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Evidence suggests that the neurotransmitter norepinephrine may play an important role in Parkinson disease (PD). The norepineph-
rine transporter (NET) regulates noradrenergic signaling and can serve as an index of noradrenergic innervation in neuroimaging
studies. The Pink1-/- rat model, which exhibits many signs similar to PD, notably in the nonmotor domain, exhibits abnormal nor-
adrenergic markers. Here, we sought to (1) implement reference region pharmacokinetic modeling of positron emission tomography
(PET) imaging with the novel NET ligand [*®F]NS12137, (2) validate the resulting indices of NET concentration, and (3) characterize
NET in the Pink1-/- model. Long-Evans Pink1-/- male rats were imaged by PET with ['*F]NS12137 at9 and 11 months and compared
with wild-type (WT) controls. An additional group of WT rats of both sexes were imaged with ['®F]NS12137 PET after pretreatment
with the specific and selective NET ligand nisoxetine. Binding in locus coeruleus (LC), thalamus (Thal), and prelimbic area (PrL),
regions rich in NET, was analyzed by a two-tissue compartment reversible binding model using a cerebellar reference region. ['*F]
NS12137 binding exhibited moderate test-retest reproducibility in LC, Thal, and PrL. Nisoxetine blockade yielded substantial reduc-
tions of ['°F]NS12137 binding in LC. Compared with WT controls, PinkI-/- rats exhibited reduced binding in Thal and PrL.
Pharmacokinetic analysis of ['*F]NS12137 PET provides a reproducible and specific measure of NET binding and indicates reduced
NET in PD-related brain regions in Pink1-/- rats. Noninvasive in vivo ['*FINS12137 PET imaging is therefore a promising method for
the study of potential therapies in the PinkI-/- rat.

Key words: [18F]NS12137; noradrenaline; norepinephrine transporter; Parkinson’s disease; Pink1-/- rat; prelimbic area

\

Many signs of Parkinson disease (PD), particularly nonmotor ones, are associated with dysfunction of the noradrenergic sys-
tem. However, pharmacological and behavioral therapies that target norepinephrine are not well developed for PD. It is
important therefore to apply new tools for evaluating the noradrenergic effects of interventions in animal models of PD.
In this work, we validated positron emission tomography (PET) neuroimaging in rats with the novel norepinephrine trans-
porter (NET) radiotracer ['*F]NS12137. We also found reduced NET expression in important brain regions (thalamus and
prelimbic area) in the PinkI-/- rat model of PD. ['®FINS12137 PET is therefore a promising tool for trials of interventions
in the PinkI-/- rat, and such work may lead to improved treatments for PD.
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Introduction

Parkinson disease (PD) is a progressive neurodegenerative disor-
der that affects millions of people globally at great personal and
societal cost (Berg et al., 2018; Bloem et al., 2021). While degen-
eration of dopaminergic cells in the substantia nigra leads to hall-
mark motor signs of bradykinesia, rigidity, and resting tremor,
common treatments that target the dopaminergic system do
not fully ameliorate all signs and symptoms of the disease
(Seppi et al., 2019). Degeneration of other neurotransmitter sys-
tems likely underlies many of the cognitive, autonomic, and other
motor signs of PD. It is important, in particular, to better under-
stand the role of the noradrenergic system, which undergoes
degeneration early in the course of PD (Delaville et al., 2011;
Espay et al., 2014; Paredes-Rodriguez et al., 2020).

The norepinephrine transporter (NET) is located presynapti-
cally on noradrenergic axons, where it controls extracellular
neurotransmitter concentrations and is therefore an attractive
pharmacological target (Torres et al., 2003). Moreover, measures
of NET binding reflect noradrenergic innervation and can
serve as an index of neurodegeneration (Tejani-Butt, 1992).
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Noradrenergic cell bodies are located in the locus coeruleus
(LC), where NET may serve within feedback mechanisms to
modulate output at downstream terminals (Poe et al., 2020). In
PD, NET studies by positron emission tomography (PET) have
been limited, but findings include reduced binding of the NET
ligand [''C]MeNER in the thalamus (Thal), which highlights a
potential central role of noradrenergic degeneration (Nahimi
et al., 2018a; Kelberman et al., 2020). Several PET NET radiotrac-
ers have been developed in the past for imaging in the CNS, but
they generally suffered from poor specificity or selectivity (Ding
etal., 2006; Chen et al., 2020). Moreover, there are limited reports
of their use for neuroimaging in rats (Schou et al., 2009; Vase
et al,, 2014). ['®F]NS12137 is a recently developed PET radio-
tracer with high in vitro affinity for NET (K; ~ 9.5 nM) and
good selectivity versus the serotonin (~ 550 nM) and dopamine
(~ 650 nM) transporters (Kirjavainen et al, 2018). In rats,
both autoradiography and PET indicated high uptake in
the NET-rich LC as well as substantial in vivo blockade by the
selective NET inhibitor nisoxetine, and no radiometabolites
were observed to enter the brain (Kirjavainen et al., 2018;

["8FINS12137 SUV images. Aligned SUV images overlaid on the MRI template. A, Typical examples of 0—10 min SUV images of a single WT subject at baseline and final. B, Average

0-10, 2040, and 40-85 min SUV images of WT (n = 6 at baseline and final) and Pink7-/- (n =8 at baseline and final). All SUV images are shown on the 0-1.5 g/ml color scale shown in A. Two

millimeters coronal slices, posterior (left) to anterior (right).
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Lopez-Picon et al., 2019). ['*FINS12137 is therefore a promising
tool for assessing NET within the CNS.

