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ABSTRACT

Recent work has demonstratedloss of phosphodiesterase 10A (PDE10A) expression in middle-
stage and advanced Parkinson’s patients, which was associated with motor symptom severity.
In this study, we aimed to assess PDE10A expression, to compare with dopamine transporter
(DAT) expression, and to explore for associations with clinical markers of disease burdenin

patients with early Parkinson’s disease.

We enrolled 60 subjects of which 54 completed the study, and were divided into three cohorts
of 17 early de novo, 15 early levodopa-treated patients with Parkinson’s disease, and 22 age-
and gender-matched healthy controls.All participants underwent ['!C]JIMA107 PET to assess
PDE10A expression, [!'C]PE2I PET to assess DAT expression, 3-Tesla MRI scan for

volumetric measures and to aid PET analyses, and thorough clinical assessments.

Early de novoParkinson’s patients showed loss of ['!C]IMA107 non-displaceable binding
potential(BPxp) in caudate (P<0.001) and putamen (P<0.001), and loss of ['!C]PE2IBPnp in
caudate (P<0.05) and putamen (P<0.001). [''C]PE2I BPnp was reduced in the striatum
contralateral to most compared to less affected side (P<0.001), whereas we found no
lateralisation of loss of [''C]IMA107 BPnp. Early levodopa-treated Parkinson’spatientshad
threeyears longer disease duration and showed additional [''C]IMA107 BPxploss of 10.7% in
the caudate (P<0.001; annual decline 3.6%) and 8.4% in the putamen (P<0.001; annual decline
2.8%); whereas additional loss of [''C]PE2I BPnp was not significant in the caudate and was
20.3% in the putamen (P<0.001; annual decline 6.8%).Loss of [!'C]IMA107 BPnpwas higher
than loss of [!'C]PE2I BPnp in the caudate (P<0.01) but lower in the putamen (P<0.001).

Lower [''C]JIMA107BPxpcorrelated with lower [!'C]PE2IBPnp in the caudate (rh0=0.51;
P<0.01) andputamen (rho=0.53; P<0.01). Longer disease duration correlated with lower
[M'C]IMA107BPnp in the caudate (rh0=-0.72; P<0.001) and putamen (rh0=-0.48; P<0.01), and
with lower [!!C]PE2IBPnponly inthe putamen (#20=-0.65; P<0.001).Higher burden of motor
symptoms correlated with lower [''C]JIMA107BPxp in the caudate (rh0=-0.42; P<0.05) and
putamen (rho=-0.41; P<0.05),and with lower ['!C]PE2IBPnponly in the putamen (740=-0.69;
P<0.001),

Our findings demonstrate that loss of PDE10A expression is an early phenomenon in the course

of Parkinson’s disease, and PDE10A could be a promisingtherapeutic target for promoting



neuronal survival and improving motor function. PDE10Aand DAT expression are related
andshow on average a similar strength as markers of disease burden and progression.PDE10A

PET is more sensitive for marking pathology in the caudate, whereas DAT PET in the putamen.
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INTRODUCTION

Previous imaging studies, such as with positron emission tomography (PET), have shown that
changes in molecular binding profile of selected targets in brain tissue may have promise as
markers of disease burden and progression, drug target identification and treatment response
in therapeutic trials in patients with Parkinson’s disease (Politis, 2014).Quantifying the
expression of membrane-spanning proteins in the presynaptic dopaminergic system, such as
the dopamine transporter (DAT),fulfil many of the requirements of a useful marker for

Parkinson’s disease and DAT imaging is currently used extensively in the clinical practice.

Loss of DAT signal in Parkinson’s patients reflects loss of nigrostriatal dopamine neurons,and
is typically associated with dopaminergic pathology in the putamen and the motor features of
bradykinesia and rigidity (Pirker, 2003). However,molecular imaging of DAT cannot be
considered an ideal biomarker for Parkinson’s disease due to several limitations, includinga
lack of specificity for Parkinson’s compared to atypical parkinsonism and of sensitivity
compared to subjects with Scan Without Evidence of Dopaminergic Dysfunction (SWEDD).
Moreover, although DAT mirrors the progression of the disease in the nigrostriatal pathway,
dopaminergic supplementation may modulate DAT levels limiting its use as biomarker for
clinical trials testing disease-modification drugs(Schapira, 2013; Fahn et al., 2004). Thus,
considering these limitations, several novel targets have been evaluated as imaging markers for

Parkinson’s disease.

Phosphodiesterase 10A (PDE10A) is a striatal enzyme expressed in the axons of the medium
spiny neurons, where it hydrolyses cAMP and cGMP (Fujishige et al., 1999a; Coskran et al.,
2006). In the striatal pathways, PDE10A plays a pivotal role in the regulation of dopaminergic
signalling (Nishi et al., 2008) and of several other brain functions, ranging from ion
conductance to synaptic plasticity (Girault, 2012).Recent work with PET molecular imaging
has demonstrated loss of PDEI0OA expression in moderate to advanced levodopa-treated
patients with Parkinson’s disease, which was associated with motor symptoms and
complications (Niccolini et al., 2015a).Therefore, PDE10A is an enzyme regulating striatal
output and dopaminergic signalling that has shown promise as a marker of disease burdenin
patients with early Parkinson’s disease. However, it is unknown whether PDE10A is implicated
at the earlier stages of the disease and how its biomarker value compares with the gold standard

DAT molecular imaging.



Here, we used PET with [''C]IMA107 and [''C]PE2I in order to assess PDE10A expression,
compare it to DAT expression, and explore their association with clinical markers of disease

burdenin patients with early Parkinson’s disease including those who have never been treated.

