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1  | INTRODUC TION

Alpha-synuclein (α-syn) is a soluble endogenous protein that typically 
assumes a random coil structure. If its exact functions remain uncer-
tain,1,2 its preferential localization in presynaptic nerve terminals and 
interactions with vesicular phospholipids and proteins suggest a reg-
ulatory function in dopamine production, synaptic activity, and lipid 
vesicle trafficking.3-7 The term “synucleinopathy” refers collectively 
to a group of heterogeneous neurodegenerative disorders including 

Parkinsonism, autonomic dysfunction, and nonmotor deficits.8-10 All 
these disorders share an acceleration of oligomerization or proto-
fibrillization of mutant α-syn protein.11,12 In Parkinson’s disease (PD) 
and Dementia with Lewy Bodies (DLB), α-syn tends to accumulate 
mostly in neurons, while in multiple system atrophy (MSA), there is 
extensive accumulation of α-syn in oligodendroglial cells and, to a 
lesser extent, in neurons.13-15 A few cases of familial PD have been 
linked to missense point mutations in α-syn with A53T, A30P, E46K, 
and more recently H50K and G51D.16-20

 

Received: 26 October 2017  |  Revised: 24 April 2018  |  Accepted: 25 April 2018
DOI: 10.1111/cns.12978

O R I G I N A L  A R T I C L E

PET imaging of the influence of physiological and 
pathological α-synuclein on dopaminergic and serotonergic 
neurotransmission in mouse models

Elise Levigoureux1,2  | Caroline Bouillot3 | Thierry Baron4 | Luc Zimmer1,2,3 | Sophie 
Lancelot1,2,3

1Lyon Neuroscience Research Center, CNRS 
UMR5292, INSERM U1028, Université 
Claude Bernard Lyon 1, Université de Lyon, 
Lyon, France
2Hospices Civils de Lyon, Lyon, France
3CERMEP-Imaging Platform, Lyon, France
4ANSES - French Agency for Food, 
Environmental and Occupational Health & 
Safety, Lyon, France

Correspondence
Luc Zimmer, CERMEP-Imaging Platform, 
Lyon, France.
Email: zimmer@univ-lyon1.fr

Summary
Aims: Alpha-synuclein (α-syn) aggregation is a neuropathological hallmark of neuro-
degenerative synucleinopathies. This in vivo study explored glucose metabolism and 
dopaminergic and serotoninergic neurotransmission in KO α-syn, wild-type mice and 
an accelerated murine model of synucleinopathy (M83).
Methods: MicroPET acquisitions were performed in all animals aged 5-6 months 
using five radiotracers exploring brain glucose metabolism ([18F]FDG), dopamine 
neurotransmission ([11C]raclopride, [11C]PE2I) and serotonin neurotransmission 
([18F]MPPF, [11C]DASB). For all radiotracers, except [18F]FDG, PET data were ana-
lyzed with a MRI-based VOI method and a voxel-based analysis.
Results: MicroPET data showed a decrease in [11C]raclopride uptake in the caudate 
putamen of KO α-syn mice, in comparison with M83 and WT mice, reflecting a lower 
concentration of D2 receptors. The increase in [18F]MPPF uptake in M83 vs WT and 
KO mice indicates overexpression of 5-HT1A receptors. The lack of change in dopa-
mine and serotonin transporters in all groups suggests unchanged neuronal density.
Conclusions: This PET study highlights an effect of α-syn modulation on the expres-
sion of the D2 receptor, whereas aggregated α-syn leads to overexpression of 5-HT1A 
receptor, as a pathophysiological signature.
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As the pathogenesis of human synucleinopathy remains un-
clear, animal genetic models are highly valuable for understanding 
the role of this protein in these neurodegenerative disorders.21,22 
Several strategies were used to produce transgenic mice with α-
syn overexpression, sometimes considered rather simplistically 
as models of PD. Although mouse models do not fully reproduce 
the pathological changes seen in synucleinopathy patients (ie, do-
paminergic cell loss, presence of typical Lewy bodies, etc.), these 
models have contributed to clarifying the mechanism of α-syn tox-
icity in vivo.23-25

