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Abstract

4-[8F]fluoro-m-hydroxyphenethylguanidine ([18F]4F-MHPG, [18F]1) is a new cardiac
sympathetic nerve radiotracer with kinetic properties favorable for quantifying regional nerve
density with PET and tracer kinetic analysis. An automated synthesis of [18F]1 was developed in
which the intermediate 4-[18F]fluoro-m-tyramine ([18F]16) was prepared using a diaryliodonium
salt precursor for nucleophilic aromatic [18F]fluorination. In PET imaging studies in rhesus
macaque monkeys, [18F]1 demonstrated high quality cardiac images with low uptake in lungs and
liver. Compartmental modeling of [18F]1 kinetics provided ‘net uptake rate’ constants K;
(mL/min/g wet) and Patlak graphical analysis of [18F]1 kinetics provided Patlak slopes Kp
(mL/min/g). In pharmacological blocking studies with the norepinephrine transporter inhibitor
desipramine (DMI), each of these quantitative measures declined in a dose-dependent manner with
increasing DMI doses. These initial results strongly suggest that [18F]1 can provide quantitative
measures of regional cardiac sympathetic nerve density in human hearts using PET.

Introduction

The autonomic nervous system plays an important role in governing cardiac performance.
The sympathetic and parasympathetic branches of the autonomic system work in opposition
to each other in the heart, modulating cardiac output to meet the oxygen demands of organs
and tissues in the body. Stimulation of the sympathetic branch (which uses norepinephrine
as the neurotransmitter) increases cardiac output by increasing heart rate and myocardial
contractility. Stimulation of the parasympathetic branch (which uses acetylcholine as the
neurotransmitter) slows heart rate and decreases contractility, decreasing cardiac output.
Cardiac autonomic dysfunction is known to occur in many cardiac diseases, including
sudden cardiac death,! heart failure,? diabetic autonomic neuropathy3 and cardiac
arrhythmias.# With the goal of increasing our understanding of the underlying mechanisms
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of autonomic dysfunction and its contribution to the manifestation and progression of
cardiac diseases, several radiopharmaceuticals have previously been developed for
noninvasive imaging of presynaptic sympathetic nerve terminals in the heart.> Examples
include [2311m-iodobenzylguanidine ([*231]MIBG) for single-photon scintigraphic imaging
using gamma cameras or SPECT systems and [11C]-(-)-m-hydroxyephedrine ([*1C]JHED)
for PET (Figure 1).8

These tracers are actively transported into presynaptic sympathetic nerve terminals by the
norepinephrine transporter (NET).8 Once inside neurons, they are taken up into
norepinephrine storage vesicles by the second isoform of the vesicular monoamine
transporter (VMAT?2).” The neuronal uptake rates of [1231]MIBG and [}1C]HED are very
rapid, which results in high quality heart images due to high uptake of radioactivity in the
neurons. However, the rapid NET transport rates of [1231]MIBG and [*1C]HED also causes
them to be ‘flow-limited” tracers.8 A flow-limited tracer exhibits very rapid uptake into
tissue spaces after its initial extraction from plasma into extracellular spaces. Extraction
from plasma is equal to E-F, where E is the ‘unidirectional extraction fraction’ of the tracer
(often close to 1.0) and F is blood flow. Since delivery of the tracer into extracellular spaces
by blood flow is the rate-limiting step in the net tissue uptake of a tracer with these kinetic
properties, the term “flow-limited tracer’ is often used in this case.

The flow-limited neuronal uptake of [123]]MIBG and [*1C]HED leads to limitations in the
clinical utility of these tracers, in terms of their ability to provide accurate measures of
regional cardiac sympathetic nerve density. First, their kinetics cannot be successfully
analyzed in a straightforward manner using Kinetic analysis techniques, such as
compartmental modeling, to provide quantitative measures of regional nerve density. This
forces the use of semi-quantitative measures of tracer retention as surrogate measures of
nerve density, such as the heart-to-mediastinum ratio (HMR) for [123I]MIBG? or the
‘retention index’ (RI) value for [11C]JHED.8 However, the flow-limited neuronal uptake of
these compounds causes their retention measures to be insensitive to substantial nerve losses
in regions with mild to moderate levels of cardiac denervation.1% Only when regional nerve
losses are relatively severe do measures of tracer retention begin to decline from control
levels.

We hypothesized that these obstacles to accurate quantification of cardiac sympathetic nerve
density could be overcome by designing a new tracer with specific kinetic properties to
minimize flow-limitation effects.® First, a slower transport rate into neurons by NET was
needed, making this the rate-limiting step in the neuronal uptake of the tracer. Second,
efficient uptake into norepinephrine storage vesicles by VMAT2 was desired, leading to
prolonged neuronal retention times. The kinetics of a tracer with these properties can be
analyzed using standard kinetic analysis methods to yield quantitative measures of regional
sympathetic nerve density. These measures are much more sensitive to low levels of nerve
losses that occur early in the progression of cardiac denervation than the tracer retention
measures currently used for existing tracers.

We previously evaluated a series of radiolabeled phenethylguanidines, some of which were
found to possess the desired kinetic properties described above.8 N-[11C]guanyl-(-)-m-
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octopamine ([11C]JGMO, Figure 1) was one of the compounds identified to have a slower
NET transport rate and a very long neuronal retention time in isolated rat hearts. Tracer
kinetic analyses of myocardial [11C]JGMO kinetics from PET studies in non-human primates
proved to be very successful,11 supporting our hypothesis that tracers with slow NET
transport rates and long neuronal retention times offer improved quantitative measures of
cardiac sympathetic nerve density.

While our preclinical imaging studies with [11C]JGMO have been very promising, using
fluorine-18 as the positron-emitting radiolabel offers some advantages over carbon-11.
Mainly, the longer half-life of fluorine-18 (T1/2 = 109.8 min vs. 20.4 min for carbon-11)
makes it feasible to distribute large batches of the radiopharmaceutical to stand-alone PET
centers that do not have a cyclotron and radiochemistry facility. It also allows PET imaging
studies of several patients to be performed using a single batch of the radiopharmaceutical.
In our studies with 11C-labeled phenethylguanidines, [*1C]4-fluoro-m-
hydroxyphenethylguanidine ([*1CJ4F-MHPG, [11C]1, Figure 1) was also found to exhibit a
slower NET transport rate and very long neuronal retention times in isolated rat heart
studies. MicroPET imaging studies with [11C]1 in non-human primates showed favorable
imaging properties and in vivo kinetics. The encouraging results with [11C]1 led us to
synthesize the fluorine-18 labeled analog 4-[18F]fluoro-m-hydroxyphenethylguanidine
([*8F]4F-MHPG, [18F]1, Figure 1). Recently, we reported on a multi-step radiosynthesis of
[18F]1 which, while successful, only provided limited quantities of the final product.12
Initial bioevaluation studies of [18F]1 provided results similar to those previously seen with
[1C]1, encouraging us to pursue first-in-human imaging studies with this new tracer.
However, since the initial method of preparing [18F]1 was not practical for routine
production, the goal of this study was to develop a new approach to the radiosynthesis of
[18F]1.

We describe here a novel automated method for preparing [18F]1 at sufficiently high
radiochemical yields and specific activities for clinical PET studies. We also provide results
from initial bioevaluations of [*8F]1, including isolated rat heart studies, microPET imaging
studies in non-human primates and studies of tracer metabolism. Radiation absorbed dose
estimates for human PET studies with [18F]1, based on biodistribution studies in rats, were
also generated. The successful application of tracer kinetic analysis methodology to the
myocardial kinetics of [1F]1 in non-human primates strongly suggests that this radiotracer
can be used in humans to provide robust and sensitive quantitative measures of regional
sympathetic nerve density using PET.

