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ARTICLE INFO ABSTRACT

Keywords: The clinical manifestation of Parkinson’s disease (PD) appears when neurodegeneration is already advanced,
Dopamine transporter compromising the efficacy of disease-modifying treatment approaches. Biomarkers to identify the early stages of
Tyrosine hydroxylase PD are therefore of paramount importance for the advancement of the therapy of PD. In the present study, by
l?;g"ecmme using a mouse model of PD obtained by subchronic treatment with the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tet-
Biomarker rahydropyridine (MPTP) and the clearance inhibitor probenecid (MPTPp), we identified prodromal markers of
Striatum PD by combining in vivo positron emission tomography (PET) imaging and ex vivo immunohistochemistry.
Substantia nigra Longitudinal PET imaging of the dopamine transporter (DAT) by [*®F]-N-(3-fluoropropyl)-2f-carboxymethoxy-
Subchronic MPTP 3p-(4-iodophenyl) nortropane ([*®F]-FP-CIT), and brain glucose metabolism by 2-deoxy-2-['BF]—ﬂuuroglucuse
Emission tomaography (fmF]-FDG] were performed before MPTPp treatment and after 1, 3, and 10 MPTPp administrations, in order to

assess relation between dopamine neuron integrity and brain connectivity. The results show that in vivo [*®F]-Fp-
CIT in the dorsal striatum was not modified after the first administration of MPTPp, tended to decrease after 3
administrations, and significantly decreased after 10 MPTPp administrations. Post-mortem immunohistochem-
ical analyses of DAT and tyrosine hydroxylase (TH) in the striatum showed a positive carrelation with ['*F]-Ep-
CIT, confirming the validity of repeated MPTPp-treated mice as a model that can reproduce the progressive
pathological changes in the early phases of PD. Analysis of ['*F]-FDG uptake in several brain areas connected to
the striatum showed that metabolic connectivity was progressively disrupted, starting from the first MPTPp
administration, and that significant connections between cortical and subcortical regions were lost after 10
MPTPp administrations, suggesting an association between dopamine neuron degeneration and connectivity

Abbreviations: PD, Parkinson’s disease; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; MPTPp, MPTP + probenecid; VEH, vehicle; DAT, dopamine
transporter; ['®F1-FP-CIT, ['®F]-N-(3-fluoropropyl)-2p-carboxymethoxy-3p-(4-iodophenyl) nortropane; ['*F]-FDG, 2-deoxy-2-['*F]-fluoroglucose; PET, positron
emission tomography; SPECT, single-photon emission computed tomography; MRI, magnetic resonance imaging; TH, tyrosine hydroxylase; LBD, Lewy body de-
mentia; iRBD, idiopathic rapid eye movement sleep behaviour disorder; UPDRS, Unified Parkinson’s Disease Rating Scale; ARRIVE, Animal Research: Reporting of In
Vivo Experiments; PFA, paraformaldehyde; PB, phosphate buffer; PBS, phosphate buffer saline; DAB, diaminobenzidine; NGS, normal goat serum; SNe, substantia
nigra pars compacta; DS, dorsal striatum; midB, midbrain; MO, somatomotor cortical areas; SS, somatosensory cortical areas; Thal,.thalamus; VS, ventral striatum.
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disruption in this PD model. The results of this study provide a relevant model, where new drugs that can
alleviate neurodegeneration in PD could be evaluated preclinically.

1. Introduction

Parkinson’s disease (PD) is characterized by the progressive loss of
nigrostriatal dopaminergic neurons and the accumulation of misfolded
proteins, such as a-synuclein, in the form of Lewy bodies (Obeso et al,,
2017). These events lead to a broad spectrum of clinical manifestations,
including cardinal motor dysfunctmns as well as non-motor and
cognitive impairments (Jankovic LD et al., 2017).

The diagnosis of PD primarily relles on the clinical evaluation of the
patient’s symptoms. In the prodromal phases of PD, the symptoms are
typically mild and encompass olfactory deficits, sleep disorders, and
constipation. In the later phases, symptoms become more proncunced
and debilitating, featuring bradykinesia, muscle ngldlty, resting tremor,
galt disorders, and postural instability (C! and Sc ):
l., 2017). PD diagnosis also benefits from the
utilization of diagnostic imaging techniques, such as magnetic reso-
nance imaging (MRI), single-photon emission computed tomography
(SPECT), and positron emission tomography (PET). These techniques
enable the non-invasive detection of neuromorphological and
biochemical alterations occurring in the brain of patients with PD
(Bid et al., 2021).

Over the past few decades, a growing body of evidence has high-
lighted the heterogeneous nature of PD in terms of manifestation, dis-
ease onset, progression, and symptomatology. To mitigate the incidence
of misdiagnosis and identify optimal therapeutic strategies, several
biomarkers have been identified thus far and associated with either the
idiopathic or the familial forms of PD, as well as the risk factors involved
in PD development (Ascherio and Schwarzschild, 2016; Tolosa et al.,
2021). In particular, a subset of these biomarkers, based on the use of
PET/SPECT (regional brain metabolism and dopaminergic synaptic
density) or MRI (water mobility and neuromelanin sensitive sequences),
has been identified as established or emerging through the use of neu-
roimaging techniques (Mitchell et al., 2021).

The dopamine transporter (DAT) has been widely applied in research
as well as in clinical practice to monitor the decline in dopaminergic
function in patients with PD (Simuni et al., 007). Inter-
estingly, loss of putaminal DAT evaluated by SPECT has been correlated
with both subtle motor impairments, such as reduced finger-tapping
speed, and non-motor symptoms, such as hyposmia, in prediagnostic
PD individuals, thus supporting its potential use as an early biomarker in
PD (Noyce et al., 2018). Nevertheless, it is important to emphasize that
striatal DAT neuroimaging manifested significant limitations when
assessing the progression of the pathology in its advanced stages or
attempting to predict the loss of dapammerglc neurons in thc substantia
nigra pars compacta (SNc¢) (Matuskey et al.,, 2020;

2014). As indicated by post -mortem evaluatlons this pimnom-
enon is 1ikely attributed to the nearly complete depletion of nigrostriatal
dopaminergic terminals already apparent in patients exhibiting only
mild or moderate clinical symptoms (Kordower et al., 2013). Given this,
the combined use of alternative neuroimaging biomarkers, capable of
overcoming such limitations, could be of paramount importance in
clinical practice.

