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Although neuromelanin is a dark pigment characteristic of dopaminergic neurons in the human substantia nigra pars 
compacta, its potential role in the pathogenesis of Parkinson’s disease (PD) has often been neglected since most com
monly used laboratory animals lack neuromelanin. Here we took advantage of adeno-associated viral vectors encod
ing the human tyrosinase gene for triggering a time-dependent neuromelanin accumulation within substantia 
nigra pars compacta dopaminergic neurons in macaques up to similar levels of pigmentation as observed in elderly 
humans. Furthermore, neuromelanin accumulation induced an endogenous synucleinopathy mimicking intracel
lular inclusions typically observed in PD together with a progressive degeneration of neuromelanin-expressing 
dopaminergic neurons.
Moreover, Lewy body-like intracellular inclusions were observed in cortical areas of the frontal lobe receiving 
dopaminergic innervation, supporting a circuit-specific anterograde spread of endogenous synucleinopathy by 
permissive trans-synaptic templating.
In summary, the conducted strategy resulted in the development and characterization of a new macaque model of 
PD matching the known neuropathology of this disorder with unprecedented accuracy. Most importantly, evidence 
is provided showing that intracellular aggregation of endogenous α-synuclein is triggered by neuromelanin accumu
lation, therefore any therapeutic approach intended to decrease neuromelanin levels may provide appealing 
choices for the successful implementation of novel PD therapeutics.

1 CNS Gene Therapy Program, Center for Applied Medical Research (CIMA), University of Navarra, 31008 Pamplona, 
Spain

2 Centro de Investigación Biomédica en Red de Enfermedades Neurodegenerativas (Ciberned-ISCIII), 28031 Madrid, 
Spain

3 Aligning Science Across Parkinsons’s (ASAP) Collaborative Research Network, Chevy Chase, MD 20815, USA
4 Translational Molecular Imaging Unit, Department of Nuclear Medicine, Clínica Universidad de Navarra, 31008 

Pamplona, Spain
5 Department of Neurosurgery, Hospital Universitario de Navarra, Servicio Navarro de Salud, 31008 Pamplona, Spain
6 Research Center for Molecular Medicine and Chronic Diseases (CIMUS), University of Santiago de Compostela, 

15782 Santiago de Compostela, Spain
7 Vall d’Hebron Research Institute, Neurodegenerative Diseses Research Group, 08035 Barcelona, Spain
8 Autonomous University of Barcelona (UAB), 08193 Bellaterra, Barcelona, Spain
9 Catalan Institution for Research and Advanced Studies (ICREA), 08010 Barcelona, Spain

Received April 19, 2023. Revised August 04, 2023. Accepted September 07, 2023. Advance access publication September 28, 2023
© The Author(s) 2023. Published by Oxford University Press on behalf of the Guarantors of Brain. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which per
mits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

https://doi.org/10.1093/brain/awad331 BRAIN 2023: 146; 5000–5014 | 5000

https://orcid.org/0000-0002-8243-9791
https://orcid.org/0000-0001-7376-7470
https://orcid.org/0000-0003-2301-5419
https://doi.org/10.1093/brain/awad385
https://creativecommons.org/licenses/by/4.0/


Correspondence to: José L. Lanciego  
CNS Gene Therapy Program  
Center for Applied Medical Research (CIMA)  
University of Navarra, Pio XII Ave 55  
Edificio CIMA, 31008 Pamplona, Spain  
E-mail: jlanciego@unav.es

Keywords: tyrosinase; alpha-synuclein; Lewy bodies; marinesco bodies; prion-like spread

Introduction
The substantia nigra pars compacta (SNpc) is a pigmented structure 
macroscopically visible to the naked eye in human brain post- 
mortem samples. Pigmentation of dopaminergic neurons within 
the SNpc is driven by the age-dependent intracellular accumula
tion of neuromelanin, a dark-colored pigment resulting from a 
non-enzymatic auto-oxidation of dopamine.1,2 Most importantly, 
a direct correlation between dopaminergic cell death and neurome
lanin content has long been established.3–5 Since most commonly 
used laboratory mammalian animals such as rodents and rabbits 
lack neuromelanin,6 the potential role for neuromelanin in the 
pathophysiology of Parkinson’s disease (PD) has often been ne
glected. In this regard, available clinical evidence showed a recipro
cal association between patients with PD and melanoma, a cancer 
of pigmented skin cells known as melanocytes.7–19 More important
ly, detection of α-synuclein (α-Syn) in cultured melanoma cells and 
tissues derived from patients with melanoma has been recently re
ported elsewhere.20