Results and Discussion

Chemistry

Our goal was the development of a radiosynthetic pathway consisting of an 18F-labeling step
followed by one or two straightforward steps to yield [18F]1. Many methods have been
developed for the incorporation of fluorine-18 into a deactivated electron-rich aromatic ring
by a nucleophilic aromatic substitution reaction.13-16 Recently, the use of diaryliodonium
salts has received considerable attention as a one-step method of introducing fluorine-18
into ring structures with high radiochemical yields in electron-rich aromatic systems.17-21
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This approach provides specific activities that are sufficiently high for successful PET
imaging studies of receptors in various organs.22-2> Although this method has been shown
to be suitable for preparing small 18F-labeled molecules with relatively simple structures,
difficulties are sometimes encountered when trying to label more complex molecular
structures, as evidenced by a lack of consistency in radiochemical yields with more complex
diaryliodonium salts precursors.16

We began with a systematic exploration of various diaryliodonium salt precursors to achieve
synthesis of [18F]1 by direct no-carrier-added (NCA) nucleophilic aromatic [18F]fluorination
in electron-rich aromatic systems. Several diaryliodonium salt precursors for [18F]1 were
prepared by selecting from three main structural elements: (a) the choice of asymmetric
diaryliodonium or arylheteroaryliodonium, (b) the choice of the protecting groups for the
phenol and guanidine moieties, and (c) the choice of different counter anions to influence
the 18F-labeling yield. It was previously reported that the electron-rich 2-thienyl group in
arylheteroaryliodonium provides a regiospecific single radioactive product with high
radiochemical yields (20-61%) due to the variation of the electron density, especially in
diaryliodonium derivatives with an ortho-methoxy substituent.26 On the basis of these
results, we prepared 2-benzyloxy-4-{2’-(N,N’-bis(tert-butyloxycarbonyl)-N"-
guanidinyl}ethylphenyl(2-thienyl)iodonium tosylate (9) as a precursor for preparing [18F]1,
as shown in Scheme 1. The starting material 3-hydroxy-4-iodobenzyl alcohol (2) was
protected with a benzyl group, followed by bromination with phosphorous tribromide (PBr3)
to afford the benzylbromide 4. 3-Benzyloxy-4-iodophenethylamine hydrochloride (6) was
prepared by cyanation of 4 and reduction with 1.0 M BH3-THF complex followed by
acidification with hydrogen chloride, sequentially. Condensation of 6 with 1,3-
bis(tertbutoxycarbonyl)-2-methyl-2-thiopseudourea afforded the di-N,N’-Boc-protected
iodophenethylguanidine 7. Reaction of the iodo-compound 7 with bis(trimethyl)tin in the
presence of a catalytic amount of tetrakis(triphenylphosphine)palladium provided the
trimethylstannane compound 8. [2-hydroxy(tosyloxy)iodo]thiophene,2” which was
generated in situ by a mixture of 2-(diacetoxyiodo)thiophene28 with para-toluenesulfonic
acid under nitrogen atmosphere, was reacted with trimethylstannane 8 to give (2-
thienyl)iodonium tosylate 9 in 69% yield as a yellow solid. Different counter anions of
phenyl(2-thienyl)iodonium salts were tested to determine their effect on 18F-
radiofluorination.26 Among various counter anions, in some cases bromide has been found
to be a preferred anion, increasing the radiochemical yield.2% Therefore, we converted di-
N,N’-Boc protected (2-thienyl)iodonium tosylate 9 into a corresponding bromide 10 in 89%
yield by a metathesis reaction using KBr in a mixed solution of MeCN and H,0. The
structure of precursor 10 and its counter anion was confirmed by the absence of proton
signals for tosylate in the 1TH NMR spectra.

Radiochemistry

We attempted 18F-radiofluorination into the di-N,N’-Boc-protected guanidine
diaryliodonium salt precursors 9 and 10. Unfortunately, incorporation of [18F]fluoride ion
was never observed under a variety of reaction conditions. For example, different sources of
[18F]F~ were investigated, including K[18F]F-Kryptofix® (K[*8F]F-K220),
tetrabutylammonium [18F]fluoride ([18F]TBAF) and Cs[*8F]F. Conventional heating and
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microwave heating were tested. VVarying the reaction temperature in different solvents such
as DMF and MeCN, with or without H,O and/or a radical scavenger (2,2,6,6-
tetramethylpiperidine-N-oxyl, TEMPO) did not produce any [18F]fluoride ion incorporation.
Diaryliodonium salts under the quite harsh basic conditions of radiofluorination may
decompose in many ways including photoinitiated free radical pathways.3% Also,
[18F]fluorination can be extremely sensitive to the structure of the diaryliodonium salt,
particularly in the case of electron-rich salts. Exploring possible reasons for this
disappointing outcome, we hypothesized that the guanidinyl group might be causing a
disturbance in the [18F]fluorination reaction. To test this hypothesis, we studied
[18F]fluorination of some related iodonium salts, specifically the m-tyramines 13 and 14
(Scheme 2) in which an aminoethyl group replaced the guanidinylethyl group in the target
compound.

We prepared N-Boc protected aminoethylphenyl(2-thienyl)iodonium salts 13 and 14
(Scheme 2) by adapting the procedure shown in Scheme 1. Radiofluorination of 14 was
carried out under various conditions, including different [28F]fluoride ion sources and
reaction solvents. The reaction was tested using both a manual synthesis and an automated
production using a TRACERIab FXgp system (GE Medical Systems) to produce N-Boc-3-
benzyloxy-4-[18F]fluoro-m-tyramine, [18F]15 (Scheme 3). The reaction of K[*8F]F-K,, or
[*8F]TBAF with precursor 14 in anhydrous DMF or MeCN (exposed to ambient room light)
afforded 18F-radiofluorinated product [*8F]15 in low yields (2—-6%). When it was reacted
with Cs[*8F]F under general anhydrous radiofluorination conditions, the yield of [18F]15
was again low (~4%). We guessed that these low radiochemical yields might be due to the
low solubility of Cs[18F]F in the reaction solvent (DMF or MeCN). Addition of TEMPO
(1.0 mg) and some water (10 pl) to the solvent (DMF, 500 pl) significantly increased the
radiochemical yields to ~45% for manual syntheses.

This encouraging result led us to design the radiosynthesis of the target [18F]1 through
[*8F]15. We were able to achieve a fully automated radiosynthesis of [*8F]1 using two GE
TRACERIab FXgy radiosynthesis systems in adjacent hot-cells, linked in series. In the first
FXgn System, the diaryliodonium salt precursor 14 was reacted with Cs[*8F]F to prepare the
product [18F]15 (Scheme 3). Removal of the N-Boc protecting group in [18F]15 was
achieved by treatment with 1.0 N HCI at 100 °C for 10 min to yield the 4-[18F]fluoro-m-
tyramine intermediate [18F]16. This reaction mixture was passed through a C-18 Sep-Pak,
which was eluted with 1.0 mL of ethanol to transfer pure [18F]16 directly into the reaction
vial of the second FXgy system. To convert the tyramine intermediate [18F]16 into the
desired guanidine [*8F]1 (Scheme 3), several guanylating reagents were evaluated, including
cyanamide, S-alkylisothiouronium salts, aminoiminomethanesulfonic acid, 1H-pyrazole-1-
carboxamidine hydrochloride and benzotriazole-1-carboxamidinium tosylate. N,N’-bis-(tert-
butoxycarbonyl)-5-chloro-1H-benzotriazole-1-carboxamidine (17) proved to be most
effective for the guanylation of [18F]16.3! The reaction of [18F]16 with 17 was carried out in
the second FXgy system with DIEA in MeCN at 45 °C for 15 min. Radiochemical yields
were >95% as assessed by radio-TLC. Simultaneous cleavage of both of the benzyl ether
and N,N’-di-Boc protecting groups in the product [18F]18 with 1.0 N HBr at 120 °C for 15
min followed by HPLC purification provided the desired compound [18F]1. The structure of
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the product was confirmed by comparing its retention time against a cold standard of 1 using
reverse-phase HPLC. The total synthesis time of the fully automated process is ~ 150 min.
Final yields of 55-125 mCi of [*8F]1 product were obtained from 1.4 Ci of [*8F]fluoride ion
at end of bombardment (EOB), with overall radiochemical yield averaging 7 + 3% (decay-
corrected based on starting activity) and >99% radiochemical purity. Specific activities (SA)
were 1.2 £ 0.3 Ci/umol at end of synthesis (EQS), significantly higher than those obtained
with our initial radiolabeling approach.12 However, these specific activities are lower than
levels typically achieved in nucleophilic fluorine-18 labeling, partly due to the relatively
long synthesis time.

