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ABSTRACT

The imidazoline; binding sites (I,BS), are thought to be expressed in glia, and implicated in the regulation
of glial fibrillary acidic protein. A positron emission tomography (PET) ligand for this target would be
important for the investigation of neurodegenerative and neuroinflammatory diseases. 1C-BU99008 has
previously been identified as a putative PET radioligand. Here we present the first in vivo characterisation
of this PET radioligand in humans and assess its test-retest reproducibility. Methods: 14 healthy male
volunteers underwent dynamic PET imaging with XC-BU99008 and arterial sampling. Six subjects were
used to assess test-retest and eight were used in the pharmacological evaluation, undergoing a second,
or third heterologous competition scan with the mixed |,BS/a,-adrenoceptor drug, idazoxan (n=8; 20, 40,
60 and 80 mg) and the mixed irreversible monoamine oxidase (MAO) A/B inhibitor, isocarboxazid (n=4;
50 mg), respectively. Regional time-activity data were generated from arterial plasma input functions
corrected for metabolites using the most appropriate model to derive the outcome measure Vr (regional
total distribution volume). All image processing and kinetic analysis was performed in MIAKAT™

(www.miakat.org). Results: Brain uptake of C-BU99008 was good with reversible kinetics and a

heterogeneous distribution consistent with known [,BS expression. Model selection criteria indicated that
the 2-tissue-compartment was preferred. V; estimates were high in the striatum (105+21 mL-cm3),
medium in cingulate cortex (62410 mL-cm?3) and low in the cerebellum (41+7 mL-cm?3). Test-retest
reliability was found to be reasonable. The uptake was dose-dependently reduced by pre-treatment with
idazoxan throughout the brain, with an average block across all regions of ~60% (V+=30 mL-cm?3) at the
highest dose (80 mg). The median effective dose (EDso) for idazoxan was calculated as 28 mg. Uptake was
not blocked by pre-treatment with the MAO inhibitor, isocarboxazid. Conclusions: In summary,
11C-BU99008 in human PET studies demonstrates good brain delivery, reversible kinetics, heterogeneous

distribution specific binding signal consistent with [,BS distribution and good test-retest reliability.
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INTRODUCTION

The ability of the a;-adrenoceptor agonist clonidine and the antagonist idazoxan, to label a sub-population
of binding sites that were not displaceable by the endogenous ligand noradrenaline, led to the discovery
of the imidazoline binding sites (IBS) some 25 years ago (1). These binding sites have subsequently been
divided into three groups: the imidazoline; binding site (1:BS) that is preferentially labelled by 3H-clonidine,
the imidazoline; binding site (I,BS) that is preferentially labelled by 3H-idazoxan, and the imidazolines

binding site (IsBS) which is an atypical imidazoline site found on pancreatic B-cells (2).

Changes in post-mortem binding density of the I,BS have implicated them in a range of psychiatric
conditions such as depression (3,4) and addiction (5), along with neurodegenerative disorders such as
Alzheimer’s disease (6) and Huntington’s chorea (7). Functional interactions in preclinical models have
also been shown in relation to the opioid system, where I,BS ligands have been shown to affect tolerance
to morphine (8,9) and alleviate elements of the morphine withdrawal syndrome in rats (10). The location
of I,BS on glia and the possibility that they may in some way regulate glial fibrillary acidic protein (11,12)
has led to increased interest into the role of 1,BS and I:BS ligands in conditions characterised by marked
gliosis. The density of 1,BS has been shown to increase in Alzheimer’s disease post mortem (6), and it has
also been suggested that |,BS may be a marker for human glioblastomas (13) and that in these tumours
the increase seen in I,BS Bmax was correlated with the severity and malignancy of the glioma (14).
Subsequent work added weight to this argument showing that the density of |,BS is increased in vivo with
heat-induced gliosis (15).

Positron emission tomography (PET) is an in vivo imaging technique that uses radioligands as selective
molecular probes to map the location and density of specific proteins. The development of a selective I,BS
PET radioligand would allow for the characterisation of 1,BS in vivo and their regulation in disease states.

A number of ligands selective for I,BS have been reported (16), but only two potential PET radioligands
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have been reported to date: 'C-benazoline has been synthesised (17) but not evaluated in vivo, and

HC-FTIMD appears to have low specific signal in rat and primate brain (18,19).