The uptake of 2-de0xy-2—[lBF]-fluoroglucose ([*®F]-FDG) is related
to neuronal activity and synaptic integrity and has also demonstrated
successful utilization as an imaging biomarker in the investigation of the
preclinical stages of PD (Meles et al., 2021). Additionally, at follow-up, it
exhibited remarkable accuracy in comparison with clinical evaluation in
the context of differential diagnosis of PD with multiple system atrophy,
progressive supranuclear palsy, and corticobasal degeneration (kck
et al., 2005). In a recent neuroimaging study employing [1'C]-2p-car-
bomethoxy-3p-(4-fluorophenyl) tropane ([**C]-CFT) for DAT and ['°F]-
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FDG as radiotracers, it was found that all patients with PD included in
the study exhibited notable variations in radiotracer uptake within the
basal ganglia (Li et al., 2020). Conversely, in several cortical regions,
such as the frontal, parietal, temporal, and occipital cortices, the authors
observed a modest reduction in radiotracer uptake, affecting only half of
the patient’s cohort with PD (Li et al., 2020). The evaluation of [*8F1-
FDG regional uptake also allows the reconstruction of metabolic con-
nectivity and the identification of disease-associated patterns for
different neurodegenerative disorders, since regions with correlated
[**F]-FDG uptake values are functionally connected (Horwitz et al.,
}). Specifically, Boccalini and colleagues
investigated metabolic connectivity in Lewy body dementia (LBD), PD,
and idiopathic rapid eye movement sleep behaviour disorder (iRBD), as
a potential marker characterizing the prodromal phase of different forms
of parkinsonism (Boccalini et al., 2022; Postuma et al., 2019). The
findings of this study revealed a distinctive pattern of connectivity
reconfiguration in stable PD, primarily involving the motor and so-
matosensory networks. In contrast, iRBD exhibited a metabolic con-
nectivity pattern that was more similar to that observed in individuals
with LBD (Boccalini et al., 2022). These results, although based on a
small cohort of patients, show the potential usefulness of metabolic
connectivity in predicting disease evolution during the prodromal pha-
ses of the neurodegenerative process. Metabolic connectivity studies
have allowed the identification of a PD-related pattern of metabolic
alterations, characterized by hypermetabolism in a few areas, such as
the thalamus, cerebellum, lentiform nucleus, and pons, and hypo—
metabolism in the parieto-occipital and prefrontal cortices (Eidelberg

al., 1994; Matthews et al., 2018). Of note, these PD-related metabollc
alterations exhibit a positive correlation with the motor symptoms part
of the Unified Parkinson's Disease Rating Scale (UPDRS) and display

1984; Perovnik et al., 202:

some variations with age (Matthews et al., 2018). Interestingly, the
expression of a PD-related pattern has been found to be elevated in iRBD
patients compared with controls (Holtbernd et al., 2014). This is note-

worthy, considering the estimation indicating that over 76% of patients
with iRBD develop various forms of parkinsonism, such as PD, LBD, and
multiple system atrophy, in an approximate time frame of 12 years
(Iranzo et al., 2013; Schenck et al., 2013), sug-
gesting a potential application as a prodromal biomarker.

Starting from the relevance of biomarkers associated with the pro-
dromal stages of PD, the present research focuses on characterizing the
relationship between in vivo and ex vivo biomarkers and the progression
of PD in a well-established animal model of PD, with the final goal to
provide new tools for assessing the efficacy of new drugs in counter-
acting dopaminergic neurodegeneration. To this scope, we used the
subchronic  1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine  (MPTP) /
mouse model in combination with the uricosuric agent probenecid
(MPTPp) that, by delaying the clearance of the toxic metabolites of
MPTP, allows a progressive and moderate loss of neurons in SNc,
resembling the pathological condition observed in patients with PD
(Bové and Perie li

Postuma et al., 2019;

er, 2012; Francardo et al., 2017; Meredith and Rade-
2009). This subchronic MPTPp model re-
capitulates the course of PD pathology in the early and presymptomatic
phases of the disease (Baranyi et al., 2016; Serra et al., 2023), providing
a useful tool to investigate the mechanisms underlying the progression
of PD-associated neurodegeneration (Baranyvi et al., 2016; Bland

Armentero, 2012; Petroske et al.,

macher, 2011; Schintu et al

and
2009). Impor-
tantly, the neurotoxic events are long-lasting since they can still be
detected up to 6 months after withdrawal from treatment (Petroske
2023).

Based on these considerations, in the present study PET imaging
studies (in vivo DAT and ['®F]-FDG, for dopamine neuron degeneration

2001; Schintu et al.,

et al., 2001; Serra et al.,
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and metabolic connectivity, respectively) were correlated to DAT and
tyrosine hydroxylase (TH) ex vivo evaluation in the striatum and SNe of
subchronic MPTPp-treated mice, in order to assess the correlation
existing between these biomarkers and the progression of nigrostriatal
neurodegeneration.

2. Materials and methods
2.1, Animals

Male C57BL/6J mice (age, 6 months; mean weight, 32 g) were
purchased from ENVIGO (San Pietro al Natisone, Italy). Animals were
housed in the San Raffaele Scientific Institute animal facility under
constant temperature and humidity, with a 12-h light/dark cycle and
access to food and water ad libitum. Experimental procedures involving
the use of animals complied with the EU Directive 2010/63/EU for
animal experiments and were approved by the Ethical Committees of the
San Raffaele Research Institute (Milan, Italy) and the Italian Ministry of
Health (licence no. 800/2020-PR). The study was carried out in
compliance with the Animal Research: Reporting of In Vivo Experiments
(ARRIVE) guidelines.

2.2. Drugs

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and proben-
ecid were purchased from DBA Italia S.r.l. (Segrate, Italy). MPTP was
dissolved in 0.9% saline solution, while probenecid was dissolved in 5%
sodium hydrogen carbonate (NaHCOs3).

2.3. Study design and experimental model

To generate the progressive MPTP plus probenecid (MPTPp) model
of PD, C57BL/6J mice (n = 10) were injected intraperitoneally (i.p.)
with of the clearance inhibitor probenecid (100 mg/kg), followed by the
neurotoxin MPTP (25 mg/kg) after a 30-min interval, as previously

A ['®F]-FDG PET (n=10) ['®F]-FDG PET (n=6)

[**F]-FP-CIT PET (n=6)
Behaviour

['8F]-FP-CIT PET (n=10) (n=10 VEH + 6 MPTPp)

llilllllll\
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described (Choi et al., 2018). MPTPp treatment was carried out twice a
week, for a total of 5 consecutive weeks. Immediately after the first
MPTPp administration, 4 mice died, hence the sample size became 6
mice.

