4 Introduction

Alzheimer’s disease (AD) is the most common cause of dementia (Scheltens et al.,
2016). A definitive diagnosis of AD during life remains elusive, owed largely to the lack
of suitable biomarkers that can distinguish individuals with AD from those who are
cognitively normal or those with non-AD dementias (Motris et al., 2016). Brain imaging

biomarkers that measure f-amyloid plaques (Ap), tau neurofibrillary tangles (NFT) and
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neurodegeneration (the so-called AT(N) framework (Jack et al., 2018)), though
informative, generally lack the diagnostic specificity required for a definitive diagnosis.
Therefore, the need is great for improved biomarkers to enhance existing armamentarium

for AD diagnosis.

The cholinergic system is one of the first neuronal networks affected in AD
(Davies & Maloney, 1976), which has led to the formulation of the cholinergic
hypothesis of AD, whereby the loss of cholinergic function significantly contributes to
the cognitive decline associated with AD (Coyle et al., 1983). With this, there is decrease
in levels of acetylcholinesterase (AChE) and an increase in the levels of the related
enzyme butyrylcholinesterase (BChE), that associate with plaques and tangles in the
brain (Mesulam & Geula, 1994; Perry, Perry, et al., 1978). We have recently shown in
human brains at autopsy that BChE is a highly sensitive and specific biomarker of AD,
has strong predictive value and could therefore elevate the accuracy of an AD diagnosis

(Macdonald et al., 2017).

A number of cholinergic radioligands have been developed, with particular
attention focused on acetylcholinesterase (AChE) imaging agents (Irie et al., 1996;
Namba et al., 2002; Ota et al., 2004; Pappata et al., 1996; Snyder et al., 1998), including
N-[''C] methylpiperidin-4-yl acetate ([''C]MP4A), which has shown to successfully map
AChE activity in vivo in the AD brain (Ota et al., 2010; Ota et al., 2004). However, less
success has been met in developing radioligands for imaging of BChE, where putative
radiotracers have failed to demonstrate labelling of BChE that represents the known
histochemical distribution of the enzyme in humans (Kuhl et al., 2006; Roivainen et al.,

2004).
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1-methyl-4-piperidinyl p-'¥[F]fluorobenzoate (TRV6501) is a piperidine
radioligand that was originally developed as a potential AChE imaging agent (Bormans et
al., 1996). Ex vivo biodistribution studies in mice demonstrated that though this molecule
readily entered the brain, rapid washout occurred with no significant retention of the
radioligand in regions of AChE enzymatic activity (Bormans et al., 1996). It was
concluded that this radioligand was not a suitable AChE imaging agent. Nevertheless, its
role as a putative BChE imaging agent has not been fully explored. Given the structural
similarities of TRV6501 to other selective BChE radioligands we have developed,
including ['2°T] SPECT analogue of N-methylpiperidin-4-yl 4-'2Todobenzoate
(TRV6001) (DeBay, Reid, Pottie, et al., 2017; Macdonald et al., 2011) further in vivo

evaluation of TRV6501 is warranted.

The purpose of the current study was to perform an in vivo evaluation of
TRV6501 using PET imaging in a familial (SXFAD) mouse model of AD (Oakley et al.,
2006) and in wild-type BCHE-knockout (WT/BChE-KO) counterparts, who lack BCHE
expression. The SXFAD model is an AD model of aggressive amyloidosis based on the
overexpression of the human amyloid precursor protein (4PP) and presenilin 1 (PS1)
mutations. AP deposition as early as ~2 months of age (Oakley et al., 2006).
Importantly, as in human AD, BChE associates with plaques in the SXFAD mice
(Darvesh & Reid, 2016; Reid & Darvesh, 2015), making it a suitable model to evaluate
putative BChE diagnostic radioligands. We hypothesized that the in vivo
pharmacokinetic behaviour of TRV6501 could be described as a reversibly binding
radioligand and, as such, suitable kinetic models including a single tissue compartment

model (1TCM), a simplified reference tissue model (SRTM) (Lammertsma & Hume,
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1996) and Logan graphical analyses (Logan et al., 1990) were employed to evaluate

TRV6501 pharmacokinetics in vivo.

4.5 Materials and Methods

Formal approval to conduct the current experiments was obtained from the
Dalhousie University Radiation Safety Committee and the Canadian Nuclear Safety
Commission (license 07154-2-17.10). Mice were cared for in accordance with the
guidelines set by the Canadian Council on Animal Care (Dalhousie University

Committee on Laboratory Animals Protocol 15-070).

4.5.1 Synthesis, Enzyme Kinetics and Labelling of Radiotracer

Unless otherwise stated, reagents and solvents were commercially available and
used without further purification. Water was removed from CH3CN by distillation from
CaH> under an atmosphere of anhydrous argon. ['*F]KF in 98% H>'%0 and 2% (H,!°O +
H»!’0) was obtained from the Department of Diagnostic Imaging, Nova Scotia Heath
Authority. QMA light Sep-Pak were preconditioned by running 0.5 M K>COs3 (5 mL),
distilled water (10 mL) and then air (10 mL) through the Sep-Pak. After the
preconditioning, the Sep-Paks were immediately used. Infrared Spectra were recorded on
a Bruker Alpha Infrared Spectrometer that was fitted with an attenuated total reflectance
(ATR) module. Nuclear magnetic resonance spectra were recorded at the NMR facility at
Mount Saint Vincent University on a Bruker Avance Neo spectrometer operating at 400.1
MHz for proton and 100.1 MHz for carbon-13. Chemical Shifts are reported in ppm
relative to TMS (0 ppm) in '"H NMR experiments while 1*C NMR experiments are

relative to the CDCl; chemical shift (77.16 ppm). The purity of the compounds was
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determined using an Agilent Technologies 1200 series HPLC system that was equipped
with a Zorbax Eclipse XDB-C18 analytical column (4.6 x 250 mm; 5 micron, PN
990967-902) and compounds were identified using a photodiode array detector operating
at the wavelength indicated. The eluent for each compound is identified. UV-Visible
experiments were performed on a VWR 1600-PC UV-Visible Spectrophotometer
operating with M.Wave 1.0 software. Physiochemical properties (pka, clogP, clogD,
total polar surface area, and molecular weight) were calculated using MarvinSketch 19.1
(ChemAxon Ltd.) to generate a Multiparametric Optimization (MPO) score (Wager et al.,

2016).

4.5.2 Synthesis of N-methylpiperidin-4-yl p-fluorobenzoate

Under an argon atmosphere, triethylamine (4.2997 g, 42.49 mmol) was added to a
mixture of N-methyl-4-piperidinol (3.8194 g, 33.16 mmol) and 4-fluorobenzoyl chloride
(5.5210 g, 34.82 mmol) dichloromethane (40 mL). The resulting mixture was stirred for
24 h at room temperature. The reaction was extracted with water (3 x 25 mL) and the
organic layer dried over Na2SO4 (15 min). The drying agent was removed by gravity
filtration and the solvent was removed in vacuo to yield a pale yellow solid. This solid
was purified using flash chromatography (5% methanol in CH>Cl,) to afford a white solid
(6.761 g, 86%): IR (ATR) 2937(w), 2774(w), 2757(w), 1709(s), 1591(w), 1453(w),
1402(w), 1323(w), 1277(s), 1143(m), 1116(m), 1088(w), 1032(m), 1013(m), 954(w),
852(m), 758(s), 685(m), 530(w), 476(w); 'H NMR (400.1 MHz, CDCI3) & 8.09-8.04 (m,
2H), 7.14-7.09 (m, 2H), 5.07-5.02 (m, 1H), 2.74-2.68 (m, 2H), 2.40-2.35 (m, 2H), 2.33
(s, 3H), 2.07-2.00 (m, 2H), 1.92-1.83 (m, 2H); 1*C NMR (100.6 MHz, CDCl3) 8 165.9 (d,

IJer=253.8 Hz), 165.1, 132.2 (d, *Jcr = 9.5 Hz), 127.0 (d, “Jcr = 2.7 Hz), 115.6 (d, *Jcr
159



=22.0 Hz), 70.4, 53.0, 46.3, 31.0; HPLC retention time: 2.88 minutes, purity: 96.8%.

This data agrees with previously published data (Bormans et al., 1996).

4.5.3 Synthesis of N-methylpiperidin-4-yl p-nitrobenzoate

This molecule was synthesized as previously described (Bormans et al., 1996) and

analytical data below was consistent with the structure of the molecule.

"H NMR (400.1 MHz, CDCls) 6 8.31-8.28 (m, 2H), 8.23-8.20 (m, 2H), 5.12-5.11 (m,
1H), 2.71 (app br s, 2H), 2.36 (app br s, 2H), 2.34 (s, 3H), 2.10-2.03 (m, 2H), 1.94-1.86
(m, 2H); 3C NMR (100.6 MHz, CDCls) & 164.2, 150.6, 136.1, 130.8, 123.6, 71.6, 52.9,

46.3, 31.0.

4.5.4 In Vitro Evaluation of N-methylpiperidin-4-yl p-fluorobenzoate as a
Cholinesterase Substrate

The specificity, affinity, and rate of hydrolysis of each synthetic compound were
determined spectrophotometrically, making use of differences in the aryl chromophores
of substrates and products. Briefly, 30 uL of AChE (66.7 U/ mL) or BChE (66.7 U/ mL)
dissolved in 0.1% gelatin (aq), containing 0.01% sodium azide, and 1.52 mL of 0.1 M
phosphate buffer (pH 7.4) were placed in a quartz cuvette of 1 cm path length. The
reaction was commenced with the addition of 50 pL of 1.7 mM N-methylpiperidin-4-yl
p-fluorobenzoate in 50% acetonitrile(aq). The absorbance was scanned from 200—-850 nm
every 2 min for a total of 18 min using a VWR 1600-PC UV-Vis spectrophotometer. The
wavelength corresponding to the maximum absorbance change for the compound during
hydrolysis was used for the subsequent determination of affinity constant (Ky), turnover

number (kcar) and catalytic efficiency (kea/Kwm), using Lineweaver-Burk double reciprocal
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plots. This was accomplished by measuring the change in absorbance per min (AA/ min)
at 249nm, using a fixed amount of BChE (1.25 U) and varying amounts of N-
methylpiperidin-4-yl p-fluorobenzoate (5.3x107 — 1.8x10"°> M), using a VWR 1600-PC
UV-Vis spectrophotometer. The plot of 1/v against 1/s gave Kwm as the negative reciprocal

of the intercept on the 1/s-axis and Vmax as the reciprocal of the 1/v-axis intercept.

4.5.5 Synthesis of N-methylpiperidin-4-yl p-['®F]fluorobenzoate

487 MBq of ['8F]KF in 2.5 mL of 98% H>'®0 and 2% (H>'°O + H,!70) was run
through a preconditioned QMA light Sep-Pak. Most of the radioactivity (98%) was
retained in the Sep-Pak. A mixture of 83% CH3CN:17% 5 mM K>CO3 was pushed
through the radioactive Sep-Pak into a glass V-vial containing kryptofix [2.2.2] (5.5 mg,
1.5x107 mol). The resulting mixture, containing 427 MBq of ['*F]KF, was evaporated
under a continuous stream of argon at 95 °C for 10 min. Anhydrous CH3CN (3 x 600 pL)

was added, and the mixture was again evaporated at 95 °C under argon flow.

N-Methylpiperidin-4-yl p-nitrobenzoate (1.2 mgs, 4.5%10° mol) solid and
anhydrous DMSO (300 pL) was placed directly in the V-vial containing the radioactivity.
The V-vial was sealed with an atmosphere of argon and heated at 130 °C for 45 min.
After this heating time, the reaction vial was removed from the heating block and let
stand for 10 minutes at room temperature. Water (4.5 mL) was added and the resulting
mixture was extracted with CH>Cl, (500 uL). The combined organic layers (160 MBq)
were placed in a new glass vial and concentrated under a stream of argon at 45 °C. The
remaining water layer contained 68 MBq of radioactivity. The concentrate from the

organic layer was taken up in a mixture of CH3CN (125 pL) : distilled H,O (86 pL) and
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0.IM NaOH (10 pL) and injected directly onto an HPLC. Fractions were collected from
the HPLC. Fractions that contained the radioactive N-methylpiperidin-4-yl ['8F] p-
fluorobenzoate peak were combined and concentrated under stream of argon at 55 °C.
This peak has a retention time corresponding to authentic N-methylpiperidin-4-yl p-
fluorobenzoate. The concentrate was taken up in 5% ethanol in saline for injection into an
appropriate mouse. The total radiochemical synthesis takes approximately 120 minutes
and N-methylpiperidin-4-yl ['8F]p-fluorobenzoate was generated with 17 %

radiochemical yield and a radiochemical purity: of 97%.

4.5.6 Animals

Female wild-type (C57BL/ 6J x SJL/J F1; The Jackson Laboratories, Stock #
100012), male transgenic hemizygous SXFAD (B6SJL- Tg
(APPSwFILon PSEN1*M146L*L286V) 6799Vas/Mmjax; Mutant Mouse Regional
Resource Center, 034840-JAX) (Oakley et al., 2006) and heterozygous
butyrylcholinesterase (B6.129S1- Bchetm1Loc/J; The Jackson Laboratories, Stock #
008087), referred to here as BChE-het mice, were obtained from Jackson Laboratory (Bar
Harbor, ME). Mice were housed in same-sex groups of 1— 5, within polyethylene cages
(30x19x13cm), containing a wood-chip bedding and covered by a metal cage top and
micro-isolator filter. Food (Purina rodent chow, #5001) and tap water were available ad
libitum. Animals were kept in normal light/dark cycle. Homozygous BChE-knockout
(WT/BChE-KO) mice were produced from BChE-het males and females to maintain the

strain and produce mice for subsequent study.
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A total of 6 mice (SXFAD n=3 (2M,1F); WT/BChE-KO n=3 (3M)) aged 12.2 +
0.4 months were imaged in the current study. At this age, robust BChE accumulation is
present in distinct areas of the SXFAD brain, and importantly, is notably absent in

WT/BChE-KO mouse.

4.5.7 PETI/CT Imaging

Mice were weighed and placed in an induction chamber, anaesthetized with 3%
isofluorane (in 100% oxygen) and restrained in a TailVeiner Restrainer (Braintree
Scientific) while under a continuous stream of 1.5% isofluorane in 100% oxygen. A
custom, in-house catheter line was placed in the lateral tail vein. Mice were then secured
in prone position, wrapped in a blanket on a heated animal bed and maintained under
continuous stream of 1.5-2% isofluorane while the respiration rate monitored for the
duration of the imaging procedure (SA Instruments Inc. Stony Brook, NY). The mouse
head region was centered on the scanner’s 37 mm axial field of view (FOV). A dynamic
acquisition was initiated with PET coincidence events being acquired in list mode over a
42 minute scan period, on a LabPET4 TriumphXO pre-clinical PET/CT scanner (Trifoil
Imaging, CA). Two minutes after the start of the scan, N-Methylpiperidin-4-yl p-
['8F]Fluorobenzoate (17.65-44.77MBq) in 0.9% saline (140-200uL)) was administered
through the tail vein catheter line and subsequently flushed with ~20uL saline.

Immediately following PET scanning, a computed tomography (CT) image was
performed in fly mode with a 70 kVp x-ray beam energy (160 nA beam current), 512
projections, 4 summed frames/projection, with 2X2 binning and a magnification of
2.26X, providing complete whole brain coverage in a 56 mm FOV. CT scan duration was

approximately 8.5 min.
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4.5.8 PET Image Processing and Analysis

Dynamic PET images for each subject were generated yielding a series of twelve
frames over the 42min scan (one X 2 min, five x 1 min, five x 5 min and one x 10 min
frames) as follows: PET list-mode data were temporally histogrammed according to the
above scheme and binned according to their line of response. Coincidence events were
rebinned over a maximum span field of 31 oblique planes using a single slice rebinning
algorithm. An iterative reconstruction approach was employed via a 3D Maximum-
Likelihood Expectation Maximization (MLEM) algorithm, which was performed 100
times and constrained to a 46 mm radial FOV. The resultant PET images yielded an
effective isotropic resolution of 1.2 mm. Normalization correction (to account for
variable count-rate sensitivity of sensors), decay correction, scatter and CT-based
attenuation corrections were applied to the reconstructed data sets. Quantitative
calibrations were performed each imaging session and applied to generate PET
radioactivity source maps scaled to kBg/cc. CT images were reconstructed with a
512x512x512 image matrix over a 56 mm FOV using built-in optimum noise
reconstruction procedures with the Triumph XO CT acquisition software, yielding images

with 102um isotropic resolution.

Dynamic PET and CT images were fused to a common coordinate frame using
established coordinate transformations between the modalities. Both PET and CT images
were then interpolated, resolution-matched at 100um and subsequently underwent affine
(6-parameter, rigid body) registration to a standard 3D MR-based mouse brain atlas
template (Ma et al., 2005; Ma et al., 2008). This permitted parcellation of the brain for

volume of interest (VOI) analysis over time, ultimately enabling the generation of
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dynamic PET time-activity curves (TACs), which permitted evaluation
TRV6501rentention in SXFAD and WT/BChE-KO brains. The mean voxel value of
TRV6501 concentration (kBg/cc) for seven relevant brain structures were evaluated: 1)
whole brain (all but olfactory bulb, brain stem and cerebellum), ii) neocortex, iii)
hippocampus, iv) globus pallidus, v) amygdala, vi) caudate/putamen and vii) cerebellum.
An imaged-derived arterial input function (IDAIF) was also employed using PET-based
localization and quantification of the proximal common carotid artery (CCA) to estimate
the average concentration (kBg/cc) of radiotracer in the blood over time. Separate
penumbral VOIs were delineated from left and right proximal CCAs in sagittal, axial and
coronal planes, and propagated from frame 2 to all other frames in the acquisition series.
VOIs consisted of an outer bounding spherical VOI (VOloy, 2.5mm radius), from which
the maximal average peak cluster of voxels (kBg/cc) within a smaller (VOIi,, 0.5mm
radius) sphere was determined. The difference between the inner and outer VOIs (VOIin
- VOIout) were determined for left and right CCAs, the average of which was taken as the
mean IDAIF concentration (KBg/cc) for each mouse. All image registration and VOI

processing was performed using PMOD (PMOD Technologies, Zurich, Switzerland).