METHODS

Participants and clinical characteristics

We enrolled 60 participants recruited from specialist Movement Disorders clinics at King’s
College Hospitaland through public advertisement, of which 54 subjects completed the study
and were included in the analyses (Table 1). Participants included 32 patients with idiopathic
Parkinson’sdisease according to the Queen Square Brain Bank criteria, and 22 age- and gender-
matched healthy individuals with no history of neurological or psychiatric disorders who
served as the control group(healthy controls). Patients with Parkinson’sdisease included 17
participants with a recent diagnosis (duration of symptoms <24 months) who werenaive to
treatment for Parkinson’s symptoms(de novo), andl5participants with early Parkinson’s
disease(duration of symptoms <60months) who were recently treated with levodopa (duration
of treatment <24 months)and had no motor complications (early levodopa-treated) Noneof the
Parkinson’spatients fulfilled the diagnostic criteria forParkinson’sdisease mild cognitive
impairment (Litvan I, et al. 2011) or dementia (Emre M, et al. 2007) ordepression (Marsh L, et
al. 2006), had any history of other neurological or psychiatric disorders, and were not under
treatment with substances with known actions in PDEs (e.g. apremilast, cilomilast, luteolin,

piclamilast, roflumilast and ibudilast).

Motor symptom severity was assessed with theMDS-UPDRS part-IIT (MDS-UPDRS-III) and
staged with Hoehn and Yahr (H&Y)scalee MDS-UPDRS-III subscores for rigidity,
bradykinesia,tremor and axial symptoms were calculated as previously described (Niccolini et
al. 2015a). Quality of life was measured with the PDQ-39. Neuropsychiatric symptoms were
assessed with the Beck Depression Inventory second edition (BDI-II) and the Hamilton
Depression Rating Scale (HDRS). Mini-Mental Status Examination (MMSE) and Montreal
Cognitive Assessment (MoCA) were used to assess general cognitive status. Disability was
assessed by Modified Schwab and England Activities of Daily Living Scale. Non-Motor

Symptoms Scale (NMSS) for Parkinson’sdisease was used to assess non-motor symptoms.



Sleep disturbances were assessed with the Parkinson’s Disease Sleep Scale (PDSS) andthe
Epworth Sleepiness Scale (ESS).

The study was approved by the institutional review boards and the research ethics committee.
Written informed consent was obtained from all study participantsin accordance with the

Declaration of Helsinki.

Scanning procedures

All participants were screened successfully to undertake PET with ['!'C]IMA107 and
[''CJPE2I, and one 3-Tesla MRI scanning under standard criteria(http://www.mrisafety.com;
https://www.gov.uk/government/publications/arsac-notes-for-guidance).PET and MR imaging
have been performed at Imanova Ltd, London, UK. All participants were scanned on Siemens
Biograph Hi-Rez 6 PET-CT scanner (Erlangen, Germany). A mean dose of 278.4 MBq
[M'C]IMA107 (SD: + 33.5) [mean mass injected: 3.7 ug (SD: £ 1.8)] was administered
intravenously as a slow bolus injection over 20s. A mean dose of 309.2 MBq [''C]PE2I (SD:
+ 36.5) [mean mass injected: 5.1 ug (SD: + 2.3)] was administered intravenously as a bolus
injection over 10s followed by a 10 ml saline bolus injection over 10s. [''C]IMA107 and
[''C]PE2I have been performed on the same day after withholding consumption of caffeinate

beverages for 12 hours (Fredholm et al., 1999).

Dynamic emission data were acquired continuously for 90 minutes following the injection of
[M'C]IMA107 and [''C]PE2I. The dynamic images were reconstructed into 26 frames (8 x 15
s,3x60s,5x1205s,5x300s,and 5 x 600 s), using a filtered back projection algorithm (direct
inversion Fourier transform) with a 128 matrix, zoom of 2.6 producing images with isotropic
voxel size of 2 x 2 x 2 mm?, and smoothed with a transaxial Gaussian filter of 5 mm. MRI
scans were acquired with a 32-channel head coil on a 3-Tesla MRI Siemens Magnetom
TrioTim syngo MR BI17(Erlangen, Germany) scanner, and included a TIl-weighted
magnetization prepared rapid gradient echo sequence [MPRAGE; time repetition (TR) = 2300
ms, time echo (TE) = 2.98 ms, flip angle of 9°, time to inversion (TI) = 900 ms, matrix = 240
X 256]; fast grey matter T1 inversion recovery (FGATIR; repetition time = 3000 ms, echo time
=2.96 ms, flip angle of 8, time to inversion = 409 ms, matrix = 240 x 256) (Sudhyadhom et

al., 2009) sequences for delineation of regions-of-interest and for co-registration with the PET



images. All MRI sequences used a | mm? voxel size, anteroposterior phase encoding direction,

and a symmetric echo.

Imaging data analysis

MRI-based volumetric analysis

Because PDE10A is an intracellular enzyme mainly expressed in the basal ganglia nuclei
(Fujishige et al., 1999a; Coskran et al., 2006), degeneration of these nuclei may affect the
expression of the enzyme. Thus, we investigated volumetric changes in subcortical nuclei in
our cohort of Parkinson’s disease patients. We used the FreeSurfer’s image analysis suite

(version 5.3.0 http://surfer.nmr.mgh.harvard.edu) to process individual MRI scans for deriving

measures of cortical and subcortical volumes, as described before (Niccolini, et al. 2015a).