Mice were monitored with PET-computed tomography (CT) imaging
before treatment and after 1, 3, and 10 MPTPp administrations (Fig. 1A).
In detail: before treatment, all mice (n = 10) underwent PET-CT with the
DAT ligand ['®*F]-N-(3-fluoropropyl)-2p-carboxymethoxy-3p-(4-iodo-
phenylnortropane (['8F]-FP-CIT) (week 1) and ['F]-FDG (week 2);
after 1 administration, they underwent PET-CT with [*¥F)-FDG only
(week 4; n = 6); after 3 administrations, they underwent ['8F]-FP-CIT
(week 5; n = 6); and finally, after 10 administrations, they underwent
PET-CT with both radiotracers (week 9-10; n = 6). Moreover, after 3
and 10 administrations (week 5 and 9), their motor behaviour was
evaluated and compared with a group of mice treated in parallel with
the same number of vehicle (VEH) administrations (n = 10) (Fig. 1A).

After the last PET acquisition, mice were sacrificed by transcardial
perfusion and brains were collected for post-mortem immunohisto-
chemical analysis (week 11).

Based on the [F]-FDG PET results, we decided to perform an
additional experiment to investigate DAT binding at earlier time points,
specifically one day after the first MPTPp administration (Fig. 1B). For
this experiment, three experimental groups were included: the first
group of mice (n = 5) received 1 MPTPp administration; the second (n =
5) received 3 MPTPp administrations; and the third (n = 5) received
VEH. All three groups were monitored with [*F]-FP-CIT and then
sacrificed by transcardial perfusion, and brains were collected for post-
mortem immunchistochemical analysis (!

2.4. PET data acquisition, reconstruction, and quantification

PET and CT acquisitions were performed using f-cube® and X-
cube®, respectively (Molecubes, Ghent, Belgium). For CT acquisition,
animals were placed prone on the X-cube bed (examination duration, 4
min; X-ray beam duration, 90 s; kVp, 40; current, 400 pA; rotation time,

["8F]-FDG PET (n=6)

[8F]-FP-CIT PET
(n=6)

Behaviour
(n=10 VEH
+6 MPTPp)
Sacrifice — Post-mortem
immunohistochemical
analysis

Pre-treatment

MPTP + probenecid (MPTPp)

[ I | | |

Week 1 2 3 4 5 6 7

['®F]-FP-CIT PET
(n=5 VEH + 5 MPTPp)

Sacrifice
(n=5 VEH + 5 MPTPp)

8 9 10 11

[1°F]-FP-CIT PET

(n=5 MPTPp)

Sacrifice ———— Post-mortem

=5 MPTP : : 0
MPTPp MPlTPp MPTPp m P) Ian':::;l;!it;h!stochemmm
T T | | T T T T >
Day 1 2 3 4 5 6 7 9 10

Fig. 1. (A) MPTPp treatment protocol and monitoring of mice (10 in pre-treatment and 6 in MPTPp) included in the longitudinal study. Mice exposed to MPTPp were
monitored via PET-CT employing the 2 different radiotracers, namely [*8F]-FDG and ['®F]-FP-CIT, both before treatments and at different time points after MPTPp
treatment. Behavioural observation was also performed twice (Behaviour). (B) MPTPp treatment protocol and monitoring of animals included in the second DAT
binding study. MPTPp- and vehicle (VEH)-treated mice (n = 5/group) were monitored with [*®F]-FP-CIT after either 1 or 3 administrations, as indicated by

black arrows.
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60 s; angular views, 960). At the end of each CT acquisition, the bed was
moved from the X-cube to the f-cube scanner for a 20-min PET acqui-
sition (field of view, 130 x 72 mm; spatial resolution, 0.85 mm,; sensi-
tivity, 12.6%). During the PET-CT studies, animals were kept under gas
anaesthesia (2% isoflurane in medical air) and were continually moni-
tored for respiratory rate and maintained at a constant temperature by a
heating pad. After the acquisition, CT images were all reconstructed
with a 200 pm isotropic pixel size using the standard Image Space
Reconstruction Algorithm, while PET images followed a graphics pro-
cessing unit-based iterative ordered subset expectation maximization
reconstruction with 30 iterations and 400 pm isotropic voxel size.

2.4.1. ["®F)-FP-CIT PET-CT
[*8F]-FP-CIT, a radioligand that binds DAT in the striatum, was
prepared according to Lee and colleagues (Lee et al., 2007) and injected
in the mouse tail vein (mean injected activity, 2.9 + 0.6 MBq). After 60
min of radiotracer uptake (Im et al., 2013), mice underwent CT and PET
acquisition under gas anaesthesia (2% isoflurane in medical air), as
described above. PET and CT images were automatically co-registered
with the Molecubes software. The resulting images were normalized
by dividing them voxel by voxel by the mean tracer uptake of a control
region where DAT is not expressed (i.e. occipital cortex) using PMOD 4.1
software (Zurich, Switzerland) and then quantlﬁed using Statistical
Parametric Mapping software (SPM-12) tools (ht www.fil.ion.ucl.
ware/). Specifically, PET-CT zmages were normalized
to a home-made mouse brain atlas, based on the “Allen Reference Atlas™
(https://atlas.brain-map.org/) (Presotto et al.,, 2022) and the mean
radioactivity values for the volumes of interest for the dorsal and ventral
striatum were extracted. It is essential to specify that in in vive neuro-
lmagmg analysm the reference Atlas is “Allen Reference Atlas”
(https://atlas map.org/), where the striatum is identified as
dorsal striatum” and “ventral striatum™. In contrast, the reference Atlas
for immunohistochemistry is “The Mouse Brain in Stereotaxlc Co-
ordinates” Atlas (I
corresponds to Allen’s dorsal striatum, whereas the nucleus accumbens
corresponds to the Allen’s ventral striatum (see Supplementary Fig. 1 for
a visual comparison).

ac.UK/spm/solt

2.4.2. ['®F)-FDG PET-CT

[*®F]-FDG, a widely used radiotracer that gives a measurement of
olucme metabohsm was prepared for clinical use ( IrMace
poeia 13). Animals were food-deprived for 12 h prior to the experi-
ment and m]ectecl in the tail vein with an average of 3.7 &+ 0.3 MBq of
[*8F1-FDG. After 60 min of uptake, animals underwent CT and PET
acqmsmun under gas anaesthesia (Bascunana et al., 2019; Shim

004). Then, the regional mean radloacuvuy values were extracted fur
each region in SPM 12 by applying the same atlas used for ['®F]-FP-CIT
(Pr t al, 2022) and they were normalized by the global mean
uptake.