One model of synucleinopathy consists of mice expressing the 
A53T mutant human α-syn, under the control of the mouse prion 
promoter.23 These mice develop severe motor impairments during 
aging, with neuronal accumulation of aggregated α-syn phosphor-
ylated at serine 129 in the brain, reminiscent of that found in brain 
lesions of patients with PD.23 In terms of the behavior of this animal 
model, several authors reported anxious behavior, detected at the 
age of 2 months,26-28 before the onset of motor impairment which 
typically occurs at > 8 months of age.23 These motor manifestations 
were linked to loss of dopaminergic neurons in the substantia nigra 
pars compacta.29 Our team and others recently developed an al-
ternative animal model with accelerated disease progression, more 
convenient for longitudinal studies and showing less interindivid-
ual variability.30,31 Briefly, it consists in intracerebral inoculation of 
young (6-8 weeks old) homozygous transgenic mice with brain ho-
mogenates from aged M83 mice with motor impairment. The inocu-
lated mice develop the disease before the age of 8 months, typically 
100-150 days after the experimental challenge, and systematically 
present α-syn aggregates in the brainstem and midbrain.23,32,33 
Another animal model useful for understanding the pathophysio-
logical involvement of α-syn is the KO mouse model lacking α-syn. 
These knockout mice, generated by partially deleting the SNCA 
gene, are viable, with normal lifespan.6 While α-syn RNA and protein 
are undetectable in KO mice, their brains appear largely normal.

Neither murine model has yet been explored in terms of neuro-
transmission status. The aim of this study was therefore to study, 
in vivo and for the first time, glucose metabolism and dopaminergic 
and serotoninergic neurotransmission in murine models with differ-
ent α-syn statuses: (i) an α-syn KO mouse, to reveal the influence of 
physiological α-syn; (ii) the corresponding wild-type model; and (iii) 
the M83 mouse model of synucleinopathy at an early disease stage, 
before expression of motor impairment.

The dopamine system was chosen because there is a large lit-
erature on the potential involvement of α-syn in the regulation of 
dopamine neurotransmission 34 and involvement in the pathophys-
iology of Parkinson’s disease.35 Although degeneration of midbrain 
dopamine neurons is at the core of the disease and is the main expla-
nation for the motor disability, it is well-known that α-syn pathology 
is more widely distributed in the brain: Nondopaminergic systems 
are also affected, including the serotonergic neurons. Therefore, it 
is likely that α-syn function or dysfunction in serotonergic systems 
contributes to the wider spectrum of symptoms, such as cognitive 
impairment and emotional disturbance.36

2  | MATERIAL S AND METHODS

2.1 | Animals and study schedule

Studies were performed with the accelerated mouse model of synu-
cleinopathy previously described.31-33 In brief, mice were 5 months 
old at the time of study, that is, 3 months after stereotactic inocula-
tion of brain homogenate from aged M83 mice into the striatum (2 μL 
per mouse). At this time, none of the studied mice showed any motor 
signs. For all experiments, the transgenic mice were compared to 
age-matched wild-type (WT) C57Bl/6J mice and knock-out (KO) α-
syn C57Bl/6S mice, presenting a deletion of the α-syn locus (Harlan, 
Gannat, France).

Fifty-nine female and nine male mice were used: 21 transgenic, 
24 WT, and 22 KO. Due to the sensitivity of this animal model to 
repeated anesthesia and to PET radiotracer availability issues, not 
all animals could be studied at each test. All experiments were per-
formed in accordance with the European guidelines for care of lab-
oratory animals (2010/63/EU) and were approved by the University 
of Lyon review board.

The study was chronologically organized as follows (Figure 1): (i) 
animals were observed daily to detect any change in motor behavior; 
(ii) in their fifth month of life, the animals underwent MRI and micro-
PET imaging examination (each animal had a maximum 5 microPET 
examinations, with 5 different radiotracers, within 1 month maxi-
mum; (iii) at the end of this imaging period, the animals were sacri-
ficed and explored in vitro (detection of aggregated alpha-synuclein 
by Western blot and Thioflavin-S analysis).

2.2 | Premortem magnetic resonance imaging (MRI)

In vivo imaging in mice requires precise and reproducible delinea-
tion of brain structures. This segmentation, performed on brain MRI 
images, is needed for extraction of regional time-activity curves in 
PET studies.

