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Table 3-26: The Distribution of the Serotonin Transporter

Total Binding Nonspecific Binding

Vehicle-Treated

PCP-Treated

Paxinos and Watson Plate with

Figyre 52

Structures

Dorsal Raphe Nuclei (DRD, DRV, and DRVL; together aka DRN)

Table 3-26: [°H]-citalopram binding to the serotonin transporter in sections of
vehicle-treated and PCP-treated rat brain. Non-specific binding was defined in the
presence of 20.0uM fluoxetine. Structures that were assayed to determine
quantitative differences are specified for this level and are highlighted on the
adapted Paxinos and Watson plate.
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Table 3-27: The Distribution of the Serotonin Transporter

Vehicle-Treated

PCP-Treated

Figure 60

Paxinos and Watson Plate with
Structures

Interaural -1.04 mm Bregma -10.04 mm |

Locus Coeruleus (LC), Cerebellum (2; aka CBL)

Table 3-27: [°H]-citalopram binding to the serotonin transporter in sections of
vehicle-treated and PCP-treated rat brain. Non-specific binding was defined in the
presence of 20.0uM fluoxetine. Structures that were assayed to determine
quantitative differences are specified for this level and are highlighted on the
adapted Paxinos and Watson plate.
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[H]-Citalopram Binding to the SERT is Selectively Reduced
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Figure 3-04: Shown as medians of each group for each structure with error bars
representing interquartile range.  Asterisks indicate statistically significant
differences, where P < 0.05 (Mann-Whitney), with their percentage reductions
also shown. Structures assayed: prefrontal cortex (PFC), anterior cingulate
cortex (ACgq), caudate putamen (CPu), nucleus accumbens (N. acc.), bed nucleus
of the striatus terminalis (BNST), anteroventral thalamic nucleus (AVTN), reticular
thalamic nucleus (RTN), hippocampal regions: CA1, CA2, CAS3, & dentate gyrus
(DG), ventral tegmental area (VTA), dorsal raphe nuclei (DRNg, locus coeruleus
(LC), and cerebellum (CBL). All structures imaged with 2.0nM [°H]-Citalopram.
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3.1.4. In situ hybridisation results

In all instances in situ hybridisation (Table 3-28) revealed highly specific and
localised binding to the cell bodies of monoaminergic neurones, from whence
monoaminergic projections originate. The NAT-specific [**S]-oligonucleotide
probe binding to mMRNA is both highly specific and localised to the locus coeruleus
in high density (Table 3-31) and NAT-specific mRNA is also apparent in the
cerebellar lobules, possibly in the granule cell layers. The DAT-specific [*°S]-
oligonucleotide probe binding to mRNA is both highly specific and localised to the
ventral tegmental area and substantia nigra in high density (Table 3-29). The
SERT-specific [*°S]-oligonucleotide probe binding to mRNA is both highly specific
and localised to the dorsal raphe nuclei in high density (Table 3-30).

Qualitative differences between the levels of monoaminergic transporter mRNA in
control and PCP-treated animals (Figure 3-04) were not statistically significant,
following a Mann-Whitney non-parametric analysis. Consequently, the unchanged
levels of monoamine transporter mMRNA mean that the selective reductions of [°H]-
citalopram binding to the SERT is not the result of SERT-specific mRNA
downregulation. Furthermore, while NAT-specific mRNA expression in the LC
appeared to be slightly increased by approximately 5% relative to controls, this

change was not significant.

The finding that NAT mRNA is present in the cerebellum indicates that the
noradrenaline transporter is being translated there rather than merely trafficked
from the locus coeruleus. Therefore, the mRNA itself may have been trafficked
there, or there may be cell bodies for non-locus coeruleus origin noradrenergic

neurons in the cerebellum.
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Table 3-28: The Distribution of Monoamine Transporter mRNA

Target | Paxinos and Watson | Total Binding in Vehicle- | Nonspecific Binding in

mRNA | plate with structures Treated Vehicle-Treated

DAT

SERT

Dorsal Raphe Nuclei
(DRD, DRV, and DRVL;
together aka DRN)

NAT

Coeruleus ‘('LC)

Table 3-28: The distribution of [*°S]-oligonucleotide in situ hybridisation probe
binding to monoamine transporter mMRNA in vehicle-treated rat brain. Structures
that were assayed to determine qualitative differences are specified for each level
and are highlighted on the adapted Paxinos and Watson plates. There was no
discernable difference between the sections of vehicle-treated and PCP-treated rat
brains.
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Table 3-29: In situ Hybridisation of DAT-specific mRNA

Paxinos and Watson Rat Brain Atlas Allen Brain Atlas: DAT mRNA
Anatomical Reference in situ Hybridisation Specific Binding
(Ventral Tegmental Area) (Ventral Tegmental Area in Mouse Brain)

B

£
9
¥

BT

DAT mRNA in situ Hybridisation DAT mRNA in situ Hybridisation
Total Binding Non-Specific Binding
(Ventral Tegmental Area) (Ventral Tegmental Area)

Table 3-29: In situ hybridisation imaging of DAT-specific mRNA in the ventral tegmental
area (VTA) of control rat brains. The optical density of [**S]-oligonucleotide probe binding
in the VTA was qualitatively assayed and Mann-Whitney statistical analysis determined
no statistical differences. PCP-treated rat brains are also visually indistinguishable from
controls.
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Table 3-30: /In situ Hybridisation of SERT-specific mMRNA

Paxinos and Watson Rat Brain Atlas Allen Brain Atlas: SERT mRNA
Anatomical Reference in situ Hybridisation Specific Binding
(Dorsal Raphe Nuclei) (Dorsal Raphe Nuclei in Mouse Brain)

o irenn e LR = | BemmaddRa 3 LTS
! ¥ <

DAT mRNA in situ Hybridisation

DAT mRNA in situ Hybridisation
Total Binding Non-Specific Binding
(Dorsal Raphe Nuclei) (Dorsal Raphe Nuclei)

Table 3-30: /n situ hybridisation imaging of SERT-specific mRNA in the dorsal raphe
nuclei (DRN) of control rat brains. The optical density of [**S]-oligonucleotide probe
binding in the DRN was qualitatively assayed and Mann-Whitney statistical analysis
determined no statistical differences. = PCP-treated rat brains are also visually
indistinguishable from controls.
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Table 3-31: In situ Hybridisation of NAT-specific mRNA

Paxinos and Watson Rat Brain Atlas Allan Brain Atlas: NAT mRNA
Anatomical Reference in situ Hybridisation Specific Binding
(Locus Coeruleus) (Locus Coeruleus in Mouse Brain)

£k “ | hl,;a;[ﬂzza"‘[ | gy a3 o e
e Y ,‘:;.;".,_IJ//
NAT mRNA in situ Hybridisation NAT mRNA in situ Hybridisation
Total Binding Non-Specific Binding

(Locus Coeruleus) (Locus Coeruleus)

k:

22 - Z
Table 3-31: in situ hybridisation imaging of NAT-specific mRNA in the locus coeruleus
(LC) of control rat brains. The optical density of [**S]-oligonucleotide probe binding in the
LC was qualitatively assayed and Mann-Whitney statistical analysis determined no
statistical differences. PCP-treated rat brains are also visually indistinguishable from
controls.
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[3°S]-Oligonucleotide Hybridisation to
Transporter-specific mRNA is Unchanged
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Figure 3-04: Shown as medians of the PCP-treated group for the locus coeruleus
(LC), ventral tegmental area (VTA) and dorsal raphe nuclei (DRN) relative to the
median of the vehicle-treated group. Error bars represent interquartile range. No
statistically significant differences between the groups, as P > 0.05 (Mann-
Whitney).  Transporter-specific mRNA localisations imaged with [*°S]-labelled
oligonucleotide probes.
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3.2 Discussion/Conclusions

3.2.1 The noradrenergic system

It was hypothesized that the NAT would have been down-regulated in the
prefrontal cortex (PFC) because the dopaminergic hypothesis of schizophrenia
proposes hypoactivity in dopaminergic projections to the PFC (van Rossum 1966;
Carlsson & Lindgvist 1963; Frankle et al. 2005b; Marek 2007; Laruelle et al. 2005;
Abi-Dargham 2004), hypometabilism has been demonstrated in the PFC in both
schizophrenia and in the PCP-induced model, and the NAT is the dominant
dopamine reuptake mechanism in the PFC (Moron et al. 2002). Similarly, other
areas, such as the thalamic regions where a reduction in metabolism has been
demonstrated (Cochran et al. 2003; Morris et al. 2005) and hippocampal regions
where tissue atrophy is known to occur (Suddath et al. 1990), have also shown no
significant difference in NAT binding densities indicating that NAT number and
affinity remain unperturbed in this model. If a change in binding densities had
been detected, it could indicate either a change in affinity between the ligand and
binding site or a change in binding site number. A decrease in NAT expression in
these regions would have indicated that noradrenergic neurones projecting into
them are less active, thus reducing the modulation exacted upon these regions by
the noradrenaline system. It was also apparent that the unchanged qualitative
measurements of NAT-specific mRNA indicated that there were no upregulations
of mMRNA to compensate for the downregulated NAT concentrations that were
hypothesized but not found. It would be interesting to know whether synaptic
concentrations of noradrenaline are effected in any of these areas or if the
apparent normality of NAT density is indicative of undisrupted noradrenergic
neurotransmission to these critical structures. Noradrenaline has been shown to
be depleted by the administration of PCP (Tonge & Leonard 1972), so a follow-up
on noradrenaline concentrations in this particular model could make an interesting
future study. If NAT concentrations are unchanged while noradrenaline
concentrations decrease, then this would reduce the duration of stimulation by
noradrenaline of the postsynaptic receptors upon quantal release into the
synapse. Conversely, if NAT concentrations are unchanged while noradrenaline

concentrations increase, then the stimulation of postsynaptic receptors by
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noradrenaline could be prolonged following a slower synaptic clearance if reuptake

and metabolism mechanisms are overwhelmed.

As the NAT is located on presynaptic neurons, the biological significance of the
highest binding density for [°H]-nisoxetine detected in the locus coeruleus means
that this structure is where the majority of noradrenergic modulation occurs —
noradrenergic interneurons communicating with other nearby neurons within the
locus coeruleus. Consequently, there is an argument that the primary brain region
of interest in the noradrenergic system and the most important one for any

potential SPECT tracer to image is the locus coeruleus.

It is important to note that despite the sections containing the locus coeruleus and
the cerebellum receiving a lower concentration of [°H]-Nisoxetine, the lowest
binding density reported for the NAT was not in the cerebellum but in the caudate
putamen (CPu). This is highly relevant to in vivo NAT imaging because in both
SPECT and PET imaging, a reference region is selected to determine the
nonspecific binding of the ligand and the cerebellum is a common choice for many
ligands. Indeed, where NAT imaging is concerned, the cerebellum clearly
demonstrates specific binding to the NAT and thus is not suitable for use as a
reference region. Given the extremely low specific NAT binding density reported
in the CPu, this would make a far more acceptable structure to use as a reference

region.

Interestingly, mRNA for the noradrenaline transporter was detected in the
cerebellum. The cerebellum receives noradrenergic innervation from the locus
coeruleus (Kolasiewicz et al. 2011) and stimulates the firing of globular and Golgi
cells (Hirono et al. 2012). Therefore, there is the possibility than in the instance of
the cerebellum that NAT mRNA is trafficked to the cerebellum from the locus
coeruleus rather than the NAT protein itself. The electrophysiology experiments of
Hirono et al, which showed that noradrenaline stimulates cells in the cerebellum,
would suggest that noradrenaline transporters in the cerebellum are probably
functional as there is a need for them to be there — clearance of released
noradrenaline from synapses would be slow if the sole mechanism for this was
metabolism by MAO and COMT.
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3.4.2 The dopaminergic system

It was hypothesized that changes in the binding density for the DAT would have
been detected in agreement with the dopaminergic hypothesis for schizophrenia
proposing hyperactivity in mesolimbic and/or mesocortical pathways and the
mechanism for many traditional neuroleptics is the antagonism of dopaminergic
neurotransmission. However, although there was a general trend across many
limbic structures to indicate an increase in the density of DAT binding in these
regions, no measurements demonstrated a significant difference, corresponding to
published data (Laruelle et al. 2000). Another hypothesis that was not fulfilled was
the one of areas demonstrating hypometabolism to have expressed changes in
the binding density of DAT, but no significant differences were detected and
furthermore no statistically insignificant trends were identified either. The
qualitative measurement of DAT-specific mMRNA in the VTA indicated no significant
differences between control and PCP-treated rats, indicating that no upregulation
took place to compensate for the hypothesized downregulations of DAT. It would
be interesting to know whether synaptic concentrations of dopamine are affected
in any of these areas or if the apparent normality of DAT density is indicative of

undisrupted noradrenergic neurotransmission to such structures.

It is important to note that DAT was not detected in any hippocampal structures for
either the control or PCP-treated groups, so although this area appears to play a
role — either primary or secondary — in the pathology of schizophrenia, it is unlikely
that the DAT is involved in these structures. The absence of detectable DAT
concurs with published autoradiographic studies using [?H]-WIN-35,428 (Andersen
et al. 2005) and PET studies imaging DAT (Goodman et al. 2000).

The binding densities of [’H]-WIN-35,428 to the DAT were also below that of the
detection threshold in the cerebellum, indicating that while this structure would not
be suitable for use as a reference region for NAT, it would be perfectly adequate
as such for in vivo imaging of the DAT with SPECT or PET scanning technologies.

3.4.3 The serotonergic system

The selective reductions in the hippocampus correlate anatomically to regions

shown through MRI imaging and post mortem analyses to be compromised in
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schizophrenia. Broadly, this correlates with previous studies that have also found
selective decreases of SERT binding in areas of the forebrain (Joyce et al. 19983;
Ohuoha et al. 1993; Laruelle et al. 1993). In areas with unchanged levels of [3H]-
citalopram binding in the forebrain, the binding levels and overall autoradiograph
appearance correlated well with published literature (Hipolide et al. 2005). Further
correlating with published data, there were no statistically significant changes
detected in the hindbrain structures (Laruelle et al. 2000). Where there was some
variation with the literature, Dean et al ( 1995) found an increase in affinity, but no
change in the density, of SERT binding sites in the hippocampus. PCP
administration in rat has been shown to directly deplete noradrenaline and its
metabolites (Tonge & Leonard 1972), so if a similar effect occurs in the

serotonergic system then this might explain why fewer SERTs are maintained.