The classical neuropathological scenario of PD is made of (i) a time- 
depending loss of pigmentation that correlates with neuronal loss21; 
(ii) presence of intracellular inclusions in pigmented neurons referred 
to either Lewy bodies (when located in the cytoplasm) or Marinesco 
bodies (intranuclear inclusions); and (iii) a pro-inflammatory scenario 
mediated by microglial cells. Lewy bodies are ring-shaped structures 
immunopositive for α-Syn and represent the main neuropathological 
hallmark of PD. Marinesco bodies are eosinophilic intranuclear inclu
sions considered as incidental findings observed in the brains of nor
mal elderly subjects and are often observed in pigmented neurons in 
the SNpc.22,23 Moreover, the so-called ‘Braak’s hypothesis’ postu
lates a clinicopathological correlation of Lewy body pathology 
and disease progression24,25 where pathology follows a predict
able sequence of lesions from brainstem centres towards the cere
bral cortex. Central to this hypothesis is the ability of α-Syn to 
spread transcellular through brain circuits, further inducing 
pathological aggregation of α-Syn in post-synaptic neurons by 
permissive trans-synaptic templating.26

Most of the currently available non-human primate (NHP) mod
els of synucleinopathy are focused in recapitulating α-Syn aggrega
tion by taking advantage of either adeno-associated viral vectors 
(AAVs) encoding different forms of the SNCA gene or using pre
formed α-Syn fibrils.27–32 Although these models have important 
advantages when compared to traditional neurotoxin-based NHP 
models of PD,33 in particular when inducing a progressive dopa
minergic neuronal degeneration triggered by α-Syn aggregation, 
α-Syn is mostly in the normal or disordered conformation and 
does not show morphological or biochemical features of Lewy 
body pathology. In this regard, an alternative approach has been re
cently introduced by taking advantage of AAVs encoding the hu
man tyrosinase gene34 (hTyr). Upon AAV-hTyr delivery into the 

SNpc of rats, the enhanced expression of tyrosinase resulted in 
neuromelanin pigmentation of dopaminergic neurons in the 
SNpc, an age-dependent PD phenotype, Lewy body-like intracellu
lar inclusions and progressive nigrostriatal degeneration. Since this 
model recapitulates all the neuropathological hallmarks typical of 
human PD with unprecedented levels of accuracy, here we sought 
to upgrade this rodent model to NHPs by following a similar 
strategy.

Materials and methods
The collection of detailed protocols was deposited in protocols.io: 
dx.doi.org/10.17504/protocols.io.bp2l6xdwrlqe/v1.

Study design

This study was aimed to develop and characterize a NHP model of 
PD mimicking the known neuropathological hallmarks of PD to the 
best possible extent. Accordingly, we sought to determine whether 
AAV-mediated enhanced expression of hTyr in the SNpc of NHPs is 
able to induce a time-dependent accumulation of neuromelanin in 
dopaminergic neurons, further triggering and endogenous synu
cleinopathy, progressive cell death and a pro-inflammatory scen
ario, in keeping with what was formerly reported in rats by taking 
advantage of a similar strategy.34 Furthermore, the potential prio
noid spread of endogenous α-Syn species towards the prefrontal 
cortex was analysed, in an attempt to evaluate to what extent there 
is a propagation of endogenous α-Syn by permissive trans-synaptic 
templating (e.g. the so-called Braak hypothesis). Adult juvenile 
NHPs (Macaca fascicularis) were injected with AAVs encoding either 
the hTyr gene (AAV-hTyr; delivered into the left SNpc) or a null con
struct for control purposes (AAV-null; injected into the right SNpc). 
To delineate a timeline for the underlying processes, one group 
of NHPs was sacrificed 4 months post-AAV deliveries (Animals 
M308F4 and M310M4), whereby the follow-up timing for the second 
experimental group was settled at 8 months post-AAVs surgeries 
(Animals M307F8 and M309M8). Neuroimage studies (MRI and 
MicroPET) were conducted in vivo at different time points. Upon ani
mal sacrifices, brain tissue samples were processed for histological 
analysis comprising intracellular neuromelanin levels, intracellu
lar aggregates, nigrostriatal degeneration and neuroinflammation.