4.5.9 Kinetic Modeling and Statistical Analysis

Time-activity curves were generated from the radioactivity source maps for each
acquisition frame of each subject and were expressed in kBg/cc and %ID/mL
representing the average activity per unit volume and percent injected dose per unit

volume, respectively, in each of the seven brain structures evaluated.
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Three kinetic models were evaluated including a one tissue compartment model
(1TCM) a simplified reference tissue model (SRTM) (Lammertsma & Hume, 1996) and

by Logan graphical analysis (Logan et al., 1990).

The 1TCM describes the exchange (uptake and washout) of tracer between blood
plasma and a single tissue compartment (as reviewed in Chapter 1). In this model, the
whole blood CCA IDAIF was used as the input function, fitted using a sum of two
exponential functions, optimized using a Marqardt-Levenberg algorithm over 200
iterations. From the operational model curve, fitted kinetic parameters included K;
(mLecm>emin), k> (min™") with a fixed physiological blood volume fraction, vg set to
5%. From these parameters, the volume of distribution, Vt, was determined, where V1 =

Ki/kz (mLecm?).

For the SRTM (as reviewed in Chapter 1) cerebellar gray matter was used as a
reference region owed to the relatively low BChE accumulation in this region of the
brain. Estimates of the relative influx rate constant R; (mLecm+min™'), efflux rate

constant k> (min™') and BPnp (mLecm™) were obtained.

A Logan graphical analysis was also performed (as reviewed in Chapter 1)
where average TRV6501 time-activity curves (kBg/cc) underwent a mathematical
transformation, expressed as the integral of tissue concentration as a function of time,
Cr(7) divided by instantaneous tissue concentration, Cr(?), plotted against a “normalized
time”, represented by the integral of plasma concentration C,(7) divided by instantaneous
tissue concentration, the slope, K, of which represents an estimate of distribution volume

Vr (Equation 4.1).
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A linear regression was fitted to the resulting Logan plot, using a maximum error
criterion of 10%, whereby early data points outside a 10% deviation of the fit were
excluded from the regression. The slope of this curve provides an estimate of total

distribution volume Vt (mLecm™).

The suitability of the selected models in describing the kinetics of TRV6501 was
evaluated with goodness of fit metrics including sum of squares (SS), R? and standard
deviations of residuals (Sy.x) methods. All kinetic modelling was performed in the PKIN
module of PMOD (Zurich, Switzerland). The average kinetic parameters in each brain
region, expressed as group means + standard error of the mean (SEM), were compared
between SXFAD and WT/BCKE-KO mice using unpaired t-tests (two-tailed, assuming

unequal variances) in SPSS (IBM Inc., Armonk, NY).

A retrospective power analysis (Vroman Battle et al., 2000) was also performed
for post-hoc evaluation of the power of the statistical comparisons of this preliminary
study. Estimates of V1 (1TCM and Logan graphical analysis) and BPxp (SRTM) were
evaluated in the neocortex and reported based on the observed Cohn’s D effect size
between SXFAD and WT/BChE-KO for each of these metrics. The neocortex was
chosen due to the preferential increase of BChE in this region of the 5SXFAD brain, where
retention of BChE-targeting TRV 6501, in theory, would be elevated. Subsequent a
priori sample size calculations were performed based on the observed effect size between

5XFAD and WT/BChE-KO, a power (1-p) of 0.80 and an alpha error probability, a, of
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0.05. Power calculations were performed in GPower statistical analysis software

(GPower 3.1, Dusseldorf, Germany).

4.6 Results

4.6.1 Physicochemical and In Vitro Kinetic Profile of N-Methylpiperidin-4-yl
p-fluorobenzoate

The physicochemical and in vitro kinetic properties of TRV6501 are described in
Table 4.1. In general, TRV6501 possesses a favourable physicochemical profile, with an
MPO score of 4.69, owed to a relatively low molecular weight, topological surface area

An MPO score of >3 indicates a high likelihood of the radioligand crossing the BBB.

The nonradioactive fluorobenzoate was examined using purified human plasma
BChE and purified recombinant human AChE. As indicated in repetitive scans, the ester
underwent hydrolysis at pH 7.4 over 18 minutes with BChE. No hydrolysis occurred with
AChE under the same conditions. From a Lineweaver-Burk plot, K, kcar and kea/Kar
were calculated. Ky was determined to be 6.65 + 1.23 x 10~ M, kear was determined to be
650 = 84 min™! and the enzymatic efficiency, kc./Ky was calculated to be 1.30 £ 0.64 x
10° M-'min!. Taken together, these results indicate high selectivity of TRV6501 for

BChE.
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691

TRV # Structure Name Physicochemical Profile
MW TPSA pKa clogP /clogD | HBD MPO
(g/mol) &)
237.27 30.74 9.69 2.15/0.84 0 4.69
TRV6501 i OO/ 1-methyl-4-piperidinyl p-'3[F]fluorobenzoate In vitro Kinetic Profile
i Q)L Vi ecar Ko Kear/ Kom
(Memin™) (min™)
24.7x10%¢ 385 284x10°¢ 1.30x10°

Table 4.1 Radioligand characteristics that make up the product profile of BChE radioligand 1-methyl-4-piperidyl p-
Y¥[F]flourobenzoate (TRV6501) for positron emission tomography (PET) imaging. TRV6501 has a favourable physicochemical
profile with a Multiparametric Optimization (MPO) score of 4.69 (>3.0), indicating a high likelihood of crossing the BBB and being
taken up in the brain. The in vitro kinetic profile also indicates high enzymatic selectivity for BChE, suggesting a greater probability
of in vivo target engagement with BChE in the brain. MW, molecular weight; TPSA, topological polar surface area; pKa = -logioKa,
acid dissociation constant; clogP / clogD = partition coefficient / dissociation coefficient, measure of lipophilicity; HBD, hydrogen
bond donors, MPO, Multiparametic Optimzation Score (Wager et al. 2016); V., maximum enzymatic reaction rate; kcqs, turnover
number; K,,, Michaelis constant.



4.6.2 Radiochemical Synthesis of N-Methylpiperidin-4-yl p-
['®F]Fluorobenzoate

The radiosynthesis of N-methylpiperidin-4-yl p-['®F]fluorobenzoate was achieved
using a modified procedure published previously(Bormans et al., 1996). Modifications
include purification of ['*F]KF with a QMA light Sep-Pak and the incorporation of a
chemically active extraction. Using this modified procedure, N-methylpiperidin-4-yl
p['8F]fluorobenzoate was isolated from radio-HPLC with 17% radiochemical yield. A
small amount was reinjected into the radio-HPLC to confirm the radiopurity. The

radiopurity of this compound was 97%.

4.6.3 Image-derived Arterial Input Function (IDAIF)

An image-derived arterial input function (IDAIF) based on PET quantification
estimates of whole blood radioligand concentration in the proximal CCA was determined
over the scan duration. PET acquisitions offered reproducible localization of left and
right CCA over the course of the dynamic imaging series (Figure 4.1A). The average of
left and right CCA time-activity curves for each mouse are shown in Figure 4.1B and the
corresponding fitted curves (Figure 4.1C) were used as the input function for subsequent

kinetic modeling with 1TCM and Logan graphical analysis methods.
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Figure 4.1 Image-derived arterial input function (IDAIF) estimates for SXFAD and
WT/BCHE-KO mice were determined via PET-based quantification of TRV6501
concentration in common carotid artery (CCA) over time. A. Representative coronal,
sagittal and axial TRV6501 PET images showing delineation of proximal CCA.
Penumbral spherical volumes of interest (VOIs) (outer bounding VOlIoy, blue; inner
maximal peak cluster VOIi,, white) were placed on left and right proximal CCA, with
the average of VOIin-VOlIo for both left and right CCA representing mean IDAIF. B.
IDAIF time-activity curves (kBg/cc) for SXFAD and WT/BCHE-KO mice. C.
Corresponding fitted IDAIF curves were used as the input function for subsequent
kinetic modelling using a single tissue compartment model (ITCM) and Logan graphical
analysis.
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4.6.4 Dynamic PET Imaging

PET imaging demonstrated cerebral uptake of TRV6501 in both SXFAD and
WT/BChE-KO mice, indicating that TRV6501 crossed the BBB. Marked radioligand
accumulation was observed at early timepoints in both the SXFAD (Figure 4.2) and
WT/BChE-KO (Figure 4.3) brains, with a regionalized distribution evident in cortical
areas and certain subcortical structures. This was followed by washout of TRV6501 over

the duration of the scan as illustrated in representative time-activity curves of SXFAD

(Figure 4.4) and WT/BChE-KO (Figure 4.5) mice.

Across each of the brain structures investigated, peak concentrations (Cmax) of the
radioligand were reached within the first minute post-injection (approximately 2.5min
(150 sec) after the start of the PET scan) as evidenced in the time-activity curves
expressed in both %ID/mL (Figure 4.6) and %Cmax (Figure 4.7). In measurements of
whole brain uptake, this corresponded to an average TRV6501 concentration of (0.0043 +
0.0022) %ID/mL in 5XFAD and (0.0102 £ 0.0038) %ID/mL in WT/BChE-KO mice,

which was not significantly different (p=0.269).

172



€L1

0 minutes 2 minutes 3 minutes 4 minutes 5 minutes 6 minutes 9 minutes 14 minutes 19 minutes

- &2
[+

g

e

(=}

o

_

8

"

<

=

E -
[=T)]

)

7]

Figure 4.2 TRV6501 dynamic Positron Emission Tomography (PET) imaging series for a representative SXFAD mouse in coronal
(top), axial (middle) and sagittal (bottom) planes. PET images were co-registered with computed tomography (CT) and a magnetic
resonance imaging (MRI) template brain for anatomical reference. Mice received a tail vein injection of TRV6501 2 minutes after the
start of a 42-minute PET scan. 12 dynamic frames (one x 1.5 min, five x 1 min, five x5 min and one x 10 min frame) were acquired,
the first 9 are shown here. Figure timepoints indicate midpoint of each acquisition frame. TRV6501 crosses the blood brain barrier and
is taken up in the brain with marked tracer accumulation in the brain followed by washout of the radioligand over the course of the
scan. Color scale set from 0-25 kBg/cc.
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Figure 4.3 TRV6501 dynamic Positron Emission Tomography (PET) imaging series for a representative WT/BChE-KO mouse in
coronal (top), axial (middle) and sagittal (bottom) planes. PET images were co-registered with computed tomography (CT) and a
magnetic resonance imaging (MRI) template brain for anatomical reference. Mice received a tail vein injection of TRV6501 two
minutes after the start of a 42-minute PET scan. 12 dynamic frames (one x 1.5 min, five x 1 min, five x5 min and one x 10 min frame)
were acquired, the first 9 are shown here. Figure timepoints indicate midpoint of each acquisition frame. TRV6501 crosses the blood
brain barrier and is taken up in the brain with marked tracer accumulation in the brain followed by washout of the radioligand over the
course of the scan. Color scale set from 0-25 kBg/cc.
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Figure 4.4 TRV6501 Positron Emission Tomography (PET) whole brain time-activity
curves (kBg/cc) for a representative SXFAD mouse. Mice received a tail vein injection of
TRV6501 two minutes after the start of a 42-minute PET scan. 12 dynamic frames (one x
1.5 min, five x 1 min, five x5 min and one x 10 min frame) were acquired, with coronal
TRV6501 brain images shown at 3,5, 14 and 42 minutes). Washout of TRV6501 is
observable in the time-activity curve and in the associated imaging timepoints.
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Figure 4.5 TRV6501 Positron Emission Tomography (PET) whole brain time-activity
curves (kBg/cc) for a representative WT/BCHE-KO mouse. Mice received a tail vein
injection of TRV6501 two minutes after the start of a 42-minute PET scan. 12 dynamic
frames (one x 1.5 min, five x 1 min, five x5 min and one x 10 min frame) were acquired,
with coronal TRV6501 brain images shown at 3,5, 14 and 42 minutes). Washout of
TRV6501 is observable in the time-activity curve and in the associated imaging
timepoints.
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Figure 4.6 TRV6501 time-activity curves (%ID/mL) for the three
5XFAD (A,B,C) and WT/BCHE-KO (D,E,F) mice studied. Seven
volumes of interest (VOIs) were evaluated including: whole brain
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(tan) and an image-derived arterial input function (red) estimated
from TRV6501 concentration in the common carotid artery (CCA).
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Figure 4.7 TRV6501 time-activity curves expressed as a percentage — ceebeliom

Globus Pallidus

of the maximum concentration (%Cmax) for the three SXFAD — Hippocampus

— Neocortex

(A,B,C) and WT/BCHE-KO (D,E,F) mice studied. Seven volumes — Whole_Brain
of interest (VOIs) were evaluated including: whole brain (indigo),

amygdala (blue), caudate/putamen (green), cerebellum (purple),

globus pallidus (gold), hippocampus (black), neocortex (tan) and an
image-derived arterial input function (red) estimated from TRV6501
concentration in the common carotid artery (CCA). In most

instances, Cmax occurred approximately 30 seconds after TRV6501

was administered (2.5mins after scan start).

— Whole Blood AIF
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4.6.5 PET Kinetic Modeling

TRV6501 uptake and retention in the brain was evaluated using kinetic modelling

approaches including 1TCM, SRTM and Logan graphical analyses.

4.6.5.1 1TCM Evaluation of TRV6501

Regional tissue time-activity curves (kBg/cc) for SXFAD (Figure 4.8 A,D,G) and
WT/BChE-KO (Figure 4.9 A,D,G) underwent a convolution with the corresponding
whole blood IDAIF for each mouse. The resulting curves were fitted using non-linear
regressions and are shown for 5XFAD (Figure 4.8 B, E, H) and WT/BChE-KO (Figure
4.9 B,E,H) mice in each of the brain regions investigated. K; and k> parameter estimates
were determined for each region and compared between SXFAD and WT/BChE-KO
mice (Figure 4.10, Table 4.2). Whole brain estimates of K; (SXFAD, 0.43 £ 0.13 mLecm"
3emin’'; WT/BChE-KO, 1.79 £+ 0.77 mLecm>emin™'), k> (5XFAD, 0.14 £ 0.02 min’;
WT/BChE-KO, 0.42 £+ 0.13 min') and Vr (5XFAD, 3.05 + 1.11 mLecm?; WT/BChE-
KO, 3.73 £ 0.91 mLecm) were not significantly different between 5XFAD and
WT/BChE-KO mice (p > 0.178) (Figure 4.10, Table 4.2). Similarly, regional estimates
of K/(5XFAD, (0.21 £0.10 — 0.76 + 0.18) mLecm>*min’!; WT/BChE-KO, (0.71 £ 0.24 —
3.18 £ 1.40) mLecm*min™'), k> (5XFAD, (0.01 £ 0.01 — 0.18 £ 0.02) min"!; WT/BChE-
KO, (0.16 +0.02 — 0.55 £ 0.19)min"") and V1 (5XFAD, (2.24 £ 1.10-4.71 £ 0.51)
mLecm™; WT/BChE-KO, (2.95 + 0.60 — 5.46 + 1.49) mLecm™) were not significantly
different between SXFAD and WT/BChE-KO in the brain structures investigated (p >

0.382) (Figure 4.10, Table 4.2).
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Figure 4.8 TRV6501 time-activity curves (kBg/cc) for the three SXFAD mice
evaluated (A,B,C). Corresponding single tissue compartment model (1TCM)  — pmygdala
(D,E,F) and simplified reference tissue model (SRTM) (G,H.I) curves — Sgﬁg’ggﬁgﬁ“tam""“
generated from the same 5SXFAD mice. 1TCM curves were fitted to estimate ﬁ!ﬁggiaﬁ?lﬂius
kinetic parameters K1, k2 and VT (Figure 4.10) and SRTM curves were used to — Neocortex
. .. . . — Whole_Brai

derive kinetic BPxp (Figure 4.11). Seven volumes of interest (VOIs) were — Wh;Z*B.{,?,'Q AIF

evaluated including: whole brain (indigo), amygdala (blue), caudate/putamen
(green), cerebellum (purple), globus pallidus (gold), hippocampus (black),
neocortex (tan) and an image-derived arterial input function (red) estimated
from TRV6501 concentration in the common carotid artery (CCA).
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Figure 4.9 TRV6501 time-activity curves (kBg/cc) for the three WI/BCHE-KO — caudate_Putamen
mice evaluated (A,B,C). Corresponding single tissue compartment model — gfggﬁgﬂ;g]"dus
(ITCM) (D,E,F) and simplified reference tissue model (SRTM) (G,H,I) curves Hfgggﬁg"lus
generated from the same WT/BCHE-KO mice. 1TCM curves were fitted to — wgglgﬁgﬂg -

estimate kinetic parameters K1, k2 and VT (Figure 4.10) and SRTM curves were
used to derive kinetic BPnp (Figure 4.11). Seven volumes of interest (VOIs) were
evaluated including: whole brain (indigo), amygdala (blue), caudate/putamen
(green), cerebellum (purple), globus pallidus (gold), hippocampus (black),
neocortex (tan) and an image-derived arterial input function (red) estimated from
TRV6501 concentration in the common carotid artery (CCA).
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Figure 4.10 TRV6501 single tissue compartment model (1TCM) kinetic parameter
estimates of A. influx rate constant K; (mLecm=min') B. efflux rate constant k> (min!)
and C. the volume of distribution,Vt for 5XFAD (blue) and WT/BChE-KO (red) mice.
All values mean £ SEM. No significant differences in K, k> or V1 were observed
between SXFAD and WT/BChE-KO mice in the brain structures evaluated (0.173 <p <
0.930) (Table 4.2) WB=whole brain, Amg=amygdala, C/P=caudate/putamen,
Cereb=cerebellum, GP= globus pallidus, HC=hippocampus, NC= neocortex.
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Brain K1 (mLecm3emin') k2 (min") VT (mLecm)