[''"C]IMA107 and [''C]PE2I PET data analysis
The Molecular Imaging and Kinetic Analysis Toolbox software package (MIAKAT™:
www.miakat.org)(Searle et al., 2015), implemented in MATLAB® (The Mathworks, Natick,

MA, USA) was used to carry out image processing and kinetic modelling. MIAKAT™
combines in-house code with wrappers for FMRIB Software Library (FSL,
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/)and ~  Statistical =~ Parametric =~ Mapping  (SPM,

http://www.fil.ion.ucl.ac.uk/spm/)commands in order to provide state-of-the-art functionality

within a coherent analysis framework. The MIAKAT™ processing pipeline was followed,
ensuring that all quality control steps were completed to generate parametric images and
regional estimates of [''C]IMA107 and [''C]JPE2I non-displaceable binding
potential(BPnxp).BPnp were generated using a basis function implementation of thesimplified
reference tissue model, with the cerebellum as thereference tissue for non-specific binding
(Mansur et al., 2016). Individual PET frames were corrected for head motion using frame-by-
frame rigid registration using a frame with high signal-to-noise ratio as reference. PET images

were co-registered to the corresponding MPRAGE MRI.

Region of interest-based analysis

To facilitate anatomical delineation of regions of interest, PETimages were anatomically co-
registered and resliced to the correspondingvolumetric structural T1-weighted MRI images in
Statistical Parametric Mapping version12 (SPM12) software package implemented in Matlab
8.2.Regions of interest were delineated manually on the co-registeredMRIs using ANALYZE



version 12.0 (Mayo Foundation)medical imaging software package by two assessors (G.P. and
H.W.) who wereblinded to groups allocation, using used a reliable, robust and repeatable
technique for manual delineation of basal ganglia structures (Tziortzi et al., 2011). Regions of
interest included caudate, putamen, ventralstriatum, globus pallidus (external and internal
segment), substantianigra and motor thalamic nuclei. These brain regionsexpress PDE10A to

a varying degree (Seeger et al., 2003;Coskran et al., 20006).

Voxel-based analysis

Parametric images of ['!C]IMA107 and ['!C]PE2I BPnpwere spatially normalized into the T1-
weighted MNI 152 template using the Mutual Information Registration algorithm in SPM12.
Parametric images were computed using appropriately weightedcontrasts to localize
significantdecreases in mean voxelPET values after applying the Basal GangliaHuman Area
Template (Prodoehl et al., 2008). This masking drastically reduces the number of voxel-by-
voxel statistical comparisons, and a cluster-corrected threshold of P<0.05 used to test for
statistically significant effects. The contrastswere used to derive Z-scores on a voxel basis using
the generallinear model (Friston et al., 1995). The threshold for statisticalsignificance was set
to P<0.05 after family wise error (FWE)correction for multiple comparisons. Voxel-wise
statistics for between-group comparisons were performed by using SPM12 software package

implemented in Matlab 8.2

Statistical analysis

Statistical analysis and graph illustration were performed withSPSS (version 22) and GraphPad
Prism (version 6.0c) for Windows 10, respectively. For all variables, Gaussianity wastested
with Shapiro-Wilk test and we proceeded with parametrictests as our PET and clinical data
were normally distributed.Multivariate analysis of variance (MANOVA) was used toassess the
main effects of regional [''C]IMA107 and [''C]PE2I BPxpamong the groups. If theoverall
multivariate test was significant, P-values for each variablewere calculated following
Bonferroni’s multiplecomparisonstest. We interrogated correlations between PETand clinical
data using Spearman rho and we applied theBenjamini-Hochberg correction to reduce false
discovery rate(Benjamini and Hochberg, 1995). We set the false discoveryrate cut-off at 0.05.
All data are presentedas mean + standard deviation, and the level a was setfor all comparisons

at P<0.05, corrected.



RESULTS

Volumetric analysis
Freesurfer analysis showed no volumetric differences in the regions-of-interest used for the
PET analyses between the groups of early de novo and early levodopa-treated Parkinson’s

patients and healthy controls (Table 2).

Region of interest-based ['!C]JIMA107 BPnp analysis in early de novo Parkinson’s patients

Early de novopatients with Parkinson’s disease had lower mean [!'C]IMA107 BPxpvalues in
total striatum (P<0.001), caudate (P<0.001), putamen (P<0.001) and ventral striatum (P<0.05)
compared to healthy controls (Figure 1A and 1B). There were no differences in mean
["'C]IMA107 BPnpvalues between early de novo Parkinson’s patients and healthy controls in
globus pallidus internal (P>0.10), globus pallidus external (P>0.10), substantia nigra (P>0.10)

and motor thalamic nuclei (P>0.10).

Region of interest-based [ C]PE2I BPnpanalysis in early de novo Parkinson’s patients
Early de novopatients with Parkinson’s disease had lower mean[!' C]JPE2I BPxpvaluesin total
striatum (P<0.001), caudate (P<0.05), putamen (P<0.001), ventral striatum (P<0.05), globus
pallidus internal (P<0.001), globus pallidus external (P<0.001) and substantia nigra
(P<0.001) compared to healthy controls (Figures2A and 2B). There were no differences in
mean [''C]PE2I BPnpvalues between early de novo Parkinson’s patients and healthy controls

in motor thalamic nuclei (P>0.10).

Effect of lateralisation in [V CJIMA107 BPnp and[" CJPE2I BPnp

In the group of early de novopatients with Parkinson’s disease with unilateral motor
symptomatology, we assessed whether the clinically affected sideof the body was
associatedwith greaterdecreases in contralateralbrain regions-of-interest [''C]JIMA107BPnp
and [''C]PE2I BPnp values. We found no differences in ['!C]IMA107 BPxp values in any of
the regions-of-interest between the most and less affected sides;whereas['' C]PE21 BPxp values
in caudate (P<0.001), putamen (P<0.001), ventral striatum (P<0.001), globus pallidus internal
(P<0.001), globus pallidus external (P<0.001) and substantia nigra (P<0.001)were decreased
in the contralateral to most affected side of the body compared to the less affected side (Table

3 and Figure 2C).
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[''C]IMA107 BPnp and[" C]PE2I BPnp in early levodopa-treatedParkinson’s patients
Early levodopa-treatedpatients with Parkinson’s disease had three years longer disease
duration compared to early de novoParkinson’s patients, and showed additional [''C]IMA107
BPuploss of 10.7% in the caudate (P<0.001; reflecting a 3.6% mean annual decline) and
8.4% in the putamen (P<0.001; reflecting a 2.8% mean annual decline) (Figure 1A and
1B).Early levodopa-treated Parkinson’spatients showed additional ['!C]PE21 BPxploss of
was 20.3% in the putamen (P<0.001; reflecting a 6.8% mean annual decline), whereas
changes were not significant in caudate, compared toearly de novoParkinson’s patients

(Figure 2A and 2B).