Radiofluorination of the diaryliodonium salt precursor 14 to produce [18F]16 (N-Boc-3-
benzyloxy-4-[18F]fluoro-m-tyramine) gave ~20% yield using the automated
radiofluorination system. Using a manual process to prepare the radiofluorinated tyramine
15 provided significantly higher yields (~45% yield). Thus, one area of future work will be
to optimize conditions in the automated process to increase the incorporation of fluorine-18
into the diaryliodonium salt precursor. Also, we are currently working on establishing the
entire synthesis on a dual-reactor GE TRACERIab FX N Pro system, which should improve
radiochemical yields and reduce the overall synthesis time.

Kinetic Studies in Isolated Rat Heart

Kinetic studies of [18F]1 were performed in an isolated working rat heart model. The
‘extraneuronal uptake’ pathway into myocytes (‘uptake-2") was blocked pharmacologically
by adding 54 UM corticosterone to all heart perfusates.32 [18F]1 at a very low concentration
(total [18F]1 + [1°F]1 mass concentration < 10 nM) was infused into the heart for 10 min to
measure its uptake rate into cardiac sympathetic neurons (Kyp; mL/min/g wet). The heart
was then switched to normal heart perfusate for 120 min to measure clearance rates from
tissue. The kinetics of [18F]1 are almost identical to those of the carbon-11 analog [*1C]1 in
the isolated rat heart (Figure 2). For the studies shown, each tracer exhibited a neuronal
uptake rate Kyp = 0.77 mL/min/g wet, and the major clearance half-times from sympathetic
neurons were very long (Ty2 > 24 h).

Cardiac Imaging Studies of [18F]1 in Monkeys

MicroPET imaging studies with [18F]1 in rhesus macagque monkeys were performed to
assess cardiac image quality and tracer kinetics. In control studies (n = 4), the images
showed relatively uniform uptake of [18F]1 throughout the left ventricle (Figure 3A). Uptake
of the tracer into lung tissue was very low. Also, liver uptake of [1F]1 was relatively low in
comparison with levels previously observed for [11C]-(-)-m-hydroxyephedrine and [*1C]-
(-)-epinephrine in this species, providing improved image contrast between heart and liver.
Final heart-to-blood ratios averaged 3.0 + 0.5 and heart-to-liver ratios were 2.5 + 0.3. Faint
uptake of fluorine-18 was observed in the spinal column on transaxial and sagittal images
(data not shown) consistent with a small amount of in vivo defluorination of [18F]1.

To verify that cardiac uptake of [*F]1 was specific for sympathetic neurons, a series of
imaging studies with the potent NET inhibitor desipramine (DMI) were performed. Four
doses of DMI were tested: 0.010 mg/kg, 0.0316 mg/kg, 0.10 mg/kg and 1.0 mg/kg (i.v.).
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Heart retention of [18F]1 progressively decreased with increasing dose levels of DMI
(Figures 3B-E). At the highest DMI dose (1.0 mg/kg) there was little uptake of tracer in
heart tissue (Figure 3E), demonstrating high selectivity of [18F]1 for presynaptic
sympathetic nerve terminals.

Metabolism of [18F]1

During microPET imaging studies, six venous blood samples were drawn from the monkey
to assess the metabolic breakdown of [18F]1. Plasma was separated from whole blood and
processed for injection onto a reverse-phase HPLC system equipped with a radiation
detector (Synergi 10u Hydro-RP column, 4.6 x 250 mm, 60 mM sodium phosphate buffer,
pH 5.4 with 10% ethanol, flow rate 1.0 mL/min). A representative HPLC/radiation detection
curve for a blood sample taken 2 min after tracer administration is shown in Figure 4A. In
this system, [18F]1 has retention time R; ~ 11.4 min while the main radiometabolite formed
has R; ~ 8.2 min.

We believe that the major radiometabolite formed, which is more polar than the parent
compound [18F]1, is the sulfur conjugate of [18F]1. We performed in vitro incubations of
[18F]1 with a monkey liver cytosol fraction preparation and the sulfur conjugation cofactor
3’-phospho-adenosine-5’-phosphosulfate (PAPS) at 37 °C. After 1 min of incubation, ~70%
of the [18F]1 added was sulfur conjugated, and after 20 min of incubation, 100% was in the
sulfur conjugated form. The retention time of the sulfur conjugate of [18F]1 produced in
vitro was the same as the main radiometabolite observed in monkey plasma (Figure 4B),
strongly suggesting that sulfur-conjugated [18F]1 is the metabolite formed in this species
(Figure 4C). The metabolism of [*8F]1 in rhesus monkeys was biphasic, with most of the
tracer metabolized fairly rapidly, followed by a slower phase of breakdown (Figure 5). The
average time at which 50% of the tracer in plasma was in the form of metabolites (T1/,) was
2.5+ 0.8 min (n = 7). The use of DMI to pharmacologically block cardiac NET had no
significant effect on the observed metabolic breakdown rate.

Samples of whole blood (2 mL) were ‘spiked” with a small amount of [18F]1 and incubated
at 37 °C for 65—75 min and were processed in the same manner as the venous blood
samples. In all cases, < 7% of the total activity was in the form of the sulfur-conjugate of
[18F]1, with the remainder intact [18F]1, indicating that metabolic breakdown of the tracer in
blood is a very slow process.

Analysis of the venous blood samples to determine partitioning of [18F]1 between plasma
and whole blood (C,/Cyyp) showed a consistent tendency of the tracer to stay in plasma. A
typical mean ratio of C,/Cyyp, for the 6 blood samples in one study was 1.24 + 0.10. Across
all 7 studies, the mean ratio averaged 1.25 (range 1.18-1.31). The global mean for all
samples in all studies was 1.25 + 0.09. The NET inhibitor DMI appeared to have no
influence on the blood partitioning data.

Myocardial Kinetics of [18F]1

Region-of-interest (ROI) analysis was used to extract time-activity curves for [18F]1 in
whole blood, C(t), and for left ventricular tissue, Cy(t), from the dynamic PET scans. An
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example of the kinetics of [18F]1 in rhesus macaque monkey is shown in Figure 6. In whole
blood, following the peak of the bolus injection, total activity levels in blood, C,y(t), stayed
roughly constant from around t = 10 min out to 85 min. Because of the rapid sulfur
conjugation of [18F]1, after ~ 30 min most of the activity in blood is in the form of the sulfur
conjugate of [18F]1. Myocardial activity climbed for 10 to 30 min after injection and then
remained constant. The lack of any further accumulation of [*8F]1 into cardiac nerve
terminals after this time is indirect evidence that the sulfur conjugate of [18F]1 is inactive at
the norepinephrine transporter (NET). Thus only intact [18F]1 molecules are taken up into
presynaptic sympathetic nerve terminals.