Region 5XFAD KO p value 5XFAD KO p value 5XFAD KO p value
WB 0.43+0.13 1.79+ 0.77 0.215 0.14 % 0.02 0.42 £0.13 0.178 3.05+1.11 3.73+ 091 0.663
Amg 0.53+ 0.09 1.91+ 0.84 0.241 0.12+ 0.02 0.40 £0.17 0.236 4.52+ 0.64 4.34+ 0.67 0.860
C/P 0.64 £ 0.23 2.25%+0.99 0.244 0.18% 0.02 0.37£0.15 0.320 3.54+1.24 542+ 1.62 0.412
GP 0.47+0.15 1.99 + 0.87 0.221 0.14% 0.01 0.35+0.15 0.285 3.43+0.99 5.37+ 1.66 0.382
HC 0.21+0.10 1.76 £ 0.92 0.232 0.01+0.01 0.27 % 0.16 0.173 2.24+1.10 3.57+0.90 0.403
NC 0.39+0.16 1.76 £ 0.81 0.229 0.14+ 0.02 0.41 £0.16 0.230 2.87+ 1.33 3.77+0.73 0.592

Cerebel 0.26+ 0.13 1.40 £1.02 0.380 0.08 + 0.03 0.39 £ 0.23 0.304 2.85+ 096 | 2.95+0.60 0.930

Table 4.2 TRV6501 single tissue compartment model (1TCM) kinetic parameters: influx rate constant, K;(mLecm>emin™'); efflux
rate constant, k> (min™') and distribution volume, V1 (mLscm™?) for 5XFAD and WT/BChE-KO mice (mean + SEM). No significant

differences were observed in K;, k2 or V1 between SXFAD and WT/BChE-KO mice in any of the brain structures evaluated (0.173 <p
< 0.930) with limited sample size in this preliminary study. WB, whole brain; Amg, amygdala; C/P, caudate/putamen; CC/EC, corpus

callosum/external capsule; GP, globus pallidus; HC, hippocampus; hypo, hypothalamus; NC, neocortex; Thal, thalamus; BS,
brainstem; Cerebel, cerebellum.




4.6.5.2 SRTM Evaluation of TRV6501

Using a simplified reference tissue model (SRTM) with cerebellar gray matter
reference region, whole brain estimates of R; (5XFAD, 0.8140.21 mLecm™emin’’;
WT/BChE-KO, 0.92 £0.07 mLecm>smin!), k> (5XFAD, 0.68+0.32min"!; WT/BChE-KO,
0.0540.05 min'') and BPxp (5XFAD, 0.0840.07 mLecm™; WT/BChE-KO, 6.61+6.60
mLecm®) were not significantly different between 5XFAD and WT/BChE-KO mice
(p=0.188) (Figure 4.11, Table 4.3). Similarly, regional estimates of R; (SXFAD,
(0.96+0.44 — 4.214+2.93) mLecm>*min!; WT/BChE-KO, (1.10+0.85 — 4.10+2.95)mLecm"
Semin), k2 (5XFAD, (0.07£0.06 — 0.68+0.32)min"'; WT/BChE-KO, (0.13+0.06 —
0.3540.17)min") and BPxp (5XFAD, (0.03+0.02 — 6.75+6.63) min™'; WT/BChE-KO,
(0.0140.01 — 6.98+6.52) min'!) were not significantly different between 5XFAD and

WT/BChE-KO in the brain structures investigated (p > 0.274) (Figure 4.11, Table 4.3).
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Figure 4.11 TRV6501 simplified reference tissue model (SRTM) kinetic parameter estimates
of A. apparent influx rate constant R; (mLscm~>smin') B. efflux rate constant k> (min'") and C.
the non-displaceable binding potential BPxp (mLecm™) for 5XFAD (blue) and WT/BChE-KO
(red) mice. All values mean + SEM. No significant differences in K;, k> or BPnp were
observed between SXFAD and WT/BChE-KO mice in the brain structures evaluated (0.188 <p
<0.989) (Table 4.3) WB=whole brain, Amg=amygdala, C/P=caudate/putamen,
Cereb=cerebellum, GP= globus pallidus, HC=hippocampus, NC= neocortex.
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Brain Ri(mLecm3emin) k2 (min") BPND (mLecm™)

Region 5XFAD KO p value 5XFAD KO p value 5XFAD KO p value
WB 3.05+1.74 | 3.91+3.05 0.648 0.68+0.32 | 0.05+0.05 0.183 0.30+ 0.07 | 0.42+0.31 0.427
Amg 4.21+2.93 3.83+3.09 0.934 0.438 £0.20 | 0.24+0.14 0.466 0.47+ 0.36 0.59+ 0.36 0.833
C/P 3.82+1.45 3.87+3.07 0.989 0.21+0.11 0.34+ 0.20 0.603 0.23 £0.16 0.42+0.24 0.556
GP 3,72+ 2.26 3.95+ 3.03 0.954 0.18+ 0.09 0.22+0.11 0.804 0.42+ 0.37 0.65+ 0.19 0.612
HC 1.20+0.70 | 2.89+2.04 0.502 0.24+0.15 | 0.27+£0.12 0.891 6.03+598 | 0.30+0.18 0.439
NC 245+ 1.01 3.26+2.48 0.785 0.71+ 0.29 0.30+ 0.13 0.297 0.10£ 0.08 0.31+0.24 0.470

Cerebel 1.06 + 0.08 1.10+ 0.85 0.790 0.49+ 0.26 0.13+ 0.06 0.299 0.03+ 0.02 0.01+0.01 0.333

Table 4.3 TRV6501 simplified reference tissue model (SRTM) kinetic parameters: apparent influx rate constant, R;(mLecm"
Jemin’!); efflux rate constant, k> (min') and distribution volume BPxp (mLecm-3) for TRV6501 in 5XFAD and WT/BCHE-KO

(KO) mice (mean = SEM). No significant differences were observed in K;, k2 or BPxp between SXFAD and WT/BCHE-KO mice

in any of the brain structures evaluated (0.188 < p < 0.989) with limited sample size in this preliminary study. WB, whole brain;
Amg, amygdala; C/P, caudate/putamen; CC/EC, corpus callosum/external capsule; GP, globus pallidus; HC, hippocampus; hypo,
hypothalamus; NC, neocortex; Thal, thalamus; BS, brainstem; Cerebel, cerebellum.




4.6.5.3 Logan Graphical Analysis of TRV6501

Logan graphical analysis was also carried out to provide an estimate of the
volume of distribution, V1, of TRV6501. Whole brain Logan plots and corresponding
linear regressions for SXFAD and WT/BChE-KO are seen in Figure 4.12. The slope of
the linear regression provides an estimate of Vr. Logan plot linear regression summaries
for whole brain and regional analysis are provided in Figure 4.13. Whole brain and
estimates of V1 (53XFAD, 2.93 + 1.35mLecm™; WT/BChE-KO, 3.27 £+ 1.18 mLecm™)
were not significantly different between SXFAD and WT/BChE-KO (p = 0.861) (Figure
4.14). Similar to the whole brain results, regional estimates of V1 (5XFAD, (2.28 £ 1.25
—5.77 £1.20) mLecm™; WT/BChE-KO, (2.45 + 0.38 — 4.28 + 1.83) mLecm™) were not
significantly different between SXFAD and WT/BChE-KO in the brain structures

investigated (p > 0.136) (Figure 4.14).

187



A. Whole Brain D. Whole Brain

4000+ 8000
) )
2 3000~ 2 6000
"3 2000 % 4000
o Qo
£ 1000+ B 2000~
£ ——  5XFAD1 £ —— WT/BCHE-KG2
] - ra ——=--_5XFAD1 fit H 0 --s-- WT/BCHE-KO2 fit
o b - T T T 1 3
= 7 200 400 600 800 & 500 1000 1500
~ab00- JCuars(T)ITC (1) [56C] 2000 JC i )ATC (1) [58C]
B Whole Brain E Whole Brain
5000 4000
3 ?
8 4000+ 2 3000+
= =
§ 3000 3 2000+
Q Q
£ 20004 5 1000 g
x £ e —=— WI/BCHE-KO3
(.)E 10007 5 U:’Z 0 o — T — M['?ME
2 o e AT <, 500 1000 1500 2000 2500
04— - R, ~1000- JCrnT)ATC (1) [56C]
T
0 500 1000 1500 2000 2500 poers e
JCeama(T)T/C (1) [SEC]
C. Whole Brain F. Whole Brain
6000~ 25000~
& 4000 2 20000
=) =) 3
% 2000+ % 150001 b
o - ——  5XFAD3 o s
_'5_ 0 — - T ; ”krl S5XFAD3 ﬂ: ;5“ 100004 .
r 4000 2000 3000 4000 5000 E AR
g . . 3 4 A 00 eaa WT/BCHE-KOA fit
g 2000 JC e TIITIC (1) [sC] g %000 ‘
-4000- 0 e R—— .
0 2000 4000 6000

JCoama(T)AT/C (L) [SEC]

Figure 4.12 TRV6501 whole brain Logan plots for SXFAD (A,B,C) and WT/BChE-KO
(D,E,F) mice. A mathematical transformation is applied to time-activity curves,
expressing tissue activity as a function of time Ctissue(t) divided by instantaneous tissue
concentration Cy(?) and plotted against a normalized time (expressed as the integral of the
input curve (Cy(?)) divided by Ciissue(?). The slope of the resulting linear relationship
provides an estimate of the volume of distribution (Vr). Whole brain linear regressions
shown for (5XFAD, blue), (WT/BChE-KO, red), the results of which are summarized in
Figure 4.13 and Figure 4.14.
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Figure 4.13 TRV6501 Logan plot linear regressions (transformed time-activity curve
data not shown) for 5SXFAD (blue) and WT/BChE-KO (red) mice in A. whole brain, B.
neocortex, C. hippocampus, D. Amygdala, E. globus pallidus, F. caudate/putamen and G.
cerebellum. Slopes of linear regressions provided estimate of volume of distribution (V).
Vr results are shown in Figure 4.14.
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Figure 4.14 (A,B) Logan plot estimates of Vr for TRV6501 in 5SXFAD (blue) and
WT/BChE-KO (red) mice (mean + SEM). No significant differences were observed
between SXFAD and WT/BChE-KO mice in any of the regions evaluated (p > 0.659).
WB, whole brain; Amg, amygdala; C/P, caudate/putamen; GP, globus pallidus; HC,
hippocampus;; NC, neocortex; Cerebel, cerebellum.
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4.6.5.4 Suitability of Models to Describe TRV6501 In Vivo Kinetics: Goodness of
Fit Metrics

To confirm the suitability of the I TCM, SRTM and Logan graphical analysis
techniques in describing the pharmacokinetic behaviour of TRV6501, various goodness
of fit metrics were evaluated including sum of squares (SS), R?, and standard deviation of
residuals (Sy.x) methods. In general, these goodness of fit metrics indicated a strong
correspondence with the empirical data. For TRV6501 evaluation in a 1TCM, SS values
ranged between 1.24 +0.72 and 3.77 £ 2.63, R? values ranged from 0.61 £ 0.19 to 0.78 +
0.09 and Sy.x values ranged from 0.25 £ 0.11 to 0.44 + 0.18 (Table 4.4). For the SRTM,
SS values ranged between 0.002 + 0.001 and 1.20 £ 0.71, R? values ranged from 0.87 +
0.14 t0 0.99 £ 0.01 and Sy.x values ranged from 0.01 + 0.01 to 0.32 £ 0.18 (Table 4.4).
Finally for the Logan graphical analysis technique, an R? metric was evaluated,
estimating the goodness of fit in the linear region of the transformed data. R? values were

high, ranging between 0.992 £ 0.005 to 1.000 £ 0.001.
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Brain 1TCM SRTM Logan
Region SS R Sy.x SS R Sy.x R2
WB 2.32+1.49 0.78 £ 0.09 0.33+£0.15 0.28 £0.27 0.94+0.11 0.09+£0.07 | 1.000 £0.001
Amg 1.53+£0.84 0.71+£0.12 0.31+£0.11 0.64+£0.47 0.87+0.14 0.18+0.09 1.000 = 0.002
C/P 3.77 £2.63 0.78 £ 0.08 0.43 £ 0.20 235+£1.5 0.92 £ 0.04 0.32+£0.18 | 0.990 + 0.006
GP 3.55+£2.10 0.66 £0.11 0.44+£0.18 1.20+£0.71 0.91 £0.03 0.26+£0.11 0.997 £ 0.001
HC 1.24+£0.72 0.72 £ 0.09 0.25+0.11 0.07 £0.03 0.92 £ 0.04 0.07+£0.02 | 0.992 £0.005
NC 2.00+£1.45 0.77 £ 0.09 0.30+0.15 0.34+£0.27 0.93 £0.03 0.12+£0.07 | 0.997 £0.002
Cerebel | 2.42+2.11 0.61+£0.19 0.29+£0.18 | 0.002 £0.001 0.99 £ 0.01 0.01 £0.01 0.969 + 0.029

Table 4.4 TRV6501 goodness of fit metrics for single tissue compartment model (1TCM), simplified reference tissue
model (SRTM) and Logan graphical analysis methods (mean + SEM). Sum of squares (SS), R? and standard deviation of
residuals (Sy.x) were evaluated for the three methods, with smaller SS, Sy.x values and R? values closer to 1.0 indicating

better fits. In general, these goodness of fit metrics indicated a strong correspondence with the measured PET time-activity

curve data, suggesting that all three models adequately describe the pharmacokinetic characteristics of TRV6501.




4.7 Discussion

This preliminary in vivo PET evaluation of TRV6501 has provided considerable
insight into the pharmacokinetic behaviour of this putative cholinesterase radioligand,
expanding upon what has been established previously (Bormans et al., 1996). Originally
developed as an AChE radioligand, TRV 6501 failed to recapitulate the known AChE
distribution of the brain gleaned from ex vivo biodistribution studies in mice. That is, no
significant retention of the radioligand in regions of AChE enzymatic activity was
observed and it was concluded that this radioligand was not a suitable AChE imaging
agent (Bormans et al., 1996). The role of TRV6501 as a putative BChE imaging agent

had not been fully explored, which prompted us to carry out the current study.

Previously, we have evaluated an ['2*I] SPECT analogue of TRV6501, N-
methylpiperidin-4-yl 4-123Todobenzoate (TRV6001), which showed high selectivity for
BChE as opposed to AChE (DeBay, Reid, Pottie, et al., 2017; Macdonald et al., 2011).
In the current study, a modified method of Borman’s et al. (Bormans et al., 1996) was
used to effectively incorporate ['8F] into N-methylpiperidin-4-yl p-nitrobenzoate to
produce N-methylpiperidin-4-yl p-['®F]fluorobenzoate, which improved the
radiochemical yield of the radioligand. Considering the ['®F]KF used in the previous
synthesis contained significantly less heavy water, it was decided to purify the ['*F]KF
using a QMA light Sep-Pak. To improve the reaction time, a chemically active extraction
was used instead of using another Sep-Pak in the radiochemical procedure. These two
minor modifications produced the N-methylpiperidin-4-yl p-[!8F]fluorobenzoate in 17%

radiochemical yield with a radiochemical purity of 97%.
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In vitro enzyme Kinetics indicated that with a relatively high Viax (24.7x107
Memin™), kear (385 min!) and a low K, (284x107%), the corresponding BChE enzymatic
efficiency, kca/Km, was high (1.30 + 0.64)x10° M-'min!. This suggests that TRV6501
will be processed efficiently by BChE. Taken together these data indicated that

TRV6501 is a selective BChE substrate.

TRV6501 PET imaging imaging results from the current study indicate that
TRV6501 crosses the blood brain barrier and is readily taken up into the brain. This is in
agreement with what was previously shown by Borman’s et al. (Bormans et al., 1996)
and is consistent with the favourable physicochemical properties of the molecule, namely
possessing an MPO score of 4.69 (< 3), which is predictive of blood brain barrier
penetrance. This is also in agreement with what we have shown previously with SPECT
imaging of N-methylpiperidin-4-yl 4-['I]iodobenzoate (DeBay, Reid, Pottie, et al.,
2017). Marked accumulation of TRV6501 was observed in the brain in 5XFAD and
WT/BChE-KO mice at early timepoints, showing a regional distribution that favoured
cortical and some subcortical regions. Subsequent washout was observed in both the
5XFAD and WT/BChE-KO brain. Previous ex vivo biodistribution studies in the mouse
brain revealed a decrease of radioligand concentration to ~9% in the cerebral cortex
between 2 minutes and 30 minutes post-administration of TRV6501. By comparison, in
the current study, this corresponds to a concentration decrease to ~30% in the cerebral
cortex of a representative SXFAD or WT/BChE-KO mouse (Figure 4.7 C and D as an
example). Ex vivo biodistribution methodologies differ significantly from quantitative
PET, which may explain the observed discrepancies that may contribute to an

underestimation of TRV6501 concentration using the ex vivo method.