As discussed earlier in this thesis, the serotonin system is the most widely
innervated of all the monoamine systems and the abundance of SERT labelled
throughout the brain was not unforeseen. The assayed region with the lowest
density of SERT detected was the cerebellum, and would perhaps make a suitable

reference region for in vivo SERT imaging.

In the corticolimbothalamic circuitry known to be deranged in schizophrenia
(Morris et al. 2005), the prefrontal cortex stimulates the nucleus accumbens, which
inhibits the ventral pallidum, which inhibits the thalamus — disinhibition — to enable
thalamic stimulation of the prefrontal cortex and thus complete a circuit of positive
feedback. Meanwhile, the prefrontal cortex and the hippocampus modulate one
another. These results, in context, would indicate that a 15.3% reduction in SERT
affinity or number in the nucleus accumbens might cause some of the disinhibition
of the thalamus to be removed, thus reducing the positive feedback on the
prefrontal cortex. However, binding of all three monoamine transporters seem
unaffected in thalamic structures. The binding reductions found in the
hippocampus, a structure involved in mutual modulation with the prefrontal cortex
proves interesting. The dentate gyrus is the ‘gateway’ to the hippocampus and yet
binding densities here are normal. Internally, in the CA2 and CAS3, selective
reductions in SERT binding were found but it is difficult to see how this would
impact the prefrontal cortex unless the dentate gyrus was involved as well.
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Although these are statistically significant reductions and do affect some key
regions in the deranged circuitry involved in the pathogenesis of schizophrenia, it
begs the question as to whether a reduction of up to only 15% of the transporters
for only one of the monoamine systems has a biological significance. It is already
known that monoamine transporters are promiscuous with the monoamines they
uptake, and with the complexity of monoamine systems and their intermodulation
in the brain, it seems as though such small reductions may very well be within the
tolerances provided by natural redundancies in the brain. It has also been noted
that SERT binding densities are not significantly correlated with the severity of
symptoms (Abi-Dargham 2007). Furthermore, the decreased SERT affinity in the
hippocampus and decreased density in the frontal cortical regions reported by post
mortem studies were not confirmed by in vivo studies where no significant
differences were observed in SERT expression (Frankle et al. 2005a) — so this
aspect of the model may very well mimic an artefact of post mortem tissue that is

not relevant in the living schizophrenic.

Interestingly, there appeared to be no significant differences in the levels of SERT-
specific mMRNA in the DRN to attempt to compensate for the reductions in SERT
found in the PCP model of the metabolic hypofrontality associated with
schizophrenia.  As with the synaptic concentrations of noradrenaline and
dopamine, it would be interesting to know what the concentrations of serotonin
were in the regions where selective reductions were detected and whether the
selective reductions in SERT have produced a corresponding rise in the
concentrations of neurotransmitter following neuronal activation, or whether the
reductions in SERT appear to have occurred following a reduction of serotonin

release.

3.4.4 Conclusions

The PCP-induced rat model mimics the metabolic hypofrontality observed in
schizophrenia and is not a complete reproduction of all aspects involved in the
human disease. Interestingly, aspects of the model appear to correlate post
mortem examination of schizophrenic patients, while reductions of serotonin
transporter expression were not apparent during an in vivo scan of living

medication-free schizophrenic patients. However, this may very well be explained
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by the changes in SERT density being too small and beneath the detection
threshold for PET imaging.

It had been hypothesised that down-regulation of the NAT would be observed,
particularly in the pre-frontal cortex, of the PCP-induced rat model of the metabolic
hypofrontality observed in schizophrenia. However, the NAT distribution and
density remained unchanged by chronic low-dose PCP administration, so the
model does not yield itself as an obvious choice for first demonstration of an
emerging NAT-specific SPECT brain imaging tracer. While there were no
changes detected in NAT levels or NAT-specific mRNA in this model,
pharmacological intervention exerting influence at the noradrenaline transporter is
beneficial in modulating monoaminergic neurotransmission in both the model and
in the human disease, so it is clear that the NAT is important in how schizophrenia
treatment is approached. In order to ensure a wider access to in vivo imaging
techniques in research, a SPECT tracer would be preferable to a PET tracer due
to the lower costs involved in SPECT imaging associated with using more readily
available isotopes with longer half-lives. Currently, there is no SPECT imaging
tracer for imaging the noradrenaline transporter in vivo so NAT levels in the
medication-free schizophrenic patient cannot yet be compared to those of the

model to determine whether the model holds true.

Furthermore, in the development of new antipsychotic drugs to threat
schizophrenia, it will be important to have a readily available biomarker of in vivo
NAT occupancy to demonstrate dose-occupancy and therapeutic benefit, as has
been done at other antipsychotic drug targets in the brain — such as the SERT
(Takano et al. 2006). Therefore, compounds structurally related to the clinically-
approved selective noradrenergic reuptake inhibitor reboxetine will be examined
for their suitability for radiolabelling with SPECT-applicable isotopes and potential
for use as SPECT brain imaging tracers.

It had been hoped that if changes in NAT expression were present in this model
then it would have presented itself as a valuable opportunity for validating and
demonstrating the imaging capabilities of a future NAT-specific SPECT tracer,
however another model that can demonstrate a clear difference in NAT density will

have to be sought for that purpose. Nevertheless, the PCP model of
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schizophrenic hypofrontality still provides valuable insight into aspects of

schizophrenia.
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Chapter 4
Pharmacological Characterisation of Potential SPECT

Brain Imaging Tracers for the Noradrenaline Transporter

4.3 Results
4.3.1 Reboxetine affinity for the NAT

The K of Reboxetine, a commercial available S,5-/R,R- racemic mixture available
as a mesylate salt, against [°H]-nisoxetine binding at the NAT was determined as
6.9 + 1.6 nM (Figure 1). This is in the same order of magnitude as, and therefore
compares favourably to, the published value of 1.1 £ 0.2 nM (Wong et al. 2000).
Given the highly selectivity (>100-fold) of reboxetine for the NAT, and published
data in the literature on its monoamine binding profile, it was deemed unnecessary
to repeat this validation at the SERT or the DAT in this thesis.
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Reboxetine Displaces [*H]-Nisoxetine at the NAT
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Figure 4-01: Reboxetine competes for [°H]-nisoxetine binding to the noradrenaline
transporter. Points are means of 3 independent repetitions and error bars
represent standard error of the mean. K; value is represented as the mean of 3
independent determinations * the standard deviation, and was calculated from the
ICso using the Cheng-Prusoff equation in GraphPad Prism 4.0.

126



4.1.2 Affinity of novel compounds for the NAT

The iodophenyl ring compounds (Figure 4-02) demonstrated greatest affinity for
the NAT in the S,S-, R,S-, and R,R-isomers with K; values of 53.8 + 2.7 nM, 58.2 +
9.4 nM, and 64.0 £+ 2.4 nM, respectively. The S,R-isomer was an order of
magnitude greater at 321 + 9 nM, so this confirmation obviously does not allow the
molecule to bind effectively to the [°H]-nisoxetine binding site. While the curve
clearly shows that these compounds are offering specific displacement of [°H]-
nisoxetine at the NAT, a K of ~54nM is not sufficiently high affinity for a SPECT

brain imaging tracer.

While none of the iodophenyl ring compounds have sufficient affinity for the NAT,
the differing affinities with structural modification are enlightening. For the next
generation of candidate compounds, no further S,R- conformations were
synthesised, as it was clear this conformation is not suitable for binding to the
reboxetine binding site on the NAT. As expected, the S§,S- and R,R-
conformations both showed better affinity and the S,S- conformation molecule is
what is being taken forward by other groups in the literature as the INER/IPBM
molecule. The R,S- conformation molecule has not yet been developed in the
literature, and perhaps an INER/IPBM-like molecule in this conformation would
yield a promising candidate for SPECT imaging of the NAT. For further elucidation
of important aspects to the molecular structure of potential NAT tracers, several of
the intermediate compounds in the synthetic process were also evaluated for their
affinity to the NAT.
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lodophenyl Ring Reboxetine Analogues Displace [ *H]-Nisoxetine at the NAT
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Figure 4-02: lodophenyl ring iodoreboxetine analogues displacement of [°H]-
nisoxetine binding at the noradrenaline transporter. Data points are means of 3
independent repetitions and error bars represent standard error of the mean.
Total binding (1.2nM [*H]-nisoxetine) plotted as competitor concentration 10™"°M
and non-specific binding (1.2nM [°H]-nisoxetine + 10 uM reboxetine) plotted as 10
'M. K; values are represented as the mean of 3 independent determinations + the
standard deviation, and was calculated from the ICsy using the Cheng-Prusoff
equation in GraphPad Prism 4.0.
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Benzyl Alcohol Amide Intermediates Displace [3H]-Nisoxetine at the NAT

40- Reboxetine
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Figure 4-03: Benzyl alcohol intermediate compounds displacement of [°H]-
nisoxetine binding at the noradrenaline transporter. Data points are means of 3
independent repetitions and error bars represent standard error of the mean.
Total binding (1.2nM [*H]-nisoxetine) plotted as competitor concentration 10™"°M
and non-specific binding (1.2nM [*H]-nisoxetine + 10 uM reboxetine) plotted as 10
'M. K; values are represented as the mean of 3 independent determinations + the
standard deviation, and was calculated from the ICsy using the Cheng-Prusoff
equation in GraphPad Prism 4.0.
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The benzyl alcohol amides demonstrated particularly poor affinity (Ki = pM-mM
range) for the NAT (Figure 4-03) and the loss of the phenoxy ring appears to have
destroyed the ability of the compound to bind to the NAT, highlighting the

importance of this ring in reboxetine-like compound pharmacology.

R,S- conformation iodophenoxy compounds (Figure 4-04) demonstrated excellent
affinity when the iodine was in the ortho position in the NKJ-64 (Ki = 8.4nM), yet
poor affinity otherwise. The poor binding exhibited when the phenoxy ring’s iodine
was in the meta and para positions for NKJ-67 (Ki = 1.1uM) and NKJ-68 (K =
1.7uM), respectively, is further evidence of this ring conferring binding affinity to
the NAT and that there is an ideal position (ortho) for the iodine in order to
maintain affinity of the compound for the [°H]-nisoxetine binding site on the NAT.

Of the iodinated compounds synthesised and tested (Table 4-01), NKJ-64 yielded
the most potent affinity for NAT (K; = 8.4 £ 1.7 nM), was in the same order of
magnitude as reboxetine (K; = 6.9 = 1.6 nM), and looks to be the most promising

compound tested here.
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lodophenoxy Ring Reboxetine Analogues Displace [H]-Nisoxetine at the NAT
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Figure 4-04: lodophenoxy ring reboxetine analogues displacement of [°H]-
nisoxetine binding at the noradrenaline transporter. Data points are means of 3
independent repetitions and error bars represent standard error of the mean,
except for NKJ-64 which is derived from 5 independent repetltlons Total binding
(1.2nM [*H]-nisoxetine) 3plotted as competitor concentration 107°M and non-
specific binding (1.2nM [°H]-nisoxetine + 10 pM reboxetine) plotted as 10'M. K;
values are represented as the mean of 3 independent determinations + the
standard deviation, except for NKJ-64 which is derived from 5 independent
determinations. All K; values were calculated from the 1Csy using the Cheng-
Prusoff equation in GraphPad Prism 4.0.

Table 4-01: Affinity of iodinated reboxetine analogues for the NAT
Group Compounds NAT K;
(S,R)-iodoreboxetine 321 £9nM

lodophenyl ring (R,S)-iodoreboxetine 58.2 +9.4 nM

analogues (S,S)-iodoreboxetine 53.8 £ 2.7 nM

(R,R)-iodoreboxetine 64.0 + 2.4 nM
Benzyl alcohol amide NKJ-38 14,810 £ 810 nM
intermediates NKJ-50 > 1,000,000 nM

. NKJ-64 8.4+1.7nM
'OdZﬂgle:;:é’s””g NKJ-67 1,700 + 500 nM
NKJ-68 1,100 £ 200 nM

Table 4-01: Summary of affinity of novel iodoreboxetine compounds for the NAT.
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4.1.3 Serotonin Transporter Pharmacology

The iodophenyl ring compounds (Figure 4-05) demonstrated greatest affinity for
the SERT in the (R,R)-isomer with a K; of 646 + 146 nM and, consequently, the
(S,S)-isomer shows greater promise as a NAT-specific tracer with a much lower

affinity for the [3H]-citalopram binding site and a K| of approximately 2.8 uM.

Unfortunately, depleted stocks for the (S,R)- and (R,S)- isomers of the iodophenyl
ring compounds resulted in the inability to ascertain their inhibition constants at the
SERT through a comprehensive displacement protocol, so a pilot experiment was
conducted to determine if there was any affinity for the SERT (Figure 4-06),
revealing minimal displacement of [*H]-citalopram binding to the SERT.
Reboxetine was shown to displace virtually all [*H]-citalopram binding at the SERT
when applied in both 10uM and 100uM concentrations. Both of the iodinated
reboxetine analogues demonstrated less affinity for the SERT than reboxetine.
The S,R- isomer demonstrated less affinity for the SERT than the R,S- isomer,
however the precise affinity of these compounds was not able to be determined
with the solution stocks remaining following assays at other monoamine
transporter sites. Additional compound could be synthesised for a comprehensive
characterisation, but the poor NAT affinity of the S,R- isomer precludes further
development as a NAT tracer and makes a comprehensive characterisation of

these particular compounds inconsequential.