Analyses of Tracer Kinetics

As described in the Experimental section, data from the analyses of the blood samples for
metabolites and of the partitioning of radioactivity between plasma and whole blood were
used to convert the image-derived whole-blood time activity curve C,,p(t) to an estimate of
the plasma time-activity curve Cp(t). The kinetics of [18F]1 in plasma, Cp(1), and in heart
tissue, C¢(t) were analyzed quantitatively using two well-established approaches,
compartmental modeling and Patlak graphical analysis. Compartmental modeling of the
kinetics of [18F]1 using a compartment model structure with irreversible uptake into neurons
(Figure 7) was robust for all experimental conditions, converging quickly in each case to a
single global minimum. The rate constants K (mL/min/g), ko (min~1) and ks (min™1) and a
‘blood volume fraction” BV (dimensionless) were estimated for each study. In addition, a
‘net uptake rate’ constant K; (mL/min/g), which reflects the net rate of tracer accumulation
into tissue compartments, was calculated for each study as: K; = (K1k3)/(ky + k3). Estimated
values of ks did not decline with increasing doses of DMI. This was not completely
unexpected as similar results have been observed with other radiopharmaceuticals, such as
2-[18F]fluoro-2-deoxy-D-glucose ([18F]FDG).33 However the ‘net uptake rate’ constant K;
(mL/min/g), calculated from the parameter estimates, did decline in a dose-dependent
manner with increasing DMI dose. For control studies, the average estimated ‘net uptake
rate’ constant was Kj = 0.341 + 0.041 mL/min/g. Patlak graphical analysis uses a
mathematical transformation of the kinetic data Cp(t) and Cy(t) to generate a ‘Patlak plot’,
which has a characteristic linear phase.34 The slope of the linear portion of a Patlak plot, Kp
(mL/min/g), provides an alternative estimate of the ‘net uptake rate’ constant K; (mL/min/g).
Thus for the model structure used (Figure 7), the slope of the Patlak plot is given by K, &~
(K1ks)/(ky + k3). For the control studies, the Patlak plots were highly linear (r2 > 0.99) with
an average measured Patlak slope K, = 0.302 + 0.031 mL/min/g. For the four DMI block
studies, again highly linear Patlak plots were seen, and the measured Patlak slopes declined
in a DMI-dose dependent manner (Figure 8). The decline in the estimated K;j or K values
with increasing doses of DMI each followed a sigmoidal dose-response curve (Figure 9).
For the K| data, a half-maximal inhibitory concentration (ICsp) of 0.051 mg/kg DMI was
estimated, with a Hill slope ny = =0.79. For the K, data, 1C5o = 0.025 mg/kg DMI and ny =
- 0.68. These results suggest that estimates of the ‘net uptake rate’ constant K;, obtained
from either compartmental modeling or Patlak analysis of [18F]1 kinetics, can serve as
sensitive and robust measures of regional cardiac sympathetic nerve density.
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Oncology applications: Uptake of [18F]1 into adrenal glands

In addition to using [18F]1 to quantify regional cardiac sympathetic nerve density, it may
also be possible to use this radiotracer for localizing neuroendocrine tumors, such as
neuroblastoma and pheochromocytoma.3® To assess the ability of [18F]1 to localize in these
types of tumors, we examined its uptake into the adrenal glands of rhesus macaque
monkeys. In control studies, the adrenal glands were clearly visualized, especially the
adrenal on the right side of the coronal PET images, which was better separated from the
kidney than the contralateral adrenal gland (Figure 10, top row). There was also significant
uptake of [18F]1 in the cortex of the kidney. It is not known if this is nonspecific uptake into,
for example, the proximal tubules in the renal cortex, or if it is specific to sympathetic
innervation in the kidneys. The kinetics of [18F]1 in the adrenal gland are very similar to
those seen in heart tissue (data not shown). In the 1.0 mg/kg DMI block study described
previously, the adrenal glands were scanned for 10 min following the 90 min cardiac PET
study. No uptake of [18F]1 was seen in the adrenal glands after DMI block, demonstrating
that [18F]1 uptake into the adrenal gland is primarily mediated by NET transport (Figure 10,
bottom row). Together, these data suggest that [8F]1 could potentially find oncology
applications in the nuclear medicine clinic.

Human Radiation Dosimetry Estimates

The biodistribution of [18F]1 into the organs of rats at four time points (Table 1) were used
to derive human radiation absorbed dose estimates using the OLINDA/EXM 1.0 software
package.38 From the acquired data, the maximum percentage of the injected dose observed
in the gastrointestinal tract (12.6%) was assumed to enter the small intestine using the ICRP
30 GI Tract model incorporated into the OLINDA/EXM program. Also, in separate
microPET imaging studies in rats, 19.9 £ 0.2% of the injected dose was found to be excreted
through the bladder with a biological half-time of 0.20 £ 0.02 h. These values were entered
into the Dynamic Bladder model of OLINDA/EXM, assuming a 4.0 h void interval.
Absorbed doses estimates for the reference adult male organ model of OLINDA/EXM are
shown in Table 2. Organs with the highest absorbed dose estimates included the urinary
bladder wall (0.666 rad/mCi), upper lower intestine (0.221 rad/mCi), small intestine (0.201
rad/mCi) and the heart wall (0.201 rad/mCi). An “effective dose’ of 0.091 rem/mCi was
estimated for [18F]1. Under US federal regulations governing research with a new
radiopharmaceutical (21CFR361.1), the maximum allowable radiation absorbed dose to an
individual organ (other than the gonads) is 5 rad. Considering the maximum estimated
absorbed dose (urinary bladder wall; 0.666 rad/mCi) initial PET studies in human subjects
could use a maximum of 7.5 mCi of [*8F]1. This would correspond to an “effective dose’ of
0.68 rem.

Conclusion

An automated radiosynthesis of [18F]1 capable of preparing the compound at moderate
radiochemical yields and specific activities was successfully developed. Initial biological
evaluations of [18F]1 in rhesus macaque monkeys were highly encouraging and strongly
suggest that this agent is capable of providing accurate and robust quantitative measures of
regional cardiac sympathetic nerve density in human subjects. If this proves true, [18F]1
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could be used clinically to accurately assess the regional distribution of functional
sympathetic nerve terminals in diseases associated with cardiac sympathetic dysfunction,
including sudden death, heart failure, cardiac arrhythmias and diabetic autonomic
neuropathy. Also, [18F]1 may find an additional clinical role as a diagnostic imaging agent
for localizing adrenergic tumors, such as neuroblastoma and pheochromocytoma, using
PET.

EXPERIMENTAL SECTION

Chemistry

Experimental procedures for the synthetic preparation of selected compounds (3-10, 15 and
18), as well as detailed methods for the isolated rat heart studies are included in the
Supporting Information File.

3-Benzyloxy-4-iodophenethylamine tert-butylcarbamate (11)—To a solution of 3-
benzyloxy-4-iodophenethylamine hydrochloride 6 (1.1 g, 2.8 mmol) and triethylamine (1.6
mL, 11.3 mmol) in DMF (10 mL) was added (Boc),0 (650 mg, 3.0 mmol) at room
temperature and the resulting solution was heated at 120 °C for 1 h. The reaction mixture
was treated with saturated NH4CI (50 mL) and extracted with ethyl acetate (25 mL x 2). The
combined organic layers were washed by brine, dried over Na,SO,4 and concentrated under
reduced pressure. The residue was purified by flash column chromatography (silica gel, 20%
ethyl acetate in hexane) to afford the product (1.13 g, 88%) as a white solid; mp 105-107
°C; IH NMR (500 MHz, CDCl3) § 7.70 (d, J = 7.8 Hz, 1H), 7.52-7.50 (m, 2H), 7.41-7.38
(m, 2H), 7.36-7.31 (m, 1H), 6.71 (s, 1H), 6.58 (d, J = 7.6 Hz, 1H), 5.13 (s, 2H), 4.53 (bs,
1H, NH), 3.34 (q, J = 6.1 Hz, 2H), 2.74 (t, J = 6.1 Hz, 2H), 1.44 (s, 9H); 13C NMR (125
MHz, CDCl3) 6 157.2, 140.9, 139.4, 136.4, 128.5, 127.9, 127.0, 123.3, 113.3, 84.1, 70.8,
41.5, 36.0, 28.4; MS (ESI) m/z 476 (M+Na)*. Anal. Calcd. For CygH4INO3: C, 52.99; H,
5.34; N, 3.09. Found: C, 52.77; H, 5.39, N, 2.96.