Appropriate animal models of PD are key preclinical research
tools. The Pinkl-/- rat exhibits signs similar to PD, including
limb motor deficits, as well as cognitive, cranial sensorimotor,
and autonomic dysfunctions (Grant et al., 2015; Cullen et al.,
2018; Kelm-Nelson et al., 2021; Krasko et al., 2021, 2023a,b;
Rudisch et al., 2023). The Pinkl gene encodes PTEN-induced
putative kinase 1 (PINK1) which facilitates the clearance of
defective mitochondria (Pickrell and Youle, 2015; Quinn et al.,
2020). In PinkI-/- rats, our lab found reduced tyrosine hydroxy-
lase and norepinephrine and increased a; receptors in the
LC, which is the main site of noradrenergic cell bodies (Kelm-
Nelson et al., 2018; Hoffmeister et al., 2021). As in PD (Espay
etal., 2014), this suggests that noradrenergic deficits may underly
some of the physiological and behavioral abnormalities present
in the Pinkl-/- rat model.

The PinkI-/- rat model has previously been studied by MRI
and by FDG PET. In MRI scans, PinkI-/- rats exhibited abnormal
neural activity and reduced white matter integrity in brain
regions including Thal and prelimbic area (PrL; Ferris et al.,
2018). In recent work by our lab, relative glucose metabolism,
as indexed by FDG PET, was found to be lower in PinkI-/- rats
in several brain regions including PrL (Converse et al., 2024).
These findings highlight important differences in PinkI-/- rats
in basic neurobiological outcomes and point to the need for
PD-specific noradrenergic measures.

With an aim toward eventually using ['*F]NS12137 to study
the effects of interventions on NET in the Pinkl-/- model, we
sought to (1) implement two-tissue compartment reversible
tracer pharmacokinetic modeling of ['®F]NS12137; (2) validate
['®F]NS12137 and analysis methods by comparison with known
NET distribution in rat brain, test-retest, and nisoxetine block-
ade; and (3) characterize NET binding in wild-type (WT) and
Pink1-/- and test the hypothesis that Pink1-/- would exhibit lower
binding than WT in LC, PrL, and Thal.

Materials and Methods

Study design

In the main experiment, WT and PinkI-/- Long-Evans rats were imaged
by PET at two timepoints (baseline and final). Data from these scans
were first used to implement pharmacokinetic modeling and to validate
methods by comparisons with estimated binding and by test-retest. For
further validation, a blockade experiment was performed using a sepa-
rate group of WT rats that were imaged after pretreatment with the
NET ligand nisoxetine. Using the validated methods, ['*F]NS12137
binding measures from the main experiment were analyzed in a repeated
measures genotype x timepoint design.

Rats

All imaging procedures were approved by the University of
Wisconsin-Madison Institutional Animal Care and Use Committee
(IACUC protocols G006404, M006390, and M006782) and were con-
ducted in accordance with the Guide for the Care and Use of
Laboratory Animals (National Research Council, 2011). Methods and
results are reported here according to ARRIVE2.0 guidelines (Percie
du Sert et al,, 2020). A total of 22 Long-Evans rats (WT n=14 and
Pinkl-/- n=8) were received from Envigo Research Laboratories at
4-6 weeks of age. Genotype was independently confirmed for PinkI-/-
rats used in this study (Transnetyx). All imaging occurred during the
dark period of a 12 h reverse light/dark cycle (12:12). Water and food
were provided ad libitum. Rats were acclimated to handling and trans-
port before imaging. In the main experiment, six WT male rats were
imaged (10.1 +0.1 months and 565 + 65 g at baseline, 12.0 + 0.1 months
and 582+ 59 g at final) and eight PinkI-/- male rats were imaged (9.1 £
0.1 months and 575+37 g at baseline, 10.7+0.1 months and 575+
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27 g at final). In the blockade experiment, eight WT rats were imaged
(four females 6.0 + 0.8 months, 267 + 10 g; four males 6.0 + 0.8 months,
521+20 g; average ages and weights over three or four scans detailed
below.)