We have previously identified and evaluated '!C-BU99008 as a putative [,BS PET ligand in preclinical
species (20-22). We have also shown that C-BU99008 binds with a significantly lower affinity to
monoamine oxidase type B (MAQOg) and thus is selective for 1,BS in these preclinical species. In order to
meet the aims of this study and determine the regional density and distribution of 1,BS in healthy human
brain, scans using XC-BU99008 were conducted in the presence and absence of two drugs, idazoxan and

isocarboxazid.

Idazoxan is an az-adrenoceptor antagonist drug originally investigated in humans for its potential to
treat psychiatric conditions (23,24). Defined as one of the archetypal |,BS ligands, idazoxan has a high
affinity for the I,BS with an equilibrium dissociation constant (Kp) of 20nM and 13nM in human cortical
(25) and striatal (26) slices respectively. Isocarboxazid is an irreversible, non-selective MAO inhibitor that
has been in use for over 60 years, and is well tolerated in humans (27). While there is evidence that some
1,BS ligands also bind to MAO (28), 1!C-BU99008 shows very low affinity for MAO but still it is essential to
know the contribution, if any, of a MAO specific signal. Isocarboxazid was chosen as it will block both
isoforms of MAO and has the lowest affinity for I,BS of the available irreversible non-selective MAO

inhibitors (29) so minimising any signal confounds.

We present the first in vivo evaluation and characterisation of this ligand in healthy human volunteers
using competition experiments to determine 1C-BU99008 specificity and selectivity and assess its test-

retest reproducibility.

MATERIALS AND METHODS

Radiochemistry
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11C-BU99008 was prepared by N-alkylation of the desmethyl precursor BU99007 using 'C-CHsl as
previously described (20,21) (Supplemental Fig. 1). The final formulation of the XC-BU99008 was in 20%
EtOH/saline solution affording a formulated i.v. preparation ready for dispensing and injection. Checks of
chemical and radiochemical purity were performed as well as analysis of the radiochemical yield and

molar activity.

Blood and Metabolite analysis

Analysis of 1'C-BU99008 metabolism in plasma was performed for each scan as follows: arterial blood
samples were collected at 5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80 and 100 min following *C-BU99008
injection. Plasma samples were prepared and the fraction of unchanged radioligand was determined using
HPLC by the integration of the radioactivity peak corresponding to 1*C-BU99008 (retention time ~6.5 min)
and expressed as percentage of all the radioactive peaks observed. The final plasma input function was

calculated as the product of the total plasma curve and the parent fraction curve.

The free fraction of 1C-BU99008 in plasma (fp) was measured through ultrafiltration (Amicon Ultra
regenerated cellulose MWCO 30kDa, Millex, Ireland) in triplicate and compared to Tris buffer (0.1 M,

pH=7.4) to enable correction for non-specific filter binding.

Subjects

This PET study was performed at Imanova Centre for Imaging Sciences, London, UK. The protocol for
this study was approved by the national research ethics service (West London Research Ethics Committee
(14/L0/1741)) and the national administration of radioactive substances advisory committee
(630/3764/32214), and conducted in accordance with good clinical practice guidelines, all applicable

regulatory requirements, and the Code of Ethics of the World Medical Association (Declaration of
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Helsinki). All subjects provided written and signed informed consent. The study I2PETHV was registered

on the clinical trials database, identifier NCT02323217.

Heterologous competition

Eight healthy male volunteers (age 52+8 years) either underwent two or three PET/CT scans with
11C-BU99008 (120 min; SA=50.6+20.1 GBg-umol?; Injected Dose=308 + 14 MBq; Mass=1.7+1.7 ug), in a
fixed-order open-label design. The first scan was a baseline with !C-BU99008 (n=8). Later that day the
volunteers received a second PET/CT scan with *C-BU99008, 120 min after an oral dose of the mixed
[,BS/a2-adrenoceptor drug, idazoxan (20, 40, 60 and 80 mg; n=2 for each dose). At least 1 week later, four
of the eight volunteers received a third PET/CT scan with !C-BU99008 (n=4), 240 min after an oral dose
of the mixed irreversible MAO/s inhibitor, isocarboxazid (50 mg). Idazoxan was synthesized by Onyx
Pharmaceuticals Inc., isocarboxazid was purchased from a pharmaceutical supplier (Supplemental Table

1).