3-Benzyloxy-4-trimethylstannylphenethylamine tert-butylcarbamate (12)—
Hexamethylditin (0.84 mL, 4.04 mmol) was added to a solution of compound 11 (916 mg,
2.02 mmol) and a tetrakis(triphenylphosphine)-palladium (117 mg, 0.1 mmol) in anhydrous
toluene (6.0 mL) at room temperature under nitrogen. The reaction mixture was heated to
120-130 °C for 30 min under N, cooled down to room temperature and filtered through a
Celite pad. Celite pad was washed with ethyl acetate and the solvent was removed under
reduced pressure. The residue was purified by flash column chromatography (silica gel, 5%
to 10% ethyl acetate in hexane) to afford the product (800 mg, 81%) as a white solid; mp
90-92 °C; IH NMR (500 MHz, CDCls) § 7.42-7.40 (m, 4H), 7.39-7.32 (m, 2H), 6.84 (d, J =
7.1 Hz, 1H), 6.73-6.72 (m, 1H), 5.03 (s, 2H), 4.57 (bs, 1H, NH), 3.39 (q, J = 6.3 Hz, 2H),
2.79 (t, J = 6.7 Hz, 2H), 1.45 (s, 9H), 0.15 (s, 9H); 13C NMR (125 MHz, CDCls3) § 163.2,
155.8, 141.3, 137.0, 136.6, 128.4, 128.1, 127.8, 127.5, 121.6, 110.7, 69.9, 67.3, 41.7, 36.4,
28.4, -9.2; MS (ESI) m/z 492 (M+H)*. Anal. Calcd. For Co3H33NO3Sn: C, 56.35; H, 6.79;
N, 2.86. Found: C, 56.53; H, 6.92, N, 2.96.
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2-Benzyloxy-4-(2’-t-butoxycarbonylaminoethyl)phenyl(2-thiophenyl)iodonium
tosylate (13)—A solution of 2-(diacetoxy)iodothiophene (164 mg, 0.5 mmol) in CH,Cl,
(1.5 mL) was added to a solution of p-toluenesulfonic acid hydrate (96 mg, 0.5 mmol) in
MeCN (1.5 mL) at room temperature under nitrogen atmosphere. The white precipitate was
immediately generated and the mixture was stirred for 1 h. A solution of compound 12 (246
mg, 0.5 mmol) in CH,CI5 (1.5 mL) and MeCN (1.5 mL) was added slowly to the reaction
mixture. After the white precipitate was disappeared, the mixture was stirred at room
temperature for 18 h under nitrogen atmosphere. The solvent was removed under reduced
pressure and the crude product was sonicated with diethyl ether (50 mL). The precipitate
was filtered, washed with diethyl ether and dried in vacuo to give the product (332 mg,
94%) as a white solid. mp 157-160 °C; IH NMR (500 MHz, DMSO-dg) & 8.24 (d, J = 9.1
Hz, 1H), 7.91 (d, J = 4.9 Hz, 1H), 7.78 (d, J = 2.9 Hz, 1H), 7.53-7.40 (m, 7H), 7.27 (bs, 1H),
7.11-7.10 (m, 3H), 6.94-6.92 (m, 2H), 5.33 (s, 2H), 3.17 (9, J = 6.4 Hz, 2H), 2.74 (1, J = 6.9
Hz, 2H), 2.28 (s, 3H), 1.33 (s, 9H); 13C NMR (125 MHz, DMSO-dg) § 156.2, 155.6, 148.3,
146.0, 140.4, 138.5, 136.3, 130.0, 129.1, 128.7, 126.1, 124.7, 114.9, 107.4, 100.6, 78.3,
715, 41.3, 36.1, 28.8, 21.4; MS (ESI) m/z 536 (M-OTs)*. HRMS (EI) calcd for
Cy4H2710N3S 536.0751, found 536.0749.

2-Benzyloxy-4-(2’-t-butoxycarbonylaminoethyl)phenyl(2-thiophenyl)iodonium
bromide (14)—A solution of KBr (144 mg, 1.2 mmol) in H,0 (1.0 mL) was added slowly
to a solution of compound 13 (200 mg, 0.28 mmol) in MeCN (1.0 mL) at 60 °C. The
reaction mixture was stirred at room temperature for 1 h. The precipitate was washed with
ice H,O (10 mL), filtered off, washed further with Et,0 by several times and dried in vacuo
to give the product (123 mg, 71%) as a white solid. mp 160-163 °C; *H NMR (500 MHz,
DMSO-dg) 6 8.19 (d, J = 8.3 Hz, 1H), 7.84 (dd, J = 5.2, 1.0 Hz, 1H), 7.68 (d, J = 3.2 Hz,
1H), 7.52-7.39 (m, 5H), 7.22 (bs, 1H), 7.07-7.05 (m, 1H), 6.94 (t, J = 5.4 Hz, 1H), 6.89 (d, J
=7.6 Hz, 1H), 5.31 (s, 2H), 3.16 (9, J = 6.5 Hz, 2H), 2.73 (t, J = 7.1 Hz, 2H), 1.33 (s,

9H); 13C NMR (125 MHz, DMSO-d) & 156.1, 155.5, 147.5, 139.2, 137.2, 136.4, 136.2,
129.6, 129.2, 128.9, 128.4, 124.4, 114.7, 109.5, 104.3, 78.2, 71.3, 41.2, 36.0, 28.8; MS (ESI)
m/z 536 (M-Br)*. Anal. Calcd. For Cy4H,7BrlIONsS: C, 46.77; H, 4.42; N, 2.27. Found: C,
46.72; H, 4.46, N, 2.31.

4-Fluoro-3-hydroxyphenethylguanidine hydrochloride (4F-MHPG, 1)—1.0 N HCI
(5.5 mL, in Et,0) was added to a solution of N,N’-bis(tert-butoxycarbonyl)-N”-4-fluoro-3-
hydroxyphenethylguanidinel2 (130 mg, 0.32 mmol) in MeOH (1.0 mL) and CH,Cl, (0.1
mL) at room temperature. The reaction mixture was stirred for 24 h and concentrated under
reduced pressure. The generated precipitate was washed three times with diethyl ether and
dried in vacuo to give the desired product (66 mg, 87%) as a white solid. mp 178-181

°C; IH NMR (500 MHz, DMSO-dg) & 9.84 (bs, 1H), 7.73 (t, J = 5.5 Hz, 1H), 7.48 (bs, 2H),
7.06-7.02 (m, 1H), 6.87 (dd, J = 8.5, 2.0 Hz, 1H), 6.69-6.60 (m, 1H), 3.47 (bs, 1H), 3.30 (q,
J =6.8 Hz, 2H), 2.66 (t, J = 7.3 Hz, 2H); 13C NMR (125 MHz, DMSO-dg) § 157.4, 150.4 (J
=237.9 Hz), 145.1 (J = 11.9 Hz), 135.3, 120.0 (J = 6.8 Hz), 118.7, 116.3 (J = 18.1 Hz),
42.5, 34.4; MS (EI) m/z 198 (M*). HRMS (ElI) calcd for CgH;3FN30O of the free base
198.1037, found 198.1040.8 12
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Radiochemistry

Two GE TRACERIab FXgy modules were used in sequence for a fully automated synthesis
of [*8F]1. The first module was used for production of 3-benzyloxy-4-[18F]fluoro-m-
tyramine [18F]16, while the second module was used to convert [18F]16 into the final
product [18F]1, as described in Scheme 3.

Radiosynthesis of 3-benzyloxy-4-[18F]fluoro-m-tyramine ([18F]16)—The reaction
reagents were placed in vials of the GE TRACERLab FXgn module as follows: Cs,CO3 (0.5
mL, 0.5 M in H,0) in vial 1; MeCN (1.0 mL) in vial 2; diaryliodonium salt precursor 14
(5.5-6.0 mg) in anhydrous DMF (0.5 mL) and TEMPO (1.0 mg) in H,O (20 pL) in vial 3;
HCI solution (1.0 mL, 1.0 N in H,0) in vial 4; anhydrous EtOH (1.0 mL) in vial 7; H,O (5.0
mL) in vial 9; NaOH solution (10 mL, 0.2 M in H,0) in dilution flask.