Radiotracer

["®F]NS12137 was synthesized generally following methods described pre-
viously (Lopez-Picon et al., 2019). Cyclotron-produced (ISO(p,n)ISF) ['8F]
fluoride in water was trapped on an anion exchange cartridge (QMA,
Waters), which was eluted with Kryptofix 222 (K222, Sigma-Aldrich) solu-
tion (10% 0.1 M K222:10% 0.1 M K,CO3:80% CH3CN) into the reaction
vial of a semiautomated synthesis unit (CPCU, CTI). The mixture under-
went azeotropic distillation at 110°C with four additions of 1.0 ml CH;CN
until dry. NS12137 precursor (20mg in 1.0 ml DMSO, Novandi
Chemistry) was added to the dried '®F/K222 and allowed to react for
15 min at 185°C. The reaction vial contents were diluted with 7.0 ml deion-
ized water, trapped on a solid-phase extraction cartridge (tC18 Light,
Waters), and eluted into a crude product vial with 0.7 ml tetrahydrofuran.
The tetrahydrofuran was dried for 7 min at 80°C under an argon flow to
~0.1 ml. The product was deprotected for 5 min at 80°C with the addition
of 0.3 ml HBr (48%) and then neutralized with the addition of 0.8 ml
NaOH (3.0 N) and diluted with 1.0 ml HPLC buffer (10 mM K,PO,).
The crude product vial contents were then injected onto a semipreparative
HPLC column (Gemini 5 pm C18 110 A 250 x 10 mm, Phenomenex) at
4.0 ml/min. The initial mobile phase was 10 mM K,PO, buffer, which
was switched to 8% CH;CN in buffer at 5 min. ["*F]NS12137 was collected
in 20 ml deionized water at 52 + 5 min and trapped on a solid-phase extrac-
tion cartridge (C18 Light, Waters), which was then rinsed with 20 ml
deionized water. The cartridge was eluted with 0.8 ml ethanol through a
0.2 um filter and followed with 5.0 ml normal saline into a sterile empty
vial for injection. A 50 ul sample of the final formulation was injected on
an analytic HPLC column using the same mobile phases as the semipre-
parative method (Gemini 250 x 4.6 mm column, 1.5 ml/min, 0-5 min
buffer, 5-40 min 8% CH;CN, 65% CH;CN rinse), and the radioactive

Figure 2.  ROIs. 4, Cerebellum (Cb, gray, indicated by arrow). Low uptake reference region
within the atlas cerebellum (light gray). Overlaid on 40-85 min uptake image (SUV 0-1.5 g/
ml). B, LC (gray, indicated by an arrow). Enlargement of original delineation (white dots) to
match scanner resolution. Overlaid on binding image (DVR 1.10-1.15). €, Thal (indicated by
arrow). High-binding (DVR >1.2) anterior medial portion of the atlas region (gray). Overlaid
on a binding image (DVR 1.2-1.4). D, PrL (gray, indicated by an arrow) unchanged from the
atlas region. Overlaid on binding image (DVR 1.3-1.4). All ["*FINS12137 SUV and DVR images
are averages from six WT at baseline and final. One millimeter coronal slices except LC, which are
separated by 0.5 mm; posterior (left) to anterior (right).
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peak was observed at 33 + 2 min, at the same time as standard. Decay cor-
rected yields were 8.7 +1.9%, which would likely have been higher using
4 mg precursor (Kirjavainen et al, 2018). Radiochemical purity was
>97%. Molar activity at end of synthesis was generally >41 GBq/umol,
although it could not me accurately measured in some of the syntheses
(Table S1).

Scans

Scanning was carried out generally as described previously (Converse
et al., 2024). Imaging was performed with a microPET P4 tomograph
(Siemens) with 2 mm FWHM resolution (Tai et al., 2001). Subjects
were positioned up to four at a time parallel to the main axis of
the scanner bore under isoflurane anesthesia with head positions
fixed by ear and tooth bars. A catheter was placed in a tail vein in
each rat. Following a *’Co transmission scan, emission data were col-
lected for 90 min starting with radiotracer injection (target 37 kBq/g).
Events were binned into 901 min sinograms, which were recon-
structed with images centered on each rat. Images were corrected
for detector sensitivity, deadtime, accidental coincidences, attenuation,
scatter, and radioactive decay to yield accurate measures of radioactiv-
ity concentration (Bg/mL).

Image alignment, regions of interest, and time-activity curves

Reconstructed images were generally processed as described previously
(Converse et al., 2024). To create a well-delineated image of the whole
brain, dynamic images were summed over the 10 min following radio-
tracer injection when delivery peaks. These images were aligned to the
Waxholm rat brain atlas (Papp et al., 2014) in an iterative process result-
ing in the two to four 90 min dynamic images for each animal aligned to
each other by 6 degrees of freedom (df) and to the atlas by 9 df. As noted
in the Introduction, in this work three brain regions were of interest for
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NET binding. First, a region in the Waxholm atlas space was delineated
for LC with respect to the Paxinos rat atlas (Paxinos and Watson, 1998),
which was enlarged to mimic the effect of the finite scanner resolution
and better capture signal from this small structure. Second, an anterior
medial subregion of Thal was delineated to better capture the high-
binding region of ['®F]NS12137 and avoid spillover from other brain
regions or skull. Third, the Waxholm representation of PrL was used
unaltered. Additionally, Cb is a useful reference region for pharmacoki-
netic modeling because of the low NET concentration found there in
histological studies of rats (Kung et al., 2004; Sanders et al., 2005). A sub-
region of Cb was delineated to avoid spillover from brainstem and skull
resulting from the scanner’s finite spatial resolution. Time-activity curves
(TAC:s) for these four regions were calculated as standardized uptake val-
ues, SUV (g/mL), by dividing the regional radioactivity concentration
(Bg/mL) by the injected dose (Bq) per body weight (g).