Test re-test reproducibility

Six further healthy male volunteers (age 5646 years) underwent two PET/CT scans with 1!C-BU99008
(120 min; SA=35.3+17.5 GBg-pumol?; Injected Dose=313.9+11 MBq; Mass=2.9+2.5 ug) at least one week

apart to determine the test re-test reproducibility of the radioligand quantification.

In both the specificity and selectivity and test re-test experiments the healthy volunteers’ vital signs: Heart
Rate, and Blood Pressure were monitored before, during and after each PET/CT scan (Supplemental Table

1).

Magnetic Resonance Imaging
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To enable accurate anatomical parcellation of the PET data, each volunteer also underwent a T1-
weighted structural magnetic resonance imaging (Magnetom Trio Syngo MR B13 Siemens 3T; Siemens

AG, Medical Solutions) for atlas-based region-of-interest (ROI) delineation.

PET imaging

PET scans were acquired for 120 min on a HiRez Biograph 6 PET/CT scanner (Siemens Healthcare,
Erlangen, Germany) and reconstructed into 29 frames (8x15, 3x60, 5x120, 5x300, 8x600 s) using filtered
back-projection. Dynamic images were corrected for motion using a mutual information co-registration
algorithm with frame 16 as the reference. 1*C-BU99008 was manufactured at Imanova Centre for Imaging
Sciences (London, UK), immediately prior to use according to local standard operating procedures for GMP
production, and injected as an intravenous bolus over approximately 20 s and the PET emission data
collected. An arterial line was placed in all subjects and blood was sampled continuously for 15 min as
well as manually withdrawn discrete blood samples taken at 5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 90,
100, 110 and 120 min following C-BU99008 injection. Arterial blood radioactivity could then be
converted to a total plasma concentration and corrected by the parent fraction to determine a parent

plasma input function. CT data were also collected for attenuation-correction purposes.

Regional time-activity curve sampling and modelling

All image processing and kinetic analysis was performed using MIAKAT™ (www.miakat.org). MRI
structural data and PET data were coregistered into a mutual space and the non-linear registration of a
standard MNI template to the structural image provided the parameters to warp the CIC atlas (30). This
permitted the regional sampling of the PET data and generation of motion-corrected time-activity data

for selected ROls.
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Parent plasma input functions were derived from the arterial blood measurements, the whole-blood
data corrected for plasma and metabolite fractions using sigmoid models, and interpolated with a tri-
exponential function. These were used as input functions to one-tissue compartment (1TCM), two-tissue
compartment (2TCM) and multilinear analysis (MA1) (31) models. The most appropriate model was
selected using the Akaike Information Criterion (AIC) as well as percent reliability, calculated using
Equation 1. It was found that there was no suitable reference tissue and so the occupancy plot was used

to calculate the non-displaceable volume of distribution (Vap) and receptor occupancy (32).

100 <y |test;—retest;|

EQUATION 1: VAR = N “i=l |testi+retest;|/2

RESULTS

Radiochemistry

11C-BU99008 was successfully synthesised with a radiochemical purity of 100% at the end of
synthesis. The specific activity was 44.8+19 GBg-umol™ and an average mass of 2.1+2.1 pg and radioactive
dose of 310+13.3 MBq was injected for all the synthesis/administrations in this study. The identity of the
radiolabelled material was confirmed by co-injection with a sample of authentic BU99008, which, under
the same elution conditions, showed an identical retention time. There is a complete table of the

11C-BU99008 parameters in supplemental data (Supplemental Table 1).

Regional time-activity curve computation and Modelling

Brain uptake of 'C-BU99008 was rapid with reversible kinetics and a heterogeneous distribution
consistent with known [,BS expression (20,21). The arterial blood samples were used to determine a

plasma input function (Fig. 1) to enable modelling of the TACs and estimation of the total volume of
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distribution (V7). The *C-BU99008 was metabolised such that ~10% of the parent radioligand remained in

plasma at 120 min for all scans regardless of intervention.