Voxel-Based [''C[IMA107 BPnp and[' C]PE2I BPnpanalyses

Voxel-by-voxel analysis of ['!C]IMA107 and [!'C]PE2I parametric BPnp images between the
groups of patients with Parkinson’s disease and healthy controls confirmed results obtained
with region of interest analysis. SPM analysis within the striatal mask localized clusters of
[M'C]IMA107 BPnpdecreases in the right and left caudate (P<0.001) and right and left putamen
(P<0.001), and clusters of[''C]PE2IBPnp decreases in the right and left caudate (P<0.05) and
right and left putamen (P<0.001)in the early de novoParkinson’s patients compared with the
group of healthy controls.SPM analysis within the striatal mask localized clusters of
[M'C]IMA107 BPnp decreases in right and left caudate(P<0.05) and right and left putamen
(P<0.05), and clusters of[''C]PE2IBPnp decreases in the right and left putamen (P<0.05) in
the early levodopa-treated compared to early de novo patients with Parkinson’s disease (Table

4).

Head-to-head  comparison  between ['C[IMA107 BPnp and[''CIPE2I BPnp
We compared loss of [''C]IMA 107 BPnpwith loss of [!!C]PE2I BPnp in each region-of-interest
in Parkinson’s patients relative to normality data from the group of healthy controls. We found
that loss of [''C]JIMA107 BPnxpwas greater than loss of ['!C]JPE2I BPnp in the caudate (P<0.01)
but lower in the putamen (P<0.001), globus pallidus internal (P<0.01), globus pallidus external
(P<0.001) and substantia nigra (P<0.01), and no different in ventral striatum(P>0.10) and
motor thalamic nuclei (P>0.10) in early de novo Parkinson’s patients. Similarly, we found that
loss of ['!C]IMA 107 BPxpwas greater than loss of [!!C]PE2I BPxp in the caudate (P<0.01) but
lower in the putamen (P<0.001), globus pallidus internal (P<0.05), globus pallidus external
(P<0.01) and substantia nigra (P<0.05), and no different in ventral striatum(P>0.10) and motor

thalamic nuclei (P>0.10) in early levodopa-treated Parkinson’s patients.
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Correlations between ['C]IMA107 BPnp and['C]PE2I BPnp in Parkinson’s patients
Lower individual  [''C]IMA107BPxpvaluescorrelated  with  lower  individual
[''C]PE2IBPnpvalues in the caudate (7=0.51; P<0.01) and putamen (+=0.53; P<0.01), but not
in ventral striatum(7=0.013; P>0.10), globus pallidus internal (+=0.21; P>0.10),globus pallidus
external (r=0.46; P>0.05) substantia nigra (=0.15; P>0.10) or motor thalamic nuclei (=0.15;
P>0.10) in Parkinson’s patients (Figure 2D).

Correlationsbetween PET data and measures of Parkinson’s burden

Parkinson’s patients had increased MDS-UPDRS-IIT (P<0.001), NMSS (P<0.05), BDI-II
(P<0.05), and HDRS (P<0.05) scores, and worsePDQ-39 (P<0.05) and PDSS (P<0.05) scores
compared to healthy controls (Table 1). As the cohorts were carefully matched for age, we
found no effect of age in [''C]JIMA107 and ['!C]PE2I BPnp in all regions-of-interest across all
cohorts (P>0.10).

Longer Parkinson’s disease duration correlated with lower [''C]JIMA107BPxp in the caudate
(r=-0.72; P<0.001) and putamen (r=-0.48; P<0.01). Higher MDS-UPDRS-III total scores
correlated with lower [!!C]IMA107BPxp in the caudate (+=-0.42; P<0.05) and putamen (r=-
0.41; P<0.05).Higher MDS-UPDRS-IIT rigidity scores correlated with lower
[M'C]IMA107BPnp in the caudate (r=-0.52; P<0.01) and putamen (=-0.43; P<0.05).Higher
MDS-UPDRS-III bradykinesia scores correlated with lower ['!C]JIMA107 BPnp in the caudate
(r=-0.45; P<0.01) and putamen (»=-0.47; P<0.01)(Figure 3A).

Longer Parkinson’s disease duration correlated with lower [!'C]PE2IBPxp only in the putamen
(r=-0.65; P<0.001).Higher MDS-UPDRS-III total scores correlated with lower
["'C]PE2IBPxponly in the putamen (r=-0.69; P<0.001).Higher MDS-UPDRS-III rigidity
scores correlated with lower [!!C]PE2IBPxponlyin the putamen (=-0.62; P<0.001).Higher
MDS-UPDRS-III bradykinesia scores correlated with lower ['!C]PE2IBPnponlyin the
putamen (r=-0.49; P<0.01)(Figure 3B).

DISCUSSION

Our findings demonstrate that loss of striatal PDE10A expression is an early phenomenon in

the course of Parkinson’s disease and is associated with duration and severity of motor
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symptoms. Our study translates into humans previous experimental work, which has
demonstrated that lesions of nigrostriatal projections with 6-hydroxydopamine induce a
downregulation of PDE10A expression in the striatum in rodent models of Parkinson’s disease

(Giorgi et al., 2008, 2011).