MRI was performed on a 7-Tesla Bruker system (Biospec®, 
Bruker Biospin GbmH, Germany) coupled to Bruker BGA12 (450 
mT/m) gradients. A 72-mm diameter Bruker volume coil was used 
for signal emission and a 15-mm-diameter surface coil for signal de-
tection, to provide the best coverage around the mouse brain. Axial 
anatomical T2-weighted RARE (Rapid Acquisition with Relaxation 
Enhancement) images were obtained with the following parameters: 
effective echo time = 60.28 ms, repetition time = 7500 ms, in-plane 
resolution 78 × 78 μm2 and 47 slices of 330 μm thickness, RARE 
factor = 8, acquisition time = 24 minutes. The MRI images were ob-
tained from scans of C57Bl/6J mice (WT).

The T2 MRI was manually segmented into 20 volumes of inter-
est (VOIs): for example, right and left frontal, parietal, cingulate, 
temporal and occipital cortexes, right and left hippocampus, cau-
date putamen, thalamus, and cerebellum, and cerebellar white mat-
ter and brainstem, according to Paxinos and Watson’s stereotaxic 
atlas.37 We used this single atlas dataset to extract regional PET 
measures.
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2.3 | Premortem microPET imaging

2.3.1 | Radiotracers

The radiopharmaceutical [18F]FDG (GlucoTEP®) was obtained from 
Cyclopharma (Janneyrias, France) and had a chemical and radio-
chemical purity exceeding 98%.
[11C]raclopride, a D2 receptor antagonist, was synthesized in-house, 
in the CERMEP imaging platform. Its chemical and radiochemical pu-
rity were determined by high-performance liquid chromatography 
and exceeded 95%. Specific activity from the injected radiotracer 
ranged from 33.103 MBq/μmol to 185.103 MBq/μmol (0.9-5.0 Ci/
μmol).
[11C]PE2I, a dopamine transporter (DAT) radiotracer, was synthe-
sized in-house, in the CERMEP imaging platform. Its chemical and 
radiochemical purity were determined by high-performance liquid 
chromatography and exceeded 95%. Specific activity from the in-
jected radiotracer ranged from 33.103 MBq/μmol to 240.103 MBq/
μmol (0.9-6.5 Ci/μmol).
[18F]MPPF, a 5-HT1A receptor radiotracer, was synthesized in-house, 
in the CERMEP imaging platform. Its chemical and radiochemical pu-
rity were determined by high-performance liquid chromatography 
and exceeded 98%. Specific activity from the injected radiotracer 
ranged from 85.103 MBq/μmol to 326.103 MBq/μmol (2.3-8.8 Ci/
μmol).
[11C]DASB, a serotonin transporter (SERT) radiotracer, was syn-
thesized in-house, in the CERMEP imaging platform. Its chemical 

and radiochemical purity were determined by high-performance 
liquid chromatography and exceeded 95%. Specific activity from 
the injected radiotracer ranged from 26 × 103 MBq/μmol to 
122 × 103 MBq/μmol (0.7-3.3 Ci/μmol).

2.3.2 | Imaging

Animals were anesthetized using isoflurane (4% induction and 2% 
maintenance). Breathing rate was monitored throughout the experi-
ment. After catheterization of a caudal vein, the mouse head was 
centered in the field of view (FOV) of the PET/CT scanner (Inveon®, 
Siemens, Knoxville, TN, USA). PET scans were acquired in list mode, 
with a nominal in-plane resolution of ~1.4 mm full-width-at-half-
maximum in the center of the FOV. Images were reconstructed with 
attenuation and scatter correction by a 3D-filtered back-projection 
algorithm (Hamming filter; cutoff frequency 0.5 cycles/pixel) and a 
zoom factor of 2. The reconstructed volume was constituted of 159 
slices of 128 × 128 voxels, in a bounding box of 49.7 × 49.7 × 126 mm 
and with voxel size 0.388 × 0.388 × 0.796 mm. The dynamic images 
were analyzed with the INVEON research Workplace (IRW, Siemens).

Sixty-minute list-mode acquisition started immediately 
after intravenous caudal injection of the radiotracer. Injected 
doses were 8.3 ± 1.1 MBq; 8.3 ± 0.6 MBq; 7.4 ± 0.8 MBq and 
9.0 ± 0.5 MBq for [11C]raclopride, [11C]PE2I, [18F]MPPF, and [11C]
DASB, respectively.

For [18F]FDG imaging, a 20-minute list-mode acquisition was 
made 1 hour after intra-peritoneal injection of 7.2 ± 2.2 MBq.