2.4.3. Metabolic connectivity

[*®F]-FDG PET regional values (part of the nigrostriatal circuit) were
also analysed by applying a covariance analy51s method to assess brain
metabolic connectivity (1: - 2023) by using the
brainGraph toolbox (hit; ub.com/c iph) in R
Studio software (RStudio, PBC, Boston MA, | fwww.rstudio.com/).
Spearman’s correlation coefficient (p) was calculated for each pair of
regional ['®F1-FDG uptake values and a correlation matrix was obtained
for each time point. On the light of the small sample size this {ast part of
the analysis was performed including a region subset ie. dorsal and
ventral striatum, thalamus, midbrain and cortex, the latter further
divided into motor and sensory aspects. Region’s selection was per-
formed considering the most relevant PD-related areas and the spatial
resolution capabilities of PET tomographs designed for small animal
evaluations. To statistically compare each correlation coefficient be-
tween different time points, we performed a Z test (Tassan Mazzoce

)52
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2.5. Locomotor behaviour tests

The mice of the longitudinal study, receiving subchronic MPTPp
treatment and PET-CT scanning (n = 6) underwent open-field testing
within 1-2 days after the 3rd and 10th administration and compared
with VEH-treated control mice (n = 10) (Fig. 1A). The objective was to
evaluate the possible locomotor impairments resulting from MPTPp
treatment in relation to in vivo and post-mortem marker modifications.

For this purpose, mice were individually placed at the corner of an
open-field arena (50 x 50 x 30 cm) and allowed to explore the envi-
ronment for 30 min, while they were recorded with a camera from
above. After each session, mice were put back in their home cage, and
the arena was cleaned with a 70% alcohol solution and dried with a
paper towel. Videotrack software (View Point Life Science) was used for
the measurement of the total distance travelled by the animals in the
arena.

2.6. Immunohistochemical analyses

2.6.1. Tissue preparation

On the day of sacrifice (for details see Fig. 1), mice were deeply
anaesthetized with 1.7% tribromoethanol solution (20 pl/mg, i.p) and
transcardially perfused with ice-cold saline (NaCl, 0.9%) followed by 4%
paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB, pH 7.4). Sub-
sequently, their brains were isolated, post-fixed in 4% PFA for 2 h, and
preserved in PB saline 1x (PBS) plus 0.05% sodium azide at 4 °C.
Thereafter, brains were coronally cut on a vibratome to obtain sections
(40 pm) for immunohistochemical processing.

For each animal, we collected 3 coronal sections according to the
following stereotaxic coordinates: A) striatum, 1.34 te 0.74 mm; B) SN,
—2.92 to —3.52 mm relative to bregma, accordingly to the mouse brain
atlas (Franklin and Paxinos, 2008).

2.6.2. TH immunohistochemistry

For immunohistochemical detection of TH in the total striatum and
SNc¢, we applied the diaminobenzidine (DAB) technique, as previously
described (Pinna et al., 2016). Briefly, free-floating sections were rinsed
in PBS 1 x, incubated with 1% H202 (30% v/v, Merck} in PBS (10 min at
room temperature [RT]), blocked and permeabilized with 5% normal
goat serum (NGS) plus 0.1% Triton X-100 (20 min at RT), and then
incubated with primary antibody directed toward TH (polyclonal rabbit
anti-TH, 1:1000, AB152, Millipore Corporation, Billerica, MA, USA) (2
nights at RT). Thereafter, sections were incubated with the biotinylated
secondary antibody (goat anti-rabbit; 1:500, Vector, Peterborough, UK)
(1 h at RT), then the avidin-peroxidase protocol (ABC, Vector, Peter-
borough, UK) was applied for visualization, using 3,3-diaminobenzidine
(Mercl) as a chromogen. Afterwards, sections were mounted onto super-
frost glass slides, dehydrated, and coverslipped using Eukitt® mounting '
medium.

2.6.3. DAT immunofluorescence

For immunchistochemical detection of DAT in the total striatum and
nucleus accumbens, we appiied a previously validated immunofluores-
cence protocol (Parekh et al., 2022). Free-floating sections were rinsed
in PB 0.1 M, blocked, and permeabllzzed in 3% NGS, and 0.3% Triton X-
100 in PB (3 h at RT), and then incubated in the same solution with the
primary antibody (monoclonal rat anti-DAT; 1:1000, MAB369, Millipore
Corporation, Billerica, MA, USA) (2 nights, 4 °C). Then, sections were
rinsed, and incubated with the biotinylated secondary antibody (bio-
tinylated goat anti-rat; 1:200) (2 h at RT), followed by incubation with
AlexaFlour® 488-labelled streptavidin (1:500, Jackson ImmunoR-
esearch Europe, Newmarket, UK) (1 h at RT). Afterward, sections were
rinsed in PB 0.1 M and mounted onto super-frost glass slides using
Mowiol® mounting medium. Omission of either the primary or
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secondary antibodies served as a negative control and yielded no
labelling (data not shown).

2.6.4. TH and DAT acquisition and analysis in the SNc¢ and striatum

Stereological analysis of the total number of TH-positive neurons in
the SNc was carried out, as previously described, using the software
Stereologer {Casu et al., 2004; Costa et al., 2019).

For the acquisition of TH immunostaining in the striatum, images of
a single wavelength (8-bit depth) were obtained with a high-resolution
scanner for medical slides (Super Coolscan 9000ED, Nikon) set at 4000
dpi (Pisanu et al., 2015).

For the acquisition of DAT immunofluorescence in the striatum,
images of a single wavelength (14-bit depth) were obtained with the
ZEISS Axio Scan Z1 slide scanner (Zeiss, Germany) connected to the
Axiocam 506 digital camera (fluorescence imaging, 2752 x 2208 pixels,
Zeiss, Germany), and equipped with the light-emitting diode light source
Colibri 2.

For the analysis, all images were background subtracted, and the
densities of immunoreactive TH- and DAT-positive fibres were deter-
mined quantitatively by measuring the mean grey density in fixed re-
gions representing the total striatum through the ImageJ software (U.S.
National Institutes of Health, Bethesda, MD, USA). The final values were
expressed as a percentage of the VEH-treated control group.

2.7. Statistical analysis

Statistical analysis was performed using Prism 8 (GraphPad Software
Inc., La Jolla, CA, USA). Given the small sample size and the deviation
from normality of our data, we employed non-parametric statistical
tests. In particular, the Friedman test followed by Dunn’s post hoc mul-
tiple comparison test was applied when testing differences among
repeated measures (longitudinal study) and Kruskal-Wallis test followed

A
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by Dunn’s post hoc multiple comparison test for independent groups
(DAT and TH immunoreactivity, early DAT binding study). The Man-
n-Whitney test was then applied to test the differences between 2 un-
paired groups. Finally, the correlation between DAT binding values
measured in vivo and DAT and TH immunoreactivity values measured by
immunohistochemistry was assessed using Pearson’s correlation test.
Statistical significance was accepted at p < 0.05.

3. Results
3.1. ['®FJ-FP-CIT and ['®F]-FDG uptake: longitudinal study

In the longitudinal study, a significant decrease in ['®F]-FP-CIT up-
take in the dorsal striatum of mice was observed after 10 MPTPp ad-
ministrations, compared with values before treatment (p = 0.0418).
However, a trend of [IBFJ-FI’-CI'I‘ uptake reduction was already
observed after 3 MPTPp administrations compared with values before
treatment (Fig. 2B; p = 0.0866), as also highlighted by the PET-CT-DAT
representative images shown in Fig. 2A. Conversely, no significant dif-
ference was observed in the ventral striatum (Fig. 2B; p > 0.05).