194



Three approaches were used to evaluate the pharmacokinetic behaviour of
TRV6501 in vivo, namely a 1 TCM, SRTM and Logan graphical analysis techniques.
These data showed that the various models evaluated describe the estimated TRV6501
pharmacokinetic parameters well, with generally better fits achieved via the SRTM
compared to 1TCM owed to smaller observed SS and Sy.x values and larger R? values.
This could be explained by the introduction of variance in the 1TCM from the IDAIF
implemented in the current study, that to this point has not been sufficiently validated.
The simplicity of the Logan graphical analysis technique and the strong correlation

between the empirical and fitted data make this method an attractive approach.

No apparent differences between SXFAD and WT/BChE-KO were observed in
pharmacokinetic parameters including the rates of influx (K;, R;), rates of efflux k2, or
corresponding distribution volume (V1) and binding potential (BPnp) metrics at the
whole brain or regional level, though admittedly in this preliminary analysis, sample size
is limited. Low statistical power notwithstanding, the similar results observed among the
ITCM, SRTM and Logan graphical analysis methods may also suggest that though
TRV6501 crosses the BBB and perfuses the brain, it may not be effectively interacting
with its BChE target. This could be due to various factors including hydrolysis of the
parent radioligand by available BChE in the bloodstream, producing radiometabolites that
though may enter the brain, do not engage with the target. If this is the case, the trend of
larger K; in WT/BChE-KO determined by a 1TCM (though not statistically significant)
suggests that perhaps more intact tracer reaches the brain and is not hydrolyzed in the

blood in WT/BChE-KO mice. Radiometabolite analysis of the blood is warranted and
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underway to accurately reconcile the fate of TRV6501 and its metabolites in vivo over the

course of an imaging experiment.

A number of limitations are evident in these first-pass analyses. This study
suffers from relatively low statistical power and as such, a considerable amount of
variability is seen in the data. No clear differences are seen in TRV6501 retention
between SXFAD and WT/BChE-KO brains and this may be attributed the small sample
size of the current study. Retrospective power analyses were carried out based on the
observed effect sizes between SXFAD and WT/BChE-KO for estimates of V1 (1TCM
and Logan graphical analysis) and BPnp (SRTM) in the neocortex. The range of effect
sizes was determined to be between 0.169-0.690 which corresponded an achieved
statistical power of between 0.071-0.175. A priori sample size calculations were also
carried out based on the observed effect sizes, a desired power (1-8) of 0.8 and a=0.05.
These results indicated that at least 27 mice (I TCM) and as many as 433 mice (Logan
graphical analysis) per group would be required to glean significance between SXFAD
and WT/BChE groups in metrics of TRV6501 neocortical retention (the region most
associated with accumulation of BChE in 5XAD mice). No statistically separable
differences in TRV6501 retention were apparent between SXFAD and WT/BChE-KO
brains using the analytical methods employed in the current study. While larger group
numbers will help strengthen the statistical power of the study and potentially uncover
differences in radiotracer retention, particular attention should also be placed on the
possible refinement of analysis techniques to overcome the considerable variability
observed in the derived PET retention metrics that either rely on a suitable reference

region or arterial input function.
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The selection of an appropriate reference region is essential when using reference
tissue models such as the SRTM. Selection of a cerebellar gray matter reference region
appeared to be a reasonable choice in the current study, based on visual inspection of the
PET images. However, the stability of such a reference region should be evaluated in

larger groups in order to adopt its widespread utility for these analyses.

A critical aspect to accurate kinetic modeling lies in the ability to acquire precise
measurements of the input function that drives the entire model. In this sense, the fidelity
of one’s PET imaging data is directly constrained by the measured precision of an arterial
input function. This is typically done with simultaneous blood sampling during the
imaging study to determine the concentration of tracer in the blood. This is performed at
high sampling frequencies on the order of ~10 seconds in the initial several minutes of
the experiment. In practice, the execution of such a study is immensely challenging, even
in humans but especially in mice. We have developed a means to estimate the input
function using an IDAIF evaluated at the level of the proximal CCA. This is convenient
as it is very close to the brain and was present in each of our imaging FOVs. A PET-
based localization of CCA was utilized, as anatomical-based segmentation of CCA was
not possible using a CT image without enhancement such as CT angiography (CTA).
Several pitfalls exist with a PET-based delineation of the CCA. Spill-out and spill-in
artifacts arise from partial volume effects owed to the relatively small size of mouse CCA
and the low resolution of PET (~1.2mm). This can cause an underestimation and
overestimation, respectively, of the true radiotracer concentration (Innis et al 2011). The
use of an un-validated IDAIF has the potential to introduce a significant amount of

variability in the data which could confound results in the 1TCM as well as Logan
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graphical analysis techniques, where the IDAIFs were applied. Considerable variability
in the IDAIFs between mice was seen in the current study, which may represent
limitations of the technique that could be inducing scaling errors in the quantitation and
generally introducing variance to the pharmacokinetic analyses. Careful validation of
such an IDAIF method is necessary to have complete confidence in this analysis. A direct
metabolite-corrected plasma fraction representing true, unchanged tracer concentration is
critical in order to properly evaluate and model the kinetics of a new radiotracer and
should be done in conjunction with IDAIF to validate the method. Alternatively,
stochastic AIFs (population averaged shape) could also be explored to maintain a more

consistent AIF measurement that is applied to the PET data.

Additionally, in this preliminary analysis, the temporal resolution of the current
study is relatively coarse (60 seconds or greater) owed to a trade-off between signal-to-
noise ratio (SNR) and temporal resolution. This was chosen in order to produce high
SNR images, for visualization of tracer behaviour at the expense, on some level, of the
temporal component. The consequence of such is that the true peak concentration (i.e.
%Cmax), 18 likely underestimated and could plausibly contribute to less accurate fitting of

the derived kinetic parameters.

Even with the accurate execution of a carefully designed PET study, PET imaging
in mice ultimately suffers from the relatively low resolution afforded by PET as a
modality. As such, the regional results, particularly of smaller brain structures should be
interpreted with caution. Careful and precise validation of an IDAIF corroborated with
direct blood sampling in mice is warranted. In the future, a reasonable approach for each

new prospective radioligand would be to perform direct blood sampling in a separate
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(non-imaging) cohort of mice to obtain a representative AIF for each radiotracer. Proper
plasma fraction and metabolite-corrected curves could be derived to more precisely
characterize the true unchanged parent input function and ultimately the kinetics of the
radioligand. This is especially important for these substrate-based enzymatic
radiotracers, particularly ones targeting BChE, an enzyme that is prominent in the

bloodstream. Radiometabolite-correction will be an important aspect of future analyses.

The current work represents initial progress in ['®F] radiochemistry in our group
and in the enhancement of available neuroimaging analysis techniques. The research
conducted in this chapter serves as an exemplar to establish a PET pharmacokinetic
modelling analysis framework, ultimately expanding the analytical toolkit that is essential
in order to rigorously characterize putative BChE radioligands in vivo for AD diagnostic

development.
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Chapter 5 Cerebral Perfusion in the 5XFAD Mouse
Model of Alzheimer’s Disease

5.1 Publication Status

Manuscript in preparation.

D.R. DeBay, T Phi, C.V. Bowen, S. Burrell, S. Darvesh. Cerebral Perfusion in the
SXFAD Mouse Model of Alzheimer’s Disease.

5.2 Overview

The following chapter describes a Single Photon Emission Computed
Tomography (SPECT) study aimed at implementing preclinical brain perfusion imaging
methods with *™Tc¢-Exametazime in the 5XFAD mouse model as part of a neuroimaging
validation of the Cubresa Spark tabletop SPECT scanner for our diagnostics program.
An introductory section provides background on the current use of perfusion-based
imaging agents in AD and is followed by the current study methods, results and

discussion.

5.3 Abstract

Functional neuroimaging with *™Tc-Exametazime (*™Tc-hexamethyl
propyleneamine oxime (**"Tc-HMPAO, Ceretec™) Single Photon Emission Computed
Tomography (SPECT) has been used as an ancillary test in Alzheimer’s disease (AD) to
evaluate regional cerebral blood flow (rCBF). Stereotypical patterns of hypoperfusion
and hypometabolism have been established in human AD using **™Tc-Exametazime-

SPECT and 'FDG-PET, respectively. Hypometabolism has been observed in animal
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models, including the SXFAD mouse; however, it is unknown whether hypoperfusion
signatures of AD are also present in the SXFAD model, often used for diagnostic and
therapeutic drug development. The objective of the current study was to assess baseline
perfusion patterns in 5XFAD compared to wild-type (WT) mice using *™Tc-
Exametazime SPECT imaging and determine whether the perfusion signatures of human

AD are recapitulated in the SXFAD model.

Methods: SXFAD (n=9) and age-matched wild-type (WT) (n=8) mice at 11.5 + 0.2
months underwent a 45-minute SPECT scan 20min after **™Tc-Exametazime
administration and subsequently imaged using computed tomography (CT) and magnetic
resonance imaging (MRI) for anatomical reference. For comparative evaluation of brain
perfusion in these mice, whole brain and regional standardized uptake values (SUVs) as
well as regional relative standardized uptake values (SUVr) with a whole brain reference
region were compared between SXFAD and WT groups. Brain structures including
whole brain, neocortex, amygdala, hippocampus, striatum, globus pallidus, thalamus and

cerebellum were evaluated.

Results: In general, brain perfusion appears to be conserved in SXFAD brain. Whole
brain *™Tc-Exametazime retention revealed no significant differences in SUV (5XFAD,
0.372 +£0.254; WT, 0.640 + 0.338; p = 0.536). Similarly, regional analysis revealed no
significant differences in *™Tc-Exametazime SUV or SUVr metrics between 5XFAD

and WT mice (SUV: 0.357 <p < 0.640; SUVTr: 0.595 <p <0.936).

Discussion: These exploratory results suggest an apparent disconnect between cerebral

blood flow and glucose metabolism (neurovascular decoupling) in the SXFAD brain.
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Establishing baseline perfusion patterns in the SXFAD model is essential and identifying
discrepancies from human AD should be taken under advisement in pre-clinical

diagnostic and therapeutic drug discovery programs.

5.4 Introduction

Brain function is governed by the activity of neurons. The regional activation of
neurons in the brain evokes a closely regulated hemodynamic response, supplying blood
containing energy substrates oxygen and glucose to satisfy the local metabolic
requirements of activated neurons (Catafau, 2001; Iadecola, 2017). This proportional
enhancement of regional cerebral blood flow (rCBF) in activated areas of the brain
reflects a so-called neurovascular coupling phenomenon, highlighting the close linkage of
neural activity to brain perfusion and metabolism (Pike, 2012). The exact mechanisms
governing cerebral hemodynamics are complex and in general are poorly understood.
Various physiological parameters influence cerebral blood flow which include mean
arterial blood pressure, intracranial blood pressure, cerebral perfusion pressure (CPP),
cerebrovascular resistance, and venous outflow among others, which has been reviewed
extensively elsewhere (Iadecola, 2017). In general, cerebral autoregulation orchestrates
the interplay of various mediators at the molecular level to control perfusion homeostasis
in the brain through vasodilation. In periods of neuronal activity, increased oxidative
metabolism by neurons results in the extracellular excretion of ions and metabolites such
as hydrogen ions (H"), CO> and adenosine which contribute to vasodilation and the

observed increase in blood flow, often termed functional hyperemia (Catafau, 2001).

This neurovascular coupling phenomenon forms the basis of various
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neuroimaging techniques measuring brain perfusion and metabolism, serving as surrogate
measures of brain function. A variety of neuroimaging correlates of brain perfusion and
metabolism have been devised including perfusion single photon emission computed
tomography (SPECT), ['*F] fluorodeoxyglucose (['*F]JFDG-PET) functional MRI (fMRI)

and arterial spin labelling (ASL).

5.4.1 Brain Perfusion Agents

A number of radiotracers have been developed to evaluate rCBF in the brain.
These have included SPECT imaging with '**Xe gas, %I p-iodo-N-
isopropylamphetamine (!2IMP) and 'O PET imaging, among others (Catafau, 2001).
Various pitfalls have hampered the widespread clinical utility of such agents, including
rapid clearance, poor SNR and low resolution images, and signal attenuation in deep
brain structures associated with the low y-ray energy of !33Xe, whereas with ' IMP, the
prolonged latency of peak brain activity and redistribution over time in conjunction with
high production costs and limited availability of > IMP has limited the practical use of

such an agent.

Today, **™Tc-based SPECT agents have become the mainstay to evaluate brain
perfusion including **™Tc-Exametazime (Ceretec™, GE Healthcare), originally
developed as *™Tc-d,] hexamethyl propyleneamine oxime (**™Tc-HMPAO) (Neirinckx
et al., 1987; Nowotnik et al., 1985) (Figure 5.1), and **™Tc-ethyl cysteinate dimer (**™Tc-
ECD) (Catafau, 2001). **"Tc-Exametazime and **™Tc-ECD are small (<500 Daltons)
lipophilic molecules of neutral charge that readily cross the BBB and are retained in cells

of the brain upon conversion into hydrophilic compounds. Both radiotracers possess
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Figure 5.1 Chemical structure of *™Tc¢-Exametazime (**"Tc-HMPAO).
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similar pharmacokinetic characteristics, reaching peak activity in the brain at ~2min post
injection (*™Tc-Exametazime, 2-3%ID; *™Tc¢c-ECD, 4-7%ID) and maintain a fixed flow-
dependent distribution pattern in the brain (over several hours) that is proportional to
rCBF at the time of injection (Neirinckx et al., 1987). Significant, prolonged brain
retention is seen with both tracers (**™Tc-Exametazime, 85-88% by 15 mins, 73% by
24hrs ; P™Tc-ECD, 86-88% by 1hr and subsequent 6%/hr washout) with rapid washout
of background tissues providing high gray-to-white matter contrast (**™Tc-Exametazime,
2-3:1; #T¢-ECD, 4:1) and an imaging window of at least 2 hrs post injection (**™Tc-
Exametazime, up to 4hrs; *™"Tc-ECD, up to 2 hrs). Whereas *™Tc-ECD is a relatively
stable molecule, *™Tc-Exametazime is highly unstable in vitro and is normally
incorporated with a stabilizing agent such as methylene blue or cobalt chloride for brain

imaging applications (Catafau, 2001).

Despite the similarities in pharmacokinetic profile, *™Tc-Exametazime and
9mT¢c-ECD mechanisms of brain retention differ. The brain retention of **™Tc-
Exametazime has been thought to largely reflect an intracellular interaction with
glutathione, an antioxidant which comprises the majority of all free thiols in mammalian
tissue. *MTc forms a chelated lipophilic complex with Exametazime and when
introduced into the blood stream, readily crosses the blood brain barrier through cell
membranes where it is trapped intracellularly upon a glutathione-dependent conversion of
the primary *™Tc-Exametazime complex to a non-diffusible hydrophilic form (Lassen et
al., 1988; Neirinckx et al., 1988; Nowotnik et al., 1985). A competing trapping
mechanism has been suggested where overall intracellular accumulation of *™Tc-

Exametazime more specifically relates to reduction-oxidation (redox) activity of the
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tissue (Jacquier-Sarlin et al., 1996b), thus having a certain dependence not only on

cerebral perfusion but also on cellular metabolism.

On the other hand, the hydrophilic conversion of *™Tc-ECD has been shown to
proceed by de-esterification via cellular esterase activity (Jacquier-Sarlin et al., 1996a)
and thus cellular metabolism is considered the predominant mechanism of ECD retention
in the brain. Variations in the relative proportion of cytosolic and membrane esterase
activity have shown to modulate overall *™T¢-ECD retention, where cells with high
membrane esterase activity inhibit the passage of *™Tc-ECD into the cell yielding a

reduction in observed *™Tc-ECD signal.

In general, both *Tc¢-Exametazime and **™Tc¢-ECD correlate well with rCBF in
the healthy brain (Catafau, 2001); however, the different characteristics and retention
mechanisms may serve to reconcile discrepancies seen on imaging under certain clinical
circumstances where the biochemical profile of the brain (i.e. in various neurological
diseases) may differ. For example, the reported variations in distribution seen in certain

brain tumors, in individuals with encephalitis or subacute stroke (Moretti et al., 1995).

5.4.2 Imaging Brain Perfusion in AD

In neurodegenerative diseases such as Alzheimer’s disease (AD), functional
neuroimaging with SPECT radiotracer ™Tc-Exametazime has been used as an ancillary
test in AD diagnosis to evaluate regional cerebral perfusion. As cerebral blood flow is
closely coupled to neuronal activity, the activity distribution of *™Tc-Exametazime has
been used as a surrogate marker of neuronal activity levels in areas of the brain and
specific hypoperfusion patterns have been established in AD and other dementias. In
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general, perfusion SPECT has moderate diagnostic value in AD with

sensitivity/specificity (80%/85%) (Bloudek et al., 2011).