The benzyl alcohol amides are intermediate compounds in the production of the
iodophenoxy reboxetine analogues and their characterisation aids in determining
which aspects of reboxetine-like compounds are contributing to the
pharmacological properties of the molecule.  The benzyl alcohol amide
intermediates demonstrated particularly poor affinity for the SERT and both K;
values were greater than 100uM (Figure 4-07). The loss of the phenoxy ring
appears to have destroyed the ability of the compound to bind to the SERT as well
as the NAT, once again confirming the importance of this aspect of reboxetine-like

compounds to monoamine transporter pharmacology.
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lodopheny! Ring Reboxetine Analogues Displace [ 3H]-Citalopram at the SERT
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Figure 4-05: lodophenyl ring reboxetine analogues displacement of [°H]-
citalopram binding at the serotonin transporter.  Data points are means of 2
independent repetitions and error bars represent standard error of the mean. Total
binding (2.0nM [®H]-citalopram) plotted as competitor concentration 10"°M and
non-specific binding (2.0nM [*H]-citalopram + 20 pM fluoxetine) plotted as 107'M.
Ki values are represented as the mean of 2 independent determinations + the
standard deviation, and are calculated from the ICso using the Cheng-Prusoff
equation in GraphPad Prism 4.0.
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Displacement of [*H]-Citalopram Binding to the SERT
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Figure 4-06: (S,R)- and (R,S)- iodophenyl ring reboxetine analogues displacement
of [*H]-citalopram binding at the serotonin transporter. Bars representative one
determination and error bars represent standard error of samples in triplicate for
that single assay only. Total binding was defined with 2.0nM [°H]-citalopram and
non-specific binding was defined with 2.0nM [*H]-citalopram in the presence of 20
UM fluoxetine. K| values cannot be accurately determined from this data set.
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Benzyl Alcohol Amide Intermediates Displace [3H]-Citalopram at the SERT
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Figure 4-08: Benzyl alcohol intermediate compounds displacement of [°H]-
citalopram binding at the serotonin transporter.  Data points are means of 3
independent repetitions and error bars represent standard error of the mean.
Total binding (2.0nM [*H]-citalopram) plotted as competitor concentration 10™"°M
and non-specific binding (2.0nM [*H]-citalopram + 20 puM fluoxetine) plotted as 10
M. K; values are represented as the mean of 3 independent determinations + the
standard deviation, and was calculated from the ICsy using the Cheng-Prusoff
equation in GraphPad Prism 4.0. For these compounds, the bottom of the graph
(i.e. 0% binding) was ill-defined, so 1Cso and Ki could not be accurately calculated.
Greater concentrations of competitor were not available and the K; values are
approximately stated as > 100,000 nM.
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The iodophenoxy ring reboxetine analogues as a group actually show greater
overall affinity for the SERT than they do the NAT. The highest SERT affinity of
these compounds was displayed by the NKJ-68 with a K; of 34.5 £ 1.7 nM,
following by the NKJ-64 with a K; of 51.5 + 8.4 nM, and finally the NKJ-67 has the
lowest affinity with a K; of 154 + 12 nM (Figure 4-08).

Elucidation of the SERT-binding properties for the (R,S)-conformation
iodophenoxy compounds demonstrated that although the ortho-position
compound, NKJ-64, demonstrated notable affinity for the SERT, it was
approximately 6-fold more selective for the NAT and therefore may yet make an
acceptable NAT brain imaging tracer.  The meta-position compound, NKJ-67
demonstrated poor affinity for SERT as well as for NAT. Interestingly, the para-
position molecule, NKJ-68, which demonstrated poor affinity at the NAT, showed
some affinity for SERT. Should this prove highly selective for the SERT, it may
have had potential as a SERT brain imaging tracer if not for superior affinity, pre-

existing compounds already in use for both clinical and research contexts.
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lodophenoxy Ring Reboxetine Analogues Displace [*H]-Citalopram at the SERT
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Figure 4-08: lodophenoxy ring reboxetine analogues displacement of [°H]-
citalopram binding at the serotonin transporter. Data points are means of 3
independent repetitions and error bars represent standard error of the mean.
Total binding (2.0nM [*H]-citalopram) plotted as competitor concentration 10™"°M
and non-specific binding (2.0nM [*H]-citalopram + 20 puM fluoxetine) plotted as 10
M. K; values are represented as the mean of 3 independent determinations + the
standard deviation, and was calculated from the ICsy using the Cheng-Prusoff
equation in GraphPad Prism 4.0.

Table 4-02: Affinity of iodinated reboxetine analogues for the SERT
Group Compounds SERT K;
(S,R)-iodoreboxetine -
lodophenyl ring (R,S)-iodoreboxetine -
analogues (S,S)-iodoreboxetine 2,793 + 480 nM
(R,R)-iodoreboxetine 646 + 142 nM
Benzyl alcohol amide NKJ-38 > 100,000 nM
intermediates NKJ-50 > 100,000 nM
. NKJ-64 51.5+8.4nM
'OdZﬂgfo”;J‘gs””g NKJ-67 154 + 12 nM
NKJ-68 34.5+1.7 nM

Table 4-02: Summary of affinity of novel iodoreboxetine compounds for the SERT.
Broadly, the iodophenoxy ring analogues had the highest SERT affinity, the
iodophenyl ring analogues were either untested or had poor affinity, and the
benzyl alcohol amide intermediates had no noteworthy SERT affinity at all.
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The affinity of the iodophenyl ring reboxetine analogues were reasonably low for
the SERT (Table 4-02) and thus were highly specific for the NAT — however their
inadequate affinity for the NAT is still problematic. The benzyl alcohol amide
intermediates have no notable affinity for the SERT. Although the iodophenoxy
ring analogues as a group demonstrated notable affinity for the SERT, the 6-fold
selectivity of NKJ-64 for the NAT means it still has potential as a SPECT brain

imaging tracer for the noradrenaline transporter.
4.1.4 Dopamine Transporter Pharmacology:

To complete the pharmacological binding profile for monoamine transporters and
elucidate the specificity for each compound, the dissociation constants of the
produced compounds for which there were stocks remaining were determined at
the DAT.

The iodophenyl ring compounds demonstrated encouragingly low affinity for the
DAT (Figure 4-09), although displayed the greatest affinity in the (R, R)-isomer with
a K value of 716 + 20 nM. The (S,S)-isomer yielded a K; of approximately 1.4 uM
and so is the more favourable molecule in the group from the perspective of a NAT

brain imaging tracer.

Unfortunately, depleted stocks for the (S,R)- and (R,S)- isomers of the iodophenyl
ring compounds resulted in the inability to ascertain their inhibition constants at the
DAT, although a pilot experiment was conducted and demonstrated low affinity for
the [°H]-WIN-35,428 binding site on the DAT (Figure 4-10).

Reboxetine was shown to displace virtually all [?H]-WIN-35,428 binding at the DAT
when applied in both 10uM and 100uM concentrations. Relative to reboxetine,
(R,S)-iodoreboxetine demonstrated less affinity for the DAT and there was no
significant displacement in the nanomolar range. Unfortunately, from this data set,
it is difficult to draw comparative observations against reboxetine with (S,R)-

iodoreboxetine, but there was no significant displacement in the nanomolar range.
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Figure 4-09: lodophenyl ring reboxetine analogues displacement of [°H]-WIN-

35,428 binding at the dopamine transporter.

Data points are means of 2

independent repetitions and error bars represent standard error of the mean. K|
values are represented as the mean of 2 independent determinations + the
standard deviation, and are calculated from the ICsy using the Cheng-Prusoff
equation in GraphPad Prism 4.0.
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Displacement of [3H]-WIN-35,428 Binding to the DAT
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Figure 4-10: (S,R)- and (R, S)- iodophenyl ring reboxetine analogues displacement
of [*H]-WIN-35,428 binding at the dopamine transporter. Bars representative one
determination and error bars represent standard error of samples in triplicate for
that single assay only. K; values cannot be accurately determined from this data
set.
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Benzyl alcohol amides stocks had precipitated out of solution and their inhibition
constants at the DAT were not ascertained, and nor was any sort of affinity
established via pilot experiment. The distinct lack of any notable affinity for either
the NAT or the SERT meant that preparing more of these compounds for analysis
at the DAT was not a worthwhile endeavour. For monoamine pharmacology of
reboxetine-like molecules, the trends seem to indicate that the phenoxy ring is the
critical aspect conferring monoamine transporter affinity and it is predicted that the
loss of this would have similarly destroyed affinity at the DAT.

Elucidation of the DAT-binding properties for the (R,S)-conformation iodophenoxy
analogues revealed poor affinity for the DAT from all three compounds (Figure 4-
12).

For [®H]-WIN-35,428 binding, there is a high affinity and low affinity binding site on
the DAT. The curves for the iodophenoxy ring reboxetine analogues seem less
traditionally shaped for a one-site competition than the curves on the iodophenyl
ring reboxetine analogue competition assays. It is possible that this form of the
molecule has a greater affinity for the low-affinity binding site, thus affecting the
shape of the curve. Regardless, the compounds’ affinity for the DAT in the range
of 0.5 — 2.1 uM should mean that images of the NAT will not be disturbed by the
influence of DAT binding.

None of the compounds showed any problematic affinity for the [*H]-WIN-35,428
binding site on the DAT (Table 4-03) and it appears that the minimal binding at this
monoaminergic target will not detract from the selectivity of the compounds for the
NAT.
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(B) lodophenoxy Ring Reboxetine Analogues Displace [ *H]-WIN-35,428 at the DAT
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Figure 4-11: lodophenoxy ring reboxetine analogues displacement of [°H]-WIN-
35,428 binding at the dopamine transporter (A). NKJ-68 appears to have affinity
for more than one binding site on the DAT and this has been reanalysed and re-
presented with the other iodophenoxy compounds to demonstrate both Ki values
(B). Data points for both graphs are means of 3 independent repetitions and error
bars represent standard error of the mean. K; values are represented as the mean
of 3 independent determinations + the standard deviation, and are calculated from
the ICs using the Cheng-Prusoff equation in GraphPad Prism 4.0.
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Table 4-03: Affinity of iodinated reboxetine analogues for the DAT

Group

Compounds

DAT Ki

lodophenyl ring
analogues

S,R)-iodoreboxetine
R,S)-iodoreboxetine
,S)-iodoreboxetine
R)-

(
(
(S
(R,

1,457 + 150 nM

iodoreboxetine 716 £ 20 nM
Benzyl alcohol i -
nass -
intermediates
NKJ-64 526 + 126 nM
ri'r?d‘;%gfgojgs NKJ-67 1,900 + 600 NM
9 9 NKJ-68 5.81+519nM & 4,100 + 1,300 nM

Table 4-03: Summary of affinity of novel iodoreboxetine compounds for the DAT.
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4.1.5 Monoamine Transporter Pharmacology (Summary)

The data set for the pharmacological characterisation of the Glasgow-produced
reboxetine-like compounds at monoamine transporters is summarised in Tables 4-
04 and 4-05.

The iodophenyl ring reboxetine analogues were very selective for NAT but the
affinity was not sufficient for use as SPECT tracers for imaging the NAT. The
benzyl alcohol analogues had poor affinity for all monoamine sites tested and it
would seem that the phenyl ring is critical for conferring monoamine transporter
binding. The iodophenoxy ring reboxetine analogues as a group were more
selective for the SERT than they were for the NAT, however when the iodine was
in the ortho position it conferred both affinity and selectivity for the NAT. The
iodophenoxy ring compounds with the iodine in the para- and meta- positions had
greatly diminished affinity to the NAT in comparison to the ortho-position
compound. Therefore, based on pharmacological binding profiles, the placement
of the iodine on the phenoxy ring is of critical importance to the affinity of the
compound for the NAT. This indicates that placing the iodine in the para- and
meta- positions on the phenoxy ring interferrs with the ability of reboxetine to bind
to the NAT and that these portions of the molecule are therefore important in
confirring NAT affinity and selectivity. Based on these pharmacological binding
profiles, the ortho-positioned compound, (2R,35)-2-[(2-
lodophenoxy)phenylmethyllmorpholine, also known as NKJ-64, is therefore the
most promising candidate for further development as a SPECT brain imaging
tracer to be used for studying the NAT.