F IGURE  1 Organization of the experimental protocol. Animals were observed daily to detect any change in their motor behavior; in their 
fifth month, animals had anatomical MRI and microTEP imaging examinations (each animal had a maximum of 5 microTEP with 5 different 
radiotracers for a total of less than 1 month; at the end of this imaging period, animals were sacrificed and explored in vitro (detection of 
aggregated α-syn by Western blot and Thioflavin-S analysis)
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2.3.3 | Data analysis

Registration and normalization between PET and MRI were com-
puted. PET measures were extracted using the resliced MRI in the 
PET space. For all radiotracers, PET data were analyzed in two 
ways:

1.	 MRI-based volume of interest (VOI) method. PET data were ex-
tracted using MRI-based VOIs and expressed as SUVs (Standard 
Uptake Values). Target-to-reference tissue standardized uptake 
value ratios (SUVRs) were also calculated using cerebellar gray 
matter as reference region, except for [18F]FDG, for which the 
temporal cortex was chosen as reference. Statistical analyses 
were performed using GraphPad Prism® 5.0 software. Two-way 
ANOVA with Bonferroni’s test for post hoc correction was 
performed for analyses within subregions. Values were con-
sidered to be significantly different for P-values lower than 
0.05.

2.	 Voxel-based analysis. Data were analyzed using Statistical 
Parametric Mapping software (SPM 12, The Wellcome Trust 
Center for Neuroimaging, London, UK). We first build our own CT 
template: All CT scans of all animals were first summed to generate 
an average image. Each CT scan was then spatially normalized onto 
this average image, and a template was generated by averaging all 
the individual normalized CT scans. Each PET volume was then 
spatially normalized using our custom CT template and smoothed 
using an isotropic Gaussian filter [1.4 × 1.4 × 1.4 mm]. SPM com-
parisons were performed using one-way repeated-measures anal-
ysis of variance (ANOVA), that is, comparisons of M83 vs WT mice 
vs KO α-syn mice and comparison of WT mice vs KO α-syn mice. 
Global activities were normalized by proportional scaling using the 
whole brain mean activity of each radiotracer computed for each 
scan within a template mask of the brain. SPM-t maps were thres-
holded at P < 0.001, uncorrected, at the voxel level. Only bilateral 
clusters were considered significant at this threshold if a-priori hy-
pothesis existed; otherwise, PFWE-corrected < 0.05 was used.

F IGURE  2 A, Coregistration of MRI and PET images in the transverse plane for M83, WT, and KO α-syn mice groups. The PET images 
represent the summed distribution of [18F]FDG, a metabolism radiotracer. B, Results of [18F]FDG with MRI-based VOI analysis (expressed 
as SUVR, mean ± SEM) showed significantly decreased radiotracer uptake in the caudate putamen area, parietal cortex, hippocampus, and 
thalamus of M83 vs KO α-syn mice

(A)

(B)

 17555949, 2019, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cns.12978 by A

nses, W
iley O

nline L
ibrary on [31/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



     |  61LEVIGOUREUX et al.

2.4 | Postmortem alpha-synuclein detection by 
Western blot

After euthanasia, mouse brains were carefully removed and imme-
diately frozen in dry ice. Brain tissue was collected, and homogen-
ates were produced. About 20% of homogenates from a half brain 
were prepared in high-salt buffer (50 mmol/L Tris-HCl, pH 7.5, 
750 mmol/L NaCl, 5 mmol/L EDTA, 1 mmol/L DTT, 1% phosphatase 
and protease inhibitor cocktails), using a mechanical homogenizer 
(grinding balls, FastPrep FPI20, Thermo). After heat denaturation 
(5 minutes at 100°C), proteins were separated by electrophore-
sis using 12% SDS polyacrylamide gels before being electroblot-
ted onto polyvinylidene fluoride membranes (Bio-Rad, Marnes La 
Coquette, France). α-syn was probed with either mouse monoclonal 
antibody (mAb) clone 42 against α-syn (1:2000) (BD Biosciences, 
ref 610787), or rabbit mAb against pSer129 α-syn (1:1000) (Abcam, 
Cambridge, UK, ref ab51253). Membranes were then incubated 
with horseradish peroxidase conjugated goat anti-mouse or anti-
rabbit immunoglobulin (Ig) secondary antibodies (1:1000). The im-
munocomplexes were visualized with chemiluminescent reagents 
(Supersignal WestDura, Thermo, ref 34076), followed by exposure 
on Biomax MR Kodak films, or CL-Exposure films, and by analysis on 
dedicated software (Versa Doc system and Quantity One software, 
both from Bio-Rad).