A graphical description of biochemical pathways underlying 
neuromelanin synthesis is provided in Fig. 1.

Experimental animals

A total of four adult juvenile naïve Macaca fascicularis non-human 
primates (36–40 months old; two males and two females; body 
weight 2.3–4.5 kg) were used in this study. Animal handling was 
conducted in accordance with the European Council Directive 
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2010/63/UE as well as in keeping with Spanish legislation (RD53/ 
2013). The experimental design was approved by the Ethical 
Committee for Animal Testing of the University of Navarra (ref: 
CEEA095/21) as well as by the Department of Animal Welfare of 
the Government of Navarra (ref: 222E/2021). Animals numbered 
as M307F8 and M308F4 were females, whereas Animals M309M8 
and M310M4 were both males. Animal records are shown in 
Supplementary Table 1.

Viral vector production

Recombinant AAV vector serotype 2/1 expressing the human 
tyrosinase cDNA driven by the CMV promoter (AAV-hTyr) and 
the corresponding control empty vector (AAV-null) were pro
duced at the Viral Vector Core Production Unit of the 
Autonomous University of Barcelona (UPV-UAB). In brief, AAVs 
were produced by triple transfection of 2 × 108 HEK293 cells 
with 250 μg pAAV, 250 μg pRepCap and 500 μg pXX6 plasmid 
mixed with polyethylenimine (Sigma-Aldrich). The UPV-UAB 
generated a pAAV plasmid containing the inverted terminal re
peats (ITRs) of the AAV2 genome, a multi-cloning site to facilitate 
cloning of expression cassettes and ampicillin resistance gene for 
selection. Two days after transfection, cells were harvested by 
centrifugation, resuspended in 30 ml of 20 mM NaCl, 2 mM 
MgCl2 and 50 mM Tris-HCl (pH 8.5) and lysed by three 
freeze-thawing cycles. Cell lysate was clarified by centrifugation 
and the AAV particles were purified from the supernatant by io
dixanol gradient as previously described.35 Next, the clarified lys
ate was treated with 50 U/ml of benzonase (Novagen; 1 h at 37°C) 
and centrifuged. The vector-containing supernatant was col
lected and adjusted to 200 mM NaCl using a 5 M stock solution. 
To precipitate the virus from the clarified cell lysate, polyethylene 
glycol (Sigma-Aldrich) was added to a final concentration of 8% 
and the mixture was incubated (3 h, 4°C) and centrifuged. AAV 
containing pellets were resuspended in 20 mM NaCl, 2 mM 
MgCl2 and 50 mM Tris-HCl (pH 8.5) and incubated for 48 h at 4°C. 
The AAV titration method used was based on the quantitation 
of encapsulated DNA with the fluorescent dye PicoGreen®. 
Obtained vector concentrations were 1.7 × 1013 gc/ml for 
AAV-hTyr and 2.48 × 1013 for AAV-null. The plasmid map for 
pAAV-CMV-hTyr and sequence are provided in Supplementary 
Figs 1 and 2, respectively.

Stereotaxic surgery for AAV deliveries

Surgical anaesthesia was induced by intramuscular injection of ke
tamine (5 mg/kg) and midazolam (5 mg/kg). Local anaesthesia was 
implemented just before surgery with a 10% solution of lidocaine. 
Analgesia was achieved with a single intramuscular injection of flunix
in meglumine (Finadyne®, 5 mg/kg) delivered at the end of the surgical 
procedure and repeated 24 and 48 h post-surgery. A similar schedule 
was conducted for antibiotic coverage (ampicillin, 0.5 ml/day). After 
surgery, animals were kept under constant monitoring in individual 
cages with ad libitum access to food and water. Once animals 
showed a complete post-surgical recovery (24 h), they were re
turned to the animal vivarium and housed in groups.