Interestingly, the para-position iodophenoxy molecule, also known as NKJ-68 or
(2R,35)-2-[(4-lodophenoxy)phenylmethyllmorpholine, proved to have noteable
affinity for the SERT with an inhibition constant of 34.5nM. Furthermore, this
compound demonstrated multiple affinities for the DAT, indicating that there were

two distinct conformations or sites for NKJ-68 binding to the DAT.
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Table 4-04: Novel Iodoreboxetine Compound Affinities

Compound Pharmacology (Ki in nM)
Type | Structure * Names NAT SERT DAT
) Reboxetine, prepared as
2 racemic mix: (S,S)/(R,R)
g (25,35)/(2R,3R) -2-[(2 6.9+1.6 not tested not tested
E’ Ethoxy’phenoxysphenylmethyl]
morpholine
. - Pilot only: Pilot only:
(S,R)-iodoreboxetine 80% 100%
(25,3R)-2-[(4-Todophenyl)-(2- 321+9 'gg'(,b;th;‘%”ng@ '”*;'gglﬁ;‘.@
ethoxyphenoxy)methyl] inhibition @ | inhibits <5%
" morpholine 2nM @ 2nM
_: . Pilot only: Pilot only:
> %)) (R,S)-iodoreboxetine 100% ~95%
£ L (2R,3S)-2-[(4-Todophenyl)-(2- | 58.2 +9.4 mgl(t))(l)tLol\:I]'@ '”g'g(')tilol\;‘_@
>c ethoxyphenoxy)methyl] inhibits <5% | inhibits <5%
S g morpholine @ 2nM @ 2nM
|
[N= (S,S)-iodoreboxetine
o ©
g x § (25,35)-2-[(4-Iodophenyl)-(2- | 53.8+2.7 er'Zgg Jlrfgg
- 0 o ] ethoxyphenoxy)methyl] - -
o ot N morpholine 2) )
|
@ (R,R)-iodoreboxetine
QL T (2R,3R)-2-[(4-Iodophenyl)-(2- 64.0+£ 2.4 | 646+ 142 716 + 20
0/\[ ] ethoxyphenoxy)methyl]
oEt N morpholine (2) (2)
|
NKJ-38
© n S (25,3S)-2-[a-Hydroxy-(4- 1+4é81100 >100,000 not tested
% % 9 HO™ Y I iodophenyl)methyllmorpholine-5- -
O é 9 S one )
SRS H
=6 E '
= @ NKJ-50
o0 S
m £ (2R,3R)-2-[a-Hydroxy-(4- 1 000.000 | >100,000 | not tested
iodophenyl)methyl]Jmorpholine-5- ! !
one 2)
NKJ-64
n (2R,35)-2-[(2- 8.4+1.7 51.5+8.4 526 + 126
(@) % Iodophenoxy)phenylmethyl]
o morpholine (5)
= O
? © NKJ-67
S 3 1,700 1,900
5 o (2R,35)-2-[(3- 500 154 + 12 4800
< C Iodophenoxy)phenylmethyl] - -
9‘ @ morpholine
O x
38 NKJ-68 5.81
S 1,100 *5.19
(2R,35)-2-[(4- +’200 345+1.7 &
Iodophenoxy)phenylmethyl] - 4,100
morpholine +1,300

Table 4-04: Pharmacological binding profile summary for iodoreboxetine analogues at
monoamine transporters in the CNS. K; determined at the NAT, SERT, and DAT with
[®H]-nisoxetine, [*H]-citalopram, and [*H]-WIN-35,428, respectively. Data are means of 3
determinations + SEM unless otherwise specified (bottom right corner). NKJ-68 appears
to have affinity for two binding sites on the DAT and so two K; determinations are listed.
* Note: Structures from Jobson, NK (Ph.D. Thesis 2008).
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Table 4-05: Novel Iodoreboxetine Compound Selectivity

Compound

Selectivity

Type | Structure *

Names

NAT:SERT

NAT:DAT

Reference
&

Reboxetine, prepared as
racemic mix: (S,S)/(R,R)

(2S,3S)/(2R,3R) -2-[(2-
Ethoxyphenoxy)phenylmethyl]
morpholine

(S,R)-iodoreboxetine

(2S,3R)-2-[(4-1odophenyl)-(2-
ethoxyphenoxy)methyl]
morpholine

(R,S)-iodoreboxetine

(2R,3S)-2-[(4-Iodophenyl)-(2-
ethoxyphenoxy)methyl]
morpholine

lodo-phenyl ring
reboxetine analogues

(S,S)-iodoreboxetine

(2S,3S)-2-[(4-Iodophenyl)-(2-
ethoxyphenoxy)methyl]
morpholine

52:1

27 : 1

(R,R)-iodoreboxetine

(2R,3R)-2-[(4-Iodophenyl)-(2-
ethoxyphenoxy)methyl]
morpholine

10:1

11:1

NKJ-38

(2S,3S)-2-[a-Hydroxy-(4-
iodophenyl)methyllmorpholine-5-
one

Benzyl alcohol
iodo-amide
intermediates

NKJ-50

(2R,3R)-2-[a-Hydroxy-(4-
iodophenyl)methyl]Jmorpholine-5-
one

NKJ-64

(2R,3S)-2-[(2-
Iodophenoxy)phenylmethyl]
morpholine

63:1

NKJ-67

(2R,3S)-2-[(3-
Iodophenoxy)phenylmethyl]
morpholine

lodo-phenoxy ring
reboxetine analogues

NKJ-68

(2R,3S)-2-[(4-
Iodophenoxy)phenylmethyl]
morpholine

Table 4-05: Pharmacological selectivity summary for iodoreboxetine analogues at
monoamine transporters in the CNS. Data calculated via K data at the NAT, SERT, and
DAT with [*H]-nisoxetine, [°H]-citalopram, and [*H]-WIN-35,428, respectively. Where data
is insufficient for calculation is denoted with a dash. Ratios accurate to nearest integer.
NAT:DAT selectivity for NKJ-68 is not listed, as this compound appears to have affinity for

two binding sites at the DAT. * Note: Structures from Jobson, NK (Ph.D. Thesis 2008).
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4.2 Discussion

4.2.1 Summary of findings

The main findings of this chapter are that the addition of the iodine atom to a
reboxetine-like molecule lowered the binding affinity in every compound
synthesised and the position of the iodine greatly affects the binding properties of
the various analogues of iodoreboxetine. When the iodine atom is positioned on
the phenyl ring, this enabled a NAT affinity of approximately 54nM in the most
potent of these analogues, (S,S)-iodoreboxetine, and demonstrated excellent
selectivity for NAT over DAT and SERT. However, the affinity of this iodophenyl
ring reboxetine analogue was not high enough for SPECT imaging, as it would
give a simple binding estimation of approximately 1.3, compared to the required
value of approximately 12 (Schou et al. 2007). The benzyl alcohol iodo-amide
intermediates are reboxetine-like molecules lacking the phenoxy ring and their
extremely low affinity for NAT demonstrated how important this ring is for the
binding properties of reboxetine and any future iodoreboxetine molecules. When
the iodine is positioned on the phenoxy ring, this yielded the greatest affinity for
NAT of all the compounds produced, NKJ-64 (8.4 nM), and acceptable selectivity
— but the orientation of the iodine atom in the ortho-position on the ring is critical to
maintaining the capability for binding to the NAT and other phenoxy ring

analogues were not suitable.

NKJ-64’s K; at the NAT of 8.4nM compares favourably with the similarly-structured
SPECT candidate compound INER/IPBM, which has K; determinations of 0.84nM
(Kanegawa et al. 2006) and 4.22nM (Tamagnan et al. 2007), and while the K;
measurement was higher it is in the same order of magnitude. A K; of 8.4nM also
compares favourably against the K; determinations in the literature for
methylreboxetine/MRB/MeNER, 3-Cl-methylreboxetine, and oxaprotiline, at
4.63nM, 6.11nM, and 9.07nM, respectively (Logan et al. 2007; Ding et al. 2005).

Once again, NKJ-64 is within the same order of magnitude.

It was interesting to note that the K; determined in this thesis for reboxetine was
6.9nM, compared to 1.1nM (Wong et al. 2000) in the literature. While this is
approximately 6-fold higher, it is in the same order of magnitude and | haven no

cause to doubt my determination. Pilot experiments showed that reboxetine itself
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displayed affinity for the SERT and DAT. As aforementioned, the inhibition
constant for reboxetine at the SERT was determined as 129+13nM (Wong et al.
2000) and the pilot assay at the SERT merely confirmed that reboxetine is
exhibiting displacement at this site, although the precise determination was not
repeated. The inhibition constant for reboxetine at the DAT was not precisely
determined but has previously been recorded as exhibiting no significant
displacement at 10uM (Wong et al. 2000; Millan et al. 2001), so finding a
significant blockade of [*H]-WIN-35,428 binding when this concentration was
applied is interesting. Had the leading compound demonstrated significant affinity
for the DAT then it may have been worthwhile performing a full displacement
experiment with reboxetine against [°H]-WIN-35,428 at the DAT to determine to
what extent the structural changes to the compound had affected the DAT affinity
— positively or negatively. However, without problematic DAT binding in the lead
compound, this curiosity was not attributed great importance and was not
investigated further.

4.4.2 What alternative molecules are emerging?

Although several reboxetine analogues have since shown promise in vitro and
been applied to PET imaging (Table 4-06), compounds such as (S,S)-[''C]-
MeNER and (S,S)-['®F]-MeNER-D, exhibited similar in vivo problems to [''C]-
nisoxetine, resulting in slow uptake, rapid radioisotope decay, and noisy images
with poor contrast (Zeng et al. 2008).

Although the 283,3a-(substituted phenyl) nortropane compound selected and
developed by Zeng et al ( 2007) exhibited great affinity and selectivity in vitro, high
uptake in the caudate meant that this compound did not present an acceptable
reference region for in vivo imaging and thus was not suitable for further use.
Similarly, (S,S)-MRB/MeNER/Methylreboxetine proved to have good affinity,
specificity, displaceable binding, stability, metabolism, and suitable in vivo blood-
brain barrier penetration, but unfortunately a low specific-to-nonspecific ratio due
to high uptake in reference regions and an intrinsic PET-associated difficulty in
accurately defining the specific binding meant that there was a low signal-to-noise

ratio and the assessment of many low NAT concentration structures was difficult.
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Turning to efforts on SPECT compounds, the nisoxetine analogues PYINXT and
INXT / MIPP displayed high affinity and selectivity in vitro using cloned cell lines,
however the non-specific binding and in vivo kinetics for ['®I]-INXT were
unacceptable (Lakshmi et al. 2008). Through modification of the molecule, ['?°I]-
PYINXT demonstrated 67% specific binding in vivo and more favourable kinetics —
placing the nonspecific binding of this molecule equivalent to that of [''C]MeNER

(Lakshmi et al. 2008; Ding et al. 2005).

['®I]-INER/IPBM has been demonstrated as having favourable in vivo
characteristics with maximal brain radioactivity achieved after 10 minutes following
bolus injection and a slow washout over 2 hours with specifically displaceable
regional distributions consistent with those known of the NAT (Tamagnan et al.
2007; Kanegawa et al. 2006). Nonspecific binding was approximately 40% and
the compound therefore has potential as a SPECT brain imaging tracer for
evaluating the NAT — however the aforementioned ['°[|PYINXT, although slightly
lower in NAT affinity, demonstrated superior specific binding and may therefore
make a more valuable tracer once the in vivo stability of the molecule is

determined.
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Table 4-06: NAT affinity of emerging brain imaging tracer compounds
Compound Ki (nM) * | Isotope | Technique References
phenyl) nortropane
y Zeng 2009
Methylreboxetine / B ['C], Schou 2009;
MeNER / MRB 0.95-5.0 | ‘“rep PET Zeng 2008:
Logan 2007;
MENET / FENET / [cy,
FPNET 1.02 - 3.68 18F] PET Zeng 2009
(S,9)-S- 11 )
methylreboxetine / 0.30-1.35 [[18?:]]’ PET 222?19 22%%%
MESNET g
PYINXT 5.3* 1] SPECT Lakshmi 2008

Table 4-06: Recently emerging compounds characterised and suggested for in
vivo imaging of the NAT.

* Note: K; values determined against [°H]-nisoxetine, except for PYINXT, which
was determined against ['?°[]-nisoxetine.
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4.2.3 Identifying what the lead compound will be capable of imaging

Whilst the affinity of NKJ-64 is not as high as some compounds reviewed in the
literature, the good selectivity combined with the reasonable affinity and novel
routes of synthesis warrants further evaluation of this compound as a potential
SPECT imaging tracer for the NAT. Reapplication of the simple Bmax/Kg
calculation to approximate binding potential (Schou et al. 2007) to the quantitative
autoradiographic post mortem data set of Donnan et al ( 1991) gives a rough
guide (Table 4-07) to the in vivo imaging potential of NKJ-64 (K; = 8.4 £ 1.7 nM).
When the K for a competitive compound is defined at the Ky for the ligand it is
competing against, the K of the competitor may be considered an approximation
for its Ky to the same site. The K; determinations for competitor compounds
undertaken in this thesis have all occurred at or very near the Kq for each relevant
ligand, and therefore Buax/Ki for those compounds can be taken as an
approximation of Buax/Kq and appear in Table 4-07. This allows a rough
approximation of binding potential for the lead candidate compound to be

compared with other similar compounds such as INER/IPBM.
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Table 4-07: Binding Potential Estimations for NAT-specific SPECT Brain
Imaging Tracer Candidates
Regional By of
NAT in Human NKJ-64 INER/IPBM
Structure Brain (pmol/g wet Bmax/Kg Bmax/Ka *
weight, ~nM)

Globus Pallidus 8.7 1.04 3.44
Ventral Pallidum 2.0 0.24 0.79
Bed Nuclsus of the 8.0 0.95 3.16
Striatus Terminalis
Thalamus 10.5 1.25 4.15
Hypothalamus 36.7 4.37 | 1451 |
Red Nucleus 7.6 0.90 3.00
Substantia Nigra

pars compacta - - -

pars reticulata 5.4 0.64 2.13
Edinger-Westphal 18.4 519 7 57
Nucleus
Rostral Linear Nucleus 7.2 0.86 2.85
Caudal Linear Nucleus 50.5 6.01
Parabrachial Pigmented 10 0.12 0.40
Nucleus
Paranigral Nucleus 4.6 0.55 1.82
Central Grey 18.0 2.14 7.11
Dorsal Raphe Nucleus 60.8 7.24
Medial Raphe Nucleus 47.3 5.63
Raphe Magnus Nucleus 7.1 0.84 2.81
Raphe Obscurus Nucleus 21.0 2.50 8.30
Raphe Pallidus Nucleus 10.2 1.21 4.03
Paramedian Raphe 68.6 8.17
Locus Coeruleus 70.8 8.33
Cerebellum 6.6 0.79 2.61
Dorsal Tegmental 575 3.07 10.86
Nucleus
Subpenduncular
Pigmented Nucleus 20.3 242 8.02

Table 4-07: Distribution of the NAT in human brain and simple estimations of
binding potentials for NAT-specific prospective SPECT brain imaging tracers.
Green boxes indicate a simple binding potential estimation =12, and therefore
indicative of a structure likely to be imaged by the prospective tracer according to

Schou et al (2007).

* Note: INER/IPBM Ky applied as an average of the literature-reported values,

2.53nM.
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The NKJ-64 did not meet the binding potential calculation criteria, as suggested by
Schou et al (2007), while INER/IPBM — the (S,S)-isomer of an ortho-position
iodophenoxy reboxetine analogue — did so across 6 structures: the hypothalamus,
the caudal linear nucleus, the dorsal raphe nucleus, the raphe magnus nucleus,
the paramedian raphe, and of course the locus coeruleus. It should be noted that
the ratio defined by Schou et al was on the basis of PET, not SPECT, radioligands
and that this simple calculation does not account for the levels of non-specific
binding — resulting in a lower binding potential measured in vivo than those
estimated here. As SPECT ligand isotopes have a longer half-life compared to
PET ligand isotopes, more time is afforded for achieving maximal specific binding
for image acquisition and it is possible that the ratio required for a successful
SPECT tracer is less than that of a useful PET tracer. In that context, the simple
binding potential ratios calculated for NKJ-64 across the raphe nuclei and the
locus coeruleus are not so disheartening and combined with favourable levels of

non-specific binding could indicate the utility of this molecule as a SPECT tracer.