['®F]-FDG uptake was significantly decreased in the dorsal striatum
(Fig. 2C; pre-MPTPp vs MPTPp 1 administration, p = 0.0078; pre-MPTPp
vs MPTPp 10 administrations, p — 0.0418) and ventral striatum of ani-
mals that received 1 and 10 MPTPp administrations (Fig. 2C; pre-MPTPp
vs MPTPp 1 administration, p = 0.0187; pre-MPTPp vs MPTPp 10 ad-
ministrations, p = 0.0187) compared with values before treatment. A
similar result was also detected in the thalamus, where ['°F]-FDG up-
take was significantly reduced after both 1 (p = 0.0078) and 10 MPTPp
administrations (p = 0.0418) and in the somatomotor areas where [ISF]-
FDG uptake was significantly reduced after 1 administration (p =
0.0187), compared with values before treatment (Fig. 2C).

Since significant differences in ['°F]-FDG uptake were already
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Fig. 2. Representative PET-CT images showing striatal ['*F]-FP-CIT uptake before treatment and after 3 and 10 MPTPp administrations (adm), where white con-
touring represents the volume of interest of the dorsal striatum used for quantification (A). ['8F]-EP-CIT uptake in the dorsal and ventral striatum of C57BL/6J mice,
both before treatment and after 3 or 10 administrations of MPTPp (n = 6/group), expressed as ratio to the occipital cortex (%ID/%ID) (B). [*®F)-FDG regional uptake
in selected brain regions of MPTPp mice before treatment and after 1 and 10 MPTPp administrations expressed as ratio to the total brain (%ID/%ID) (n = 6/group)

(C). Friedman test followed by Dunn's post hoc multiple comparison test:

“p < 0.05,

**p < 0.01. Data are plotted as mean = standard error of the mean.
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detectable after the first MPTPp administration, we proceeded to repli-
cate the [18F]-FP-CIT study at earlier time points (1 and 3 administra-
tions) in a separate cohort of mice. PET-CT-DAT image quantification in
3 independent groups of mice, namely, the VEH group (n = 5), the group
receiving 1 administration of MPTPp (n = 5), and the group receiving 3
administrations of MPTPp (n = 5), resulted in a significant [*®F]-FP-CIT
uptake decrease in the dorsal striatum after 3 (Fig. 3; p = 0.0308), but
not after 1, MPTPp administration (Fig. 3; p > 0.05), compared with
VEH-treated animals confirming the trend observed for the longitudinal
study. No significant difference in the three groups was found in the
ventral striatum (Fig. 3; p > 0.05).

3.2. Behavioural evaluation

The open-field test, performed on the MPTPp-treated mice subjected
to PET-CT imaging (longitudinal study) resulted in a significant increase
in the total distance travelled by mice receiving 10 MPTPp administra-
tions compared with those receiving VEH (Fig. 4B; p = 0.0312).
Conversely, no difference was observed between VEH- and MPTPp-
treated mice receiving 3 administrations (Fig. 4A; p > 0.05).

3.3. TH and DAT immunoreactivity upon completion of MPTPp treatment

Considering the progressive reduction in ['8F]-FP-CIT uptake
observed in the dorsal striatum of living MPTPp-treated mice, we next
asked whether, in the same mice, these alterations were associated with
changes in the protein content of TH and DAT, two established markers
used to evaluate the synthesis capacity of dopamine and the function-
ality of dopaminergic terminals, respectively.

The measurement of TH immunoreactivity in the total striatum and
SNc, alongside the assessment of DAT immunoreactivity in the striatum,
was conducted ex vivo in the mice involved in both experiments illus-
trated in Figz, 1.

For immunoreactivity of TH in the total striatum, the Kruskal-Wallis
test revealed a main effect of MPTPp treatment (Fig. 5B; p = 0.0372).
Dunn'’s post hoc multiple comparisons test highlighted a significant dif-
ference in the density of striatal TH-positive fibres in mice receiving 3
administrations of MPTPp compared with VEH-treated mice (Fig. 5B; p
= 0.0424). On the other hand, mice receiving 1 administration of
MPTPp showed only a trend toward a decrease in TH-immunoreactivity
compared with VEH-treated mice (Fiz. 5B; p = 0.1024). Notably, the
Mann-Whitney test revealed a net reduction in the density of striatal
TH-positive fibres of mice receiving 10 injections of MPTPp compared
with VEH-treated mice (Fig. 5C; p = 0.0019).

For immunoreactivity of TH in the SNe, the Kruskal-Wallis test
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indicated a main effect of MPTPp treatment (Fiz. 5D; p = 0.0478), We
found a significant reduction in the total number of TH-positive neurons
in the SNc of mice receiving 3 administrations of MPTPp (Fig. 5D; p =
0.0392), but not 1 administration (Fig. 5D; p = 0.2691), compared with
mice treated with VEH. In addition, the Mann-Whitney test revealed a
net reduction in the total number of TH-positive neurons in the SNc¢ of
mice receiving 10 administrations of MPTPp compared with mice
treated with VEH (Fig. 5E; p = 0.0043).

For DAT in the total striatum, the Kruskal-Wallis test revealed a main
effect of MPTPp treatment (Fig. 6B; p = 0.005). Specifically, Dunn’s post
hoc multiple comparisons test found a significant difference in the
density of striatal DAT-positive fibres in mice receiving 3 administra-
tions (Fig. 6B; p = 0.0473), but not 1 administration (Fig. 6B; p > 0.05),
of MPTPp compared with mice treated with VEH. In addition, the
Mann-Whitney test revealed a marked reduction in the density of
striatal DAT-positive fibres of mice receiving 10 administrations of
MPTPp compared with VEH (Fig. 6C; p = 0.0017).

For DAT in the nucleus accumbens of mice receiving either 1 or 3
administrations, the Kruskal-Wallis test did not reveal any effects of
MPTPp treatment (Fig. 6D; p = 0.6200). Converscly, the Mann-Whitney
test revealed a marked reduction in the density of accumbal DAT-
positive fibres of mice receiving 10 administrations of MPTPp
compared with VEH (Fig. 6E; p = 0.0010).

Overall, and in line with the ['®F]-FP-CIT results, these data high-
light that, excluding the time points of 1 and 3 administrations in the
nucleus accumbens, repeated MPTPp treatment elicits progressive
neurotoxic effects affecting striatal dopaminergic terminals, which are
detectable starting from the third administration of MPTPp.