We used PET molecular imaging to quantify PDE10A and DAT expression in the same cohorts
of Parkinson’s patients and healthy controls. In both early de novo and early levodopa-treated
patients with Parkinson’s disease both PDEI0A and DAT expression were decreased in the
striatum, and DAT also decreased in globus pallidus and substantia nigra. Our early de novo
cohort of Parkinson’s patients had less than 2 year of disease duration and the cohort of early
levodopa-treated less than 5 years of Parkinson’s symptoms and had been treated with levodopa
for less than 2 years. Previously we have reported loss of striatal PDE10A expression and
correlations with the burden of motor symptoms and complications in middle-stage
Parkinson’s patients with 7 years of disease duration and advanced Parkinson’s patients with
13 years of disease duration. Collectively, these data suggest that loss of striatal PDE10A
expression appears early and follows the accumulation of motor symptom burden through the
course of Parkinson’s disease. Loss of PDE10A expression in globus pallidus is a phenomenon
appearing later in the disease(Niccolini et al., 2015a). Our findings were not affected by

volumetric changes in the brain, age or gender effect and were confirmed at a voxel level.

Loss of PDE10A correlated with loss of DAT in the striatum in early de novo and early
levodopa-treated patients with Parkinson’s disease, suggesting an association between
PDEIOA and dopaminergic function. PDE10A plays a key role in the regulation of
dopaminergic signalling and is essential for dopamine neurotransmission through the
interaction with cAMP and the activation of PKA/DARPP-32 downstream cascade in striatal
pathways(Greengardet al., 1999;Nishi et al., 2008; Girault, 2012).In striato-nigral pathway,
dopamine loss leads to a reducedsynthesis of D1 receptor-stimulated cAMP (Herve et al.,2001),
and reduced PDE10A expressionis expected to increase cAMP levels to compensate forthe
reduced cAMP signalling.In striato-pallidal pathway,dopamine loss decreases the inhibitory
effect of D2 receptors on cAMP synthesis (Stoof and Kebabian, 1981), andreduced PDE10A
expression may further increase cAMP levels by enhancingthe negative consequences of
dopamine loss on D2receptor signalling and potentiate adenosine A2A receptor signalling.

Therefore, early loss of PDE10A expression in the striatum may lead to an imbalance between

13



striato-nigral and striato-pallidal output and in turn affect thalamocortical activation, decrease

motor performance and contribute to the development of Parkinson’s diseasesymptoms.

We attempted to understand how informative PET molecular imaging of PDE10A and DAT
could be for monitoring the progression of the disease. Our levodopa-treated patients with
Parkinson’s disease had three years longer disease duration compared to early de
novoParkinson’s patients. PDE10A expression showed further decline in both caudate and
putamen, whereas DAT expression was further reduced only in the putamen in early levodopa-
treated compared to early de novoParkinson’s patients. Specifically, the loss of PDE10A in the
caudate reflected a 3.6% and in putamen a 2.8% mean annual decline, whereas loss of DAT in
the putamen reflected a 6.8% mean annual decline. Identification of molecular biomarkers
characterising the pathological processes in Parkinson’s disease could help monitor disease
burden and progression, drug target identification and treatment response in therapeutic trials.
So far, markers of presynaptic dopaminergic system such as quantification of striatal DAT have
been extensively used for aiding diagnostics between neurodegenerative and non-
neurodegenerative forms of parkinsonism and as correlates with motor symptoms. Our findings
demonstrate that quantification of PDE10A has potential as a molecular imaging biomarker for

Parkinson’s disease motor symptom burden and progression.

We performed head-to-head comparisons between loss of PDE10A and DAT in Parkinson’s
patients relative to normality data from the group of healthy controls. We found that loss of
PDEI10OA was greater than loss of DAT in the caudate, but lower in putamen, globus pallidus
and substantia nigra in both early de novo and early levodopa-treated patients with Parkinson’s
disease. Loss of PDE10A in both caudate and putamen and loss of DAT only in putamen
correlated with longer Parkinson’s duration, total burden of motor symptoms, and with
increased rigidity and bradykinesia. The level of correlations between PDE10A and DAT and

clinical scales were similar.

Considering the underlying pathophysiology of Parkinson’s includes progressive deposition of
a-synuclein, the ideal neuroimaging biomarker to monitor disease progression should be able
to quantify regional deposition of abnormal a-synuclein. Development of such a molecular
imaging radiotracer has been the focus of much research but is not yet forthcoming and
assessment of DAT represents the most direct approach able to quantify presynaptic

nigrostriatal dopaminergic neurons. Loss of striatal DAT signal is currently considered the gold
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standard in the differential diagnosis between degenerative vs. non-degenerative parkinsonism
(i.e. essential tremor, dystonic tremor or functional parkinsonism). However, this approach has
alsoshown several shortcomings. DAT signal does not reliably distinguish Parkinson’s disease
from the other neurodegenerative parkinsonian syndromes, such as multiple system atrophy,
progressive supranuclear palsy etc. DAT may be abnormal in asymptomatic subjects, that
however are at higher risk of Parkinson’s disease development, but,on the other hand,may be
also normal in subjects with clinical diagnosis of Parkinson’s disease, a population called
SWEDD. Although there is a good correlation between DAT levels and motor symptoms, it is
not the ideal biomarker of Parkinson’s disease progressionbecause its levels have a floor effect
that limit its use to the initial stages of the disease. Moreover, DAT levels may be modulated
by dopaminergic supplementation, with levodopa causing a decline proportional to the dose
used (Fahn, et al., 2004).Clinical trials that used DAT as a marker of Parkinson’s disease
pathology showed controversial results, with imaging appeared to contradict the clinical
results. In CALM-PD (Parkinson Study Group CALM Cohort Investigators, 2009) and REAL-
PET (Whone, et al., 2003), subjects randomized to dopamine agonists showed worse clinical
symptoms but lower DAT decline than subjects randomized to levodopa. In ELLDOPA trial
(Fahn, et al., 2004), subjects randomized to levodopa showed betterclinical symptoms but
greater DAT decline than subjects on placebo. However, it is not clear whether dopaminergic
treatment hastened disease progression or, rather, the results of the study simply reflected

downregulation of DAT due to the use of levodopa.