[18F]F~ was prepared by the 180(p,n)18F reaction using H, 180 as the target material in a
GE PETrace cyclotron. It was isolated from the enriched water by trapping on Chromafix-
HCOj3 (Sep-Pak® Light QMA) cartridge (pre-activated with 10 mL of ethanol and 10 mL of
H,0) and eluted from the cartridge into the reactor vial with a solution of 0.5 mL Cs,CO3
(0.5 M). 1.0 mL of MeCN was added to the reactor vessel and then water/acetonitrile was
evaporated at 80 °C under vacuum with a nitrogen stream to yield a dried Cs[18F]F. After
cooling to 60 °C, a mixture solution of 0.5 mL of DMF, 20 pL of H,0, containing 5.5-6.0
mg of the diaryliodonium salt precursor 14 and 1.0 mg of TEMPO was added from vial 3 to
the glassy carbon reactor vessel containing Cs[*8F]F. The sealed reaction mixture was
heated at 150 °C for 25 min to form [*8F]15. After cooling to 100 °C, 1.0 mL of 1.0 N HCI
solution was added to the reaction mixture. The reaction solution was heated at 100 °C for
10 min and then directly transferred to the dilution flask containing 10 mL of 0.2 M NaOH
solution. The diluted solution was stirred for 3 min and passed through a C-18 Sep-Pak®
cartridge which was pre-activated with 10 mL of ethanol and 10 mL of water. The cartridge
was washed with 5.0 mL of H,O and purged for 2 min with nitrogen to remove most of the
moisture. The trapped intermediate [18F]16 was eluted from the cartridge with 1.0 mL of
anhydrous EtOH. This eluted solution was transferred into the reaction vial of the second
GE TRACERIab FXgy module. In general, ~1.4 Ci of [18F]F~ was used and 170-250 mCi
of [18F]16 was obtained in 15 + 3 % radiochemical yield and > 95% radiochemical purity.

Radiosynthesis of 4-[18F]fluoro-m-hydroxyphenethylguanidine ([18F]1)—The
reaction reagents were placed in vials of the second GE TracerLab FXgn module as follows:
A solution of N’,N”-bis-(tert-butoxycarbonyl)-5-chloro-1H-benzotriazole-1-carboxamidine
17 (5.0 mg) and DIEA (0.1 mL) in MeCN (0.4 mL) in vial 1; HBr solution [0.35 mL, 1.0 N
solution prepared by a mixed solution of 48% HBr (0.25 mL) with MeCN (1.0 mL)] in vial
2; NaOH solution (0.7 mL, 1.0 N in H,O) in vial 3; buffer solution (0.9 mL, 5% EtOH in 60
mM NaH,PQy,) in vial 4.

The transferred EtOH solution of [18F]16 (170-250 mCi) was evaporated at 80 °C under a
stream of nitrogen and then cooled to 40 °C. A solution of 5.0 mg of N’,N”-bis-(tert-
butoxycarbonyl)-5-chloro-1H-benzotriazole-1-carboxamidine 17 in a mixed solution of 0.1
mL of DIEA and 0.4 mL of MeCN was added to the reactor vessel containing [18F]16 and
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the resulting mixture was heated at 45 °C for 15 min. 0.35 mL of 1.0 N HBr solution was
added from vial 2 to the reactor vessel and the reaction mixture was heated at 120 °C for 15
min. After cooling to 100 °C, 0.7 mL of 1.0 N NaOH solution and 0.9 mL of buffer solution
were added from vial 4 to the reaction mixture. The crude product was injected onto a
reverse-phase HPLC column (Phenomenex Synergi 10 micron Hydro-RP 80A, 250 x 10
mm, 5% EtOH in 60 mM NaH,PO, buffer, flow rate 4.0 mL/min., A2 nm) and [18F]1 was
collected at 28-30 min. In general, 55-125 mCi of [18F]1 was obtained in 7 + 3% overall
radiochemical yield (decay-corrected based on starting activity) and >99% radiochemical
purity. Specific activity (SA) was determined by injecting a sample of [18F]1 with known
activity (UCi) onto the HPLC system. The area under the UV absorbance peak associated
with the [18F]1 radioactivity peak was compared against a predetermined standard curve to
estimate the total mass ([18F]1 + [2°F]4) in pg. The ratio of 18F-activity to total mass
(converted from pg to pmol using the molecular weight of [19F]1) gave the specific activity,
which averaged 1.2 + 0.3 Ci/umol. Total synthesis time from end of bombardment (EOB)
was 150 min.

Animal Care

The care of all animals used in this study was done in accordance with the Animal Welfare
Act and the National Institutes of Health’s Guide for the Care and Use of Laboratory
Animals.3” Animal protocols were approved by the University Committee on Use and Care
of Animals (UCUCA) at the University of Michigan.

Isolated rat heart studies

Kinetic studies of [18F]1 in an isolated working rat heart system were performed to measure
its neuronal uptake rate (Kyp; mL/min/g wet) and neuronal clearance rate (Ty,; h) using
previously reported methods.8 Details are provided in the Supporting Information File.

Biodistribution Studies for Human Radiation Dosimetry Estimates

Sprague-Dawley rats (280-330 g) were purchased from Charles River Laboratories, Inc.,
Wilmington, MA. Four time points were studied: 5 min, 30 min, 1 h and 2 h. For each time
point, 2 male rats and 2 female rats under light isoflurane anesthesia received bolus tail-vein
injections of 20-120 pCi of [*8F]1 in 0.05-0.10 mL of isotonic 60 mM sodium phosphate
buffer, pH 5.4. The animals were then allowed to recover and resume normal activity.
Groups of animals were killed by decapitation while under isoflurane anesthesia. Organs
were quickly removed and sectioned into smaller pieces (< 1 g each) for gamma counting.
Organ sections, blood samples and urine samples were placed in previously weighed
counting tubes. Tubes were reweighed to determine tissue masses and then counted in a
gamma-counter (MINAXI Auto-Gamma 5500; Perkin-Elmer, Wellesley, MA). The
radioactivity remaining in each carcass after removal of all samples was measured in a dose
calibrator (CRC712M, Capintec, Ramsey, NJ). For each organ, the decay-corrected counts
in all organ sections, expressed in disintegrations per minute (dpm), were summed together
and divided by the total mass of the sections to determine radiotracer tissue concentration
(dpm in organ/g). The activity in the injected dose of [18F]1 was converted from pCi into
dpm. The measured tissue activity concentrations were then normalized to the total injected
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dose (dpm) and the animal’s body weight (kg) as: Animal organ concentration (%1D-kg/g) =
(dpm in organ/g)/[(dpm injected)/(kg body weight)].38 For the major organs the tracer organ
concentrations in %I1D-kg/g were scaled to estimates of human organ uptake values (%ID/
organ) by multiplying each value by standardized human organ weights and dividing by the
total body mass of 73 kg, as defined for the reference adult male model of the
OLINDA/EXM software package.3?

To better define the kinetics of elimination of [18F]1 through urinary excretion, microPET
imaging studies were performed in two rats. Rats were anesthetized with isoflurane and a
transmission scan was acquired using a rotating $8Ge/®8Ga rod source for attenuation
corrections. Dynamic PET data were acquired in list-mode for 90 min after injection (i.v.) of
0.5 mCi of [18F]1. List-mode emission data were rebinned into a 17-frame dynamic
sequence (17x300 s). Rebinned emission data were corrected for attenuation and scatter, and
transaxial images reconstructed using OSEM/MAP reconstruction. A region-of-interest was
drawn on the bladder and used to extract a time-activity curve for the appearance of activity
in urine. Nonlinear regression analysis was used to fit the urine time-activity data to a one
phase exponential association model to determine the fraction of the injected dose excreted
in the urine (Prism v.3.03, GraphPad Software).

The OLINDA/EXM 1.0 software package36 was used to generate human radiation absorbed
dose estimates. The estimates of %ID/organ for human organs vs. time were entered into the
Kinetics Input Form of OLINDA/EXM to generate ‘normalized cumulated activity’ values
N; for each organ. Rat biodistribution data for excretion through the gastrointestinal (GI)
tract were modeled using the ICRP 30 GI Tract model feature of OLINDA/EXM. Kinetic
results from the urinary excretion microPET studies in rats (% excreted, urinary clearance
biological half-time) were entered into the VVoiding Bladder model feature of OLINDA/
EXM, using a 4.0 h bladder voiding interval. A normalized cumulated activity value for the
total body Ng was estimated from the urinary and Gl tract excretion kinetics.3? An estimate
of the normalized cumulated activity for the ‘remainder’ of the body, Nem, €xclusive of the
major organs, was estimated from the N values for total body and the major organs as: Nrem
= Nt — XN;. This value was entered into the Kinetics Input Form of OLINDA/EXM.
Radiation absorbed dose estimates were then calculated for the reference man organ model
of OLINDA/EXM.