Pharmacokinetic modeling

For the rats scanned in the main experiment, ['®F]NS12137 binding was
estimated for each target region (LC, Thal, and PrL) by four measures: (1)
mean SUVs were calculated for 40-85 min postinjection of tracer. (2)
SUV ratios (SUVr) with respect to Cb were calculated for 40-85 min.
(3) Logan graphical method distribution volume ratios (DVR) were cal-
culated with respect to Cb using the slope of the linearized data corre-
sponding to 40-85 min (Logan et al., 1996). (4) Simplified reference
tissue method (SRTM) binding potentials with respect to the nondis-
placeable compartment (BPyp) were calculated using the Cb reference
region and using the 0-85 min TACs (Lammertsma and Hume, 1996).
The Logan and SRTM methods are based on the two-tissue
compartment model of reversible binding with the outcomes related
by BPyp=DVR — 1. In evaluating the two-tissue compartment model,
which describes transport of the tracer between blood and tissue as well
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Figure 3.  Time course of ["*FINS12137. TACs for (A) cerebellum, (B) LC, (€) Thal, and (D) PrL. Points indicate mean = SEM for WT (open circle; n = 6 baseline and final) and Pink7-/ (filled

circle; n = 8 baseline and final).
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as binding and release from the target protein within tissue, observed tracer
time courses should be followed for long enough to accurately estimate the
bound compartment contribution to the PET signal (Innis et al., 2007). In
particular, the Logan slope serves as an estimate of the DVR after the ratio of
tracer concentrations in the target and reference regions becomes constant
(Logan et al.,, 1996). As described in the Results section, this constant ratio
was observed at ~40 min, and therefore the 40-85 min window was chosen
for estimates of SUV, SUVr, and Logan DVR. The 0-85 min window was
used for the SRTM estimate of BPyp, which utilizes the full time course. As
detailed in the Results section, the Logan DVR was chosen as the outcome
measure to assess relative NET concentration in LC, Thal, and PrL.

Validation

Estimated binding. The magnitude of ['®*F]NS12137 binding mea-
sured with in vivo PET in the main experiment was compared with
that expected based on in vitro measures. The in vivo measure BPyp,
binding potential (BP) with respect to the nondisplaceable compartment,
is related to the in vitro BP by the free fraction of tracer in the nondis-
placeable compartment, BPyp=fyp BP =fup Bmax/Ka (Innis et al.,
2007), where the NET concentration in rat Thal is approximately B,y
=10 nM (Banay-Schwartz et al., 1992; Sanders et al., 2005; Kanegawa
et al,, 2012) and the ["®F]NS12137 dissociation constant is K4=9.5 nM
(Kirjavainen et al.,, 2018). The free fraction, fyp, can be estimated using
an inverse power relationship that has been noted between the free frac-
tion of various radiotracers and their lipophilicity P, 1/fyp =0.43 P**®
(Delforge et al, 1996), where the calculated lipophilicity of ['8F]
NS12137 is ClogP = 1.58 (Kirjavainen et al., 2018). This leads to an esti-
mate for the in vivo BP of ["®F]NS12137 in Thal based on in vitro data of
BPyp (estimated) =0.41.

Test-retest. Within-subject reproducibility of ['*F]NS12137 binding
(BPnyp =DVR - 1) was characterized for WT rats scanned in the main
experiment. Reproducibility was measured by percentage test-retest,
i.e, 100% x |final — baseline|/baseline (Baumgartner et al., 2018).

Nisoxetine blockade. Prior to radiotracer injection, the rats scanned
in the blockade experiment were administered the specific and selective
NET ligand nisoxetine (Sigma-Aldrich; Hyttel and Larsen, 1985; Tejani-
Butt, 1992). In a crossover design, rats were imaged after administration
of 0, 5, and 10 mg/kg racemic nisoxetine. Four of the eight rats (two
females) were subsequently scanned at 20 mg/kg. Nisoxetine was admin-
istered 30 min prior to radiotracer by bolus intravenous injection in
1.0 ml saline under isoflurane anesthesia. In the first scan session, in
which one rat was scanned at 0 and one at 5 mg/kg, the heart rate was
observed to rapidly decline upon injection in the rat receiving nisoxetine.
To improve tolerance for the drug in subsequent sessions, the dose was
administered in five boluses of 0.2 ml evenly separated over 5 min (ten
minutes at 20 mg/kg). Each rat’s scans were separated by at least 2 weeks.

Effects of genotype and time

To examine the effects of genotype and time, binding measures from the
main experiment were analyzed in a 2 (WT and PinkI-/-) x 2 (baseline
and final) repeated measures design.