2.5 | Postmortem Thioflavin-S analysis

Coronal sections (30 μm thick) were cut across the brainstem, cer-
ebellum, thalamus, hippocampus and cingulate and frontal cortices 
using a −20°C cryostat (Leica), thaw-mounted on SuperFrost® glass 
slides and allowed to air-dry before storage at −80°C until use. Brain 
sections were stained with thioflavin-S (Sigma Aldrich). Staining 
was performed using sections postfixed in 4% paraformaldehyde. 
Sections were incubated in thioflavin-S 0.05% followed by NaOH + 
H2O treatment. The induced fluorescence was observed on an imag-
ing microscope (Axioplan-2, Zeiss; Oberkochen, Germany), with an 
FITC filter (excitation 470 ± 20 nm, emission >515 nm). Images were 
captured using a digital camera interfaced with an image-analysis 
computer (Axiovision 3.0 software, Zeiss).

3  | RESULTS

3.1 | Imaging

3.1.1 | [18F]FDG neuroimaging

[18F]FDG uptake was decreased in the mouse model of synucle-
inopathy in the whole brain. The difference was significant for 4 
regions: caudate putamen, cingulate cortex, hippocampus, and 

F IGURE  3 A, Coregistration of MRI and PET images in the transverse plane for M83, WT, and KO α-syn mice groups. The PET images 
represent the summed distribution of [11C]raclopride, a D2 receptor antagonist radiotracer. B, Results of [11C]raclopride with MRI-based VOI 
analysis (expressed in SUVR, mean ± SEM) showed significantly decreased uptake in the caudate putamen area and parietal cortex of KO 
α-syn vs M83 mice. C, Results of voxel-based analysis, overlaid onto MRI template (coronal slice), reflecting a significant (pFWE-corrected < 
0.05) regional decrease in [11C]raclopride uptake in KO α-syn mice compared to M83 and WT mice

(A)(A)

(B)(B)

(C)(C)
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thalamus; SUVRs were 1.42 ± 0.03, 1.26 ± 0.03, 1.26 ± 0.02, 
and 1.27 ± 0.02, respectively, in M83 mice, vs 1.52 ± 0.02 (NS), 
1.46 ± 0.04 (P < 0.0001), 1.37 ± 0.03 (NS) and 1.40 ± 0.03 (P < 0.05) 
in WT mice and 1.57 ± 0.02 (P < 0.01), 1.52 ± 0.02 (P < 0.0001), 
1.39 ± 0.02 (P < 0.05), and 1.45 ± 0.03 (P < 0.0001) in KO α-syn mice 
(Figure 2A,B).

3.1.2 | [11C]raclopride PET neuroimaging

According to the MRI-based VOI method, KO α-syn mice (Figure 3A) 
showed a significant decrease in [11C]raclopride uptake in the cau-
date putamen compared to M83 and WT mice: SUVR was 2.05 ± 0.04 
in KO α-syn mice vs 2.72 ± 0.08 in M83 mice (P < 0.0001), and 
2.64 ± 0.07 (P < 0.0001) in WT mice (Figure 3.B). A significant de-
crease in [11C]raclopride binding was also observed in parietal cortex 
in KO α-syn mice (SUVR = 1.57 ± 0.05) compared to the M83 model 
(SUVR = 1.82 ± 0.05) (P < 0.01).

The voxel-based analysis method showed a significant (pFWE-
corrected < 0.05) regional decrease in [11C]raclopride uptake in 

KO α-syn mice compared to M83 and WT mice. Comparison be-
tween KO α-syn and M83 mice revealed two significant clusters 
of 13.45 mm3 and 16.55 mm3 found in the right and left caudate 
putamen regions, respectively (Figure 3C, in red), and one of 
3.82 mm3 in the thalamus (Figure 3C, in blue). Comparison between 
KO and WT mice revealed two significant clusters of 11.59 mm3 
and 15.36 mm3 found in the right and left caudate putamen re-
gions, respectively (Figure 3C, in red). No significant differences in 
[11C]raclopride binding were observed between M83 and WT mice 
with these two methods.