4.2.4 Next steps for NKJ-64 development

The in vitro evaluation of the NKJ-64 indicates that it possesses sufficient affinity
and specificity for the NAT to warrant characterisation of its potential in vivo.
Although the INER/IPBM molecule characterised in the literature by Tamagnan et
al (2007) and Kanegawa et al (2006) has greater affinity for the NAT, it is not a
foregone conclusion that the in vivo characteristics of this compound will also be
more favourable and thus further study of NKJ-64 developed in this thesis is
required to determine its in vivo potential.  As previously discussed, it is not
always the ligand with the greatest affinity that is the most viable and valuable as a
SPECT brain imaging tracer. Should it be found that NKJ-64 possesses superior
blood-brain barrier penetrability, lower non-specific binding, and/or reduced
plasma protein association combined with stability in circulation, then it may yet
prove a more valuable SPECT brain imaging tracer for the NAT than those
described thus far in the literature.

The next phase of ligand development is to predict the in vivo characteristics of the
lead molecules using high performance liquid chromatography (HPLC) techniques
to provide justification for conducting in vitro assays with radiolabelled compound.

Encouraging results at that phase, the development programme would progress to
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in vivo assays in an animal model, and continue towards the ultimate goals of use

in drug occupancy studies and clinical application.
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Chapter 5
Using High-Performance Liquid Chromatography (HPLC)
to Predict in vivo Characteristics of Tracer Candidates

5.1 Results:
5.1.1 Reboxetine Compounds

5.1.1.1 Lipophilicity (log Pocr)

Reboxetine-like compounds (Figure 5-01) that fall inside the ideal log Pocr range
of 1-3.5 (Waterhouse 2003) are: commercially available reboxetine mesylate (log
Pocr 2.81), the iodinated amide compounds NKJ-38 (log Pocr 1.88) and NKJ-50
(log Poct 1.87), and the iodoreboxetine compound NKJ-64 (log Pocr 3.40).

Reboxetine-like compounds (Figure 5-01) that were measured as outwith of the
ideal log Pocr range of 1-3.5 are the iodoreboxetine compounds (S,S)-
iodoreboxetine (log Poct 3.54), (R, R)-iodoreboxetine (log Pocr 3.57), NKJ-67 (log
Poct 3.68), and NKJ-68 (log Pocr 3.62), which all demonstrated greater
lipophilicity than the ideal range’s upper threshold of log Poct 3.5.

155



Lipophilicity of lodoreboxetine Compounds

NKJ-67

NKJ-68

(R,R)-iodoreboxetine
(S,S)-iodoreboxetine

NKJ-64

Reboxetine mesylate (S,S/R,R)
NKJ-38

NKJ-50

) )
0.0 0.5 1.0 15 2.0 25 3.0 3.5 4.0

log Pocr

Figure 5-01: Measured lipophilicity of reboxetine analogues. The best blood-
brain penetration without problematic non-specific binding is anticipated to be
exhibited by compounds with log Pocr values between 1.0 (dotted blue line) and
3.5 (dotted red line). Retention times used in CHI calculations, which were used in
log Pocr calculations, were highly reproducible and variance between
determinations was not within the sensitivity of the assay.
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5.2.1.1 Phospholipophilicity (log D7.41am)

The phospholipophilicity of reboxetine (Figure 5-02) was determined as log D74 am
5.90. Relative to reboxetine, the iodinated reboxetine compounds (S,S)-
iodoreboxetine (log D741am 7.08), (R, R)-iodoreboxetine (log D74 1am 7.08), NKJ-64
(log D7.41am 6.87), NKJ-67 (log D7.41am 7.38), and NKJ-68 (log D7.4iam 7.17) were all
more phospholipophilic. The iodinated amide compounds NKJ-38 (log D74 1am
4.14) and NKJ-50 (log D74 1am 4,.14) were relatively less phospholipophilic,
however do not have any notable affinity for the NAT (Chapter 4).

5.2.1.2 Blood-Brain Barrier Penetration (clog BB)

Blood brain barrier penetration of iodoreboxetine molecules (Figure 5-03) suggests
that all iodoreboxetine compounds (clog BB 1.29-1.53) should penetrate the blood
brain barrier more successfully than reboxetine (clog BB 0.88), with the exception
of the iodoamide compounds (clog BB 0.23 each), which do not have any
noteworthy affinity for the NAT (Chapter 4).

5.2.1.3 Plasma Protein Binding (c%PPB)

The plasma protein binding predictor for reboxetine (c%PPB 82.75) was
determined to be below the threshold of 95%, above which it is thought the degree
of plasma protein binding could be problematic (Figure 5-04). The iodination of
reboxetine resulted in greater than a predicted plasma protein binding greater than
95% in all cases (c%PPB 97.49-98.60) with NKJ-64 exhibiting the lowest and most
favourable measurement amongst them (c%PPB 97.49). The iodinated amides
NKJ-38 (c%PPB 46.09) and NKJ-50 (c%PPB 44.15) had very low plasma protein
binding predictors, however poor affinity for the NAT (Chapter 4) means they
would not make suitable brain imaging tracers.
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Phospholipophilicity of lodoreboxetine Compounds

NKJ-67

NKJ-68

NKJ-38

NKJ-50

NKJ-64

Reboxetine mesylate (S,S/R,R)
(R,R)-iodoamide

(S,S)-iodoamide

log D7 41am

Figure 5-02: Measured phospholipophilicity (log D;.41am) of reboxetine analogues.
Phospholipophilicity is used as predictor of nonspecific binding and very high
values may indicate problematic nonspecific binding. Retention times used in CHI
calculations, which were used in log D74 au calculations, were highly reproducible
and variance between determinations was not within the sensitivity of the assay.
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Blood Brain Barrier Penetration of lodoreboxetine Compounds

NKJ-67

NKJ-68
(R,R)-iodoreboxetine

(S,S)-iodoreboxetine

NKJ-64

Reboxetine mesylate (S,S/R,R)

NKJ-38

NKJ-50

-3 -2 -1 0 1 2 3
c log BB

Figure 5-03: Measured blood-brain barrier penetration predictors (clog BB) for
reboxetine analogues. Higher and lower values indicate greater and lesser brain
penetration, respectively. Retention times used in CHI calculations, which were
used in log clog BB calculations, were highly reproducible and variance between
determinations was not within the sensitivity of the assay.
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Plasma Protein Binding of lodoreboxetine Compounds

NKJ-67
NKJ-68
(S,S)-iodoreboxetine

(R,R)-iodoreboxetine

NKJ-64

Reboxetine mesylate (S,S/R,R)

NKJ-38

0O 10 20 30 40 50 60 70 80
c%PPB

|
|
|
|
|
|
|
NKJ-50 |
!
%

L}
100

Figure 5-04: Plasma protein binding derived from a combination of HSA and
AGP affinity determinations for reboxetine analogues. Plasma protein binding is
considered inversely proportional to availability of a compound in plasma,
although some compounds can use plasma proteins as carrier molecules to more
successfully penetrate the brain. Retention times used in CHI calculations, which
were used in log c%PPB calculations, were highly reproducible and variance
between determinations was not within the sensitivity of the assay.

160



5.2.2 Reference Compounds

5.2.2.1 Lipophilicity (log Pocr)

Reference compounds (Figure 5-05) that fall inside the ideal log Pocr range of 1-
3.5 (Waterhouse 2003) are MIBG (log Pocr 2.96), MK-801 (log Pocr 2.68) 5-I-A-
85380 (log Poct 2.68) FIAU (log Pocr 1.24) and a-3-iodo-2-methyltyrosine (log
Poct 1.17). Reference compounds that fell outside the ideal log Pocr range of 1-
3.5 are: I-QNB (log Pocr 3.55), CNS-1261 (log Pocr 3.86), PK-11195 (log Pocr
3.85), B-CIT (log Pocr 3.84), and 5-iodo-2’-deoxyuridine (log Pocr 0.97).

5.2.2.2 Phospholipophilicity (log D74 1am)

The reference compounds that returned relatively moderate values for
phospholipophilicity (Figure 5-06) are B-CIT (log D7.4iam 5.55), MK-801 (log D7.41am
5.45), PK-11195 (log D74 1am 5.35), 5-1-A-85380 (log D7.4 1am 5.01), and a-3-iodo-2-
methyltyrosine (log D74 1am 2.75). The higher reported reference compound values
came from CNS-1261 (log D74 1am 6.38), MIBG (log D7.4iam 6.75), and I-QNB (log
D;.41am 6.97).

5.2.2.3 Blood-Brain Barrier Penetration (clog BB)

A high clog BB measurement is indicative of likely success for blood-brain barrier
penetration and low clog BB measurements suggest that blood-brain barrier
penetration would be poor (Figure 5-07). Compounds FIAU (clog BB -1.56), a-3-
iodo-2-methyltyrosine (clog BB -2.81), and 5-iodo-2’-deoxyuridine (clog BB -2.98)
are all indicated to have unfavourable blood-brain barrier penetration
characteristics. Compounds PK11195 (clog BB 1.62), I-QNB (clog BB 1.31), CNS-
1261 (clog BB 1.03), B-CIT (clog BB 0.99), MK-801 (clog BB 0.87), and MIBG
(clog BB 0.56) are all indicated to have favourable blood-brain barrier penetration
characteristics by this predictor. The predictor for 5-1-A-85380 (clog BB -0.01) is

borderline unfavourable.
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Lipophilicity of Reference Compounds

CNS-1261 -

PK11195 -

B-CIT 4

IGNB -
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MK-801 - |

5-1-A-85380 -

FIAU -

®-iodo-2-methyltyrosine -

5-iodo-2'-deoxyuridine <
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Figure 5-05: Measured lipophilicity of the successful and failed imaging tracers
comprising the reference compounds. The best blood-brain penetration without
problematic non-specific binding is anticipated to be exhibited by compounds with
log Poct values between 1.0 (dotted blue line) and 3.5 (dotted red line). Retention
times used in CHI calculations, which were used in log Pocr calculations, were
highly reproducible and variance between determinations was not within the
sensitivity of the assay.
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Phospholipophilicity of Reference Compounds

IGNB

MIBG

CNS-1261

B-CIT - |

MK-801
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5-1-A-85380

a3-iodo-2-methyltyrosine
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Figure 5-06: Measured phospholipophilicity (log D74 am) of the successful and
failed imaging tracers comprising the reference compounds. Phospholipophilicity
is used as a predictor of nonspecific binding and high values indicate higher
nonspecific binding. Retention times used in CHI calculations, which were used in
log D74 am calculations, were highly reproducible and variance between
determinations was not within the sensitivity of the assay.
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Blood Brain Barrier Penetration of Reference Compounds

PK11195 -
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CNS-1261 -
B-CIT -
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Figure 5-07: Measured blood-brain barrier penetration predictors (clog BB) for the
successful and failed tracers comprising the reference compounds. Higher and
lower values indicate greater and lesser brain penetration, respectively. The
negative numbers are theoretical and are interpreted as an inability to penetrate
the blood-brain barrier. Retention times used in CHI calculations, which were
used in clog BB calculations, were highly reproducible and variance between
determinations was not within the sensitivity of the assay.
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5.2.2.4 Plasma Protein Binding (c%PPB)

[-QNB (c%PPB 97.72), PK-11195 (c%PPB 97.66), posted very similar predictors
to the iodinated reboxetine compounds for plasma protein binding, although it is
over the defined 95% threshold for desirable levels of plasma protein binding.
CNS-1261 (c%PPB 95.84) was also determined to be above the 95% threshold for
plasma protein binding (Figure 5-08). MIBG (c%PPB 71.44), a-3-iodo-2-
methyltyrosine (c%PPB 68.97), B-CIT (c%PPB 67.62), MK-801 (c%PPB 48.59), 5-
[-A-85380 (c%PPB 27.91), FIAU (c%PPB 19.16), 5-iodo-2’-deoxyuridine (c%PPB
4.31) were well within limits with low predictors for plasma protein binding.
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Plasma Protein Binding of Reference Compounds
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Figure 5-08: Plasma protein binding derived from a combination of HSA and
AGP affinity determinations for the successful and failed tracers comprising the
reference compounds. Plasma protein binding is considered inversely
proportional to availability of a compound in plasma, although some compounds
can use plasma proteins as carrier molecules to more successfully penetrate the
brain. Retention times used in CHI calculations, which were used in c¢%PPB
calculations, were highly reproducible and variance between determinations was
not within the sensitivity of the assay.
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5.2.3 Combined Data Sets

5.2.3.1 Lipophilicity (log Pocr)

Relative to reboxetine, the addition of the iodine increased the lipophilicity of the
iodoreboxetine compounds (Table 5-01). Out of these, NKJ-64 is the only
iodinated reboxetine analogue with favourable pharmacological characteristics
(high selectivity and K; <10nM, see Chapter 4) and is expected to penetrate the
brain with moderate/high nonspecific binding. Overall, there is good correlation
between the log Poct predictor and brain penetration as well as nonspecific
binding, although there are discrepancies where compounds such as MIBG, FIAU,

and a-3-iodo-2-methyltyrosine do not conform to that trend.

Comparison of the log Poct data for reboxetine-like compounds with that of the
reference compounds indicates that all iodinated reboxetine and iodoamide
compounds should cross the blood-brain barrier. The iodinated reboxetine
analogues on the whole can be expected to exhibit high nonspecific binding, while
the iodoamide compounds are predicted to have low nonspecific binding.

Individually, NKJ-64 is the most favourable compound.