Comparison of AIC (see Table 1) and assessment of the robustness of fits of the 17TCM and 2TCM
models in a selection of ROIs suggested that the 2TCM, with a fixed 5% blood volume, was the most
appropriate compartmental model. Test-retest variability (within subject, VAR, see Eq. 1) for these ROIs
were also compared using 17TCM, 2TCM and MA1, and again 2TCM was the model identified as showing
the greatest reliability. As a result, this model was used to derive regional volumes of distribution (V1)
estimates. The robust nature of MA1 suggests it remains a suitable option for a voxel-wise analytical
approach with this tracer, and while modulating t* has little effect on the outcome measure, a differing

regional underestimation of Vr compared to 2TCM may be noted.

Distribution and heterologous competition

Peak radioactive concentrations were observed approximately 10-20 minutes after administration of
11C-BU99008, followed by a slow washout from all regions (Fig. 2). The uptake was highest in the striatum
(V1=105.7421.0 ml-cm™) and lowest in the cerebellum (V4=41.946.9 ml-cm™) (see Table 1). The regional
uptake in humans correlated well to that seen pre-clinically in pig (r=0.71; P<0.05) and primate (r=0.84;
P<0.05). 11C-BU99008 V; was dose dependently reduced by pre-treatment with an oral dose of the mixed
1,BS/a,-adrenoceptor drug, idazoxan, with an average block across all regions of approximately 60% at
the highest dose (80 mg; Figs. 3 and 4). There was no region devoid of blockade, indicating there is no
suitable reference tissue for this ligand. Pre-treatment with the mixed irreversible MAOas inhibitor,

isocarboxazid caused no reduction in Vr (Supplemental Fig 2).

The global occupancy for each competition scan was calculated using the occupancy plot (32), (Fig.

5) and the resultant occupancy values were used to calculate the in vivo median effective dose (EDso) of
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idazoxan (Fig. 5 inset). Occupancy varied greatly between approximately 20% at 20 mg, and 80% at 80 mg,
although for two individuals the occupancy was apparently negligible. The EDso of idazoxan was calculated

to be 0.27 mg-kg* and Vyp was estimated to be 19.2 ml-cm (Fig. 5).

Test-Retest

Due to a technical failure of the well counter, blood data were not fully collected for one retest scan,
thus test-retest data were only available from 5 subjects. VAR was reasonable, though quite high in several
regions, above 10% in most subcortical and limbic regions. The ligand performs better throughout the

cortex (Table 1; Supplemental Fig 3).

DISCUSSION

We present for the first time the characterisation of the novel imidazoline; binding site PET
radioligand *'C-BU99008 in vivo in humans. In this study, 1!C-BU99008 demonstrated a high specific signal
in the brain, defined by blockade of the I,BS by idazoxan along with reliable compartmental modelling and

good selectivity.

There are some limitations on the competition study, including relatively low subject numbers and a
restricted range of doses of idazoxan due to the upper limit on the tolerability of idazoxan (maximum dose
80 mg), and consequently the level to which the PET radioligand might be blocked. The limited dose range
makes an estimation of the in vivo EDso quite difficult, though it is encouraging to see such a clear dose-
response over the range which we provided. The stability of occupancy measures at these doses is hard
to estimate, but it should be noted that idazoxan had little effect in two subjects. This may be a case of
differing metabolism of the drug; this could have been clarified by taking plasma concentration
measurements but this option was not available during the study. In addition, these limitations make the

nature of the idazoxan block difficult to determine. The reduction in V7 by the different doses of idazoxan

10
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seen in Fig. 4 is not as obvious as might have been hoped. Some higher doses appear not to block as much
of the 11C-BU99008 binding as lower doses. One possible reason for this is a biphasic blockade by idazoxan.
Unfortunately, the small numbers in this experiment do not allow this possibility to be fully explored.
Considering these data in combination with the global occupancy, and generated dose response curve

(Fig. 5) the simpler more conservative monophasic model of blockade is more appropriate.

There is some degree of variability, between 15 and 25% VAR, in outcome measure in subcortical
regions, particularly the amygdala, striatum and other relatively high binding structures. This may be
explained by the slow kinetics of the ligand consistent with a high V1. We scanned for 2 hours, beyond
which a carbon-11 label signal is no longer robust, so there is an indication that the kinetics will make the
demonstration of group differences in subcortical ROIs difficult without large effect or group sizes. It is

not, however, prohibitive, and the strong and robust cortical signal is very encouraging.