Cardiac PET Imaging Studies

Cardiac PET studies were performed in rhesus macaque monkeys using a microPET P4
primate scanner (Siemens/CTI Concorde Microsystems, Knoxville, TN). After the monkey
was anesthetized, a percutaneous angiocather was placed in the saphenous vein of each leg
(one for tracer injection, one for blood sampling). Heart rate (bpm), blood oxygen saturation
levels (SpOy) and body temperature were monitored continuously (SurgiVet V3404P). A
transmission scan was acquired using a rotating $8Ge/%8Ga rod source for attenuation
corrections. Dynamic PET data were acquired in list-mode for 90 min after intravenous
injection of 5-6 mCi of [18F]1. List-mode emission data were rebinned into a 27-frame
dynamic sequence (12x10 s, 2x30 s, 2x60 s, 2x150 s, 2x300 s, 7x600 s). Rebinned emission
data were corrected for attenuation and scatter, and transaxial images reconstructed using
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maximum a posteriori (MAP) reconstruction®?, an iterative method that accounts for the
detector point spread function in the model of the system.

Radiometabolites in Monkey Plasma

Before the imaging study, a blood sample (1.5-2.0 mL) was drawn and 0.1 mCi of [18F]1
added and incubated at 37 °C for 60—70 min to determine the tracer’s stability in blood.
During the PET scan six venous blood samples (1.5-2.0 mL) were drawn (typically, t = 1, 2,
4,10, 30 and 60 min) to assess radiometabolites in plasma and the partitioning of [18F]1
between plasma and red blood cells (RBCs). Blood samples were collected into heparinized
blood tubes, transferred to a 2.0 mL Eppendorf vial, and centrifuged for 1 min at 12000 x g
to separate plasma and RBCs. Plasma was deproteinized by adding perchloric acid (HCIOy),
final concentration 0.4N, and centrifuged for 5 min at 12000 x g. The supernatant was
removed, neutralized with KOH (pH 7.0-7.5) and filtered twice through 0.22 um filters
(Millipore Millex/GS). A portion of this solution was analyzed by a reverse-phase HPLC
(Phenomenex Synergi 10 micron Hydro-RP 80A, 250 x 4.6 mm, 10% EtOH in 60 mM
NaH,PO,4 buffer, pH 5.4, flow rate 1.0 mL/min., Ay24 nm) and radiation detection (Ortec
Model 905-4 Nal(TI) detector). The blood sample ‘spiked” with [18F]1 was processed in the
same manner. Aliquots (0.1 mL) of whole blood, plasma, final supernatant and pellets were
counted in a gamma counter. Count data (corrected for decay) were used to determine the
relative concentrations of [18F]1 in plasma and whole blood (Cp/Cp) for each sample.
HPLC/radiation detection data were decay corrected and processed for peak analysis (ACD/
ChromProcessor v.10; ACD Inc., Toronto, Canada) to determine the percentage of total
activity associated with intact [18F]1 (fintact) for each plasma sample. A mathematical
function describing the time course of the metabolic breakdown of [18F]1 in plasma,
fintact(t), was obtained by nonlinear regression analysis (Prism 3.0, GraphPad Software, San
Diego, CA).

In Vitro Sulfoconjugation Assay

A 20 L aliquot of monkey liver cytosol (#452461, BD Biosciences, San Jose, CA) was
thawed on ice. A 10 pL aliquot of 10 mM sulfotranferase cofactor PAPS (adenosine-3'-
phosphate-5’-phosphosulfate lithium salt hydrate; #A1651, Sigma-Aldrich, Milwaukee, WI)
was added to 50 uL of 1.0 mM Tris-HCI buffer (pH 7.4) and 170 uL of ultrapure water (18
M-cm MilliQ water system, Millipore, Billerica, MA) and incubated at 37 °C for 5 min.41
Approximately 20 pCi of [18F]1 in 250 pL of ultrapure water was added to the reaction
mixture (final volume 500 pL) and incubated at 37 °C for either 1 min or 20 min. The
reaction was terminated by centrifugation at 16,000 x g for 5 min at 4 °C. The supernatant
was filtered (Millex-GS 0.22 um, Millipore, Billerica, MA) and analyzed using HPLC with
radiation detection as described above for the rhesus macaque plasma samples.

Tracer Kinetic Analyses

Summed images of the final four transaxial PET frames were used to draw regions-of-
interest (ROIs) on the myocardial wall and on the blood pool in the basal portion of the left
ventricular chamber to extract time-activity curves for myocardial tissue C(t) and whole
blood C,y(t). The whole blood time-activity curve was used to estimate the plasma
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concentration of intact [18F]1 vs. time, Cp(t), by multiplying Cy(t) by the function
describing the tracer’s metabolic breakdown, finact(t) and the average measured relative
activity concentrations in plasma and whole blood, Cp/Cyyp. Thus, Cp(t) = Cyp(t) fintact(t)
[Cp/Cwp]. The plasma time-activity curve Cp(t) was used with the tissue time-activity curve
Ci(t) for compartmental modeling. The simplified compartmental model (Figure 7) was used
to obtain estimates of the rate constants Ky (mL/min/g), ko (min~1) and k3 (min~1) and a
blood volume fraction BV (dimensionless). The estimated rate constants for each study were
used to calculate a ‘net uptake rate’ constant Kj = (K1k3)/(ko + k3), with units mL/min/g,
which reflects the rate of [18F]1 accumulation into sympathetic nerve terminals. The kinetics
of [18F]1 in heart tissue and plasma were also analyzed using Patlak graphical analysis34.
After construction of a Patlak plot from the kinetic data, Cp(t) and C(t), the linear portion of
the plot was analyzed with linear regression to determine the Patlak slope, Ky (mL/min/g).
Under ideal conditions, the Patlak slope Kp, is a direct measure of the “net uptake rate’
constant K;, and thus for the compartmental model structure used is also approximately
equal to (K1ks)/(kp + k3).

Pharmacological Blocking Studies

In addition to microPET imaging studies under control conditions (n = 4), a series of
pharmacological blocking studies were performed with the potent NET inhibitor
desipramine (DMI). The goal of these studies was to assess the ability of the quantitative
parameters from compartmental modeling and Patlak analysis to track progressively lower
cardiac NET densities induced pharmacologically by increasing amounts of administered
DMI. All studies were performed in the same monkey to minimize biological variation
between studies. The DMI dose (dissolved into 2.0 mL of saline) was infused intravenously
over 20 min using a Harvard infusion pump. [18F]1 was injected 10 min after the end of the
DML infusion. DMI doses (n = 1 each) were: 0.010 mg/kg, 0.0316 mg/kg, 0.10 mg/kg and
1.0 mg/kg. The measured kinetic parameters K;j from compartmental modeling and Kp,
values from Patlak analysis, as a function of DMI dose, were fit to a sigmoidal dose-
response model with variable slope using nonlinear regression (Prism 3.0, GraphPad
Software, San Diego, CA).

PET Imaging of [18F]1 Uptake into Adrenal Glands

These studies were performed using the same imaging methods and protocols described
above for the cardiac PET imaging studies, except that the animal was positioned in the
scanner gantry to focus on the adrenal glands and kidneys (rather than the heart), and no
blood samples were drawn.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS USED

DMI desipramine

[11CJHED [*1C]-(-)-m-hydroxyephedrine

[123IMIBG [1231)metaiodobenzylguanidine

NET norepinephrine transporter

TEMPO 2,2,6,6-tetramethylpiperidine-N-oxyl

VMAT2 vesicular monoamine transporter, isoform 2
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Figure 1.
Structures of the endogenous neurotransmitter norepinephrine and radiotracers for imaging

cardiac sympathetic innervation.
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Figure 2.