5.2.3.2 Phospholipophilicity (log D7.41am)

The iodinated reboxetine compounds have all demonstrated high value log D7 4 1am
predictors and therefore can be expected to exhibit high nonspecific binding (Table
5-02). Out of the compounds with acceptable NAT affinity (Chapter 4), NKJ-64
has the lowest predictor for nonspecific binding and is similar in determination to
that of I-QNB, which exhibits moderate nonspecific binding. However, NKJ-64
also returned higher predictors for nonspecific binding than CNS-1261 and
PK11195, both of which are known to have high nonspecific binding when used for

imaging.
On the whole, the log D-4 am predictor was generally well correlated with

nonspecific binding demonstrated in vivo, however there are no clear-cut

thresholds.
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Table 5-01: Combined Lipophilicity Results
Blood-Brain .
Log Pocr Compound Barrier Noé}iﬁ?:mc

Penetration? 9

3.83 CNS-1261 Yes High

3.68 NKJ-67

3.62 NKJ-68

3.60 PK11195 Yes High

3.57 (R,R)-iodoreboxetine

3.56 B-CIT Yes Low

3.55 I-QNB Yes Moderate

3.54 S,S)-iodoreboxetine

0.97 5-iodo-2’-deoxyuridine No

Table 5-01: Lipophilicity (log Poct) of reboxetine-like tracer candidate compounds
and lipophilicity (log Poct), blood brain barrier penetration (where known), and
nonspecific binding (where known) for the reference compounds that are
comprised of both successful and failed tracers. Compounds with measured
lipophilicity values that fall within the ideal log Pocr range of 1-3.5 are highlighted
in green shading.
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Table 5-02: Combined Phospholipophilicity Results

Log D;.41am Compound Nonspecific Binding
7.38 NKJ-67
7.17 NKJ-68
7.08 (R,R)-iodoreboxetine
7.08 (S,S)-iodoreboxetine
6.97 I-QNB Moderate
6.87 NKJ-64
6.75 MIBG Not a brain imaging tracer
6.38 CNS-1261 High
5.90 Reboxetine Not a brain imaging tracer
5.55 B-CIT Low
5.45 MK-801
5.35 PK11195 High
5.01 5-1-A-85380 Low
4.14 NKJ-38
4.14 NKJ-50
2.75 a-3-iodo-2-methyltyrosine Low
2.09 FIAU Not a brain imaging tracer
1.80 5-iodo-2’-deoxyuridine

Table 5-02: Phospholipophilicity (log D74 1am) of reboxetine-like compounds and
reference compounds comprised of both successful and failed tracers.

determined values indicate higher nonspecific binding.

have nonspecific binding characteristics listed where known.
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5.2.3.3 Blood-Brain Barrier Penetration (clog BB)

The clog BB predictor indicates that all of the reboxetine-like compounds tested
will cross the blood-brain barrier (5-03). NKJ-64 returned a very similar predictor
to I-QNB, which has been used successfully as a brain imaging tracer. The
iodinated reboxetine analogues indicated greater blood-brain barrier penetrability
than reboxetine and the iodoamides were determined to have lesser blood-brain
barrier penetrability in comparison to reboxetine. Overall, there is good correlation
between the clog BB predictor and the known blood-brain barrier penetration of
the reference compounds, although there are anomalies such as MIBG which are
known not to successfully penetrate the brain.

5.2.3.4 Plasma Protein Binding (c%PPB)

All the predictors for the iodinated reboxetine compounds exceeded the 95%
threshold for plasma protein binding (Table 5-04). However the c%PPB value for
NKJ-64 is not too dissimilar to I-QNB or PK11195, which have both been used
successfully for imaging, so it is not clear whether this will be problematic or not.
Reboxetine and the iodoamides were determined to have predictor values well

below the 95% however the iodoamides have no notable affinity for the NAT.
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Table 5-03: Combined Blood-Brain Barrier Penetration Results

Blood-Brain Barrier
clog BB Compound Penetration?

-0.01 5-1-A-85380 Yes
-1.56 FIAU No
. . Yes
-2.81 a-3-iodo-2-methyltyrosine (Active Transport)
-2.98 5-iodo-2’-deoxyuridine No

Table 5-03: Blood-brain barrier penetration (clog BB) of reboxetine-like
compounds and reference compounds comprised of both successful and failed
tracers. Higher determined values indicate greater brain penetration and green

shading denotes likelihood to cross the blood brain barrier based upon the clog BB
value.
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Table 5-04: Combined Plasma Protein Binding Results

Plasma Protein Binding

c%PPB Compound Below 95%°
98.60% NKJ-67

98.37% NKJ-68

97.91% (S,S)-iodoreboxetine

97.87% (R,R)-iodoreboxetine

97.72% I-QNB

97.66% PK11195 Yes
97.49% NKJ-64

95.84% CNS-1261 Yes

Table 5-04: Plasma protein binding (c%PPB) of reboxetine-like compounds and
reference compounds comprised of both successful
Determined values above 95% indicate the potential for problematic plasma
protein binding, while green shading indicates sufficiently low plasma protein

binding to increase likelihood of plasma availability.
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5.2.3.5 Summary

NKJ-64 displayed good lipophilicity, high phospholipophilicity, high blood-brain
barrier penetration, and high plasma protein binding (Tables 5-05 and 5-06). With
regard to potentially unfavourable phospholipophilicity and plasma protein binding,
examples of successful tracers had similar determinations so the thresholds for

these criteria are not absolute.

The predictors of the iodinated reboxetine compounds as a group were generally
of good brain penetration, high nonspecific binding, and high plasma protein
binding. As tracers, neuroimaging may be difficult if nonspecific binding is too high
and availability of the tracer in serum may be reduced if the plasma protein binding
proves excessive. The iodoamides generally demonstrated good brain
penetration, good nonspecific binding, and low plasma protein binding and thus
have demonstrated many of the qualities consistent with the successful tracer.
However, the iodoamides have previously been shown to have insufficient affinity

at monoamine transporters to be considered as tracers at these sites (Chapter 4).

On the whole, the determined predictor values correlated well with known trends
for reference compounds, although there were anomalies (Tables 5-05 and 5-06).
Many compounds that have been determined to have a high lipophilicity (log Poct)
also returned high predictors for phospholipophilicity (log D74 1am), calculated
blood-brain barrier penetration (clog BB), and calculated plasma protein binding
(c%PPB).
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Table: 5-05: HPLC Summary — Predictors of in vivo molecular behaviour
Categories and Compounds log Pocr | log D74iam | clog BB c%PPB
Ideal Range or Preferable Trend 1-3.5 Low High <95%
Reboxetine mesylate (S,S/R,R)
(S,R)-iodoreboxetine not tested
O (R,S)-iodoreboxetine
-g e (S,S)-iodoreboxetine 3.54 7.08 97.91
] 81 (R, R)-iodoreboxetine 3.57 7.08 97.87
_8 © NKJ-38
o C NKJ-50
e < NKJ-64 6.87 97.49
NKJ-67 3.68 7.38 98.60
NKJ-68 3.62 717 98.37
PK11195 3.60 97.66
MIBG 6.75
o % B-CIT 3.56
g c CNS-1261 3.83 95.84
S o 5-1-A-85380 -0.01
2 g— I-QNB 3.55 6.97 97.72
&9 o 0-3-iodo-2-methyltyrosine -2.81
(&) 5-iodo-2’-deoxyuridine 0.97 -2.98
FIAU -1.56
MK-801

Table 5-05: HPLC-measured predictors for in vivo molecular behaviour of
reboxetine analogues and the successful and failed brain imaging tracers
comprising the reference compounds.

Table 5-06: HPLC Summary — Predictors of in vivo molecular behaviour
Categories and Compounds log Pocr | log D741 | clogBB | c%PPB
Ideal Range or Preferable Trend Moderate Low High <95%7?
Reboxetine mesylate (S,S/R,R)
(S,R)-iodoreboxetine
[T (R,S)-iodoreboxetine not tested
£ 9 (S,S)-iodoreboxetine High High No
g gi (R,R)-iodoreboxetine High High No
_8 T NKJ-38
o C NKJ-50
o < NKJ-64 High No
NKJ-67 High High No
NKJ-68 High High No
PK11195 High No
MIBG High
(/7] B-CIT High
g CNS-1261 High No
o o 5-1-A-85380 Low
2 g— I-QNB High High No
c o a-3-iodo-2-methyltyrosine Very Low
o 5-iodo-2"-deoxyuridine Low Very Low
FIAU Very Low
MK-801

Table 5-06: HPLC-derived predictors for in vivo molecular behaviour of reboxetine
analogues and the successful and failed brain imaging tracers comprising the
reference compounds. Determined values have been converted into general
descriptors.
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5.2 Discussion

5.2.1 lodinated reboxetine compounds

NKJ-64 has displayed many of the HPLC-determined properties that are
consistent with successful tracers and has previously been shown to have
favourable NAT-specific pharmacology (Chapter 4). Predictors for lipophilicity (log
Poct) indicated good blood-brain penetration, calculated blood-brain barrier
penetration predictors (clog BB) were similarly favourable, and calculated plasma
protein binding (c%PPB) that was high but not dissimilar to successful reference
compounds.

The position of the iodine on the iodoreboxetine compounds did not greatly affect
lipophilicity, although the only compound within range was NKJ-64 with the iodine
in the ortho position. Predictors for phospholipophilicity (log D 4 1am) indicated that
nonspecific binding would be high in all iodinated reboxetine compounds, but the
predictor for NKJ-64 was similar to the value returned by reference compound |-
QNB, which has moderate nonspecific binding in vivo. The iodinated reboxetine
analogues (log D74 1am 6.87-7.38) all had higher phospholipophilicity than
reboxetine (log D74 1av 5.90). Given the limited library of reference compounds
with which to compare, it is difficult to ascertain with certainty whether nonspecific
binding will be problematic until an iodinated reboxetine compound is radiolabelled

and examined further.

The iodination of reboxetine increased the blood-brain barrier penetrability as
determined by the clog BB measurement and it was not greatly affected by the
position of the iodine. While there is of yet no firmly defined threshold for blood-
brain barrier penetrability, a greater library of reference compounds in future
studies may yield sufficient data to establish one. One of the reasons the
methanol elution may be tried is to improve the peak shape or reproducibility for
compounds being eluted from the column when a compound demonstrates low
solubility in acetonitrile (Kalendarev et al. 2001) and is a worthwhile technique.

The plasma protein binding measured for the iodinated reboxetine analogues was
very high, and plasma protein binding can deplete tracer availability in serum. The

lead compound, NKJ-64, had the lowest plasma protein binding predictor of any of
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the pharmacologically favourable compounds, although this was still greater than
95%. The location of the iodine, whether on the phenoxy or phenyl ring, seemed
to make little difference to the degree of increase in plasma protein binding relative
to reboxetine. If indeed plasma protein binding greater than 95% results in a
problematic decrease in tracer availability in the serum, then these results could
indicate unsuitability from these compounds. However, that is not to say that all
compounds with high serum protein binding properties are disadvantaged from
entering the brain; the clinical drugs diazepam and fluoxetine exhibit 93.2% and
97.1% binding to HSA, respectively (Hollésy et al. 2006). One such hypothesis to
explain this is that plasma proteins can mediate transport of tracers across the
blood-brain barrier, as was found with AGP (Lin et al. 1987), and it could be that
the plasma protein binding of highly lipophilic compounds prevent their
sequestering into peripheral interstitium, muscle, and adipose tissue — thus

maintaining compound concentrations in the plasma for brain penetration.

The iodinated amides NKJ-38 and NKJ-50, lacking the phenoxy ring from their
molecular structure, had far reduced plasma protein binding predictors of c%PPB
46.09 and c%PPB 44.15, respectively. However, the monoamine transporter
pharmacology of the amide compounds is extremely poor (Chapter 4) and they

would not make suitable brain imaging tracers.

5.2.2 Reference compounds (successful and failed tracers)

The HPLC methodology applied here returns on average a higher log P value than
is recorded in the literature for similar molecules. However, as Waterhouse (2003)
took several different types of determination into account for setting out the ideal
log P range of 1-3.5, it is still a reasonable range to apply here to give useful
feedback on the suitability of a compound — although perhaps allowing some
flexibility in the upper ranges and particular stringency in the lower ranges of
returned values would be appropriate for the selection process. Generally, these
compounds followed the same trends relative to one another as they do in the

literature, with MIBG the most notable of a few exceptions.

MIBG and FIAU are unable to cross the blood-brain barrier (Gourand et al. 2010;

Jacobs et al. 2001; respectively) and lipophilicity values for MIBG in the literature
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report log Poct -0.51 (DeGrado & Wang 1998) and log P 0.15 (Raffel & Wieland
2001b) — with a great discrepancy between those values and my predictor of log
Poct 2.96 for MIBG and a smaller discrepancy for FIAU, for which my predictor
was Pocr 1.24. These outlying values from the ideal range suggested by
Waterhouse (2003) better reflect what is known about the in vivo behaviour of
MIBG and FIAU. Perhaps the molecular modelling | used was not accounting for
certain characteristics of these molecules, such as strongly electronegative double
oxygen bonds in FIAU or polar amine groups in MIBG. Gourand et al (2010)
demonstrated a liphophilic dihydroquinoline/quinolinium salt could be used as a
chemical delivery system to carry MIBG across the blood-brain barrier, perhaps by
improving the overall lipophilicity of the temporarily combined molecule.
Unfortunately, standardisation is very poor in calculations of log P and even log
Pocr, so perhaps the molecular modelling used by DeGrado & Wang and Raffel &
Wieland were better suited to MIBG and FIAU. If it is a case that no model yet
exists to encompass all types of compound, then future investigations could
examine a larger library of compounds that exhibit similar in vivo behaviour to
determine if there is a common structural arrangement or feature that means one
molecular model should be chosen over another for predicting the behaviour of a

particular class of compound.