Few studies of SPECT perfusion have been carried out in mouse models.
Apostolova et al. (Apostolova et al., 2012) successfully implemented SPECT perfusion
imaging in mice using *™Tc-Exametazime that provided sufficient sensitivity to detect
age-related differences in rCBF in a mouse model. In comparing **™Tc-Exametazime
and *™T¢-ECD retention in mice, they noted a rapid clearance of *™Tc-ECD whereas
significant brain retention was observed with *™Tc-Exametazime. The interspecies
differences in esterase activity between human and mouse brain was thought to explain
the lack of retention of ®™T¢-ECD in the brain (Apostolova et al., 2012). Given these
findings, in the current study, we focused on brain perfusion imaging with **™Tc-

Exametazime.

To the best of our knowledge, no evidence exists as to whether the patterns of
human temporoparietal hypometabolism are conserved in animal models of AD
commonly used for diagnostic and therapeutic drug development. Transgenic mouse
models of AD have been developed, including the 5XFAD mouse model (Oakley et al.,
2006), a model of amyloidosis based on familial AD (FAD) mutations. This model
overexpresses the human amyloid precursor protein (4PP) APPsos with the Swedish
(K670N, M671L), Florida (I716V), and London (V7171) FAD mutations, as well as
human presenilin 1 (PS1) harboring two FAD mutations, M146L and L286V. This
mouse model of brain amyloidosis has a very aggressive course, exhibiting A} deposition
accompanied by astrocytosis and microgliosis as early as ~2 months of age (Oakley et al.,

2006) with commensurate increases over disease progression. In addition, a number of
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similarities between this AD animal model and human AD have been documented,
including loss of synaptic markers observed at 9 months, cognitive impairment as early as
4 months (Eimer & Vassar, 2013; Oakley et al., 2006) and association of the AD-specific
enzyme butyrylcholinesterase (BChE) with A pathology (Darvesh & Reid, 2016; Reid

& Darvesh, 2015).

The aim of the current study was to implement preclinical brain perfusion
imaging methods with ™ Tc-Exametazime to evaluate patterns of perfusion in the

5XFAD mouse model.

5.5 Methods

Formal approval to conduct the current experiments was obtained from the
Dalhousie University Radiation Safety Committee and the Canadian Nuclear Safety
Commission (license 07154-2-17.10). *™Tc-Exametazime was synthesized at the
Department of Diagnostic Imaging, Nova Scotia Heath Authority, using the precursor kit
which was an unconditional gift from GE, Canada. Mice were cared for according to the
guidelines set by the Canadian Council on Animal Care (Dalhousie University

Committee on Laboratory Animals Protocol 15-070).

5.5.1 Animals

Pairs of female wild-type (C57BL/6J x SJL/J F1, Stock Number: 100012-JAX)
and male transgenic hemizygous SXFAD mice (B6SJL-
Tg(APPSWFILon,PSEN1*M146L*L286V)6799Vas/Mmjax, Stock Number: 006554-

JAX) were obtained from Jackson Laboratory (Bar Harbor, ME), and cared for as
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described previously (Reid & Darvesh, 2015). Imaging was performed during light phase
of the light-dark cycle. A total of 9 5XFAD mice (M:n=3, F:=2) and 8 WT (M:n=3, F:=2)

were imaged with an average age of 11.5 + 0.2 months.

5.5.2 99mTc-Exametazime Synthesis

Synthesis of *™Tc¢-Exametazime followed standard procedures for preparation of

Ceretec™ for evaluation of regional cerebral blood flow (GE Healthcare, 111, USA).

5.5.3 SPECT-CT Imaging

Mice were weighed immediately prior to imaging, anaesthetized with 3%
isofluorane in an induction chamber, restrained in a TailVeiner Restrainer (Braintree
Scientific) while under a continuous stream of 1.5% isofluorane. A catheter line was
placed in the lateral tail vein and mice subsequently received 1.188 + 0.053 mCi of
9mT¢-Exametazime in 205-260uL (5XFAD, 1.065 + 0.036 mCi; WT, 1.326 + 0.081
mCi). Injection of *™Tc-Exametazime was followed by a saline flush of ~10uL. Mice
were recovered with tracer uptake occurring in conscious mice over 20 minutes. Mice
then were secured in prone position in a heated Magnetic Resonance (MR)-compatible
bed, wrapped in a blanket and maintained under continuous stream of 1.5-2% isofluorane
and respiration rate monitored for the duration of scan (SA Instruments Inc. Stony Brook,
NY). The mouse head region was centered on a 14mm axial field of view (FOV) and a 3-
dimensional (3D) static SPECT scan was acquired in super list mode (SLM) over 45
minutes (4 projections) on a SPARK™ SRT-50 single head standalone tabletop SPECT
scanner (Cubresa Inc. MB, CA) integrated with a Triumph XO LabPET pre-clinical
computed tomography (CT) scanner (Trifoil Imaging, CA).
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Following SPECT imaging, a CT scan was acquired for anatomical reference and
subsequently co-registered with anatomical magnetic resonance imaging (MRI) acquired
in a separate scan (see below). CT images were collected in fly mode with a 70 kVp x-
ray beam energy (160pA beam current), 512 projections, 4 summed frames/projection,
with 2x2 binning and magnification of 2.26X, providing complete whole brain coverage

in a 56mm FOV. CT scan duration was &.5min.

5.5.4 MR Imaging

MRI scans were performed in a separate session prior to SPECT/CT imaging to
facilitate regional analyses of radiotracer retention in the brain. MR imaging was carried
out as described previously (DeBay, Reid, Pottie, et al., 2017), acquiring 142um isotropic
images at 3.0T over 61min using a 3D balanced Steady-State Free Precession, (b-SSFP)

imaging sequence (T2/T1-weighting).

5.5.5 Image Processing

Dynamic SPECT images were reconstructed as follows: SPECT SLM data were
converted to list mode data using built-in Cubresa SPARK™ preprocessing routine at
140keV with a 20% energy window applied. List mode data was reconstructed using an
iterative 3D Maximum-Likelihood Expectation Maximization (MLEM) algorithm (9
iterations) using HiSPECT software (SciVis GmbH, Gottingen, Germany). Resultant
SPECT images yielded an effective in-plane resolution of 0.8mm. Dark image and
quantitative calibrations were performed weekly for the duration of the study and applied

to each image acquired.
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CT images were reconstructed with a 512x512x512 image matrix over a 56 mm
FOV using built-in optimum noise reconstruction procedures with the Triumph XO CT
acquisition software, yielding images with 102pum isotropic resolution. Fusion of SPECT
and CT images was achieved using established coordinate transformations between two
modalities, whose common coordinate frames were applied in AMIDE Imaging Analysis
software (Loening & Gambhir, 2003). Images were assessed by visual inspection to
ensure accurate fusion results. MRI images underwent 3D maximum intensity projection
(MIP) processing of 4 phase cycle frequencies and resulting reconstructed images were
zero-padded (interpolated to higher resolution grid to increase the effective resolution and

image quality) in ImageJ (NIH, USA).

5.5.6 SPECT/CT/MRI Coregistration and SPECT Regional Analysis

Inter-modality registration performed between SPECT/CT/MRI and a MR-based
3D digital mouse atlas permitted parcellation of the brain for regional analyses as
described previously (Macdonald et al., 2014). A 6-parameter rigid body registration was
performed between mouse MR and a standard brain from which the digital atlas was
derived using Automated Image Registration 5.3.0 (Woods et al., 1998). Higher spatial
transformations (warping) were applied to standard brain and corresponding warped MR
atlas. MRI and warped MR atlas, along with SPECT/CT fused images were imported
into AMIDE, where affine registration between modalities was carried out (Loening &

Gambhir, 2003).

To evaluate brain perfusion, SPECT volume of interest (VOI) statistics were

generated for six brain structures defined by the MR atlas: 1) whole brain (all structures
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excluding cerebellum, brain stem and olfactory bulb), ii) cerebral cortex, iii) hippocampal
formation, iv) amygdala, v) thalamus and vi) basal ganglia. Semiquantitative estimates of
perfusion were determined for each of the structures via standardized uptake values
(SUV), expressed as SUV = (activity/unit dose)/g. Relative standardized uptake values
(SUVr) were also evaluated, using a whole brain reference region, determined as follows:
SUVrroi = SUV10i/SUVrwb. This normalized metric was employed to limit any possible

inter-subject or inter-scan variability in the study.

5.5.7 Statistical Analysis

Average SUV and SUVr brain perfusion metrics were compared between SXFAD
and WT group means for each brain structure using unpaired t-tests (two tailed, assuming
unequal variances). Differences were concluded at a significance level of 5% (p<0.05,*).
All data are presented as group means =+ standard error of the mean (SEM). All statistical

tests were performed in SPSS (IBM, Armonk, NY).

5.6 Results

Following administration of *"Tc-Exametazime and 20 minutes of uptake, a 40
minute static SPECT scan was performed followed by CT to evaluate regional brain
perfusion in SXFAD and WT strains, facilitated by MRI co-registration to a digital mouse

atlas (Ma et al., 2005).

5.6.1 99"Tc-Exametazime Perfusion SPECT

9mTc-Exametazime SPECT scans generated sufficient image quality in both

5XFAD and WT mice. SPECT scans showed similar general patterns of uptake on visual
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inspection (Figure 5.2). Whole brain and regional evaluation of *™Tc¢-Exametazime
perfusion was carried out using SUV and relative SUVr metrics with a whole brain

reference region, the results of which are described below.

5.6.1.1 Whole Brain Perfusion

Whole brain uptake of *™Tc-Exametazime revealed no significant differences in
brain perfusion SUVs between SXFAD (0.372 £ 0.254) and WT (0.640 £ 0.254) mice
(p=0.536) (Figure 5.3). Three outliers were observed in whole brain SUV metrics (1
5XFAD and 2 WT), which were 2 standard deviations above the mean. Separate analysis
comparing SXFAD and WT with outliers removed was investigated, yielding the same

results. For this reason, all data was included for the current analysis.

5.6.1.2 Regional Perfusion

A number of relevant brain structures were investigated including amygdala,
caudate/putamen, globus pallidus, hippocampus, hypothalamus and neocortex. Among
the structures evaluated, SUV values ranged from (0.296 £+ 0.203 — 0.520 + 0.371) for
AD and from (0.497 £ 0.256 — 0.818 + 0.440) for WT (Figure 5.4). For SUVr metrics of
the same structures, SUVr values ranged from (0.855 £ 0.041 — 1.221 + 0.029) for AD
and from (0.921 + 0.057 — 1.213 £ 0.020) for WT (Figure 5.4). Regardless of the **™Tc-
Exametazime perfusion metric (SUV vs SUVT), no significant differences among brain
structures were observed between SXFAD and WT mice (SUV: 0.357 <p < 0.640;

SUVr: 0.595 <p <0.936) (Figure 5.4).
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Figure 5.2 **"Tc-Exametazime Single Photon Emission Computed Tomography /
Computed Tomography (SPECT/CT) images in sagittal, coronal and axial planes for a
representative WT mouse (top) and SXFAD mouse (bottom). A similar distribution of
9mTc-Exametazime radiotracer was seen in WT and 5XFAD mice. SPECT colour scale
set to a common scale of 0-2.5 standardized uptake value (SUV) units.
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Figure 5.3 Whole brain *™Tc-Exametazime SPECT perfusion measured via standardized
uptake value (SUV) in 5XFAD (blue) and WT (green) mice at 11.2 months of age. No
significant differences in whole brain perfusion were observed between SXFAD (0.372 +
0.254) and WT (0.640 £ 0.338) mice (p = 0.536). Individual subjects represented by
coloured circles and bar plot indicates Mean + SEM.
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Figure 5.4 Regional *"Tc-Exametazime SPECT perfusion measured in 5XFAD (blue)
and WT (green) mice at 11.2 months of age. Standardized uptake value (SUV) (left) and
corresponding relative standardized uptake value (SUVr) with whole brain reference
region (right) were evaluated in the amygdala, caudate/putamen, globus pallidus,
hippocampus, hypothalamus and neocortex. No significant differences in regional
perfusion were observed between SXFAD and WT in any of the structures for either SUV
or SUVr metrics (0.357 < p <0.936) Individual subjects represented by coloured circles
and bar plot indicates Mean + SEM.
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5.7 Discussion

The objective of the current study was to implement preclinical brain perfusion
imaging methods with *™Tc¢-Exametazime in the 5XFAD mouse model as part of a
neuroimaging validation of the Cubresa SPARK™ tabletop SPECT scanner for our
diagnostics program. Given the widespread use of the SXFAD mouse model in our
research program, characterizing its brain function is essential to further our
understanding the effects of disease progression on important physiological parameters
including cerebral blood flow. Cerebral blood flow is a particularly relevant parameter in
radiotracer development as perfusion is directly related to tracer transfer from arterial
blood to the brain. In order to reconcile the use of SXFAD mice in our research program,
it is important to uncover any inherent confounds that may exist including the possibility
of differential patterns of perfusion between SXFAD and corresponding WT counterparts,
which could lead to the misinterpretation of results from prospective diagnostic

radiotracer development studies.

In the current study, no differences in brain perfusion were observed between
5XFAD and WT at 11 months of age at the whole brain level or in subsequent regional
analyses using SUV and SUVr metrics. Technical limitations, in part, may explain the
absence of statistical differences observed between groups in the current study. Small
differences in animal-to-animal and day-to-day variations in physiology could
significantly impact the uptake of the tracer into various organs, including the brain.
Though anesthetic and temperature was controlled and respiratory rates were measured
consistently throughout the course of study, heart rate and other physiological parameters

were not evaluated, which could introduce a significant amount of variance to tracer
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uptake. The spatial resolution of SPECT may also be a limitation in evaluating some of
the smaller structures of the brain and partial volume effects could be another source of
error in the current study and the results should be interpreted with caution. Technical
limitations notwithstanding, the current results may suggests an apparent disconnect
between cerebral blood flow and glucose metabolism, a so-called neurovascular
decoupling in the SXFAD brain. We have consistently observed patterns of
hypometabolism in the SXFAD mouse brain of a similar age, predominantly seen later in
disease progression as late as ~13 months (Macdonald et al., 2014), but also at earlier
timepoints (DeBay, Reid, Macdonald, et al., 2017; Macdonald et al., 2014), depending on
the ['®F]FDG metabolism metrics employed. These studies of brain metabolism
ostensibly demonstrated global reductions in ['®*F]FDG uptake with contributions from
various structures including the cerebral cortex, hippocampal formation, amygdala, basal
ganglia and thalamus (DeBay, Reid, Macdonald, et al., 2017; Macdonald et al., 2014)
whereas in the current study no statistically separable differences were observed between
5XFAD and WT mice in the same brain regions. The interplay between brain perfusion

and brain metabolism in the 5XFAD mouse model warrants further investigation.
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Chapter 6 Butyrylcholinesterase-Knockout Reduces
Fibrillar B-amyloid and Conserves Cerebral
Glucose Metabolism in 5XFAD Mouse Model
of Alzheimer’s Disease

6.1 Publication Status

Published and presented with permission.

DeBay DR, Reid GA, Macdonald IR, Mawko G, Burrell S, Martin E, Bowen CV,
Darvesh S. Butyrylcholinesterase-knockout reduces fibrillar f-amyloid and conserves
[1F]FDG retention in 5XFAD mouse model of Alzheimer's disease. Brain Res. 2017 Sep
15;1671:102-110. doi: 10.1016/j.brainres.2017.07.009. PMID:28729192.

6.2 Overview

Work in the current chapter was dedicated to further the neuroimaging
characterization of the mouse models regularly used in our AD diagnostics program. In
this study, brain function in a BCHE-knockout model of AD (5XFAD/BChE-KO) was
evaluated with ['*F]JFDG-PET imaging. This study sought to determine whether a BChE-
induced reduction of fibrillar A, as is seen in these knockout mice, translated into

improved brain function when compared to SXFAD and WT counterparts.

6.3 Abstract

Alzheimer’s disease (AD) is the most common neurodegenerative disorder
causing dementia. One hallmark of the AD brain is the deposition of B-amyloid (Ap)
plaques. AD is also a state of cholinergic dysfunction and butyrylcholinesterase (BChE)

associates with A pathology. A transgenic mouse (5XFAD) is an aggressive
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amyloidosis model, producing AP plaques of which BChE also associates. A derived
strain (SXFAD/BChE-KO), with the BChE gene knocked out, has significantly lower
fibrillar AP than SXFAD mice at the same age. Therefore, BChE may have a role in AP
pathogenesis. Furthermore, in AD, diminished glucose metabolism in the brain can be
detected in vivo with positron emission tomography (PET) imaging following ['F]
fluorodeoxyglucose (['®F]FDG) administration. To determine whether hypometabolism
is related to BChE-induced changes in fibrillar AB burden, whole brain and regional
uptake of ['8F]FDG in 5XFAD and 5XFAD/BChE-KO mice was compared to
corresponding wild-type (WTsxrap and WTgche-ko) strains at 5 months. Diminished
fibrillar AP burden was confirmed in 5XFAD/BChE-KO mice relative to SXFAD.
5XFAD and 5XFAD/BChE-KO mice demonstrated reduction in whole brain ['*F]FDG
retention compared to respective wild-types. Regional analysis of relevant AD structures
revealed reduction in [!8F]FDG retention in 5XFAD mice in all brain regions analyzed
(save cerebellum) compared to WTsxrap. Alternatively, SXFAD/BChE-KO mice
demonstrated a more selective pattern of reduced retention in the cerebral cortex and
thalamus compared to WTsche-ko, While retention in hippocampal formation, amygdala
and basal ganglia remained unchanged. This suggests that in knocking out BChE and
reducing fibrillar AP, a possible protective effect on brain function may be conferred in a

number of structures in SXFAD/BChE-KO mice.