3.1.3 | [11C]PE2I neuroimaging

MicroPET images (Figure 4A) showed a trend for increased [11C]PE2I 
uptake in the caudate putamen area in KO α-syn vs M83 and WT 
mice: SUVR, 7.23 ± 0.21, 6.77 ± 0.32 and 6.38 ± 0.21, respectively. 
DAT overexpression seemed to be observed in the parietal cortex: 
SUVR, 3.37 ± 0.11 for M83, 2.87 ± 0.09 for WT and 2.98 ± 0.14 for 
KO α-syn mice. Results are shown in Figure 4B.

F IGURE  4 A, Coregistration of MRI and PET images in the transverse plane for M83, WT, and KO α-syn mice groups. The PET images 
represent the summed distribution of [11C]PE2I, a dopamine transporter radiotracer. B, Results of [11C]PE2I with MRI-based VOI analysis 
(expressed in SUVR, mean ± SEM) showed significantly increased uptake in the caudate putamen area of KO α-syn vs WT mice and 
significantly increased uptake in the parietal cortex of M83 vs WT mice

(A)

(B)
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Voxel-based analysis revealed no significant differences for [11C]
PE2I uptake between the three groups of mice.

3.1.4 | [18F]MPPF neuroimaging

With the MRI-based VOI method, microPET images (Figure 5A) 
showed significant differences in [18F]MPPF uptake in the M83 
mouse model of synucleinopathy in comparison with KO α-syn 
mice. SUVRs were 2.08 ± 0.17 and 1.51 ± 0.12 in the frontal and 
cingulate cortices in M83 mice, respectively, vs 1.61 ± 0.08 (NS) 
and 1.23 ± 0.10 (NS) in WT mice and 1.40 ± 0.07 (P < 0.05) and 
0.95 ± 0.03 (P < 0.01) in KO α-syn mice (Figure 5B). Significant 
differences in [18F]MPPF uptake were also observed between 
WT and KO α-syn mice (<0.01) in the caudate putamen, and there 
were no significant differences between M83 vs KO α-syn and 
WT mice in other brain regions, particularly in the hippocampus 
but also in parietal, temporal, and occipital cortices and, less obvi-
ously, in the brainstem. A staircase graph was observed, in which 
the upper third was represented by M83 mice and the lower third 
by KO α-syn mice, with the mid-third represented by WT mice.

Voxel-based analysis revealed a significant (PFWE-corrected 
< 0.05) regional increase in [18F]MPPF uptake in M83 mice 

compared to KO α-syn mice. One significant cluster of 
55.26 mm3 was found in the hippocampus and thalamus areas 
(Figure 5C, in red). Comparison of M83 with WT mice revealed 
one cluster of 0.99 mm3 (P < 0.001 uncorrected) in the thala-
mus (Figure 5C in red). No significant differences in [18F]MPPF 
binding were observed between WT and KO α-syn mice using 
this method.

3.1.5 | [11C]DASB neuroimaging

No significant differences in [11C]DASB uptake were observed be-
tween the M83, WT, and KO mice groups, whatever the analysis 
method (Figure 6A,B).

3.2 | Animal monitoring

Results of behavioral monitoring are shown in Figure 7A. During 
the PET study period, 55% of mice developed neurological 
symptoms and were therefore sacrificed, in accordance with the 
guidelines for care of laboratory animals. Other mice were sac-
rificed at the end of PET study. All mice were between 5 and 
6 months old.

F IGURE  5 A, Coregistration of MRI and PET images in the transverse plane for M83, WT, and KO α-syn mice groups. The PET images 
represent the summed distribution of [18F]MPPF, a 5-HT1A receptor antagonist radiotracer. B, Results of [18F]MPPF with MRI-based VOI 
analysis (expressed in SUVR, mean ± SEM) showed significant differences of uptake in the frontal and cingular cortex of M83 vs KO α-syn 
mice. C, Results of voxel-based analysis, overlaid onto MRI template (coronal slice), reflecting a significant (PFWE-corrected < 0.05) regional 
increase of [18F]MPPF uptake in hippocampus and thalamus in M83 mice compared to KO α-syn mice. Results of voxel-based analysis, 
overlaid onto MRI template (coronal slice), revealing one cluster of increased [18F]MPPF uptake (P < 0.001 uncorrected) in thalamus in M83 
mice compared to WT mice
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3.3 | Alpha-synuclein detection by Western blot and 
thioflavin-S analysis

Western blot studies in brain tissue revealed insoluble pSer129 α-
syn in M83 mice. Accumulation of α-syn was not detected in α-syn 
KO mice (Figure 7B).