Statistical analysis

Correlations across rats between binding estimation methods were
analyzed by Pearson’s r, nisoxetine effects at 0 and 5 mg/kg were analyzed
by paired t test, sex effects were analyzed by two-sample ¢ test, and genotype
x time effects were analyzed by two-way repeated-measure ANOVA, all
with significance set at a=0.05. Analyses were performed using
GraphPad Prism (version 10.2.3). To qualitatively confirm genotype differ-
ences in ["*F]NS12137 binding found in the genotype x time region of
interest (ROI) analysis, a voxelwise two-sample ¢ test of PinkI-/- versus
WT images was generated and arbitrarily thresholded at [t| > 0.5.

Results

As detailed below, the PET images revealed a pattern of
elevated ['*F]NS12137 binding in regions with known high con-
centrations of NET, including LC, Thal, and PrL. Reproducible
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estimates of ['3F]NS12137 binding were obtained with the
Logan linearized version of the two-tissue compartment pharma-
cokinetic model using a cerebellar reference region. Pretreatment
with the NET ligand nisoxetine (5 mg/kg) substantially reduced
['®F]NS12137 binding. In a comparison of WT and Pink1-/- rats,
reduced ['®F]NS12137 binding was observed in Thal and PrL.

Image alignment and TACs

Aligned images agreed with the outline of the brain atlas to better
than 0.5 mm, which is sufficient for accurate identification of
ROIs (Fig. 1). ['®*F]NS12137 uptake was lowest in Cb early in
the radiotracer time course, and a cerebellar subregion was cre-
ated that avoided radioactivity spillover from the skull at later
times (Fig. 2A4). The LC ROI was enlarged to match the scanner
resolution and better capture signal from this small structure
(Fig. 2B). A ROI was delineated on the anterior medial portion
of Thal where binding was high (Fig. 2C). The atlas PrL region
closely matched the region of highest binding in the frontal cor-
tex (Fig. 2D). Average TACs for these four regions (Cb, LC, Thal,
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Figure 4. Target to the reference region ratio. The ratio of target to cerebellar reference
region ["FINS12137 radioactivity concentrations rises until ~40 min in (4) LC, (B) Thal, and
(€) PrL. The approximately constant ratio thereafter satisfies an assumption of the Logan ref-
erence region method. Ratio of average target region and cerebellar TACs (n =6 WT baseline
and final; n=8 Pink1-/- baseline and final).
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and PrL) are shown in Figure 3, and individual aligned images
and TACs are shown in Figure S1.

Pharmacokinetic modeling

The ratio of tracer concentration in the target region to that in the
reference region became constant at ~40 min (Fig. 4). The target
to reference region DVRs were therefore estimated using the
Logan slope from 40 to 85 min. Typical Logan and SRTM fits
are shown in Figure 5. Comparisons of binding estimates from
the four methods, SUV, SUVr, Logan, and SRTM, are shown
in Figure 6. In general, SUV can be sensitive to differences in
absorption, distribution, metabolism, and excretion (ADME),
SUVr can be sensitive to regional differences in blood flow,
and SRTM may be subject to sporadic outliers. Therefore,
binding estimates were calculated using the Logan method,
which is insensitive to variability in ADME, accounts for differ-
ences in regional tracer delivery and efflux, and is computation-
ally simple.

Validation

Estimated binding

Based on in vitro data, the estimated BP in Thal with respect to the
nondisplaceable compartment was BPyp (estimated)=0.41. In
comparison, the observed value was BPyp =DVR —1=0.29+0.04
(mean = SEM; n=6 WT males at baseline).
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Test-retest

The percentage test-retest (100% x |final—baseline|/baseline) of
['®*FINS12137 binding (BPyp=DVR—1) in the three target
regions was 37 +32% in LC, 34 +21% in Thal, and 31 £16% in
PrL (mean + SD; six WT males).

Nisoxetine blockade

Pretreatment with 5 mg/kg nisoxetine (Tejani-Butt, 1992) signifi-
cantly reduced ['*F]NS12137 binding in LC (Fig. 7; p=0.016;
paired t test; n=6 WT; three males and three females). Of eight
rats scanned at both 0 and 5 mg/kg, one was excluded because
the intravenous line failed for the 5 mg/kg scan, and a second
was excluded because the nisoxetine was given in a single bolus,
which resulted in a noticeable change in the heart rate and a para-
doxical large increase in apparent binding. Scans following admin-
istration of 10 and 20 mg/kg nisoxetine did not exhibit reduced
[*®F]NS12137 binding (Figs. S3A,C,E, S4). At these higher doses,
the heart rate was altered by the nisoxetine administration, and,
notably, ['*F]NS12137 uptake increased in a dose-dependent man-
ner in all regions including the reference region (Fig. S3B,D,F,G).
No significant effect of sex was observed on ['*F]NS12137 binding
in LC, Thal, or PrL at 0 mg/kg nisoxetine (p’s > 0.16; two-sample ¢
test; n=6 WT; three males and three females).