PDEI0A seems to be a more stable biomarker for diagnosis and for evaluating disease burden
and progression. However, studies comparing PDE10A levels in Parkinson’s versus other
parkinsonism are needed to confirm its potential role in the differential diagnosis of Parkinson’s
in the clinical setting. We found a progressive decline of PDE10A in Parkinson’s from the early
to the advanced stages. This was independent of levodopa treatment (Niccolini, et al., 2015a)
and had no floor effect, suggesting that PDE10A might be better than DAT as a potential target
to monitor treatment response in clinical trials aiming at slowing the progression of
Parkinson’s. PDE10A and DAT were correlated in our population but PDE10A PET was better
to detect pathology in the caudate whereas DATscan was better in the putamen. On the other
hand, it is important to underlie that DAT levels can be measured with SPECT imaging while
only PET ligands are currently available for PDE10A. Despite all these potential advantages
of PDE10A, this limitation reduces the cost-effective use of this novel molecular imaging

technique until a SPECT PDE10A tracer becomes available.Neither DAT or PDE10A are good
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biomarkers for other Parkinson’s symptoms like tremor or depression, in which other
mechanisms, such as serotonergic deficits, seem to have a prominent role (Politis et al., 2010;

Politis et al., 2011; Loane et al., 2013;Pagano et al. 2017).

In the group of early de novo Parkinson’s patients who had unilateral motor symptomatology,
we assessed whether the clinically affected side of the body was associated with greater
PDEI10OA and DAT decreases in contralateral brain regions of interest. We found no difference
in PDE10A expression in the brain between the more affected and the less affected side,
whereas loss of DAT expression was higher in brain regions corresponding to the more affected
side. This observation could be related to the fact that loss of striatal PDE10Aexpression is an
earlier phenomenon compared to the loss of striatal DAT expression and an underlying
mechanism associated with the reduction of dopamine release, even before motor onset.
Thesemolecular changes in affected neurons might happen when dopamine neuronsare
suffering and are releasing less dopamine, thus before cell death and presynaptic dopamine
neuronal loss become irreversible. However, this hypothesis can be confirmed only testing
PDEIOA expression in prodromal Parkinson’s patients, such as asymptomatic mutation
carriers of Parkinson’s gene (i.e. SNCA, Parkin, LRRK2 etc.). This can clarify whether the loss
of PDE10A precedes clinical onset and may be considered as a pre-diagnostic biomarker,
which is currently unavailable.On the other hand, normal DAT binding has been shown in
asymptomatic carriers of SNCA (Kriiger et al., 2001; Ahn et al., 2008) and of LRRK2mutated
genes (Khan et al., 2005a; Nandhagopal et al., 2008; Wider et al., 2008). In contrast,
asymptomatic parkin mutation carriers showed reduced DAT signal in the caudate and putamen
(Pellecchia et al., 2007; Khan et al., 2005b).Interestingly, loss of nigrostriatal dysfunction in
parkin-linked parkinsonism occurs at a very slow rate compared to the annual loss of putamen
reported for idiopathic PD (Pavese et al., 2009).Thegene encoding PDE10A has been identified
on chromosome 6 (locus 6q26-27) (Fujishige et al., 1999b) and is nearby the gene encoding
for parkin identified on the same chromosome (locus 6q25.2-q27)(Matsumine H, et al., 1997).
Both PDE10A signalling and parkin mutated protein are expressed in striatum and are involved
in striatal neuronal function, thus making the possibility of genetic linkage between these two
intriguing. Increased parkin might be associated with higher expression of PDE10A and justify
why in parkin-linked parkinsonism the disease progressesat a slower pace (Pavese et al.,
2009).Further studies evaluating PDE10A by using ['!C]JIMA107 PET molecular imaging in

asymptomatic and symptomatic parkin mutation carriers are needed to shed a light on the
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interaction between these two proteins involved in Parkinson’s and expressed on the same

chromosome.

PDEIOA could be a promising therapeutic target for promoting neuronal survival and
improving motor function. Recently, the modulation of PDE10A expression has shown
promising results. A single oral dose of PF-02545920 increased striatal PDE10A of 14-27% at
10 mg dose and of 45-63% at 20 mg dose in healthy controls(Delnomdedieu M, et al., 2017).
PF-02545920 is a highly selective PDE10A inhibitor developed for the symptomatic treatment
of Huntington disease, an autosomal dominant neuropsychiatric disease that targets the cortico-
striatal circuitry and is associated with loss of striatal PDE10A expression (Ahmad et al., 2014;
Niccolini et al., 2015b; Wilson et al., 2016; Russell et al., 2016). However, the Amaryllis trial,
a Phase 2 randomized, placebo controlled trial including 271 Huntington’s disease patients in
five countries testing the efficacy and the safety of PF-02545920 in subjects with Huntington's
Disease, failed to show significant improvement in motor or cognitive function. PF-02545920
was indeed safe thus it might be worth testing this drug in Parkinson’s disease patients.
Neurodegenerative process in Parkinson’s differs from Huntington’s disease and boosting
PDEI0OA expression at the earliest stage possible might reduce motor symptoms and neuronal
survival in Parkinson’s disease.

Two randomized controlled trials are currently investigating the effect of PF-06649751,
another modulator ofPDE10A, in early stages (NCT02847650) and in patients with motor
fluctuations (NCT02687542).