6.4 Introduction

Alzheimer’s disease (AD) is the most common neurodegenerative disorder that

causes dementia (WHO, 2012). AD is accompanied by progressive cognitive impairment
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(McKhann et al., 2011). Neurodegeneration over the course of AD progression
ultimately manifests as brain atrophy visualized through structural magnetic resonance
imaging (MRI) scans (Scheltens et al., 2016) and impaired neurometabolism, which can
be readily measured via alterations in brain uptake of the radioactive glucose analogue, 2-
deoxy-2-["®F]fluoro-deoxyglucose (['*F]FDG) using positron emission tomography
(PET) imaging (Jack et al., 2016; Mosconi, 2005; Silverman et al., 2001). In AD,
hypometabolism of glucose, indicating reduced neuronal function, is typically seen in a

temporo-parietal lobar pattern (Kato et al., 2016; Mosconi, 2005).

Characteristic AD neuropathology includes the deposition of B-amyloid (A)
plaques and tau neurofibrillary tangles (NFTs) (Montine et al., 2012). It has been
established that the AD brain also exhibits cholinergic dysfunction, contributing to the
cognitive and behavioural symptoms of AD (Bartus et al., 1982; Coyle et al., 1983;
Davies & Maloney, 1976). Cholinesterases, particularly butyrylcholinesterase (BChE),
are found to associate with Af} plaques and neurofibrillary tangles (NFTs) (Darvesh et al.,
2010; Mesulam & Geula, 1994), but their role(s) in disease pathogenesis remain unclear.
However, putative roles include formation and/or maturation of AP plaques (Guillozet et
al., 1997; Mesulam & Geula, 1994). Furthermore, in a genome-wide association study of
the Alzheimer’s Disease Neuroimaging Initiative (ADNI), BChE is associated with AD
progression (Ramanan et al., 2014), suggesting this enzyme contributes to AD

pathogenesis.

Various hypotheses have been put forward to explain neurodegeneration in AD,

including AP plaque deposition (Selkoe & Hardy, 2016), NFT accumulation (Igbal et al.,
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2016) and cholinergic changes (Bartus et al., 1982; Coyle et al., 1983; Davies &
Maloney, 1976). Under the amyloid cascade hypothesis, the early deposition of amyloid
serves to initiate pathological events, including neuronal dysfunction and synaptic loss,
ultimately leading to neuronal death (Selkoe & Hardy, 2016). However, a causal link
between A and neurodegenerative processes in AD is not well established (Cohen et al.,
2009; Edison et al., 2007; Engler et al., 2006; Furst et al., 2012; Kemppainen et al., 2015;
Klupp et al., 2015; Li et al., 2008; Lowe et al., 2014). Furthermore, AD drugs designed
to target AP have been ineffective in AD treatment (Doody, Farlow, et al., 2014; Doody,
Thomas, et al., 2014; Salloway et al., 2014). Similarly, strategies to inhibit NFT
aggregation or phosphorylation have been unsuccessful in treating AD (Forlenza et al.,
2014; Tariot et al., 2011). Cholinesterase inhibitors such as donepezil, galantamine and
rivastigmine, on the other hand, have been the only therapeutic strategy to provide

symptomatic benefit to those persons with mild to moderate AD (Birks, 2006).

Neuroimaging approaches have been devised to visualize AD pathology such as
AP plaques in the living brain using PET analysis (Clark et al., 2012; Curtis et al., 2015;
Klunk et al., 2004; Sabri et al., 2015; Villemagne et al., 2015). Neurodegenerative
aspects such as atrophy have been assessed with structural MRI (Scheltens et al., 2016)
and hypometabolism using ["*F]JFDG-PET imaging (Jack et al., 2016). Several studies
have shown associations between A} deposition and impaired glucose metabolism in
various regions of the AD brain (Cohen et al., 2009; Edison et al., 2007; Engler et al.,
2006; Lowe et al., 2014). However, other longitudinal studies have shown early transient
correlations of AP and glucose hypometabolism in mild cognitive impairment (MCI) that

are not maintained after conversion to AD (Kemppainen et al., 2015). Klupp et al. have
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shown that hypometabolism in functionally connected regions that are abundant in A3
deposits, may support an AD network-degeneration hypothesis (Klupp et al., 2015).
Conversely, other studies have shown a lack of association between regional AP
deposition and corresponding regionally-specific glucose metabolism metrics (Furst et
al., 2012; Li et al., 2008). In contrast to regional effects, it has been suggested that
impaired glucose metabolism may reflect overall global AP burden in the AD brain

(Altmann et al., 2015).

Transgenic mouse models of brain amyloidosis have been developed, including the
5XFAD mouse model (Oakley et al., 2006), based on familial AD (FAD) mutations.
This model overexpresses the human amyloid precursor protein (4PP) APPsos with the
Swedish (K670N, M671L), Florida (I716V), and London (V7171) FAD mutations, as
well as human presenilin 1 (PS1) harboring two FAD mutations, M146L and L286V.
This mouse model of brain amyloidosis has a very aggressive course, exhibiting A3
deposition as early as ~2 months of age (Oakley et al., 2006). In addition, a number of
similarities between this AD animal model and human AD have been documented,
including loss of synaptic markers, cognitive impairment (Eimer & Vassar, 2013; Oakley
et al., 2006) and association of BChE with AD pathology (Darvesh & Reid, 2016; Reid &
Darvesh, 2015). In addition to the putative role of BChE as an AD biomarker in humans
(Darvesh, 2013), evidence exists indicating that BChE may have a modulatory role in A
accumulation. Recent work involving a novel BChE knock-out AD mouse model
(5XFAD/BChE-KO) has revealed that the absence of BChE expression leads to
diminished fibrillar AB plaque pathology in the brain (Darvesh & Reid, 2016; Reid &

Darvesh, 2015).
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This 5XFAD/BChE-KO strain provides a means to modulate A} deposition and
therefore permits examination of the effect of such a change on brain function using
['8F]FDG-PET. ['8F]FDG -PET is an established, non-invasive imaging technique used
clinically that has also been effectively implemented in pre-clinical research, providing
direct in vivo context between human and animal models which is not as readily assessed
by autoradiographic methods (e.g. ['*C]C-DG). The present study was undertaken to
determine whether a BChE-induced reduction of fibrillar Af, as seen in SXFAD/BChE-
KO mice, translates into improved ['*F]FDG retention compared to 5XFAD mice.
Further establishing the precise interplay between BChE, fibrillar AP deposition and
brain function in AD, will be beneficial towards our understanding of AD pathogenesis

and may be facilitated with the use of transgenic models of AD.

6.5 Experimental Methods

6.5.1 Animals

Female wild-type (WTsxrap; CS7BL/ 6] x SJL/J F1; The Jackson Laboratories,
Stock # 100012), male transgenic hemizygous SXFAD (B6SJL- Tg
(APPSwFILon PSEN1*M146L*L286V) 6799Vas/Mmjax; Mutant Mouse Regional
Resource Center, 034840-JAX) and heterozygous butyrylcholinesterase (B6.129S1-
Bchetm1Loc/J; The Jackson Laboratories, Stock # 008087), referred to here as BChE-het
mice, were purchased. Mice were housed in same-sex groups of 1— 5, within
polyethylene cages (30x19x13cm), containing a wood-chip bedding and covered by a

metal cage top and micro-isolator filter. Food (Purina rodent chow, #5001) and tap water
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were available ad libitum. Animals were kept in normal light/dark cycle. Hemizygous
SXFAD mice, used for breeding and subsequent experiments, were produced from pairs
of WTsxgap female mice bred with SXFAD male mice. Homozygous BChE-knockout
(BChE-KO) mice were produced from BChE-het males and females. A three generation
breeding scheme was used to produce the desired transgenic hemizygous SXFAD strain
that were homozygous BChE-knockout (SXFAD/BChE-KO). Hemizygous male 5XFAD
mice were bred with pairs of BChE-KO females to produce SXFAD/BChE-het mice.
Male 5XFAD/BChE-het mice were bred with female BChE-KO mice to produce
SXFAD/BChE-KO mice. 5XFAD/ BChE-KO males were bred with BChE-KO females

to maintain the strain and produce mice for subsequent study.

In the present study, 5 month male mice were used and were comprised of the
following strains; SXFAD (n=3), SXFAD/BChE-KO (n=5), WTsxpap (n=4) and WTgcpe
ko (n=6). Imaging studies were performed during the dark phase of the light-dark cycle.
Mice were cared for according to the guidelines set by the Canadian Council on Animal
Care. Formal approval to conduct these experiments was obtained from the Dalhousie
University Committee on Laboratory Animals (protocol 15-070) and from the Dalhousie
University Radiation Safety Committee, overseen by the Canadian Nuclear Safety

Commission (license 07154-2-17.10).

6.5.2 Genotyping

All mice were genotyped for APP, PS1 and BCHE genes. An ear punch was used
to identify mice and collect a skin sample for genotyping. For DNA isolation, 80 puL of

0.025 M sodium hydroxide and 0.2 mM EDTA disodium dihydrate was added to skin
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samples and was incubated at 98°C for 1h with periodic vortexing to digest tissue.
Following tissue digestion, 80 uL of a neutralization solution containing 40 mM Tris HCl
at pH 5.5 was added, vortexed and centrifuged at 4000 rpm for 3min (Truett et al., 2000).
The supernatant was removed and saved for polymerase chain reaction (PCR). To each
PCR tube was added 2.5 pL PCR buffer (0.2M Tris—HCI and 0.5M KCI pH 8.4),0.5 uL
10 mM dNTP mixture (Invitrogen; 10297-018), 0.75 uL MgCl,, 0.625 pL primers 5 pLL

DNA isolate, 0.1 nL Taq (Invitrogen; 10342-020) and 14.9 pL ultrapure dH,0. PCR

samples were amplified on a BIORAD C1000 Touch thermal cycler. For BCHE the
following protocol was used: 94 °C 2min, 34 times (94°C for 30s, 59°C for 30s, 72°C for
1min), 4°C for S5min. For APP and PS1, 94°C 2min, 34 times (94°C for 30s, 65°C for
30s, 72°C for 1 min), 4 °C for 5 min. PCR products were run on a 2% agarose gel made
with TAE buffer, containing 0.04 M Tris—acetate and 0.001 M EDTA, with SYBRO safe
DNA gel stain (Invitrogen; S33102, 1:10,000). Gels were run for 30 min and visualized

on a Typhoon 9410 Molecular Imager (GE Healthcare).

6.5.3 PET/CT Imaging

PET/CT imaging was completed as previously reported (Macdonald et al., 2014).
Mice in all 4 groups were weighed immediately prior to the imaging procedure,
restrained in a TailVeiner Restrainer (Braintree Scientific) and injected with ['*F]FDG
(573-829 uCi, in 140-160 uL saline) via lateral tail vein. ["*F]FDG was obtained from
the Department of Diagnostic Imaging, Nova Scotia Heath Authority. Uptake of the
tracer occurred in conscious mice in a novel cage over 30 min under a heat lamp and in
the presence of a mobile battery powered mechanical mouse (Hurry Scurry Mouse,

Toysmith) which the test mouse could interact with to facilitate uptake under controlled
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conditions. Mice were then anaesthetized with 3% isofluorane (in 100% oxygen) in an
induction chamber and secured in prone position in a custom built, Magnetic Resonance
(MR)-compatible animal tray with an integrated nosecone and bite bar. Mice were
wrapped in a blanket on a heated bed and maintained under a continuous stream of
isoflurane gas anesthetic (1.5-2%) and respiratory rate was monitored for the duration of
the scan (SA Instruments Inc. Stony Brook, NY). The head region of the mouse was
centered on a 37 mm axial field of view (FOV) and PET coincidence events were
acquired in list mode over a 30 min scan period, with a LabPET4 pre-clinical PET/CT

scanner (Trifoil Imaging, CA).

Immediately following PET scanning, for anatomical reference, a computed
tomography (CT) image was performed in fly mode with a 70 kVp x-ray beam energy
(160 mA beam current), 512 projections, 4 summed frames/projection, with 2X2 binning
and a magnification of 2.26X, providing complete whole brain coverage in a 56 mm
FOV. CT scan duration was approximately 8.5 min. Once CT was acquired, mice were
immediately transported in the MR compatible bed to the MR scanner located in a room

adjacent to the PET/CT suite.

6.5.4 MR Imaging

MR imaging was completed as previously reported (Macdonald et al., 2014). All
MR scans were performed at 3.0 T using a superconducting Magnex Scientific clinical
MR “head only” scanner (Oxford, UK) retrofitted for small animal imaging (Magnex
Scientific gradient coil, ID of 21 cm; maximum gradient strength of 200 mT/m) and

interfaced with a Direct Drive spectrometer (Varian Inc., Palo Alto, CA). A 30 mm ID
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“Litzcage” quadrature RF coil (Doty Scientific, Columbia, SC), tuned to 128.8 MHz, was
used as a transmit/receive volume coil for imaging. /n vivo anatomical images were
obtained using a 3D balanced steady-state free precession, (b-SSFP) imaging sequence
(T2/T1-weighting) acquired in a sagittal readout. Repetition time (Tr), echo time (TE),
flip angle and bandwidth (BW) were optimized for best brain image quality. The
sequence consisted of Tr/Te = 9/4.5 ms, flip angle = 30°, 4 frequencies, 4 signal averages
and BW = 40.3 kHz. A FOV of (22.1 mm)? with matrix dimensions of 156° was used to
acquire (142 um)® isotropic resolution images with full brain coverage (~61 min/scan).
During imaging, respiratory rate and internal body temperature of the mice were
monitored using an MR compatible physiological monitoring and gating system (SA
Instruments Inc., Stony Brook, NY). The temperature of the mouse was maintained at

37+1°C via temperature control feedback loop controlling an air heating system.

6.5.5 Image Processing

PET list-mode data were spatially histogrammed as a single timeframe and binned
according to their line of response. Coincidence events were rebinned over a maximum
span field of 31 oblique planes using a single slice rebinning algorithm. An iterative
reconstruction approach was employed via a 2D Maximum-Likelihood Expectation
Maximization (MLEM) algorithm, which was performed 100 times and constrained to a
46 mm radial FOV. The resultant PET images yielded an effective isotropic resolution of
1.2 mm. Normalization correction (to account for variable count-rate sensitivity of
sensors) and quantitative calibrations were performed weekly for the duration of the
study and these corrections were applied in the reconstruction of the data sets. Processing

of PET list mode data, reconstruction and corrections were performed in LabPET
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software.

CT images were reconstructed with a 512X512X512 image matrix over a 56 mm
FOV using the built-in optimum noise reconstruction procedure provided with the
Triumph XO CT acquisition software, yielding images with 102 um isotropic resolution.
Fusion of PET and CT images was achieved using the Vivid™ Image Analysis Platform
(Trifoil Imaging, CA and Visualization Sciences Group, MA), which aligns and overlays
the common coordinate frames of each modality. Images were assessed by visual
inspection by a single observer to ensure accurate fusion results. PET data was then
interpolated to 102 pum in each plane (resolution- matched to the CT). MR images
underwent 3D maximum intensity projection (MIP) processing of 4 phase cycle
frequencies, and resulting reconstructed images were zero-padded (interpolated to higher
resolution grid to increase the effective resolution and image quality) in ImageJ (NIH,

USA).

6.5.6 Whole Brain and Regional '®FDG Uptake Analysis

For region of interest (ROI) analysis of ['*F]FDG uptake in the brain, an MR-
based 3D digital mouse atlas (Ma et al., 2005; Ma et al., 2008) was employed and inter-
modality registration between PET/CT/MRI was performed (see Figure 2 as example).
Briefly, a semi-automated skull stripping algorithm using BrainSuite 11 (LONI UCLA)
was performed on each mouse- specific MR image to remove all extraneous non-brain
data. A linear, 6-parameter model rigid body registration was performed using
Automated Image Registration 5.3.0 (Woods et al., 1998) between the skull stripped MR

and the standard brain from which the digital atlas was derived. Subsequently, higher
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order non-linear spatial transformations (warping) of the standard brain to the mouse-
specific MR images acquired in this study were carried out to 3* order polynomial. This
provided the necessary transformations to be applied to the 3D digital mouse atlas.
Visualization of the mouse-specific MR image and corresponding warped atlas mask
overlay was carried out in RView (Studholme et al., 1996) to assess the goodness of fit.
PET/CT fused data, mouse-specific MR image data and the warped digital atlas were
imported into AMIDE (Loening & Gambhir, 2003), and underwent affine registration
with CT and PET images (see Figure 2). ROI statistics were generated from the PET data
for whole brain, amygdala, basal ganglia, cerebellum, hippocampal formation, cerebral
cortex and thalamus. For the whole brain ROI, a composite mask of atlas ROIs was
derived using fslmaths scripts employing threshold and subtraction commands carried out
in FSL (Oxford, UK). Whole brain ROIs contained all atlas brain structures excluding
the olfactory bulb, cerebellum and brainstem. ['8F]FDG uptake values in each ROI are
reported as SUVs (mean voxel value of activity, normalized to the injected dose per body

weight of each mouse).