Thioflavin-S staining in brain sections showed the presence of 
β-sheet structures in the brainstem and thalamus in M83 mice. No 
fluorescent signal was observed in the frontal or cingulate cortices, 
cerebellum or hippocampus (Figure 7C). Fluorescence was negative 
in WT and α-syn KO brain sections for all regions tested (data not 
shown).

4  | DISCUSSION

To our knowledge, this is the first study that explored the role of α-syn 
on neurotransmission using three animal models that express different 
levels of the protein: reduced expression in the KO model, physiological 

expression in the WT model, and pathological overexpression in the 
accelerated M83 model of synucleinopathy. We used PET as a unique 
nuclear medicine technology, enabling in vivo measurement of physi-
ological processes, biochemical pathways and neurotransmitters, and 
thus having an important role in studying the pathophysiology and 
pharmacology of the brain.38 One of the main contributions of micro-
PET is that it allows the same experiments to be performed in rodents, 
nonhuman primates, and humans, enabling longitudinal studies and fa-
cilitating translation between basic and clinical research, particularly in 
neurodegenerative diseases such as Parkinson’s and Alzheimer’s.39,40

Our study focused on the prodromal stage of the accelerated an-
imal model of synucleinopathy, with the aim of detecting changes in 
neurotransmission, which could be translated into clinical research 
as early biomarkers of neurodegenerative disease. At this stage (ie, 
the age of 5 months), pathological α-syn was detected mainly in the 
brainstem and more moderately in the thalamus; no or only moder-
ate neurological/motor symptoms were observed. These results are 
close to those described previously 31 and thus confirm the robust-
ness of this animal model.

F IGURE  6 A, Coregistration of MRI and PET images in the transverse plane for M83, WT, and KO α-syn mice groups. The PET images 
represent the summed distribution of [11C]DASB, a serotonin transporter radiotracer. B, Results of [11C]DASB with MRI-based VOI analysis 
(expressed in SUVR, mean ± SEM). Data showed no significant differences in binding between the 3 groups of mice, regardless of the region 
of the brain studied
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MicroPET data obtained with [18F]FDG revealed early hy-
pometabolism in many brain regions of M83 mice, such as the 
caudate putamen, cingulate cortex, hippocampus, and thala-
mus. Although this decrease in glucose metabolism can be com-
pared with similar studies in Parkinson’ disease patients,39,40 the 
limitation of this metabolic tracer is its lack of specificity and 

identification of specific molecular events. We therefore focused 
imaging exploration on dopaminergic and serotoninergic path-
ways, using, for each system, a receptor and a transporter radio-
tracer: D2 receptors ([11C]raclopride), dopamine transporter ([11C]
PE2I), 5-HT1A receptors ([18F]MPPF), and serotonin transporters 
([11C]DASB).

F IGURE  7 A, Panels show the occurrence of symptoms. B, Western blot detection of α-syn using antibody pSer129 α-syn in insoluble 
fraction after biochemical extraction of 20% half-brain homogenates (m/v) from M83, W,T and α-syn KO mice. The positions of molecular 
mass markers are depicted on the left. The Western blot shows accumulation of insoluble and aggregated α-syn in M83 mice and total 
absence in WT and α-syn KO mice (arrows). The positive control consists of symptomatic M83 brain tissue. C, Thioflavin-S staining in M83 
mice: β-sheet structures are revealed mainly in the brainstem and, to a lesser extent, in the thalamus. No staining is visible in other VOIs 
studied
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In terms of methodology, the study was based on two classi-
cal methods of PET data processing, not in order to compare both 
methods but rather to be as exhaustive as possible in interpreting 
the PET data. MRI-based VOI analysis involves a priori assumptions 
about the cerebral localization of the results. For the predefined 
analysis regions, we drew 20 VOIs throughout the brain covering 
the main cerebral structures. The limitation of this approach was 
mainly that significant variations were only observed after further 
segmentation of VOI “meta-structures”.41 Voxel-based analysis is a 
method based on the absence of a priori assumptions of brain re-
gions of interest. It provides more information on the location of 
changes in neurotransmission, but has the disadvantage of being 
less sensitive.