In conclusion, our findings demonstrate that loss of PDEIOA expression is an early
phenomenon in the course of Parkinson’s disease, and PDE10A could be a promising
therapeutic target for promoting neuronal survival and improving motor function. PDE10A and
DAT expression are related and show on average a similar strength as markers of disease
burden and progression. PDE10A PET is more sensitive for marking pathology in the caudate,
whereas DAT PET in the putamen. Similar to what was observed in our cohort of Parkinson’s
disease patients, loss of striatalPDE10A expression correlated with disease burden in
manifest(Russell et al.,2014) and pre-manifest (Niccolini et al., 2015b) Huntington’s disease
gene carriers. Collectively, these observations suggest an extended role for the importance of
PDEIOA expression in the clinical presentation of movement disorders suggesting that
PDEI0A modulating drugs could potentially have a therapeutic role in slowing down the

neurodegenerative processes and restore the control of movement.
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FIGURE LEGENDS

Figure 1 (A).Altered PDE10A expression in anatomically defined brain regions of
Parkinson’s disease (PD) patients. Axial, sagittal and coronal (MNI co-ordinates: x = 19,y
= —8, z = 4) mean summed PET images derived from (top) 22 healthy controls, (middle) 17
PD early de novo and (bottom) PD early levodopa-treated patients in stereotaxic space showing
progressive loss of ['!C]IMA 107 BPnp in PD. Colour bar reflects range of PET BPnp intensity.
(B) PDE10A expression in the groups of Parkinson’s disease (PD) patients and healthy
controls. Column bar graphs showing mean [''C]JIMA107 BPxp in subcortical brain regions
in PD early de novopatients, PD early levodopa-treated patients and healthy controls.*P <0.05,
**P <0.01, ***P <0.001.

Figure 2. (A)Altered DAT expression in anatomically defined brain regions of
Parkinson’s disease (PD) patients. Axial, sagittal and coronal (MNI co-ordinates: x = 19, y
= —8, z = 4) mean summed PET images derived from (top) 22 healthy controls, (middle) 17
PD early de novo and (bottom) PD early levodopa-treated patients in stereotaxic space showing
progressive loss of [''C]PE2I BPnp in PD. Colour bar reflects range of PET BPnp intensity.
(B) DAT expression in the groups of Parkinson’s disease (PD) patients and healthy
controls. Column bar graphs showing mean ['!C]PE2I BPnp in subcortical brain regions in PD
early de novopatients, PD early levodopa-treated patients and healthy controls. *P <0.05,
**P <0.01, ***P <0.001. (C)Laterality ofmean loss of DAT expression in Parkinson’s
disease (PD) patients. Axial, coronal and sagittal (MNI co-ordinates: x = 19, y = =8, z = 4)
mean summed PET images derived from (top) most affected right and (bottom) left of PD
patients in stereotaxic space showing significant loss of [''C]PE2I BPnp in the PD patients.
Colour bar reflects range of [!!C]PE2I BPnp intensity.(D)Correlations between PDE10A and
DAT inParkinson’s disease (PD) patients.Correlation between [''C]IMA107 and ['!'C]PE2I
BPnp(top) in the caudate (rtho = 0.514; P=0.003) and (bottom) in the putamen (rho = 0.527;
P=0.002). PD early de novo in black circles and PD early levodopa-treated in grey circles.

Figure 3. Correlations between PDE10A and DAT in relation to motor symptoms
inParkinson’s disease (PD) patients.Correlation between disease duration (first line)and
[M'C]IMA107 BPnp in the caudate (rho = -0.721; P<0.0001) and [''C]IMA107 and [''C]PE2I
in the putamen (rho = -0.481; P=0.005 for [''C]IMA107 and rho = -0.645; P<0.0001 for
[''CJPE2I).Correlation betweenMDS-UPDRS-III motor scores (second line) and[''C]IMA107
BPxp in the caudate (rho = -0.423; P=0.016) and [''C]IMA107 and [''C]PE2I in the putamen
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(tho = -0.410; P=0.020 for [''C]IMA107 and rho = -0.692; P<0.0001 for [''C]PE2I).
Correlation betweenMDS-UPDRS-III rigidity subscores (third line) and [''C]IMA107 BPxp in
the caudate (rho = -0.515; P=0.003) and ['!C]IMA107 and [''C]PE2I in the putamen (rho = -
0.432; P=0.014 for [''C]IMA107 and rho = -0.620; P<0.0001 for [''C]PE2I). Correlation
between MDS-UPDRS-III bradykinesia subscores(forth line) and ['C]IMA107 BPnp in
caudate (tho = -0.448; P=0.010) and putamen (rho = -0.467 ; P=0.007 for [''C]IMA107 and
rho =-0.493; P=0.005 for [!!C]PE2I). PD early de novo in black circles and PD early levodopa-

treated in grey circles.
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TABLES

Table 1. Clinical characteristics of early de novoParkinson’s patients, levodopa-treated

Parkinson’s patients and healthy controls

Healthy PD early PD early
controls de novo levodopa-treated
(n=22) (n=17) (n=15)
Age (years + SD) 55.68 (£14.9) 59.0 (£9.0) 61.0 (£5.5)
Gender 16M / 6F 11M/6F 8M/ TF
Disease Duration (months + SD) - 12.1 (£6.9) 48.2 (x11.7)"
H&Y (mean + SD) - 1.1 (x0.3) 2.2 (£1.D)N
MDS-UPDRS-III (mean + SD) 0 (£0.0) 23.3 (£9.7) 40.2 (£18.1)»
NMSS (mean + SD) 6.7 (£9.1) 24.8 (£26.5)* | 57.5 (£34.6)**
PDQ-39 (mean + SD) 0.2 (£0.6) 20.1 (£22.5)* 27.0 (£10.5)*
BDI-II (mean + SD) 1.4 (£2.1) 6.5 (+8.9) 5.4 (£3.7)*
HDRS (mean + SD) 1.3 (+x1.4) 3.2 (+4.8) 8.0 (£5.2)*
MMSE (mean + SD) 29.6 (£1.0) 29.7 (£0.7) 29.5 (+1.0)
MoCA (mean + SD) 27.9 (£1.4) 28.4 (£2.0) 27.5 (£1.5)
PDSS(mean + SD) 130.7 (£19.0) 117.8 (£16.8) | 102.3 (£16.9)*"
ESS (mean + SD) 4.7 (£3.1) 5.6 (£5.2) 8.2 (+4.8)