3.4. Correlation between in vivo PET imaging and post-mortem
immunohistochemistry data

Next, we conducted a correlation analysis between in vivo ['®F]-Fp-
CIT imaging and ex vivo DAT immunohistochemical measurements ob-
tained in the same MPTPp-treated mice across all time points. In the
dorsal striatum, Pearson’s correlation test revealed a strong positive
linear association (Fig. 7A; p — 0.0089). We observed a similar tendency
in the ventral striatum, although it was not significant (Fig. 7B; p =
0.0509). We also correlated in vivo [*8F]-FP-CIT data with the density of
ex-vivo TH-positive fibres in the dorsal striatum and found a tendency
toward a significant positive correlation (Iig. 7C; p = 0.0539). Finally,
the values of ['®F]-FP-CIT in the dorsal striatum did not correlate with
the number of ex-vivo TH-positive neurons in the SNe¢ (Fig. 7D; p > 0.05).

Ventral striatum
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Fig. 3. Striatal ['®F]-FP-CIT uptake quantification in the MPTPp mouse. Bar graphs showing ['®F]-FP-CIT uptake quantification, expressed as ratio to the occipital
cortex (%ID/%ID), in the dorsal and ventral striatum of independent groups of mice receiving the vehicle (VEH), or either 1 or 3 administrations (adm) of MPTPp (n
= 5/group). Friedman test followed by Dunn’s post hoc multiple comparison test: *p < 0.05. Data are plotted as mean + standard error of the mean.
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Fig. 4. Open-field test was performed in MPTPp mice. Graphs showing the distance travelled by vehicle (VEH, n
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Fig. 5. Representative images of the substantia nigra pars compacta (SN¢) immunostained for tyrosine hydroxylase (TH) (A). Bar graphs showing the density of TH-
positive fibres in the total striatum (B-C), and the total number of TH-positive neurons in the SNe (D-E) of mice treated with either the vehicle (VEH) or 1, 3, or 10
administrations (adm) of MPTPp. (B, D) Kruskal-Wallis test followed by Dunn’s post hoc multiple comparison test: *p < 0.05. (C, E) Non-parametric Mann-Whitney
test: **p < 0.01. Scale bar = 50 um. Data are plotted as mean + standard error of the mean.

3.5. Metabolic connectivity

In the condition before treatment (baseline), the correlation matrix
derived by ['®F]-FDG PET scans showed a pattern of strong positive
correlation among cortical regions, as well as among subcortical regions.
The midbrain, instead, only showed weak non-significant (p > 0.05)
negative correlations with the other brain regions (Fig. 8A).

Already after 1 MPTPp administration, we observed the loss of sig-
nificant correlation between the dorsal and ventral parts of the striatum.
The dorsal and ventral portions of the striatum displayed a different
pattern of connectivity from each other, since following 1 MPTPp
administration, the ventral striatum lost all the connections with other
brain regions, while in the dorsal striatum a positive correlation with the
thalamus and midbrain was observed. When comparing pre-MPTPp and
1 MPTPp administration, we found significant differences in the corre-
lation coefficients of midbrain versus thalamus and dorsal striatum
(Fig. 8B).

After 10 MPTPp administrations, all of the significant inter-regional '
correlations were lost, except for the somatomotor areas, which posi-
tively correlated with the midbrain and negatively correlated with the
ventral striatum (Fig. 8A). Similarly, the midbrain maintained the
negative correlation with the ventral striatum (Fig. 8A). As a matter of
fact, the connection between the dorsal and the ventral part of the
striatum was found to be significantly different from that observed
before treatment (Fig. 8B). Moreover, after 10 MPTPp administrations,
we found a significant difference in the connection between somato-
motor cortical areas and ventral striatum and midbrain, and between
thalamus and ventral striatum, compared with values before treatment
(Fig. 8B).

4. Discussion

The primary objective of the present research work was to study and
compare in vivo PET imaging and post-mortem immunohistochemistry
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Fig. 6. Representative images of the total striatum immunostained for the dopamine transporter (DAT) (A). Bar graphs showing the density of DAT-positive fibres in
the total striatum of mice treated with either the vehicle (VEH) or 1, 3, or 10 administrations (adm) of MPTPp (B-C). Bar graphs showing the density of DAT-positive
fibres in the nucleus accumbens of mice treated with either the vehicle (VEH) or 1, 3, or 10 adminisrratiuns (adm) of MPTPp (D-E). (B-D) Kruskal-wallis test followed

by Dunn’s post hoc multiple comparison test: *p <
standard error of the mean.

to investigate in MPTPp-treated mice the progressive timing of dopa-
mine denervation, thus providing a relationship between these
variables.

To this aim, we took advantage of the subchronic MPTPp mouse
model of PD, which mirrors the prodromal phases of the disease, to
identify early biomarkers indicative of disease onset that can be
employed both in clinical settings, to enhance patient diagnosis and
treatment, and in preclinical studies to test new drugs that can contrast
neurodegeneration. Clinical manifestations and diagnosis of PD occur
when the denervation of dopaminergic SNc¢ neurons is advanced and
most of the dopamine terminals in the striatum are compromised,
impairing therapy efficacy. For this reason, the understanding of the
modifications occurring in preclinical models that mirror the prodromal
stages of PD is fundamental in the pursuit of new strategies for both
diagnostic and interventional approaches, which might prevent or delay
the progression of PD.

Several animal models have been developed in mammals to repro-
duce and study PD pathophysiology that can be generated either
through neurotoxin administration, genetic modifications, or w-synu-
clein propagation (Becker et al., 2021). Neuratoxin-based models, such
as MPTP, 6-hydroxydopamine, and rotenone, display a phenotype
characterized by clear nigrostriatal neurodegeneration, recapitulating
the motor effects typical of the advanced disease (Bezard et al., 2013;
Blandini and Armentero, 2012). However, certain models can be
extended to investigate prodromal PD signs. One such model is the
subchronic MPTPp mouse model, which unlike acute models based on
the administration of elevated doses of MPTP, allows a gradual and
progressive degeneranon of mgrosmatal dopammerglc neurons and
terminals (Petroske et al., 2001; 20}, detectable for up
to 6 months following treatment cessation (Petroske et al, 2001).
Importantly, depending on the combined dose of MPTP and probenecid
used, mice subjected to subchronic MPTPp treatment may show signif-
icant dopamine denervation, without the evident manifestation of motor

< 0.05. (C-E) Non-parametric Mann-Whitney test:

“*p < 0.01. Scale bar = 100 pm. Data are plotted as mean =

impairments (Baranyi et al., 2016; Serra et al., 2023).