Effects of genotype and time
No significant interaction of genotype and time was observed in
LC (p=0.40; six WT and eight PinkI-/- males), Thal (p=0.85),
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Pharmacokinetic model fits to data. Examples from one WT rat of two-tissue compartmental model fits to time courses for three ROls. A, Baseline and (B) final Logan graphical

method fits. The corresponding (€) baseline and (D) final simplified reference tissue model (SRTM) fits. LG, locus coeruleus; Thal, thalamus; PrL, prelimbic area. Both models use a cerebellar (Cb)
reference region. The Logan DVR and SRTM BP with respect to the nondisplaceable compartment (BPyp) are mathematically related as DVR = BPyp + 1. In this rat, the best fit model parameters
at baseline were LC, DVR = 1.087 and BPyp = 0.127; Thal, 1.237 and 0.240; and PrL, 1.379 and 0.399, and at final they were LC, 1.065 and 0.088; Thal, 1.273 and 0.287; and PrL, 1.255 and 0.305.
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Figure 6.  Comparison of binding estimation methods. SUV, SUV relative to the cerebellum
(SUVr), and simplified reference tissue model (SRTM) BP (BPyp) plotted against Logan DVR.
SRTM agrees best with Logan, followed by SUVr, and then SUV. Pearson’s correlation
coefficients are as follows: () LC, SUV r=0.17; SUVr r=0.86; SRTM r=0.88; (B) Thal,
SUV r=10.64; SUVr r=0.92; SRTM r=0.97; (€) PrL, SUV r=0.71; SUVr r=10.78; SRTM r
=0.92. Logan DVR, SUV, and SUVr were calculated using 40-85 min data and SRTM using
0-85 min. Results from 14 pairs of scans are plotted (n =6 WT and n = 8 Pink7-/- males at
the baseline and final) except for the SRTM estimate of LC binding, for which five outliers
were excluded with BPyp > 0.3.

or PrL (p=0.39). Main effects of genotype were observed such
that ['®F]NS12137 binding was lower in PinkI-/- compared
with WT in Thal (p=0.0059) and PrL (p=0.014) (Fig. 8) but
not in LC (p=0.30). No main effect of time was observed in
LC (p=0.78), Thal (p=0.39), or PrL (p=0.34). These ROI
results are detailed in Table 1 and qualitatively confirmed by
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voxelwise binding maps shown in Figure 9. Individual measures
are provided in Table S1 and Figures S1 and S2.

Discussion

In this work, we (1) implemented two-tissue compartment
reversible tracer pharmacokinetic modeling of ['*F]NS12137 in
the rat brain with the Logan reference tissue method; (2) vali-
dated ['®F]NS12137 PET neuroimaging and analysis methods
by comparison with known NET densities, test-retest, and nisox-
etine blockade; and (3) found reduced ['®F]NS12137 binding in
the Pink1-/- rat model of PD compared with WT controls in Thal
and PrL.

Pharmacokinetic modeling

We implemented two-tissue compartment pharmacokinetic
models to estimate binding parameters from the observed ['8F]
NS12137 PET time courses in rats using a reference region
with negligible target protein concentration (Logan et al,
2005). Across species and tracers, the striatum and cerebellum
have generally exhibited low NET expression; in particular,
radiolabeled nisoxetine binding in rats has been reported to be
similarly low in the cerebellum and striatum (Kung et al., 2004;
Sanders et al., 2005). In the present study, cerebellum exhibited
the lowest ['®F]NS12137 uptake of all regions examined, and
we therefore used it as the reference region. Skull uptake of radio-
activity was observed in the later portion of the radiotracer time
course likely due to ['*F]fluoride released by peripheral defluor-
ination of ['®F]NS12137 (Lopez-Picon et al., 2019), and this
necessitated careful delineation of the Cb reference region. The
time course of the ratio of the ["®F]NS12137 concentration in
the target region versus Cb reached a plateau, which is a prereq-
uisite for taking the Logan slope alone as an estimate of the DVR
(Logan et al., 1996).

The Logan method is in principle superior to SUV and SUVr
because SUV is sensitive to variation in ADME and SUVTr reflects
differences between the target and reference regions in tracer
delivery and efflux. The Logan and SRTM methods are based
on the two-tissue compartment model, and they are insensitive
to variations in ADME as well as differences in blood flow
between target and reference regions. While Logan uses a two-
parameter linear fit, SRTM requires a three-parameter nonlinear
fit. The nonlinear fitting algorithm used here (Kennedy and
Eberhart, 1995) is designed to sample the full extent of the model
parameter space; however it occasionally converged on local
minima of the least squares cost function and incorrectly esti-
mated the SRTM BP. This resulted in some outliers for LC,
likely due to noisier TACs from this small region. We therefore
chose the Logan method to estimate ['*F]NS12137 binding.
Nevertheless, it is reassuring that the Logan and SRTM results
otherwise agreed well, despite the different approximations and
computational pathways involved.