H&Y = Hoehn and Yahr; MDS-UPDRS III = Movement Disorder Society-sponsored revision of the Unified
Parkinson's Disease Rating Scale Part III - Motor; NMSS: Non-motor Symptoms Scale; PDQ-39 = 39-item
Parkinson’s Disease Questionnaire; BDI-II: Beck Depression Inventory-I1I; HDRS: Hamilton Depression Rating
Scale; MMSE: Mini Mental Status Examination, MoCA: Montreal Cognitive Assessment; PDSS: Parkinson's
Disease Sleep Scale; ESS: Epworth Sleepiness Scale. Pvalue vs. healthy controls Bonferroni post-hoc corrected.
*P <0.05 vs. healthy controls, *P <0.05 vs. early de novo PD patients.
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Table 2. FreeSurfer cortical and subcortical volumetric analyses in the groups early de

novoParkinson’s patients, levodopa-treated Parkinson’s patients and healthy controls

ROIs Healthy PD PD levodopa- | P value
Controls de novo treated

Caudate (mean + SD) 242 (£0.22) 2.39 (0.23) 2.32 (x0.31) >0.10

Putamen (mean + SD) 3.50 (£0.32) 3.34 (£0.28) 3.20 (£0.31) >0.10

Ventral Striatum (mean £ SD) 0.34 (£0.07) 0.32 (£0.05) 0.28 (£0.07) >0.10

Globus pallidus (mean + SD) 0.94 (£0.13) 0.97 (0.13) 0.99 (£0.12) >0.10

Thalamus (mean + SD) 4.86 (£0.65) 4.68 (£0.44) 4.22 (£0.39) >0.10

ISubcortical nuclei volumeshave been corrected for total intracranial volume.
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Table 3. Lateralization analysis forsubcortical nuclei mean [''C]IMA107BPnp and
[''C]PE2IBPnp values in the clinically most affected controlateral and homolateral side of early

de novopatients with Parkinson’s disease =

Controlateral® Homolateral® Pvalue®
['"C]JIMA107 BPxp
Caudate(meantSD) 0.93+0.13 0.88+0.14 >0.10
Putamen (mean+SD) 1.91+0.15 1.91+0.14 >0.10
Ventral Striatum
(mean+SD) 1.52+0.28 1.4540.29 >0.10
Globus Pallidus
Internal (mean+SD) 1.56£0.20 1.5+0.19 >0.10
Globus Pallidus
External(mean+SD) 1.90+0.24 1.85+0.19 >0.10
Substantia Nigra
(mean+SD) 0.62+0.06 0.62+0.08 >0.10
Motor
ThalamicNuclei 0.56+0.09 0.56+0.10 ~0.10
(mean+SD)
[''"C]PE2I BPxp
Caudate(meantSD) 1.70+0.41 2.02+0.38 <0.001
Putamen (mean+SD) 1.41+0.51 2 08+0.46 <0.001
Ventral Striatum
(meantSD) 1.84£0.45 2.2140.46 <0.001
Globus Pallidus
Internal (mean+SD) 0.74+0.20 0.96+0.29 <0.001
Globus Pallidus
External(mean+SD) 1.09+0.28 1.45+0.38 <0.001
Substantia Nigra
(mean=SD) 0.56+0.10 0.64+0.09 <0.001
Motor
ThalamicNuclei 0.49+0.06 0.474+0.05 >0.10
(mean+SD)

3Controlateral and homolateral to the most clinical affected side; °P values are Bonferroni corrected
for multiple comparisons.
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Table 4. Voxel-based analysis: bilateral striatal significant decreases in ['!C]IMA107 and
[M'C]PE2IBPnp in early de novoParkinson’s patients compared with the group of healthy
controls.Voxel-based analysis: bilateral striatal significant decreases in [''C]IMA107 and
[M'C]PE2IBPnp in early levodopa-treated patients compared with the group of early de

novoParkinson’s patients.

Early de novo Parkinson’s patients vs Healthy controls

MNI coordinates Cluster
AreaBPnp sizes Z-score P value

X y V/

Left
-12 8 14 Caudate[!'C]IMA107 96 2.23 <0.001
BPxp

Right
16 10 18 Caudate[!'C]IMA107 112 2.63 <0.001
BPnp

Left
-24 0 12 Putamen[''C]IMA107 208 2.88 <0.001
BPnp

Right
24 2 8 Putamen[''C]IMA107 172 3.01 <0.001
BPnp

Left
28 -8 12 Putamen(['!C]PE2I 172 6.27 <0.001
BPnp

Right
28 -8 12 Putamen[''C]PE21 208 6.88 <0.001
BPnp

Early levodopa-treated vs Early de novo Parkinson’s patients

MNI coordinates

Area Cl}lster Z-score P value
X y Z sizes
Left
-18 18 12 Caudate[!'C]IMA107 112 2.56 <0.05
BPnp
Right
10 22 -2 Caudate[!'C]IMA107 96 3.18 <0.05
BPnp
Left
-24 6 6 Putamen[''C]IMA107 172 2.35 <0.05
BPnp
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22

Right
Putamen[!'C]IMA107
BPnp

208

2.35

<0.05

12

Left
Putamen[''C]PE2I
BPnp

208

6.37

<0.05

12

Right
Putamen[''C]PE2I
BPnp

172

6.48

<0.05
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