Using this model, we have evaluated, in vivo PET-CT radiotracers to
detect both signs of dopaminergic nerve endings deterioration and
modification in glucose metabolism as markers of connectivity in the
brain of treated mice. Concurrently with neuroimaging analyses, we
monitored, by ex vivo immunohistochemistry, the neurodegenerative
progression of nigrostriatal dopaminergic neurons by employing ste-
reological analysis of TH-paositive neurons in the SNc and density anal-
ysis of DAT and TH-positive dopaminergic terminals in the striatum.

Albeit in a small cohort of animals, where type 2 errors cannot be
excluded particularly when the effect size is small, our results showed
that, in mice, the subchronic MPTPp treatment produced a progressive
reduction in ['®F]-EP-CIT uptake in the dorsal, but not the ventral,
portion of the striatum. Moreover, while 1 administration of MPTPp did
not exert any detectable effect, either 3 or 10 MPTPp administrations
produced a significant decay in ['®F]-FP-CIT uptake in the dorsal stria-
tum. These findings are consistent with previous PET investigations that
examined dopamine uptake and residual DAT binding in early diag-
nosed patients with PD (Ishibashi et al,, 023). The
absence of DAT binding loss in the ventral striatum is also consistent
with previous clinical evidence, indicating a minor involvement of this
area in the early stages of PD (Brooks, 2016).

Interestingly, in the present study, and for the first time in the sub-
chronic MPTPp-mouse model of PD, we found a clear positive correla-
tion between PET-CT analysis and ex vivo data at different time points,
supporting the importance of the use of PET-CT analysis as a predictive
method for the early diagnosis of PD. At the same time, these results
confirm the validity of the progressive MPTPp mouse model for the
evaluation of prospective neuroprotective drugs in PD. Indeed, the
decrease in ['®F]-FP-CIT uptake in mice receiving either 3 or 10 MPTPp
administrations was accompanied by a loss in DAT-positive fibres
measured post-mortem in the dorsal striatum, as highlighted by the
positive linear association observed between values.

2014; Kerstens et al., 2
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Fig. 7. Correlation between in vivo dopamine transporter (DAT) (['®F]-FP-CIT uptake values) and ex vivo density of DAT- (A,B) and tyrosine hydroxylase (TH)-
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A) Correlation between [*®F]-FP-CIT uptake and ex vivo DAT fibre density in the dorsal striatum showed a strong positive linear association (r = 0.6298, p = 0.0089).
B) Correlation between ['®F]-FP-CIT uptake and ex vivo DAT fibre density in the ventral striatum showed a tendency of positive association (r = 0.4956, p = 0.0509).
C) Correlation between [*®F]-FP-CIT uptake and ex vive TH fibre density in the dorsal striatum showed a tendency of positive association (r = 0.4901, p = 0.0539). D)
Correlation between ['8F]-FP-CIT uptake in the dorsal striatum and ex vivo number of TH-positive neurons in the substantia nigra pars compacta (SN¢) showed no

association (r = 0.1854, p > 0.05).

Furthermore, the results were substantiated through ex vivo stereo-
logical analyses, where we observed a substantial and progressive
reduction in the number of TH-positive neurons in the SNc¢ and in the
density of TH-positive fibres in the total striatum. These changes were
observed starting from the third administration of MPTPp and slowly
increase, until the tenth administration of MPTPp in the SNc and the
striatum of MPTP-treated mice, respectively. On the other hand, no
reduction of TH-positive neurons in the SNe and a non-significant trend
toward a decrease in TH-immunoreactivity in the striatum was detected
after the first administration of MPTP. These data are consistent with
previous studies that demonstrated the progression of mgrostriatdl
degeneratlon in this subchromc MPTPp model of PD (Bar:

et al., 2001; Schintu et al., 2009; Serra et

note, TH pOSlthE fibres in the total striatum, but not TH-pDSlthE net-
rons in the SNc, were positively correlated with in vivo DAT binding,
confirming that nigral damages per se do not fully explain striatal
modifications (Grosch et al., 2016), These findings are in line with other
results indicating a lack of association between residual neurons in the
SN and damage at synaptic striatal terminal (Gaspa
2013).

Of great importance, the lack of correlation found between [*®F]-Fp-
CIT values in the dorsal striatum vs the number of TH-positive neurons in
the SNe¢ may hold significant translational implications since a cross-
sectional post-mortem study showed that, at the onset of the symp-
toms, approximately 30% of nigral dopaminergic neurons are lost, with
the loss of striatal dopamine terminals accounting for about 70% (Cheng
et al., 2010). Moreover, dopaminergic fibre density in the dorsal puta-
men of PD patients exhibited a rapid and substantial decline, culmi-
nating in near-complete loss four years post-clinical diagnosis, whereas
TH-positive neurons in SNe¢ were less severely affected, resulting in a

et al., 3

dower et al.

residual dopaminergic neuronal population which can be detected even
decades after the initial diagnosis (Kordower et al., 2013).

Finally, using ['®F]-AV-1451, a radiopharmaceutical that labels
neuromelanin in the midbrain as a surrogate imaging marker of pig-
mented dopamine neurons in the SN¢, Hansen and colleagues found no
correlation between nigral signal and striatal DAT binding (MHanscn
et al., 2016). As previously stated, in our study we observed an effect of
MPTPp on DAT only after 3 administrations with a slow and not sig-
nificant decline thereafter with approximately a 35% reduction of
striatal markers lower than that described at motor sign comparison in
patients. At this clinical stage PET imaging studies showed the highest
reduction of dopaminergic synaptic markers in the dorsal putamen
contralateral to the body side with the highest motor impairment, that
slowly decline along disease progression. On the contrary, in the 1ess
atfected reglons a rapld decline was still present (Kerstens et al., 2(
1., 2009). This may suggest that our model mimics the
prodromal PD in the temporal frame that precedes the third adminis-
tration of MPTPp and an early phase of the disease preceding the mator
impairment during the last time frame.

In contrast to DAT binding measured by [*®F]-FP-CIT, ['®F]-FDG
uptake significantly decreased in the dorsal striatum already from the
first MPTPp administration, proving to be an earlier marker than DAT in
detecting alterations in neuronal function preceding the degeneration of
nigrostriatal neurons. In fact, it is known that functional alterations
often precede structural changes in the brain. Of note, ['®F]-FDG uptake
decrease was extended to the ventral striatum, thalamus and, starting
from the third MPTPp injection, to somatomotor cortical regions. A
Parkinson’s Disease Related Pattern (PDRP) has been described by
several groups for PD patients. Differently from what we observed, in
patient’s studies, the FDG-PET pattern is characterized by
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somatomotor cortical areas; SS = somatosensory cortical areas; Thal = thalamus; VS = ventral striatum.

hypometabolism in parieto-occipital and premotor cortices together
with a metabolic preservation or increase in cerebellum, pons, thalamus
and striatal subregions (Eidelberg et al., 1994). This pattern has been
correlated with H&Y stage and UPDRS motor scores, however aged-
related metabolic modifications and clinical presentation represent
confound variables (Matthews et al., 2018). Our study did not include
aged animals and this may explain some differences between PDRP and
our findings. Moreover, PDRP is mainly derived from PD patients

10

presenting motor signs that were not the case of our model. Finally, as
previously stated, at later time frames, our model likely still reflects a
prodromic disease phase, anterior to the appearance of motor signs,
which is poorly described in terms of imaging metabolic data.