Validation

Estimated binding

Our in vivo PET measure of the ['®F]NS12137 BP in Thal is in
agreement with the estimated BP based on reported in vitro mea-
sures. Also, in agreement with histology studies of NET concen-
tration reported in the literature, we observed elevated ['8F]
NS12137 binding in LC, Thal, and PrL. These regions have
been identified in rats as having high concentrations of NET
by [*H]nisoxetine autoradiography (Tejani-Butt, 1992; Sanders
et al,, 2005; Kanegawa et al., 2012), 2-['*I]iodo-nisoxetine auto-
radiography (Kung et al, 2004), and immunohistochemistry
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Nisoxetine blockade. ["®FINS12137 DVR in WT rats pretreated with nisoxetine (5 mg/kg) or saline. A, LC exhibited a 56% reduction in average binding (BPyp = DVR — 1; p =0.016),

(B) Thal n.s. and (C) the prelimbic cortex n.s. (paired ¢ test; n = 6; 3 males and 3 females). One rat exhibited higher binding at 5 mg/kg compared with control in all three regions. Missing data

from two rats is described in the text.
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Figure 8.  Genotype differences in ["®FINS12137 binding. Reduced binding was observed in
Pink1-/- versus WT in (4) Thal (p = 0.0059) and (B) PrL (p = 0.014). Main effect of genotype
in genotype X time ANOVA; mean DVR over the baseline and final is plotted for each rat
(n=46 WT males and n =8 Pink1-/- males).

with the 43411 antibody and optical microscopy (Schroeter et al.,
2000). Additionally, NET in PrL has been characterized by the
43411 antibody with electron microscopy (Miner et al., 2003).
While histological methods provide spatial resolution under
0.01 mm, PET is limited to ~2 mm. Hence, regions with high
reported densities of NET, namely, LC and anteroventral tha-
lamic nucleus, are expected to display modest average ['°F]
NS12137 binding with PET because of their small size.
Moreover, other regions of known high NET concentration,
e.g., the hypothalamus and insular cortex, exhibited elevated
['®F]NS12137 binding, but we chose not to analyze them due
to their nearness to contaminating radioactivity in skull espe-
cially at later times. These regions may, however, be amenable
to quantification by ['*F]NS12137 PET with suitable anatomical
delineation and using earlier times. Additionally, much NET, at
least in PrL, is apparently located within the cell plasma and not
bound in the cell membrane (Miner et al., 2003). Therefore, if
NS12137 could be fluorescently labeled, it would be interesting
to examine the subcellular location of the bound molecules by
microscopy (Richardson et al., 2016).

Test-retest

Moderate percentage test-retest measures were observed, as
might be expected given the small region volumes and relatively
low-binding values.

Nisoxetine blockade

Nisoxetine blockade at 5 mg/kg yielded a reduction of binding in
LC, in line with reports of nisoxetine blockade studies in rats with
['®FINS12137 (Kirjavainen et al., 2018; Lopez-Picon et al., 2019)
as well as 2-[***I]iodo-nisoxetine (Kung et al., 2004). However, at
higher nisoxetine doses of 10 and 20 mg/kg, we were surprised to
find no reduction in ['®F]NS12137 binding. We observed acute
reductions in the heart rate with intravenous injections of nisox-
etine, and significant reductions in blood pressure in rats have
been reported 1 h after administration of 10 and 30 mg/kg nisox-
etine, but not 3 mg/kg (Bello et al., 2013). We additionally noted
a nisoxetine dose-dependent increase in ["®F]NS12137 SUV in
LC, Thal, PrL, and Cb. This may have been due to blockade of
peripheral binding sites resulting in higher concentration of
radiotracer in the blood. Perhaps it was due in part to hemo-
dynamic changes yielding increased delivery and/or reduced
washout of ['*F]NS12137 at 10 and 20 mg/kg nisoxetine. A dose-
dependent hemodynamic response to nisoxetine may have
caused time-varying brain blood flow patterns over the course
of the PET scan, leading to inaccurate estimates of ['8F]
NS12137 binding at 10 and 20 mg/kg. While the in vitro binding
profile of NS12137 is very good, further work may be warranted
to confirm the in vivo specificity and selectivity of ['*F]NS12137
(Kirjavainen et al., 2018; Lopez-Picon et al., 2019).

Effects of genotype and time

We observed a 30% reduction in ['*F]NS12137 binding in
PinkI-/- compared with that in WT rats in both Thal and PrL.
To our knowledge, this is the first reported evidence of reduced
NET expression in the Pinkl-/- model. This observation is in
line with immunohistochemical studies from our lab of other
noradrenergic abnormalities in PinkI-/-, namely, reduced tyro-
sine hydroxylase and norepinephrine, and increased a; receptors
in LC (Kelm-Nelson et al., 2018; Hoffmeister et al., 2021).
Reduced NET binding in Thal observed here in Pinkl-/- rats
and in PET studies of PD (Sommerauer et al., 2018; Nahimi
et al., 2018b) could reflect diminished noradrenergic projections
from LC, which in PD are implicated in nonmotor symptoms
including impaired wakefulness, disrupted sleep-wake cycle,
depression, and anxiety (Espay et al., 2014). Similarly, neurode-
generation of LC axons may be responsible for the reduced
NET binding we observed in Pinkl-/- rats in PrL. Moreover, in
a recent ['®F]fluorodeoxyglucose PET study, we observed lower
uptake in PrL in Pinkl-/- rats compared with that in WT
(Converse et al., 2024). Perhaps reduced glucose metabolism in
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Table 1. Genotype and time effects on ["*FINS12137 binding
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Mean + SEM