6.5.7 Thioflavin-S Histofluorescence

Following a 24 h period after imaging (to allow decay of radioactivity), mice were
euthanized by a lethal intraperitoneal sodium pentobarbital injection, perfused
transcardially with saline (25 mL, 0.9% NaCl, 0.1% NaNO3) and 50 mL of 4%
formaldehyde in 0.1M phosphate buffer (PB, pH 7.4). Brains were removed and post-
fixed for 1.5 h in 4% formaldehyde in PH (pH 7.4), immersed in 30% sucrose in PB with
0.05% sodium azide and stored at 4 °C until used. Brains were frozen with dry ice and

cut into 40 pum serial coronal sections on a Leica SM2000R microtome with Physitemp
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freezing stage and BFS-30TC controller. Sections were stored at 4 °C in PB with 0.08%
sodium azide until used for analysis of fibrillar AR with thioflavin-S histofluorescence as
described previously (Reid & Darvesh, 2015). Briefly, sections were rinsed in 0.05 M
Tris-buffered saline pH 7.6 for 30 min, mounted onto glass slides, air-dried overnight,
rehydrated in dH20, dehydrated in a series of ethanol washes, cleared in xylene and
rinsed in 50% ethanol. Sections were then incubated overnight in a solution of 0.05% Th-
S (Sigma—Aldrich, St. Louis, MO, USA) in 50% ethanol, rinsed in 80% aqueous ethanol

and dH»O and coverslipped with an aqueous mounting medium.

6.5.8 Microscopy Analysis

The stained mouse brain sections were analyzed and photographed using a Zeiss
Axioplan 2 motorized microscope with a Zeiss Axiocam HRc digital camera using
AxioVision 4.6 software (Carl Zeiss Canada Ltd., Toronto, Ontario, Canada) at the
Cellular Microscopy and Digital Imaging CORES facility at Dalhousie University. The
photographs were assembled using Adobe Photoshop (CS 5 version 12.0) and the images
were contrast enhanced and the brightness adjusted to a common background level.
Plaque load quantification was performed in ImageJ 1.49d (NIH) and was recorded as a
percentage of the total area, as described elsewhere (Darvesh et al., 2012). Briefly, gray-
scale images of sections stained for Thioflavin-S were taken throughout the brain. An
intensity threshold level was set such that stained plaques, but not background, was
selected. The cortex was outlined with the polygon selection tool and measured for the
percent area covered by plaque staining. On average, twelve Thioflavin-S-stained
sections were quantified per brain. For each brain, data from each section were summed

to give a cortical area and the total plaque area measured. This was used to determine the
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percent plaque load in each brain. The percent area covered by plaque pathology was

expressed as a group mean to allow comparison between the 4 groups.

6.5.9 Statistical Analysis

['8F]FDG uptake values are presented as mean activity values for each whole
brain or parcellated structure, normalized to the injected dose per body weight of each
individual animal (SUV). Parametric analysis of variance (ANOVA) was employed to
compare group means (SXFAD, SXFAD/BChE-KO, WTsxrap and WTgche-ko). If results
of the ANOVA were determined to be significant (p<<0.05), subsequent Tukey HSD post-
hoc tests were performed. Statistically significant differences were concluded at a
significance level of 5% (p<0.05 (*), p<0.01 (**) and p<0.001 (***)). All data are
presented as group means with bars representing standard error of the mean (SEM).
Unpaired t-tests were applied to determine the difference between means in the areas
covered by fibrillar A pathology in SXFAD and SXFAD/BChE- KO mice. Results were
considered significant for p < 0.05. All statistical measures were calculated with SPSS

(IBM Inc.)

6.6 Results

In the present study, two transgenic amyloid mouse models (SXFAD and
SXFAD/BChE-KO) and their respective WT’s (WTsxgap and WTgcne ko) Were examined
to determine the effect of fibrillar amyloid deposition on ['*F]FDG uptake in the brain.

Although the animals were imaged first, prior to histological examination, for logical

interpretation we present the fibrillar AP plaque staining first.
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6.6.1 Brain Fibrillar Ap Deposition

Fibrillar AP burden in the cerebral cortex of the 5 month SXFAD and
5XFAD/BChE-KO mice was determined for each mouse with Th-S histofluorescense
(Figure 6.1A). In 5SXFAD/BChE-KO mice, fibrillar A plaque deposition was found to
be some 33% lower in the cerebral cortex than SXFAD counterparts (Figure 6.1B). This
is consistent with previous studies of male SXFAD/BChE-KO mice at 6 months of age
(Reid & Darvesh, 2015), confirming that the absence of BChE in this AD model leads to
diminished Af pathology in the mouse cerebral cortex. Reduced fibrillar AP in
subcortical structures has also been reported previously (Darvesh & Reid, 2016). No

fibrillar plaques could be discerned in either WT strains.
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Figure 6.1 A. Fibrillar Af staining at 5 months in SXFAD (left) and
5XFAD/BChE-KO (right) brains detected with thioflavin-S histofluorescence
staining. B. Fibrillar AP plaque burden, as determined by the % area covered by
pathology in cerebral cortex of Smonth SXF AD/BChE-KO (1.44 + 0.10%) mice.
A 33% decrease in fibrillar AP deposition was observed in SXFAD/BChE-KO
mice relative to SXFAD counterparts plotted as mean + SEM where ** represents
a p-value of 0.001.
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6.6.2 Whole Brain '®FDG SUV Comparisons

['8F]FDG PET scans were co-registered with CT and MRI to permit anatomical
parcellation of the brain. Semi-quantitative measures of either whole brain or selected
regional ['®F]FDG standard uptake values (SUVs) were obtained in the brains of 5XFAD
and 5XFAD/BChE-KO mice (Figure 6.2) and corresponding WT counterparts (WT

images not shown).

Whole brain ANOVA indicated significant differences were present between
study groups (F=9.54, p<0.0005). In 5XFAD mice, a decrease in whole brain ['*F][FDG
SUV was observed compared to WTsxrap counterparts (28.4% decrease, p<0.01) (Figure
6.3). In 5XFAD/BChE-KO mice, a similar trend of reduced ['*F]FDG retention was
observed, where SXFAD/BChE-KO whole brain SUVs were lower than their respective
WTgcne ko counterparts (21.9% decrease, p<0.05) (Figure 6.3). In spite of a 33%
reduction of cortical fibrillar AB plaque burden, no differences in whole brain ['*F]JFDG
retention between SXFAD and SXFAD/BChE-KO mice was demonstrated (Figure 6.3).
While WTsxrap and WTgenr ko Whole brain SUVs were not statistically separable in our
sample, it appears as though the baseline operating range of WTsche-ko mice may be
lower in terms of whole brain retention of ['8F]JFDG. This potential disparity may
confound interpretation of the comparison of SXFAD and SXFAD/BChE-KO strains. In
a similar way, no differences in whole brain ['®F]FDG retention between 5XFAD and
WTsche-ko mice were observed, perhaps owed to this potential strain-related shift in
baseline whole brain ['®F]FDG retention. In addition, 5XFAD/BChE-KO whole brain

SUVs were significantly less than the WTsxrap group (34.3% decrease, p < 0.001).
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Figure 6.2 Co-registered PET/CT and standard MRI brains in representative
5XFAD/BChE-KO and 5XFAD brains used for analysis of [ I8F]FDG uptake. All mice
received 18FDG injections (573-829 uCi, in 140-160 pL saline) via lateral tail vein, and
images were acquired over an equivalent 30 minute period, following 30 minute uptake
of tracer. PET radioactivity source maps set to a common scale of 0 to 3.0 SUV units.
Extra-cranial uptake showed some variability in regions of brown adipose tissue caudally
and with salivary gland uptake ventrally.
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Figure 6.3 Standardized uptake values (SUVs) comparing whole brain [18F]FDG uptake
in SXFAD, 5XFAD/BChE-KO and corresponding WTBChE-KO and WT5XFAD mouse
strains plotted as mean + SEM where *** = p<0.001; ** = p<0.01; * = p<0.05. 5XFAD
and SXFAD/BChE-KO whole brain SUVs (1.29 = 0.09 and 1.18 + 0.08, respectively)
represent similar decreases in brain metabolism observed from respective WTsxrap
(28.4% decrease, p<0.01) and WTgcheko (21.9% decrease, p<0.05) counterparts. In
addition, whole brain SUV values of WTsxrap and WTsche-ko were not statistically
different from one another, nor were 5SXFAD from SXFAD/BChE-KO or WTgchg-ko.
Whole brain SUVs were significantly less than the WTsxrap group (34.3% decrease, p <
0.001).
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6.6.3 ['®F]FDG Regional SUV Comparisons

We sought to determine whether such a global whole brain measure might mask
any regional differences in ['®F]FDG retention between the groups investigated. Brain
regions known to be affected in AD, including cerebral cortex, thalamus, hippocampal
formation, amygdala and basal ganglia as well as cerebellum, were selected for

comparison.

Regional ANOV As indicated significant differences were present between study
groups within each brain region (cerebral cortex: F=9.29, p=0.0005; thalamus: F=8.93,
p=0.0007; hippocampal formation: F=8.23, p=0.0001; amygdala: F=5.11, p=0.0084;
basal ganglia: F=8.70, p=0.0007; cerebellum: F=4.89, p=0.01). As in whole brain
measurements, in 5XFAD mice, comparable statistically significant decreases in all
regional SUVs (save cerebellum) were observed compared to WTsxrap (a reduction in
regional retention of between 25.9-32.3%, p<0.05) (Figure 6.4). In SXFAD/BChE-KO
mice, however, a more selective regional pattern of reduced retention was observed
(Figure 6.4). For example, while decreases in SUV's were observed in the cerebral cortex
(22.8% decrease, p<0.05) and thalamus (23.6% decrease, p<0.05) compared to WTgcpe.
ko, SUVs in the hippocampal formation, amygdala and basal ganglia (as well as
cerebellum) were conserved when comparing WTgcne.ko and SXFAD/BChE-KO and were

not statistically different from one another (Figure 6.4).

As in whole brain, no significant differences could be discerned in ['*F]JFDG
uptake between SXFAD and SXFAD/BChE-KO mice in these regions examined (Figure

6.4) nor were WTsxrap and WTgcneko Statistically separable from one another. In a
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similar way, no differences in whole brain ['*F]FDG retention between 5XFAD and
WTsche-ko mice were observed (Figure 6.4), perhaps again owed to this potential strain-
related shift in baseline '®*FDG retention. In addition, 5XFAD/BChE-KO SUVs in each
region examined were significantly less than the WTsxrap group (up to a 34.3% decrease,

p <0.01) (Figure 6.4).

241



Cerebral Cortex

[ WTsyeap
Z) 5XFAD

B WTechexo
B 5XFAD/BChE-KO

#l 5XFAD/BChE-KO

Thalamus

s

[ WTsean

[#] 5XFAD

B WTgcnexo

B 5XFAD/BChE-KO

Hippocampal Formation D. Amygdala
z- ] 2. — - = - - = vv-r
— ] WTsxpap — [] WTsxran
24 7.2 5XFAD 2 72 SXFAD
o 1. B WTgeneko 3 1. B WTgcnexo
? i A 5XFAD/BChE-KO . BB 5XFAD/BChE-KO
0. 0.
0. 0.0
S S S S
& & ¢ & &
& 8 &
£ & ?9@0 & é‘é}‘ &
E. Basal Ganglia F. Cerebellum
[ WTexean [] WTsyeap
74 5XFAD [Z] SXFAD
B WTachexo B WTgcrexo

B S5XFAD/BChE-KO

¥ ° © £
£ ¢ &
° 13 O o
& & &‘Qﬁ
&

Figure 6.4 [18F]FDG regional SUVs for SXFAD, WT5XFAD, 5SXFAD/BChE-KO and
WTBChE-KO mice in A. cerebral cortex, B. thalamus, C. hippocampal formation, D.
amygdala, E. basal ganglia and F. cerebellum plotted as mean + SEM where * = p<0.05;
** = p<0.01; *** = p<0.001.
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6.7 Discussion

In AD, reduced glucose metabolism is thought to be due to neuronal dysfunction
and/or loss. It has been hypothesized that neuronal dysfunction is due to AP deposition
with fibrillar forms of AP being the toxic form (Selkoe & Hardy, 2016). To examine the
effects of AP on the brain, a number of mouse models of amyloidosis have been
developed, including the 5SXFAD mouse model (Oakley et al., 2006). The present study
examines the question as to whether there is a link between BChE-modulated fibrillar A3
plaque burden and brain function by comparing ['8F]FDG retention in the brains of the
5XFAD mouse model and a derived strain, SXFAD/BChE-KO. Previous studies using
the SXFAD/BChE-KO model have shown that the absence of BChE expression leads to
diminished fibrillar AP in the brains of 5XFAD mice (Darvesh & Reid, 2016; Reid &
Darvesh, 2015). The current study confirms these observations in male mice at 5 months
of age (Figure 1). Other studies have also experimentally altered AP deposition in vivo
by way of delivering ultrasound to reduce A aggregation in the mouse brain (Leinenga
& Gotz, 2015) and through immunotherapy-mediated A clearance techniques (Hara et
al., 2004; Kalra & Khan, 2015; Lee et al., 2006; Levites et al., 2006; Schenk et al., 1999;
Sigurdsson et al., 2001). Some studies have reported functional improvements in
learning and memory in response to lowering A levels in the brain (Lee et al., 2006;
Leinenga & Gotz, 2015). The present study was undertaken to assess cerebral ['*FJFDG
retention with PET analysis in the SXFAD mouse compared to the SXFAD/BChE-KO
mouse in which there is reduction in fibrillar Af due to the absence of BChE (Darvesh &
Reid, 2016; Reid & Darvesh, 2015). 5SXFAD and 5SXFAD/BChE-KO mice were

compared for uptake of '*FDG along with their respective WT counterparts. Clear
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decreases in whole brain (Figure 6.3) and regional (Figure 6.4) ['*F]FDG retention were
seen in SXFAD mice compared to WTsxrap (save cerebellum). This is consistent with
the hypometabolism of glucose typically observed in human AD (Mosconi, 2005), in
5XFAD (Macdonald et al., 2014) as well as other models studied previously (Waldron et
al., 2015; Waldron et al., 2017), though a more global pattern of metabolic dysfunction
was present in SXFAD in the current study. In 5SXFAD/BChE-KO mice, whole brain
SUVs demonstrated a pattern of decreased '*FDG retention compared to WTgche-ko
counterparts. Further regional analysis (Figure 6.4) revealed that this reduction in 'SFDG
retention is predominantly in the cerebral cortex and thalamus, while that in the
hippocampal formation, basal ganglia and amygdala (as measured by regional SUVs)
appears to be conserved in the SXFAD/BChE-KO brain. One possible interpretation of
these findings is that absence of BChE in the 5SXFAD/BChE-KO brain may confer a
protective effect on brain function in certain regions otherwise susceptible to metabolic

deficits.

Similar levels of ['®F]FDG retention were observed in SUVs of 5XFAD mice and
5XFAD/BChE-KO counterparts when comparing SUV metrics in whole brain (Figure
6.3) and regional comparisons (Figure 6.4). In addition, while WTsxrap and WTschE-ko
whole brain SUVs were not statistically separable in our sample, it appears as though the
baseline operating range of WTsche-ko mice may be lower in terms of whole brain
retention (a statistical trend, p<0.1, was observed). This potential disparity may confound
interpretation of the comparison of SXFAD and SXFAD/BChE-KO strains. In a similar
way, no differences in whole brain ['®F]FDG retention between 5XFAD and WTsche-ko

mice were observed, perhaps owed to this potential strain-related shift in baseline whole
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brain retention. This may represent a limitation of the current study as subtle strain-
related differences in baseline brain retention will require caution in the interpretation of
comparisons of ['*F]JFDG uptake. This preliminary study, while at relatively low sample
size, was able to detect significant differences consistent with previous studies of fibrillar
AP quantification (Darvesh & Reid, 2016; Reid & Darvesh, 2015) and ['*F]FDG -PET in
the SXFAD model (Macdonald et al., 2014) as well as generate, in some cases, highly

significant differences in the current study design.

A more than 30% lower fibrillar AP plaque burden was observed in the cerebral
cortex of SXFAD/BChE-KO mice (Figure 6.1). With a reduction in fibrillar Af,
conferred by knocking out BChE, certain structures in the SXFAD/BChE-KO brain,
including the hippocampal formation, basal ganglia and amygdala appear to maintain the
baseline brain ['8F]FDG retention seen in WTsche-ko counterparts. This is in keeping
with previous observations in TASTPM mice where there is reduced '*FDG uptake with

increased AP deposition (Waldron et al., 2017).