Concerning the exploration of dopaminergic neurotransmission, 
the MRI-based VOI method showed lower uptake of [11C]raclopride 
in the caudate putamen of KO α-syn compared to M83 and WT mice. 
Voxel-based analysis showed the same results: Two significant clus-
ters were identified in the caudate putamen area, and one more in 
the thalamus comparing M83 vs KO α-syn mice. Moreover, two sig-
nificant clusters were identified in the caudate putamen area com-
paring WT vs KO α-syn mice. These results confirm the role of α-syn 
in dopamine neurotransmission. The low density of D2 receptors 
we observed is in accordance with the slight deficit of dopaminer-
gic neurons in the substantia nigra of KO mice.42,43 Our results are 
consistent with the hypothesis that α-syn is important for normal 
synaptic function and integrity.

Complementarily, PET exploration with [11C]PE2I did not reveal 
any differences in DAT density between the three groups. SPM anal-
ysis confirmed this lack of effect of α-syn status on transporter den-
sity. These results can be compared with previous studies reporting 
that DAT function increased occasionally in 2- to 4-month-old A53T 
mice but not at older ages when symptoms occurred.27 In our study, 
we were not able to follow longitudinally our mouse model because 
of the vulnerability of mice to repeated anesthesia. Therefore, 
we cannot exclude that a transitory overexpression of DAT might 
have occurred at an earlier stage of the M83 model of synucle-
inopathy. Our results, showing stable DAT binding, are in favor of 
unchanged dopaminergic neuron density in the three mouse mod-
els. This is in agreement with a previous electron microscopy study 
showing that the absence of α-syn in KO transgenic mice had no 
effect on the levels of synaptic proteins, including synapsin, syn-
aptophysin, and SNAP-25.6 More generally, the presence of physi-
ological or aggregated α-syn seems to have functional (D2 density) 
more than neuroanatomical effects (DAT density) on dopaminergic 
neurotransmission.

Complementary microdialysis studies would help to understand 
the links between dopamine neurotransmission and physiological 
and pathological α-syn expression.

Concerning the serotoninergic neurotransmission, the MRI-
based VOI method showed a significant increase in [18F]MPPF bind-
ing in the frontal and cingulate cortices in M83 vs KO α-syn mice. 
In these regions, no significant differences were observed between 
M83 and WT mice or between WT and KO α-syn mice. Voxel-based 

analysis also revealed an increase in [18F]MPPF binding in the hip-
pocampus and/or thalamus in M83 vs WT and KO α-syn mice. 
However, different brain regions were identified according to the 
chosen method.44 This difference would probably fade if the number 
of animals was increased. The general trend of results was the same: 
overexpression of 5-HT1A receptors at the early stage of the model 
of synucleinopathy. At this stage, it would be interesting to investi-
gate whether these receptors are the consequence of transient as-
troglial overexpression of 5-HT1A receptors, compensating neuronal 
decrease of the same receptors.45

Complementarily, PET scanning of serotonin transporters by 
[11C]DASB showed no modification of the transporter, in favor of 
unchanged serotoninergic neuron density. This is in agreement with 
previous studies showing that SERT expression did not change be-
tween the ages of 8 and 12 months in M83 mice,28 with no loss of 
serotonergic neurons.46 Here again, complementary microdialysis 
studies would help to understand the links between serotonin neu-
rotransmission and physiological and pathological α-syn expression.

5  | CONCLUSION

This study highlights the influence of α-syn on the dopaminergic and 
serotoninergic systems. Physiological α-syn modulates the expres-
sion of the D2 receptor, whereas only the pathological α-syn modu-
lates the expression of the 5-HT1A receptor, as a pathophysiological 
signature. These results are original but need now to be completed, 
to decipher these subtle pathophysiological mechanisms more pre-
cisely. Microdialysis studies in awake animals would help to under-
stand the links between dopamine and serotonin neurotransmission 
on the one hand and physiological and pathological α-syn expression 
on the other. More generally, our results highlight the interest of in 
vivo PET neuroimaging with the same radiotracers for the explora-
tion of neurotransmission reactivity in the synucleinopathy models. 
Finally, this PET translational approach encourages designing clini-
cal studies associating the same radiopharmaceuticals to explore 
early stages of neurodegenerative pathologies, such as Parkinson’s 
disease.
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