MK-801 was determined by HPLC measurement to have good lipophilicity and
phospholipophilicity, although the iodinated SPECT tracer compound has
excessive nonspecific binding manifested through accumulation in white matter
(Owens et al. 1997). The compound measured in this thesis is structurally that of
the therapeutic drug and not the iodinated SPECT imaging tracer, so this disparity
between the predictor for the uniodinated compound and the known binding of the
iodinated SPECT tracer is interesting. Assuming that the predictors are a fair
reflection of MK-801’s in vivo behaviour, when combined with the increases in log
Pocr and log D74 am that iodination causes to the reboxetine molecule, it supports
the hypothesis that iodination will typically increase both lipophilicity and
phospholipophilicity. CNS-1261 (log Pocr 3.86), PK-11195 (log Pocr 3.85) and B-
CIT (log Pocr 3.84) were all outliers from the ideal range and yet all have been
used successfully as imaging tracers (Bressan et al. 2005; Chauveau et al. 2008;
Laruelle et al. 2000; respectively). However, these outliers were not outwith of the
ideal range by a large degree and so the method’s general trend for predicting

compound behaviour was maintained.
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a-3-iodo-2-methyltyrosine was measured to be favourably lipophilic (log Pocr 1.17)
and although it does get into the brain it has been shown to cross the blood-brain
barrier via specific transport (Langen et al. 1991). Consequently, it is unclear to
what extent its lipophilicity contributes, if at all, to its brain penetration. Quite
clearly in the Waterhouse review (2003), the ideal log P range does not apply to
compounds that have an alternative route across the blood-brain barrier such as
active transport. Given the time and resources, it would be better to build up a
database of tested compounds in order to determine new limits and perhaps
improving upon the Waterhouse criteria is something for future investigations to
undertake.

For a compound to be successful, an ideal log Pocr value appears to be a
guideline rather than a rule, so falling within this range does not guarantee
successful brain penetration and, conversely, falling outside of this range does not
certify blood brain barrier impenetrability — so it is clear that measured lipophilicity
is not the quintessential property that exclusively determines tracer success and
therefore the other properties of a compound are also important. Lipophilicity is,
however, one of the key behavioural properties that may not necessarily be
compensated for in the other characteristics of a candidate compound, so those
molecules that fall within the ideal range appear to have a greater likelihood of
penetrating the blood-brain barrier successfully, while keeping within acceptable
limits for nonspecific binding.

High predictors for nonspecific binding in terms of phospholipophilicity were
derived for iodinated reboxetine compounds. If indeed these translate into high
nonspecific binding in vivo, one comparison compound could be CNS-1261, which
yielded a not too dissimilar phospholipophilicity of log D74 am 6.38. CNS-1261 has
been used successfully as a tracer even though in vivo nonspecific binding was
estimated in white matter to be 60-80% (Erlandsson et al. 2003). 5-1-A-85380
exhibits virtually no nonspecific binding in vitro (Pimlott et al. 2004) and has been
used successfully for in vivo brain imaging (Ogawa et al. 2009) with demonstrated
nonspecific binding of 28-30% as ascertained by displacement studies (Fuijita et al.
2000). B-CIT has similarly been successfully applied as a brain imaging tracer
(Laruelle et al. 2000; Scanley et al. 2000) and demonstrated nonspecific binding of

8% (Al-Tikriti et al. 1995). PK11195 has been used as a successful brain imaging
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tracer despite a fairly high demonstrated nonspecific binding of 60% (Petit-Taboue
et al. 1991), although this value did include the free fraction during the in vivo
scans and the nonspecific binding alone was not determined. MK-801 posted a
reasonable phospholipophilicity (log D74 1am 5.45) in comparison to many other
reference compounds used here, but is known to have difficulties with nonspecific
binding (Erlandsson et al. 2003).

For clinical imaging purposes, MIBG is predominantly used in the periphery,
because it does not cross the blood brain barrier in humans (Guilloteau et al.
1983a; - French language, cited by Baulieu et al. 1990) unless the blood brain
barrier is compromised, and the high phospholipophilicity reported here (log D7 4
iam 6.75) is a potential explanation for its inability to penetrate into the brain in light
of the acceptable lipophilicity discussed earlier. As a substrate compound, MIBG
has found use in treating NAT- and SERT-expressing neuroblastomas and is also
taken up by platelets via the SERT (Tytgat et al. 2002), causing thrombocytopenia.
Throughout this use, nonspecific binding in the periphery is difficult to quantify
given the widespread locations of NAT and SERT. However, quantification
seems unnecessary given the immensely amplified level to which tumours over-
express monoamine transporters and accumulate MIBG. |-QNB demonstrates the
highest phospholipophilicity recorded by any of my chosen reference compounds
(log D7.41am 6.97) and in practice has shown in vivo nonspecific binding of 42-55%
in relation to the cerebellum, which was taken as a reference region (Varastet et
al. 1992).

FIAU was measured to have a low phospholipophilicity (log D7.41am 2.09) and this,
in combination with a low lipophilicity (albeit still within the Waterhouse-proposed
range) may very well contribute to its inability to effectively cross the blood-brain
barrier.  However, low phospholipophilicity appears not to always be a
disadvantage as a-3-iodo-2-methyltyrosine (log D74 iam 2.75) exhibits, alongside
active transport into the brain, a passive blood-brain barrier penetration
representing 10% of a-3-iodo-2-methyltyrosine brain uptake (Riemann et al. 2001).

5-iodo-2’-deoxyuridine (log D74 1am 1.80) cannot be assessed for nonspecific
binding in the same sense as a ligand because it is a gene marker that becomes
incorporated into rapidly proliferating cells where upon a specific signal is

measured, while in contact with free serum it succumbs to rapid dehalogenation,
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making nonspecific binding in vivo extremely difficult to quantify for the parent
compound (Khalili et al. 2003). While it was shown to exhibit 40% nonspecific
binding in cells, it is unknown how this might relate to the HPLC-derived
phospholipophilicity measurement. With such a low aforementioned lipophilicity
and phospholipophilicity, it would not be surprising if it was unable to penetrate the
brain without the active transport processes that it relies upon for crossing the

blood-brain barrier.

So although a high phospholipophilicity is associated with the potential for high
nonspecific binding, it is not a characteristic that is unequivocally associated with
all failed tracers and lacked by all successful ones. A precise range or threshold is
not defined, but generally it would be preferable to observe low
phospholipophilicity as it would be a predictor of low nonspecific binding in vivo.

The clog BB measurement was generally in good agreement with what is known
about the ability of each reference compound to cross the blood-brain barrier,
however there are no defined thresholds and the library of compounds here was
too small to identify one. MIBG and 5-1-A-85380 were exceptions to the trend, with
MIBG reporting a clog BB of 0.56 while being unable to cross the blood-brain
barrier and 5-1-A-85380 measured as -0.01 while penetrating the blood-brain
barrier successfully. A value of -2.81 was returned for a-3-iodo-2-methyltyrosine,
however this molecule is actively transported into the brain and thus cannot be
said to be an anomaly in a predictor that only applies to passive diffusion across
the blood-brain barrier. Furthermore, the process of active transport via amino
acid carriers by compounds such as a-3-iodo-2-methyltyrosine undoubtedly
involves some association between blood-brain barrier proteins and plasma

proteins to penetrate the brain.

Successful SPECT brain imaging tracers 5-1-A-85380, CNS-1261, and PK-11195
have exhibited greater than 95% plasma protein binding measured via HPLC,
despite studies showing that availability in plasma for compounds such as CNS-
1261 are below this threshold (Bressan et al. 2004) and PK11195 can be defined
as simply >80% (Lockhart et al. 2003). While MIBG is another anomaly that falls
beneath the plasma protein binding threshold and fails to penetrate the brain,
there may be other reasons for this that are unrelated to the availability of MIBG in

the serum. These discrepancies between the plasma protein binding predictions
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and the known behaviour of reference compounds in the serum suggest that
perhaps the threshold for acceptable plasma protein binding as determined via
HPLC requires further optimisation.

It has been previously reported that immobilized AGP, used to derive the c%PPB
figure, is not suitable as a chromatographic method due to carboxylic groups
which are occupied by bonding with the silica support and thus are not available
for interaction with positively-charged compounds (Schill et al. 1986). According to
C-18 lipophilicity determinations at neutral (near-physiological) pH levels which
demonstrated reboxetine-like compound species as being more closely related to
the alkali than acidic conditions, at physiological pH levels the reboxetine-like
tracer candidate compounds are more likely to assume the negatively charged
species than the positively charged species when using these elutions. However,
the potential for variability in retention time for compounds that might assume a
positively charged species with this column and elution combination means that
this data cannot be taken as a guarantee of serum availability for compounds
predicted to have <95% plasma protein binding and nor does it certify poor
availability for blood brain barrier penetration for compounds with >95% plasma

protein binding predicted.

Across all four measurements, lipophilicity (log Poct), phospholipophilicity (log D74
iam), calculated blood-brain barrier penetration (clog BB), and calculated plasma
protein binding (c%PPB), the general trend of the reference compounds was
indicated correctly. However, there were anomalies in every instance and thus
underlines the importance of having a sufficiently large library of reference
compounds so as to diminish the impact that individual anomalies have upon the
analysis.

5.2.3 Conclusions

NKJ-64 displayed predictors for good lipophilicity, high phospholipophilicity, high
blood-brain barrier penetration, and high plasma protein binding. With regard to
the potentially unfavourable phospholipophilicity and plasma protein binding,
examples of successful tracers had similar determinations so the thresholds for
these criteria are not absolute. The overall trend was that the addition of the

iodine atom to reboxetine increased the values of every HPLC-derived predictor,
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which was desirable in the cases of the lipophilicity and blood-brain barrier
penetration predictors, but unfavourable in some cases of the phospholipophilicity
and plasma protein binding predictors. It was NKJ-64 that most closely
demonstrated HPLC-derived properties that were consistent with successful
tracers to date, while also possessing favourable monoamine transporter
pharmacology (Chapter 4). It is therefore the best candidate from the tested
library of iodinated reboxetine compounds for further development as a SPECT

tracer.

For this and future studies, when considering all the investigated criteria together
they have more value than when examined individually and this overcomes some
of the shortcomings of vague thresholds. The reference compounds give meaning
to the values in each of the HPLC determinations and so, to define these
thresholds more specifically, a greater library of reference compounds with known
behaviour in vivo is required to further validate the method and increase its

usefulness.
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Chapter 6

General Conclusions

6.1 The NAT is not down-regulated in the PCP model of schizophrenic
hypofrontality.

Monoamine transporters were probed with radioligands and their distributions
were found to be consistent with those in the published literature (Chapter 3).

In @ model of a disease state, | had hypothesised that the probing of monoamine
transports in a PCP model of schizophrenic hypofrontality would reveal a down-
regulation of the NAT in the prefrontal cortex (Chapter 3). However, no changes
were found in the distributions or binding densities of the NAT or the DAT.
Selective down-regulation of binding densities to the SERT was observed,
although it is unclear whether the very small changes detected would be
biologically significant, as biological systems can compensate for small
disturbances. For example, in Parkinson’s Disease, the onset of motor symptoms
does not occur until 70% of nigrostriatal neurons are lost (Przuntek et al. 2004)
and until the neurodegeneration reaches that point at which compensation fails,
diagnosis is difficult in the absence of motor control symptoms or a neuroimaging
scan. There were no significant differences to measured levels of mRNA for any
of the monoamine transporters, so the small selective changes observed in SERT
density were either not driven by a regulation of gene expression or the ligand
binding has greater sensitivity to detect the changes than in situ hybridisation. It is
possible that PCP was interacting directly with the SERT causing a conformational
change to reduce its affinity for autoradiographic ligand binding, or causing it to be

internalised into the neuron.

It had been hoped that the PCP model of schizophrenic hypofrontality would
provide a model in which to demonstrate the capabilities of a SPECT tracer for the
NAT, but the PCP model has no utility in that area. However, since modulation of
noradrenergic neurotransmission via the blockade of the NAT has been shown to
ease the negative symptoms associated with schizophrenia, the need to be able to

image the NAT in both clinical and research scenarios remains. The elucidation of
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how the noradrenergic system is able to be used to modulate the brain regions
receiving its innervations to mitigate the negative symptoms associated with
schizophrenia, and also how the brain reacts to long-term atypical neuroleptic
administration, would be aided by a clinical tracer able to image noradrenaline
transporter distribution. The competition for receptor occupany in single scans
may reveal mechanisms for successful neuroleptics that are partly mediated by
the noradrenergic system. Long-term monitoring may reveal on follow-up scans
that long-term stability or long-term deterioration for patients on antipsychotic
medication may be acheived by a compensatory up- or down-regulation of sites in
the noradrenergic system. Imaging the NAT would provide valuable information
on which areas of the brain the noradrenergic system is most strongly innervated
over time. Correlating that information with clinical reports would enable any NAT-
targeted medications to be adjusted accordingly and provide feedback for future
drug development needs.

6.2 The best pharmacology was demonstrated by NKJ-64, the ortho-
position iodophenoxy ring compound.

The evaluation of the in vitro pharmacology of the various candidate compounds
has enabled me to select NKJ-64 as the best available compound to take forward

and evaluate for predictors of in vivo molecular behaviour.

The greatest affinity for the NAT was demonstrated by NKJ-64 (Chapter 4); this
compound compares favourably to the (S,S)-isomer in the published literature and
affinity was in the same order of magnitude as INER/IPBM (Tamagnan et al. 2007;
Kanegawa et al. 2006).

The greatest selectivity for the NAT over other monoamine transporters was
demonstrated amongst the iodophenyl ring compounds, however this group of
compounds did not have sufficient affinity for the NAT to be used as SPECT
imaging tracers. The placement of the iodine on the phenyl ring disturbed the
ability of the compounds to fit into the binding site on the noradrenaline
transporter. However, the placement of the iodine in the ortho position on the
phenoxy ring yielded NKJ-64 and its demonstrated favourable selectivity for the
NAT over the DAT and the SERT.
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6.3 The best HPLC-derived predictors of in vivo behaviour were
demonstrated by NKJ-64, the ortho-position iodophenoxy ring
compound.

Using HPLC-derived predictors of in vivo molecular behaviour, NKJ-64 has been
selected as the most probable candidate to yield success as a SPECT brain

imaging tracer from the array of synthesised compounds (Chapter 5).

The HPLC-derived predictors indicated that the (S,S)- and NKJ-50s would have
made the best brain imaging tracers, however, these molecules lacked the
phenoxy ring and demonstrated no noteworthy affinity for the NAT and therefore

were not suitable as NAT brain imaging tracers.