Baseline Final Genotype X time Genotype Time

WT Pink1-/- WT Pink1-/- F112 p Fi12 p Fi12 p
n 6 8 6
Age (mon) 10.00 + 0.05 9.12£0.05 12.04 +0.05 10.74 £ 0.02
Weight (g) 565+ 27 575+13 582+ 24 575+9
LCDVR 1.120 +0.020 1.073 +£0.016 1.093 +0.027 1.087 +£0.027 0.78 0.40 1.20 0.30 0.08 0.78
Thal DVR 1.290 +0.041 1.195+0.013 1305+ 0.011 1.220 +0.026 0.04 0.85 1118 0.006%** 0.80 039
PrL DVR 1384 +£0.039 1.257 £0.034 1337 £ 0.021 1.254 +0.026 0.80 0.39 835 0.014* 0.97 034

*p < 0.05; **p < 0.01 repeated-measure ANOVA. LG, locus coeruleus; Thal, thalamus; PrL, prelimbic area; DVR, distribution volume ratio.

Figure 9.  ["®FINS12137 binding images. A, Voxelwise maps of average [®FINS12137 binding. Two millimeters coronal slices overlaid on an MRI template. Elevated binding is apparent in Thal
and PrL. DVR with respect to the cerebellar reference region is shown for WT (n = 6 baseline and final) and Pink7-/- rats (n = 8 baseline and final). B, Comparison of Pink1-/- and WT binding.
Voxelwise two-sample t test thresholded at [t|>0.5. Red indicates voxels with higher binding in Pink1-/- compared with WT, and blue indicates lower binding. Reduced binding in Pink7-/- in Thal
and PrL qualitatively confirms ROI analyses. Some differences near edge of the brain may be artifacts of skull uptake from peripheral radiotracer defluorination. ¢, ROIs used in main analysis: red,
cerebellar reference region (Cb); green, LG blue, Thal; and yellow, prelimbic area (PrL). The Waxholm atlas parcellation is shown for reference (Papp et al., 2014).

PrL in PinkI-/- rats is due to reduced noradrenergic innervation.
PrL is thought to be homologous to human dorsolateral prefron-
tal cortex (dIPFC), which is of interest in PD as it may be respon-
sible for associated difficulties with working memory and
attention (Vertes, 2004; Espay et al, 2014; Randver, 2018;
De Bartolo et al., 2025). Regarding norepinephrine in this region,
lesions of noradrenergic afferents to PrL in rats resulted in atten-
tional deficits (Newman et al., 2019), and, in an fMRI study of PD
patients, dIPFC connectivity was found to be reduced compared
with controls, while inhibition of NET by atomoxetine in the PD
subjects led to alterations in dIPFC connectivity that correlated
positively with changes in verbal fluency (Borchert et al., 2016).

We did not observe a genotype difference in NET binding in
LC, which is consistent with previous immunohistochemistry
work from our lab that found no difference between PinkI-/-
and WT ratsin NET in LC (Hoffmeister et al., 2021). In the present
study, any genotype difference in LC may have been obscured by
the low binding observed in this small structure due to the 2 mm
PET resolution. On the other hand, it is interesting to note that in

PET PD studies, LC did not show as robust a reduction in NET
binding as Thal (Nahimi et al., 2018a). Perhaps compensatory or
protective mechanisms at work in Pink1-/- rats and PD help main-
tain NET expression in LC.

Regarding neurodegeneration, we did not observe a genotype x
time interaction in LC, Thal, or PrL, but it may be that the time
between the baseline and final timepoints was too short.
Nevertheless, the detection of genotype differences in ['*F]
NS12137 binding suggests that it may be possible to observe altered
neurodegeneration in PinkI-/- rats in response to interventions
using a long enough time window.

Limitations

As detailed above, this study was subject to certain limitations.
The blockade experiment was inconclusive at higher doses, per-
haps because the binding estimation was compromised by car-
diovascular effects associated with intravenous injection of
nisoxetine. In the main experiment, the age window examined
may have been too narrow to observe neurodegeneration in the
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PinkI-/- rats compared with WT. Additionally, given sex differ-
ences in PD (Gillies et al., 2014), the noradrenergic system
(Bangasser et al., 2016), and the PinkI-/- rat model (Marquis
et al., 2020; Lechner et al.,, 2022), it is important to study both
sexes. As part of our lab’s increasing efforts to include female
rats, they were studied in the blockade experiment. Logistical
issues prevented us from studying females in the main experi-
ment. Finally, in the main experiment, in 18 rat scans we esti-
mated upper limits on occupancy by NS12137 of <4+2%
(Table S1). For the other 10 rat scans, the radiosynthesis analyt-
ical HPLC mass detection limit was high due to technical difficul-
ties, and the occupancy limits were therefore high. In these 10
scans, however, the observed binding appears unaffected, consis-
tent with negligible NS12137 mass present in the radiotracer.

Conclusions

['*F]NS12137 binding provides a reproducible and specific mea-
sure that indicates reduced NET in PinkI-/- rats. Noninvasive in
vivo ['®F]NS12137 PET imaging is therefore a promising method
for the study of potential therapies in the Pink1-/- rat model of PD.
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