Kinetics of [11C]1 and [18F]1 in isolated rat hearts. The radiotracer is infused at very low
concentrations into the heart for 10 min to measure the tracer uptake rate into cardiac
sympathetic neurons (Kyp; mL/min/g wet), then the heart is switched to normal heart
perfusate to measure tracer clearance rates over a 2 h period. Note the very long retention
times of these tracers due to efficient trapping inside norepinephrine storage vesicles.
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Figure 3.

Coronal microPET images of [18F]1 in rhesus macaque monkeys, showing a control study
(A) and four studies using desipramine (DMI) to induce varying degrees of pharmacological
blockade of cardiac NET. The DMI doses used were 0.010 mg/kg (B), 0.0316 mg/kg (C),
0.10 mg/kg (D) and 1.0 mg/kg (E). For the highest DMI block condition (E), myocardial
levels of [18F]1 at the end of the study (80-90 min) are lower than the activity levels in
whole blood.
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Figure4.
Radiodetection data from reverse-phase HPLC analysis of [18F]1 and its radiolabeled

metabolites. The top curve (A) is data for a plasma sample taken from a rhesus macaque
monkey 2 min after administration of [18F]1, which shows a polar metabolite at retention
time R; ~ 8.2 min. The bottom curve (B) is data from an in vitro incubation of [18F]1 with a
monkey liver cystosol fraction plus the cofactor for sulfur conjugation, 3’-phospho-
adenosine-5"-phosphosulfate (PAPS), at 37 °C for 20 min. The retention time of the sulfur
conjugate of [18F]1 is the same as that of the main metabolite observed in the monkey study
(top curve), strongly suggesting that sulfur conjugation is the primary metabolic pathway for
[18F]1 in rhesus macaques. The structure of the sulfur conjugate of [18F]1 is shown (C).
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Figureb.

Metabolic breakdown of [18F]1 in the plasma of a rhesus macaque monkey. After correcting
the HPLC-radiodetection data for fluorine-18 decay, the fraction of radioactivity associated
with intact [18F]1 was determined for each plasma sample.
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Figure®6.

Kinetics of [18F]1 in whole blood (triangles) and myocardial tissue (circles) in a rhesus

macaque monkey. The final concentrations of [28F]1 in tissue and blood, expressed as

‘standardized uptake values’ (SUV), were 3.6 and 1.2, respectively.
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Compartmental model structure used for tracer kinetic analysis of the myocardial kinetics of
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[*8F]1 in rhesus macaque monkeys.
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Patlak graphical analysis of the myocardial kinetics of [18F]1 kinetics in rhesus macaque
monkeys under control conditions (n = 4) and following DMI block of cardiac NET at four
different DMI dose levels. Patlak plots were highly linear in all cases (r? > 0.99) and the
Patlak slopes declined in a dose-dependent manner with increasing DMI doses.
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Figure9.
Dose response curves of ‘net uptake constants’ K (mL/min/g) derived from either

compartmental modeling (circles) or Patlak graphical analysis (triangles) of [18F]1 kinetics
in rhesus macaque monkeys.
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Figure 10.

Page 29

Control

DMI
(1 mg/kg)

Uptake of [*8F]1 into the adrenal glands of a rhesus macaque monkey. Coronal and sagittal
slice PET images are shown for control conditions (top row) and following DMI block (1
mg/kg) of NET uptake (bottom row). In controls, the images show there is very high uptake
into the renal cortex as well as high uptake into the one adrenal gland contained in these
image slices (arrows, top row). Under DMI block conditions, [18F]1 uptake into the same
adrenal gland is completely absent (bottom row), indicating that uptake of [*8F]1 into the

adrenal gland is specific to NET transport.
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Scheme 1.

a) BnCl, K,CO3, DMF, 1 h, 130 °C, 92%; b) PBr3, CH,Cl», rt, 16 h, 81%; c) NaCN, DMF,
rt, 2 h, 85%; d) 1.0 M BH3-THF complex, THF, reflux, 2 h, 69%; e) 1,3-N,N’-bis(tert-
butoxycarbonyl)-2-methyl-2-thiopseudourea, EtzN, DMF, 0 °C-rt, 24 h, 78%; f) SnoMeg,
Pd(PPhg)y, toluene, reflux, N», 30 min, 46%; g) i) 2-(Diacetoxyiodo)thiophene, p-
TsOH:-H,0, MeCN, CHyCly, Ny, rt, 1 h; ii) 8, MeCN, CH,Cl,, Ny, rt, 20 h, 69%; h) KBr,
MeCN, H,0, 60 °C-rt, 1 h, 89%.
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Scheme 2.

a) (Boc),0, EtgN, DMF, 130 °C, 1 h, 78%; b) SnpMeg, Pd(PPhs),, toluene, reflux, No, 30
min, 81%; c) i) 2-(Diacetoxyiodo)thiophene, p-TsOH-H,0, MeCN, CH,Cly, No, rt, 1 h; ii)
12, MeCN, CH,Cl5, Ny, rt, 18 h, 94%; d) KBr, MeCN, H,0, 60 °C-rt, 1 h, 71%
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Biodistribution of [18F]1 into major organs in rats (%I1D-kg/g).

Table 1

Organ 5min 30min 60 min 120 min

Brain 0.004 £0.001 0.003+0.000 0.002+0.000 0.001:+0.001
Eyeballs  0.039 £0.006 0.040 +£0.004 0.041+0.006 0.026 = 0.006
Heart 0.746 £0.067 0.602+0.111 0.526+0.116 0.347 +0.055
Lung 0.267+£0.045 0.136+0.032 0.091+0.015 0.036 + 0.006
Liver 0.477 +£0.110 0.406+0.071 0.350+0.077 0.233 +0.049
Pancreas  0.137 £0.024 0.145+0.021 0.172+0.042 0.121 +0.016
Spleen 0.268 +0.044 0.262+0.055 0.253+0.054 0.235+ 0.066
Adrenal  0.203+0.083 0.181+0.069 0.193+0.053 0.133+0.021
Kidney 1.398 £0.530 0.183+0.055 0.186+0.090 0.078 +0.024
Stomach  0.116+0.021 0.110+0.004 0.115+0.029 0.089 + 0.019
Ovary* 0.194 +0.048 0.171+0.020 0.142+0.052 0.129 +0.029
Uterus® 0268 +0.044 0.155+0.001 0.112+0.046 0.081 +0.006
Testes®  0.0180.002 0.010+0.001 0.008+0.003 0.004 +0.001
Musclet  0.019+0.005 0.025+0.011 0.016 +£0.002 0.015 + 0.002
Bone' 0.060 +£0.015 0.039+0.015 0.027 £0.009 0.016 + 0.005
Bloogt ~ 0.062£0.004 0.022+0.003 0.016+0.002 0.009 + 0.001

*

TValues expressed as %ID/g.

(n =2) animals used for these values.
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Table 2

Page 34

Radiation absorbed dose estimates (rem/mCi) for [18F]1 for the reference adult male model of OLINDA/EXM

1.0.
Target organ Total dose (rad/mCi) Dosefor 10 mCi (rad)
Adrenals 0.059 0.59
Brain 0.025 0.25
Breasts 0.026 0.26
Gallbladder wall 0.061 0.61
LLI wall 0.107 1.07
Small intestine 0.201 2.01
Stomach wall 0.048 0.48
ULI wall 0.221 221
Heart wall 0.109 1.09
Kidneys 0.078 0.78
Liver 0.096 0.96
Lungs 0.035 0.35
Muscle 0.037 0.37
Ovaries 0.088 0.88
Pancreas 0.063 0.63
Red marrow 0.037 0.37
Osteogenic cells 0.049 0.49
Skin 0.026 0.26
Spleen 0.079 0.79
Testes 0.041 0.41
Thymus 0.033 0.33
Thyroid 0.029 0.29
Urinary bladder wall 0.666 6.66
Uterus 0.103 1.03
Total body 0.041 0.41
(rem/mCi) (rem)
Effective dose 0.091 0.91
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