A separate analysis (data not shown) was also performed to determine whether
knocking out BChE had any effect on ['®F]FDG retention in otherwise healthy mice.
This was done to assess any potential confounds in the selection of the WTgche-xo
background strain versus the derived BChE-KO line bred with SXFAD mice to generate
5XFAD/BChE-KO mice. Whole brain and regional SUV quantification in BChE-KO
mice revealed that in each of these regions, SUV values were identical to that of WTgchE-
ko counterparts. This confirmed that the use of WTscne-xo was appropriate for WTscne-

ko and SXFAD/BChE-KO comparisons.
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Comparison of WTgche-ko to BChE-KO mice also suggests that in otherwise
healthy mice, the lack of BChE expression does not affect cerebral ['*F]FDG retention.
This is consistent with what has been shown previously in humans, where BChE silent
healthy individuals show no overt clinically abnormal phenotype (Manoharan, Boopathy,
et al., 2007), though upon rigorous testing, exhibit subtle impairment in cognitive
performance in tasks subserved by thalamocortical circuits (Manoharan, Kuznetsova, et
al., 2007). Although the lack of BChE under normal conditions may not have any
measurable effect of phenotype, under disease conditions, in particular AD, the role of
BCHhE in the brain may be different. Indeed, reduced ['®F]FDG retention is a feature of
5XFAD and 5XFAD/BChE-KO mice when compared to their respective WT background
strains. Regional assessment of SXFAD/BChE-KO mice indicate that cerebral cortex and
thalamus seem to be the dominant regions that drive a state of reduced retention in these
AD animals which lack BChE expression, while hippocampal formation, amygdala and
basal ganglia have unaltered ['*F]FDG retention which is conserved in 5XFAD/BChE-
KO mice. This result is of interest since thalamocortical circuits involved in higher
cognitive processing in humans have been documented to be affected in BChE silent
(those lacking BChE expression) individuals (Manoharan, Kuznetsova, et al., 2007).
Whether the reduced retention observed in SXFAD/BChE-KO cerebral cortex and
thalamic brain regions is an analogous manifestation of the BChE silent phenomenon in
humans requires further investigation. This notion may account for our current findings
in SXFAD/BChE-KO mice, where with a reduction in fibrillar A in 5SXFAD/BChE-KO
mice there is conservation of ['®F]FDG retention in a number of brain structures, while

cerebral cortex and thalamus still remain susceptible to a reduction in ['*F]FDG retention.
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The 5SXFAD/BChE-KO model is well suited for studies aimed at examining the effects of

BChE and changes in fibrillar AP plaque deposition.

Under the conditions of the present study, we show that the absence of BChE in
an AD mouse model leads to decreases fibrillar AP plaque deposition and may conserve
brain function in certain regions otherwise susceptible to metabolic deficits in BChE-
expressing AD brains. Indeed, the interplay between BChE, A plaque deposition and

cerebral glucose metabolism over the course of AD progression requires further scrutiny.
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Chapter 7 Conclusions

7.1 Overview

The current chapter aims to consolidate the overall findings and conclusions
drawn from each of the preceding chapters of the thesis in the context of the development
and in vivo evaluation of BChE radioligands. Future pursuits towards the clinical
translation of BChE imaging and the significance of the current body of work will be

addressed.

7.2 General Conclusions

Chapter 1 provided an overview of Alzheimer’s disease, it’s clinical presentation
and the neuropathological features that define the disease. Despite intense focus on
establishing reliable biomarkers within the Amyloid, Tau and Neurodegeneration
(AT(N)) framework, a definitive diagnosis of AD is not yet achievable during life. An
emphasis was placed on early cholinergic system dysfunction that has been implicated in
AD and specifically, our recent findings that the enzyme BChE is a highly sensitive and
specific biomarker of AD and has greater predictive value as a diagnostic entity during
life than currently used biomarkers. The current state of brain imaging of the cholinergic
system is highlighted and the recent trajectories in BChE radioligand development are
discussed. The fundamentals of nuclear medicine (PET and SPECT) imaging along with
complimentary structural imaging modalities magnetic resonance imaging (MRI) and

computed tomography (CT) were reviewed. The various analysis techniques currently
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employed for brain imaging in nuclear medicine were outlined and general theory on the

radioligand development in the central nervous system (CNS) was reviewed.

Chapter 2 described the synthesis and preliminary in vivo evaluation of lead
candidate radioligand N-methylpiperidinyl-4-[!%}I]iodobenzoate (TRV6001), a SPECT
imaging agent targeting BChE. This work represented the first in vivo images of our
BChE radioligands acquired on a dedicated pre-clinical scanner, made possible through a
research collaboration with medical device company Cubresa. TRV6001 readily crossed
the BBB and SPECT imaging with this tracer was found to recapitulate the known
histochemical distribution of BChE in mouse brain. Increased TRV6001 retention in the
AD cerebral cortex was able to effectively distinguish the SXFAD mouse brain from that
of WT. These preliminary results provided important insight into the in vivo behaviour of
these BChE radioligands and a solid foundation for further imaging and analysis

technique development.

Chapter 3 focused on the development of 2D dynamic planar scintigraphy
capabilities to evaluate six candidate BChE radioligands among pyridone, diphenyl
carbamate and piperidine classes of molecules in various mouse models. The enhanced
temporal resolution and sufficient sensitivity offered by this scintigraphy method
provided an effective means to more closely evaluate each radioligand’s biodistribution,
their ability to cross the BBB and to determine their clearance characteristics, providing
estimates of the in vivo kinetics between these radioligands. Differential rates of tracer
clearance (thus retention) were observed between classes of tracers. This proof-of-
concept work established this method as a rapid screening tool to evaluate putative

radioligand candidates and positions itself as a method that can be combined with in vitro
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kinetics and MPO evaluation to establish a radioligands product profile. Ultimately, this
method provides valuable information that can be incorporated into a “go/no go”

paradigm for in the development pipeline for candidate BChE radioligands.

In Chapter 4, the synthesis and in vivo evaluation of ['®F] PET BChE radioligand
N-Methylpiperidin-4-yl p-['8F]fluorobenzoate (TRV6501) was carried out. Kinetic
modelling approaches were employed to evaluate in vivo pharmacokinetic characteristics
of the radioligand, which included a single tissue compartment model (1TCM), a
simplified reference tissue model (SRTM) and graphical analysis techniques. This
permitted estimation of associated brain retention metrics including binding potential
(BPxp) and volume of distribution (Vr) which were compared in BChE-abundant
5XFAD mice and BChE-KO mice (mice lacking the expression of BChE). No
significant differences were seen in these brain retention metrics between the two mouse
strains at relatively low sample size. An established pharmacokinetic analysis framework

is now in place for future evaluation of putative ['®F]-based BChE PET radioligands.

Chapter 5 and Chapter 6 were dedicated to further neuroimaging characterization
of the mouse models regularly used in our AD diagnostics program. In Chapter 5, *™Tc-
Exametazime SPECT was used to assess baseline perfusion in SXFAD and WT mice. No
differences in perfusion were observed between strains, suggesting an apparent
disconnect (a so-called neurovascular decoupling) between cerebral blood flow and
established patterns of glucose hypometabolism in SXFAD mice. Characterizing brain
perfusion in these models is essential to further our understanding of the effects of
disease progression on important physiological parameters including cerebral blood flow,

a particularly relevant parameter to monitor in radiotracer development using these mice.
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In Chapter 6, brain function in a BCHE-knockout mouse model of AD was
evaluated using ['*F]JFDG-PET imaging. This study sought to determine whether a
BChE-induced reduction of fibrillar AP, as seen in these knockout mice, translated into
improved brain function compared to BChE-expressing SXFAD mice. Whereas a global
reduction in "*FDG retention was observed in the 5XFAD mouse certain brain regions
were conserved in the BCHE-knockout mouse. This suggested that in knocking out
BChE and reducing fibrillar AB, a possible protective effect on brain function may be
conferred in a number of structures in BCHE-knockout mice. Determining the precise
interplay between BChE, fibrillar Af deposition and brain function in AD, will be
beneficial towards our understanding of AD pathogenesis and may be facilitated with
evaluation of these transgenic models of AD. An extension of this study in humans is
currently underway, using a candidate gene-driven analyses to determine the effects of
BCHE-K and BCHE-A genetic polymorphisms on AD neuroimaging biomarkers using

data from the Alzheimer’s Disease Neuroimaging Initiative (ADNI).

7.3 Current Perspectives and Future of BChE Imaging of the
Brain in AD: Towards Clinical Translation

Cholinergic dysfunction is a central feature in the AD brain and has shown to be
inextricably linked to the cognitive decline (Davies & Maloney, 1976) and AP and NFT
deposition observed in the disease (Mesulam & Geula, 1994; Moran et al., 1994). The
cholinergic enzyme BChE associates with AB and NFTs in the cerebral cortex in AD.
We have recently shown that BChE is a highly sensitive and specific biomarker of AD

and importantly, is virtually absent in other forms of dementia (Macdonald et al., 2017).
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This positions BChE as an important diagnostic imaging target that has the potential to
enhance the accuracy of an AD diagnosis during life. Based on the work described in this
thesis, a variety of considerations must be addressed in order to effectively translate these

radioligands into widespread clinical utility, which are highlighted below.

The target profile of BChE must be considered when developing radioligands for
molecular imaging of the BChE enzyme. BChE is abundant in the cerebral cortex in AD
reaching levels that have been reported to be 1.4-fold up to 9.3-fold greater than in
cognitively normal individuals (Macdonald et al., 2017; Perry, Perry, et al., 1978).
Studies in our lab have determined that this corresponds to an estimated concentration
and density (Bmax) of approximately 3 nM in the human cerebral cortex in AD (Darvesh
group, unpublished). Given the inherent sensitivity provided by PET and SPECT
imaging, which is on the order of 10-!> (pM) concentrations, this suggests that sufficient
concentrations of BChE enzymatic target are present for brain imaging. Taken together,
this indicates that not only is BChE a viable diagnostic target for the disease, it’s
bioavailability is such that it is also technically feasible to visualize within the constraints

of PET and SPECT imaging.

There are several important issues that will need to be addressed in order for these
candidate BChE radioligands to reach exploratory Investigational New Drug (IND)
clinical trials in humans. These issues primarily relate to the chemical and biochemical
profile of these radioligands that ultimately dictate the pharmacokinetic performance of

these agents in vivo, as detailed below.
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Physicochemical Profile. In order to effectively reach the brain for imaging,
favourable physicochemical properties of the radioligand must be present. The
multiparameter optimization score (MPO) serves as a good predictor of the probability of
crossing the BBB, with MPO > 3.0 indicating a high likelihood of a radioligand reaching
the brain (Wager et al., 2016). MPO scores of a desirable CNS radioligand are governed
by the following parameters: typically possesses a lower MW (<360g/mol), a topological
polar surface area (TPSA) between 40-90 has fewer hydrogen bond donors (HBDs)
(<0.5) and favours smaller ClogP (<3), (ClogD) (<2) and pKa (<8) values. Many of the
currently developed radioligands evaluated in this thesis satisfy these criteria and have

successfully generated PET and SPECT brain images in animal models.

Optimal BBB Penetrance. Generally speaking, a radioligand with maximal BBB
penetrance (in combination with high affinity and selectivity for the target) would offer
the best opportunity for efficient labeling of the enzyme, thus generating PET or SPECT
images with high signal-to-noise ratio (SNR). For rodent imaging, this value has been
suggested to be ~ 0.10 %ID/mL upon peak tracer accumulation in the brain (Van de
Bittner et al., 2014). In the current TRV6501 PET study, this was considerably lower at
~ 0.01%ID/mL, though clear accumulation of TRV6501 was apparent in PET images.
Further optimization of BBB penetrance in putative radioligands is warranted and may
relate to minimizing radiometabolites that may be generated in the blood prior to reaching

the brain.

Target Engagement Optimization. High affinity and selectivity for the target is
essential in generating effective images that accurately represent the distribution of BChE

in the brain. As BChE substrate radioligands, this is largely governed by the catalytic
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efficiency (kea/Km) of the enzyme which should be on the order of 10?- 108 M-'emin! in

vitro. The radioligands evaluated in this thesis all fall within this operating range.

Radiometabolites and Hydrolysis of Radioligands by BChE in the blood. Gaining
further insight into the interaction of candidate radioligands in the blood will be an
important future pursuit. The prospect of hydrolysis of these radioligands by circulating
BChE is a distinct possibility, given that BChE is also present in the blood (Darvesh,
Hopkins, et al., 2003). Reducing radioligand hydrolysis by altering the binding affinity
of the molecule offers one possibility in limiting these interactions with BChE in the
blood. If candidate radioligands are found to be hydrolyzed in the blood, it is important
that the radiometabolites are either not active or do not cross the BBB. Extensive
investigation is warranted to account for all possible radiometabolite species that may be

contributing to the measured PET or SPECT signal for a given radioligand.

Off target and non-specific Binding. Candidate BChE radioligands should exhibit
minimal off target and non-specific binding to generate high contrast images depicting
true BChE distributions in the brain. In the future, the specificity of binding for candidate
radioligands can be prioritized through in vitro autoradiographic methods using post-
mortem mouse or human brain tissue. Incubation of BChE-positive (histochemical
verified) brain tissue with candidate radioligands and subsequent self-blocking of
adjacent slices BChE using cold (non-radioactive) ligands or a BChE inhibitor such as
ethopropazine will discriminate regions of specific binding vs. off-target or non-specific
binding. Similar in vivo imaging studies could be carried out, whereby an AD mouse
could be imaged with a candidate radioligand and a follow up imaging session with

candidate radioligand after administration of self-blocking non-radioactive ligand or
254



ethopropazine inhibition. Decreased signal accumulation in BChE-rich regions would
indicate the specificity of the radioligand for BChE in the brain. These studies have been

planned and are currently underway.

The current proof-of-concept work described in this thesis offers a significant
advancement in the development and characterization of these BChE radioligands, that
until now, has not been possible. Several of the candidate radioligands evaluated in this
thesis possess many of these favourable attributes that ultimately confer effective uptake
and retention of radioligand in the brain. Further evaluation of these PET and SPECT
radioligands is warranted. With a neuroimaging analysis framework now in place, the in
vivo evaluation of tracer biodistribution and key pharmacokinetic parameters related to
brain uptake and clearance that define their in vivo performance can ultimately feed
forward to the product profile of these radioligands. Pharmacokinetic modeling will
serve as an important tool to evaluate the performance of current and future BChE
radiotracers. Fine tuning (as required) of the radioligand parameters highlighted above in
these radiotracers or structurally similar molecules will provide the best opportunity to
advance the most promising candidates towards exploratory IND clinical trials in

humans.

Certain additional criteria related to the safety and tolerability of prospective
radioligands must be met on the road to clinical translation of these BChE imaging
agents. These radiopharmaceuticals should exhibit no toxicity and have no
pharmacological effects in patients (US-FDA, 2006). Minimizing the required dose to
patients is also key and this can be accomplished, in part, by developing a radioligand

with high specific activity. Preclinical safety studies, as required by FDA (US-FDA,
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2006) and Health Canada (Health Canada, 2014) Guidelines, are carried out using
pharmacological and toxicological data in animals to determine a safe radiation absorbed
dose in humans and to evaluate which organs are potential targets of toxicity
(Harapanhalli, 2010). For this, biodistribution and radiation dosimetry studies for a given
candidate radioligand are carried out in animals to determine the concentration of
radioactivity (e.g. %ID/g) in blood, brain and other organs at a suitable imaging dose.
With this supporting information, one can infer an equivalent scaled (e.g. %kg/g)
distribution in humans, providing estimates of human radiation dosimetry as has been
described previously (Stabin et al., 2005; Toyohara et al., 2013). The total effective
radiation dose incurred annually by a subject must not exceed S0mSv per year (Health
Canada, 2014). By way of comparison, amyloid imaging agents ranging from 185-
450MBq per dose and scan times of 40-130min generate 1.3-6.3 mSv of exposure per
imaging dose (Herholz & Ebmeier, 2011). In addition, chemistry manufacturing and
controls information pertaining to the composition, purity and stability are also evaluated
to determine the quality and suitability of a radioligand for human use (Harapanhalli,

2010).

Once all of these above criteria are satisfied, a successful exploratory IND
application permits early Phase I clinical trial evaluation in a small cohort of healthy
subjects (typically 7 individuals) at low dosage to assess the general biodistribution,
pharmacokinetics and mechanism of action of the candidate radiopharmaceutical in
humans (Harapanhalli, 2010). This is to establish that the radioligand is safe and works

as expected in humans. Interspecies differences may exist when translating preclinical
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evaluations to humans. A radioligand that is effective in a mouse model, may not

necessarily predict performance in humans.

If exploratory IND proves successful, Phase I clinical trials can commence to
evaluate a preliminary safety assessment, initial dose and dose escalation studies in
humans. This is followed by Phase II trials to demonstrate proof of concept and to
evaluate efficacy in a limited number of human subjects. Finally, if successful, Phase I11
clinical trials demonstrate efficacy and continued safety in well-controlled clinical studies

in large cohorts of human subjects (Harapanhalli, 2010).

7.4 Significance

BChE is a highly sensitive and specific biomarker of AD and holds great promise
as a diagnostic target for molecular imaging of the brain. A critical step towards reaching
experimental investigational new drug (IND) status for human BChE brain imaging in
clinical trials is in the preclinical development and evaluation of radioligands in animal
models. In the current work, an essential neuroimaging analysis framework has been
developed and implemented, providing an in vivo radioligand development toolkit which
will enable rigorous evaluation of candidate BChE radioligands for PET and SPECT AD
diagnostics as they are developed. Ultimately, this will accelerate the radioligand
research and development cycle, getting these radiopharmaceuticals to clinical trials and

to market in a timely manner.

Brain imaging of BChE in humans may enhance the accuracy and timely
detection of AD not yet possible with current brain imaging methods, with significant

potential to augment the current AD biomarker armamentarium. An early and definitive
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diagnosis of AD will be critical to help evaluate new treatment approaches as they
become available. Confirming an AD diagnosis and distinguishing it from other forms of
dementias (whose treatment approaches are likely different), will ultimately ensure
accurate patient stratification, properly placing the right types of dementia patients in the
right clinical trials to determine the effectiveness of AD drug therapies that may
eventually lead to a cure for the disease. The timely diagnosis of AD, during life, will
also provide clear advantages in the improvement of health management approaches and
will help relieve the economic burden associated with the disease. If successful, this
research has significant potential to impact the way we diagnose, manage and perhaps

eventually, how we even treat Alzheimer’s disease.
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