NKJ-64 was determined to have good lipophilicity and predictors of blood-brain
barrier penetration, however phospholipophilicity was high and indicates that non-
specific binding may be high. Plasma protein binding was also high, although it is
uncertain whether this will be an advantage or disadvantage — it remains to be
seen whether a strong plasma protein binding association in this case will deplete
available tracer for crossing the blood-brain barrier or act as a carrier molecule to

slow metabolism in the plasma.

6.4 Conclusions: NKJ-64, the ortho-position iodophenoxy ring
compound, has been identified as the lead candidate for further
development.

This aim of this thesis was to develop a novel SPECT brain tracer for the
noradrenaline transporter, and so satisfy the need for an in vivo imaging probe for
this important monoamine system. The future academic research into the
implication of NAT in neurological disease, clinical diagnoses and monitoring, and
drug occupancy studies in pharmaceutical development would all greatly benefit
from the availability of such a tool. The result is that, from a selection of
compounds, a lead candidate has been identified to be taken forward for further

development.

NKJ-64, the ortho-position iodo-phenoxy ring compound was identified as having

the most favourable pharmacology (Chapter 4) and in vivo predictors (Chapter 5)
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for imaging the noradrenaline transporter. The data suggests that this compound
has suitable affinity for the NAT, selectivity for the NAT over other monoamine
transporters, and should be capable of crossing the blood-brain barrier, however

data indicates that non-specific binding may be high.
6.5 Subsequent Work: radiolabelled compound

The next step for determining this compound’s suitability is radiolabelling with a
SPECT isotope such as "2l or '?°| followed by a direct saturation assay on rat
brain homogenates to establish a precise Kp and levels of nonspecific binding.
The binding distribution should then be defined with in vitro autoradiography and
compared to the distribution obtained by [*H]-nisoxetine, using reboxetine as a
displacer to ascertain nonspecific binding throughout the brain. If nonspecific
binding for the radiolabelled compound is favourable in vitro and acceptable
images are achieved with autoradiography, then development could move forward
to ex vivo autoradiography to determine whether, following intravenous
administration, plasma protein binding conditions have allowed for sufficient tracer
availability, that blood-brain barrier penetration actually occurs, and that
nonspecific binding in vivo is not problematic. The ex vivo autoradiography could
be combined with an attempt at a pilot SPECT scan in the rat model using a micro-
SPECT scanner to monitor brain uptake and distribution prior to the schedule 1 Kill

for brain harvesting, sectioning, and exposure to radiosensitive film.

Recently, these next stages in the development of NKJ-64 were undertaken by
Tavares et al. ( 2011), referring to the compound as ['#I]-NKJ64 in the literature,
and it was determined that in vitro Kp was established as 4.82 + 0.87 nM in rat
brain homogenates, and nonspecific binding defined in the presence of 10uM
reboxetine displacer was 77% at a concentration of 6.25nM ['?°I]-NKJ-64. This
high nonspecific binding correlates with the in vivo predictors ascertained by HPLC
analysis (Chapter 5), giving validation and confidence to the HPLC technique for
use in future tracer development studies. Distribution of ['?°[]-NKJ-64 throughout
coronal rat brain sections matched the known distribution of the noradrenaline

transporter (Tavares et al. 2011).

In vivo experimentation with intravenously administered ['?°1]-NKJ-64 yielded good

brain uptake and ex vivo autoradiography demonstrated a good target:non-target
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ratio of 2.8, indicating that nonspecific binding was reasonable, although the low
density of the NAT in cortical and limbic regions meant that this radiotracer did not
have sufficient sensitivity to detect displacement by pre-treatment with reboxetine
in cortical or limbic regions. Displacement was demonstrable in the locus
coeruleus only and, given the dimensions of the locus coeruleus, a high-resolution
modern SPECT scanner will be required to ascertain worthwhile readings of
pharmacological displacement or regulatory changes in this brain region should
this compound be applied to future imaging studies. Given this data, any
neuroimaging study using ['?°l]-NKJ-64 would need to rely on imaging of the locus
coeruleus to make a broad observation of the noradrenaline system and more
detailed imaging of noradrenaline transporters throughout the brain may not be

possible with this tracer.
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Appendix |

A1.1 Do the groups have equal variances?

The summary of statistically significant differences for the means and variances of
the monoamine transporter autoradiograms demonstrates that a parametric
analysis of this data set was not appropriate (Table A1-01). The spreads of the
data sets for [°H]-nisoxetine binding to the NAT, [*H]-WIN-35,428 binding to the
DAT, and [3H]-citalopram binding to the SERT are provided in Tables A1-02, A1-
03, and A1-04, respectively.

It had been assumed that the varying expression of monoamine transporters and
monoamine transporter-specific mRNA within each group would follow that of a
normal distribution. With a P threshold of 0.05 and continuous repetition of the
tests, two statistically different means and two statistically different variances could
have been expected on pure chance alone. Five statistically different variances
indicated that it could not be presumed that each PCP-treated animal is
responding to the same degree to the treatment regime, with some rats being
affected more than others resulting in the differences in the variances for several
important regions. This was particularly evident for the measurement of SERT
binding, where most of the differences between the group means were detected.
Consequently, a non-parametric technique was deemed necessary and a Mann-
Whitney analysis was applied to all data sets to compare the sum of rank order.
Assuming the two groups have similar distributions, even if unequal variances,
then this comparison of the sum of ranks can be interpreted as a comparison of
medians. Analysed data from which interpretations were drawn is therefore
expressed graphically as the median * the interquartile range in Chapter 3. As
aforementioned, Table A1-01 displays the T-test and F-tests that were used to

determine that a parametric analysis would not be appropriate for this data set.
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monoamine transporters is not appropriate

Table: A1-01: Parametric analysis of autoradiographic imaging of

[’H]-nisoxetine data | [°H]-WIN-35,428 data [°H]-citalopram data
Structure | Means | Variances Means Variances | Means | Variances
(T-test) (F-test) (T-test) (F-test) (T-test) (F-test)

PFC ~ ~ ~ ~ ~ ~
ACg ~ = ~ ~ F =
CPu = = ~ #* * ~
N.Acc. = £ = ~ # ~
BNST = = ~ ~ = F
AVTN ~ ~ ~ ~ = ~
RTN ~ = ~ ~ ~ #
CA1 ~ ~ No Binding | No Binding F ~
CA2 ~ ~ No Binding | No Binding F ~
CA3 ~ ~ No Binding | No Binding # ~
DG ~ = No Binding | No Binding = ~
VTN ~ ~ ~ ~ = ~
DRN ~ ~ ~ ~ = ~
LC ~ ~ ~ ~ ~ F
CBL ~ ~ No Binding | No Binding ~ ~

Table A1-01: Summary of T-test and F-test to determine statistical differences
between means and variances for [°H]-ligand binding to monoamine transporters
in control and PCP-treated rat brain. The means and variances are designated as
either statistically equivalent (=) or statistically different (#). Significance was set
at a P value of 0.05 for both tests.
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Table A1-02: T-test and F-test of ['H]-Nisoxetine Binding Data
NAT in Prefrontal Cortex NAT in Anterior Cingulate Cortex
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T-test: P = 0.1782 (equivalent means) T-test: P = 0.6134 (equivalent means)
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F-test: P = 0.1769 (equivalent variances) F-test: P = 0.5802 (equivalent variances)

Table A1-02: T-test and F-test of [°H]-nisoxetine binding data. Control (n=10) and
PCP-treated (n=10) data points plotted with mean indicated by bars. Significance
threshold set at P < 0.05. Group variances were statistically different in the
nucleus accumbens.
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Table A1-02: T-test and F-test of [°H]-Nisoxetine Binding Data (continued)

NAT in Reticular Thalamic Nuclei
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NAT in Hippocampus CA3
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NAT in Hippocampus (Dentate Gyrus)
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NAT in Ventral Tegmental Area

161
2 14 o .
- ° L]
° ® — e
E12d —*+— .
- (Y L] L]
g . *
.-E 104
o
2 &
°
3
2 69
z
T
o, 4d
L
=
%]
g_ 2
(7]

Cor:trol P(':P

Treatment Regime
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Table A1-02 (continued): T-test and F-test of [°H]-nisoxetine binding data.
Control (n=10) and PCP-treated (n=10) data points plotted with mean indicated by
bars. Significance threshold set at P < 0.05.
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Table A1-02: T-test and F-test of [’H]-Nisoxetine Binding Data (continued)

NAT in Dorsal Raphe Nuclei NAT in Locus Coeruleus
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Table A1-02 (continued): T-test and F-test of [°H]-nisoxetine binding data.
Control (n=10) and PCP-treated (n=10) data points plotted with mean indicated by
bars. Significance threshold set at P < 0.05.
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Table A1-03: T-test and F-test of [°H]-WIN-35,428 Binding Data
DAT in Prefrontal Cortex DAT in Cingulate Anterior
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T-test: P = 0.0781 (equivalent means) T-test: P = 0.0365 (statistically different means)
F-test: P = 0.0073 (statistically different variances) F-test: P = 0.3839 (equivalent variances)
DAT in Bed Nucleus of the Striatus Terminalis DAT in Anteroventral Thalamic Nucleus
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T-test: P = 0.1620 (equivalent means) T-test: P = 0.5625 (equivalent means)
F-test: P = 0.0740 (equivalent variances) F-test: P = 0.7139 (equivalent variances)

Table A1-03: T-test and F-test of [°H]-WIN-35,428 binding data. Control (n=10) and PCP-
treated (n=10) data points plotted with mean indicated by bars. Significance threshold set
at P < 0.05. Group variances were statistically different in the caudate putamen. Group
means were statistically different in the nucleus accumbens.
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Table A1-03: T-test and F-test of [°H]-WIN-35,428 Binding Data (continued)
DAT in Reticular Thalamic Nuclei DAT in Ventral Tegmental Area
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Table A1-03 (continued): T-test and F-test of [°H]-WIN-35,428 binding data.
Control (n=10) and PCP-treated (n=10) data points plotted with mean indicated by
bars. Significance threshold set at P < 0.05.
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Table A1-04: T-test and F-test of [°H]-Citalopram Binding Data

SERT in Prefrontal Cortex SERT in Cingulate Anterior
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SERT in Bed Nucleus of the Striatus Terminalis SERT in Anterovental Thalamic Nucleus
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F-test: P = 0.0063 (statistically different variances) F-test: P = 0.4872 (equivalent variances)

Table A1-04: T-test and F-test of [°H]-citalopram binding data.

Control (n=10) and PCP-treated (n=10) data points plotted with mean indicated by bars.
Significance threshold set at P < 0.05. Group means were statistically different in the
cingulate anterior, caudate putamen, and nucleus accumbens. Group variances were
statistically different in the bed nucleus of the striatus terminalis.
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Table A1-04: T-test and F-test of [°H]-Citalopram Binding Data (continued)

SERT in Reticular Thalamic Nuclei SERT in Hippocampus CA1
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F-test: P = 0.2501 (equivalent variances) F-test: P = 0.1271 (equivalent variances)
SERT in Hippocampus (Dentate Gyrus) SERT in Ventral Tegmental Area
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F-test: P = 0.1209 (equivalent variances) F-test: P = 0.7901 (equivalent variances)

Table A1-04 (continued): T-test and F-test of [°H]-citalopram binding data. Control
(n=10) and PCP-treated (n=10) data points plotted with mean indicated by bars.
Significance threshold set at P < 0.05. Group variances were statistically different in the
reticular thalamic nuclei. Group means were statistically different in the CA1, CA2, and
CAS3 regions of the hippocampus.
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Table A1-04: T-test and F-test of [°H]-Citalopram Binding Data (continued)

SERT in Dorsal Raphe Nuclei SERT in Locus Coeruleus
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T-test: P = 0.1170 (equivalent means)
F-test: P = 0.4767 (equivalent variances)
Table A1-04 (continued): T-test and F-test of [°H]-citalopram binding data.
Control (n=10) and PCP-treated (n=10) data points plotted with mean indicated by
bars. Significance threshold set at P < 0.05. Group variances were statistically
different in the locus coeruleus.
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Appendix Il

A1.1 HPLC system calibrations

Figures A2-01 to A2-07 are the calibration curves for the in vitro HPLC methods to
predict the in vivo characteristics of potential SPECT imaging compounds. Full

methodology is described in Chapter 2, Section 2.3.
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Luna (pH 2.5) Calibration
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Figure A2-01: Calibration curve for the Luna (C-18) lipid column at pH 2.5. The
known CHI of standards was used to calibrate retention times to determine the
CHI values of samples run on the column.
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Luna (pH 10.5) Calibration
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Figure A2-02: Calibration curve for the Luna (C-18) lipid column at pH 10.5. The
known CHI of standards was used to calibrate retention times to determine the
CHI values of samples run on the column.
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Luna (pH 7.4) Calibration
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Figure A2-03: Calibration curve for the Luna (C-18) lipid column at pH 7.4. The
known CHI of standards was used to calibrate retention times to determine the
CHI values of samples run on the column.
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Immobilized Artificial Membrane (IAM) Calibration
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Figure A2-04: Calibration curve for the immobilized artificial membrane (IAM)
phospholipid column at pH 7.4. The known CHI of standards was used to
calibrate retention times to determine the CHI values of samples run on the

column.
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Figure A2-05: Calibration curve for the Luna (C-18) column at pH 7.4 with a
methanol elution. The known CHI of standards was used to calibrate retention
times to determine the CHI values of samples run on the column.
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a-Acid Glycoprotein (AGP) Calibration
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Figure A2-06: Calibration curve for the immobilized a-acid glycoprotein (AGP)
column at pH 7.4. The known linearised log k (measure of protein binding) of
standards was used to calibrate retention times to determine the linearised log k
values of samples run on the column.
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Human Serum Albumin (HSA) Calibration
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Figure A2-07: Calibration curve for the immobilized human serum albumin (HSA)
column at pH 7.4. The known linearised log k (measure of protein binding) of
standards was used to calibrate retention times to determine the linearised log k
values of samples run on the column.
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