Of particular interest for the scope of this study were the early
modifications in brain connectivity. Specifically, after the first MPTPp
administration, mice brain lost the correlation between the dorsal and
ventral parts of the striatum, whereas the thalamus and the dorsal part of



M. Tussan Mazzocco et al.

the striatum acquired metabolic connectivity with the midbrain. After
10 administrations, almost all connectivity was lost, except for some
correlations in the somatomotor cortical areas, midbrain, and ventral
striatum. While additional investigations are required to establish this
neuroimaging feature as a prodromal biomarker of PD, the observed
positive correlation between the somatomotor cortical areas and the
midbrain following 10 administrations is particularly intriguing, given
the pivotal roles of these brain areas in the regulation of movements and
the integration of sensory information into motor responses. Interest-
ingly, we also observed that the dorsal and ventral striatum displayed a
different connectivity pattern between each other. These results further
support the importance of ['®F)-FDG as an early-stage marker of neu-
rodegeneration in PD and they are consistent with a previous metabolic
connectivity study performed in early PD patients, where it was
observed a significant connectivity loss in the dorsal dopamine pathway
(Sala et al., 2017). Similar results were observed also in a different
mouse model of PD, obtained by 6-hydroxydopamine injection, where
metabolic connectivity in the cortico-striatal-thalamic loop was found to
be impaired (Im et al., 2016). Due to the small sample size achievable in
rodent studies, we did not select a modelled approach based on principal
component analysis, independent component analysis, or graph theory
but a simple normalized covariance between regions analysis. In addi-
tion, for identification of network modifications, we selected a priory
area known to be involved in PD and with an anatomical dimension
adequate for the small resolution of animal dedicated tomographs and
particularly for mouse brain. Recently, using a modified principal
component analysis approach on a clinical subtypes stratified PD pop-
ulation of patients, a subnetwork of interconnected regions present
along all stages of disease progression with additional features related to
stage or disease phenotype, was described (Spetsie
2021, 2023). Despite differences in the methodological approach be-
tween connectomics analyses and distinctions in the topographic and
functional organisation of the mouse brain in comparison to that of
human, the observations of authors are in line with our finding and
delineate an increase of the dysfunctional network as the disease
progresses.

['®F]-FDG PET has been largely employed in patients for differential
diagnosis of PD (Ecke ., 2005). However, only a few studies have
highlighted its usefulness in predicting PD progression starting from the
prodromal or early phase of the disease that anticipate motor signs
leading to inconsistencies due to the difficulty in recruiting a homoge-
neous cohort of prodromal pdt]ents (m rli et al., 2020; Holtbernd et al.,

2014; Peng et al. 0). Moreover, most of
these studies are mainly focused on the Ldentlﬁcation of disease-specific
metabolic covariance patterns and how they can predict conversion into
PD,

Finally, we evaluated the impact of the observed neuroimaging brain
alterations on the motor functions of treated mice. We chose a motor
behavioural test that did not require any training to avoid interferences
with the PET studies. Using this test, we observed a significant increase
in locomotor activity at the end of treatment in subchronic MPTPp-
treated mice compared with VEH-treated mice. This behavioural
observation, which might appear counterintuitive, has been a]ready
reported usmg a mmllar subchromc MPTPp protm.ol (Baran)

ris and Eidelberg,

20 ‘7 Chi aetal., 6: Mere y 2006 Schi

and K 16,

suggesting that MPTP may dlsrupt neuronal activity and connectwlty in
a way that produces a paradoxical increase of motility. Based on pre-
vious studies, we may hypothesize a compensatory mechanism con-
sisting in a reducticn of dopamine uptake sites in the striatum at early
times after the MPTP treatment (Araki et al., 2001), or a compensatory
up-regulation in dopamine D2 receptors detectable in the striatum after
MPTP treatment (Tanji et al., 1999). Consistent with these mechanisms,
dopamine release in unilaterally 6-hydroxydopamine lesioned rats did

not decrease in the striatum until a 97% reduction in TH-
immunoreactive terminals was achieved (Wang et al., 2004). Simi-
larly, MPTP-lesioned monkeys carrying moderate dopamine
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denervation showed a 300% increase in endogenous striatal DA release
(Perez et al., 2008), whereas this response was alrnost completely
reduced in severely depleted monkeys (Perez et al. 8). Although the
neuroanatomical substrates underlying motor control are similar in
humans and rodents, the behavioural repertoire mediated by those cir-
cuits and the ability to respond to insults are not (Luchtman et al., 2009
2012), as suggested by the occurrence of cumpematnry mechamsms
which may stimulate motor behaviour. Therefore, the evaluation of
rodent’s locomotor behaviour does not seem to offer a valuable pro-
dromic marker that could be correlated to in vivo imaging or ex vivo
immunohistochemical studies (Chia et al,, 1¢ 2012).
As stated in the introduction, the neurctoxic events in the MPTPp model
are long-lasting since they can still be detected up to 6 months atter
withdrawal from treatment (Meredith and Rad
2001; 2023), however in the prescnt study, evalua-
tions were performed only at early times after MPTPp treatment and
therefore the results obtained reflect only the prodromal phase of PD.

)96; Schumm et al.,

1
et al., Serra et al

5. Conclusions

By integrating in vivo multi-tracer PET-CT and ex vivo immunohis-
tochemical assessments, our results highlight the usefulness of the
combined analyses of ['®F]-FP-CIT and ['*F]-FDG as early biomarkers to
detect the manifestations of compromised nigrostriatal dopaminergic
signalling, impaired brain metabolism, and disrupted connectivity.
Therefore, to conclude, the present study shows, for the first time, in a
progressive mouse model of PD pathology, that the connectivity among
different brain areas is progressively disrupted as seen in patients with
PD (Sala et al,, 2017). In addition, the study shows that a correlation
exists between in vivo ['8F)-FP-CIT DAT binding and ex vivo DAT and TH
immunoreactivity in the striatum, confirming the reliability of the
MPTPp mouse model as a model that can reproduce the prodromal PD
pathological changes, as was previously shown for non-human primates
(Beza 1., 2013; 2003). This study highlights the
usefulness of multi-tracer PET imaging for the early characterization and
longitudinal monitoring of PD. The great importance of these findings
for the preclinical evaluation of new drugs that can contrast neuro-
degeneration in PD is evident and deserves further investigation.

rd et : Meissner et
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