The lack of any reduction in signal following combined MAO,/s inhibition with isocarboxazid suggests
11C-BU99008 has no significant off-target binding to MAO in humans. The idazoxan competition study
gave a consistent Vyp of 19.2 ml-cm™, which represents about half of the total distribution volume in the
lowest binding region (cerebellum), and less than 20% of the signal in the regions with highest binding.
Thus, the specific signal is generally high throughout the brain with BPyp values (estimated from the 2TCM

as ks/ks) ranging from 1 to 4.

CONCLUSION

In summary, *C-BU99008 is able to image the 1,BS with high specificity and selectivity enabling the
investigation of the function of 1,BS in the living human brain, along with disease states in which the 1,BS
are known to be associated. The development of this new clinical imaging tool has hence paved the way
for the conduct of more in-depth clinical investigations into the role of the I,BS in disease states along

with potential beneficial therapeutic intervention.

11
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FIGURES AND TABLES

Region Vr £ SD (mL-cm?) AIC VAR
1TCM 2TCM MA1 1TCM 2TCM 1ITCM | 2TCM MA1

Whole Brain 445 * 6.1 488 * 7.9 448 * 6.1 -237 -328 12.9 6.4 134
Cerebellum 393 + 6.2 419 * 6.9 396 * 6.2 -237 -310 14.6 10.8 14.9
Brain Stem 62.7 + 9.1 66.4 * 10.1 63.2 + 9.2 -252 -276 13.7 11.7 14.6
Occipital Lobe 386 * 6.5 42,7 * 8.6 388 + 6.5 -234 -323 12.8 8.1 13.3
Insula 633 = 9.0 67.7 * 11.8 639 + 9.1 -224 -267 14.6 11.0 14.8
Frontal Lobe 416 * 59 457 * 7.9 420 = 59 -225 -316 12.6 4.7 13.1
Cingulate 583 * 8.6 622 * 9.7 58.8 + 8.6 -222 -293 14.6 10.2 15.1
Parietal Lobe 39.2 = 538 436 * 8.7 395 + 5.9 -233 -318 124 5.6 12.8
Amygdala 89.8 + 15.2 946 * 203 91.1 + 15.1 -233 -242 23.2 24.7 23.3
Hippocampus 68.4 + 11.4 77.7 * 2472 69.1 + 115 -225 -264 16.1 15.9 16.4
Striatum 102.7 * 17.8 105.7 + 21.0 104.2 + 17.6 -246 -259 16.9 16.7 17.4
Thalamus 753 + 11.0 80.0 * 141 76.0 += 11.1 -228 -264 14.6 9.5 15.2

TABLE 1. Outcome measures for selected regions of interest from three models one-tissue (1TCM) and
two-tissue (2TCM) compartmental models with fixed blood volume (5%) and MA1, including volume of
distribution (Vr), the goodness-of-fit parameter the Akaike Information Criterion (AIC) and the test-
retest variability (VAR). For Vr and AIC, the complete baseline dataset is presented (n=14), for VAR, the
test-retest cohort (n=5).
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FIGURE 2. Representative
TACs for 1*C-BU99008 6=
uptake into human brain

at baseline (A), and

partially blocked (B) after
participant was treated

with Idazoxan (80 mg). ;
ROIs — striatum (circles); w
thalamus (squares); 2+
cerebellum (diamond).
The fitted lines are

derived from the 3 main 0-
models tested — 1TCM,

dashed line; 2TCM, solid

line; MA1, dotted line.
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FIGURE 3. SUV images to demonstrate brain heterogeneous brain uptake in all regions and a dose-
dependent blockade by idazoxan.
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FIGURE 4. Bar chart showing regional distribution volume (V4) of 11C-BU99008 and effect of increasing
doses of the mixed 1,BS/a,-adrenoceptor ligand Idazoxan: 20 mg (striped), 40 mg (checkered), 60 mg
(clear), 80 mg (grey), and baseline (black). Bars represent mean + SD. Data from a selection of

representative brain regions.
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FIGURE 5. Occupancy plots for the n=8 subjects in the heterologous block study. A dose-response curve
for those individuals where occupancy was observed is included (inset). The EDsp was calculated to be
27.7 mg or 0.27 mg-kg?, and the Vip estimated to be 19.2.

21