Stereotaxic coordinates for AAV deliveries into the SNpc were 
calculated from the atlas of Lanciego and Vázquez.36 During sur
gery, target selection was assisted by ventriculography. Pressure 
deliveries of AAVs were made through a Hamilton® syringe in 
pulses of 1 μl/min for a total volume of 10 μl each into two sites in 
the SNpc, each deposit spaced 1 mm in the rostrocaudal direction 
to obtain the highest possible transduction extent of the SNpc. 
Once injections were completed, the needle was left in place for 
an additional time of 10 min before withdrawal to minimize AAV 
reflux through the injection tract. Coordinates for the more rostral 
deposits in the SNpc of AAV-hTyr (left SNpc) and AAV-null (right 
SNpc) were 7.5 mm caudal to the anterior commissure (ac), 5 mm 
ventral to the bicommissural plane (ac-pc plane) and 4 mm lateral 
to the midline, whereby the more caudal deposits were placed 
8.5 mm caudal to ac, 5.5 mm ventral to the ac-pc plane and 4 mm 
lateral to the midline.

Neuroimaging studies

MicroPET scans

MicroPET scans with (+)-α-[11C]dihydrotetrabenazine (11C-DTBZ; a 
selective VMAT2 ligand) were performed on each animal at base
line and 1, 2, 4, 6 and 8 months post-AAV deliveries (six and eight 
time points only applying to animals with 8 months of follow-up). 
11C-DTBZ was synthesized by 11C-CH3 methylation of the corre
sponding (+)-9-O-desmehtyl-a-dihydrotetrabenazine precursor. 
11C-methane was obtained by the wet chemistry method starting 
from 11C-CO2 produced in the Cyclone 18/18 cyclotron at the 
Department of Nuclear Medicine, Clínica Universidad de Navarra, 

Figure 1 Schematic representation of neuromelanin synthesis. Dopamine is synthesized in cytoplasm from L-DOPA by DDC. Both cytosolica dopamine 
(DAD and L-DOPA) can be oxidized either spontaneously or by tyrosinase to produce o-quinones. These, in turn generate aminochrome, 5SDCA and 
5SCD, which will act as precursors of the melanic components of neuromelanin. 5SCD = 5-S-cysteinyldopa; 5SCDA = 5-5cysteinyldopamine; 
DDC = DOPA-decarboxylase; L-DOPA = 3,4-dihydroxyphenylalanine; TH = tyrosine hydroxylase. Figure was created by Marta González-Sepúlveda 
with BioRender.com (agreement No. JI25JEO0Y7).
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with a radiochemical purity of >95%. Images were acquired on a 
dedicated small animal Philips mosaic tomograph. The standard 
acquisition and quantification of the radiotracer binding potential 
was conducted as previously described.37 In brief, a dynamic study 
of 40 min was acquired after the intravenous injection of the radio
tracer. Obtained scans were analysed by a radiotracer kinetic model 
using PMOD v3.2 software (PMOD Technologies, Ltd., Adliswil, 
Switzerland) to obtain parametric images containing the informa
tion of the binding potential of VMAT2. Parametric images were 
spatially normalized into standard stereotaxic space using a specif
ic template.38 The binding potential was measured using a prede
fined map of regions of interest (ROIs) defined over MRI images 
comprising the putamen nucleus. Changes in radiotracer binding 
potential were calculated for each animal at each time point.

MRI scans

Studies were conducted at the Department of Radiology, Clínica 
Universidad de Navarra, in keeping with available protocols.39,40 In 
brief, animals were scanned on a 3 T MRI scanner (Siemens), using 
a 12-channel head array and consisted of the acquisition of an ana
tomical dataset and the neuromelanin-sensitive sequence dataset 
with a total duration of 30 min. The anatomical T1-weighted image 
was acquired with MPRAGE sequence of 5 min duration. The follow
ing parameters were employed: 1 mm isotropic resolution, field of 
view = 256 × 192 mm2, matrix = 256 × 192 voxels, 160 axial slices, 
repetition time/echo time = 1620/3.09 ms, inversion time = 659 ms, 
flip angle = 15°. Images of the SNpc were obtained with an 
neuromelanin-sensitive T1-weighted fast spin-echo sequence with 
the following parameters: repetition time/echo time, 600/15 ms, 
two-echo train length, 11 slices, 2.0 mm slice thickness, 0.2 mm 
gap, 512 × 408 acquisition matrix, 220 × 175 field of view (pixel size 
0.43 mm2, interpolated to 0.21 mm2), bandwidth 110 Hz/pixel, four 
averages and a total scan time of 12 min. MRI studies were con
ducted 4 months post-AAV deliveries in all animals and 8 months 
post-injection of viral vectors in Animals M30F87 and M309M8.

Necropsy, tissue processing and data analysis

Anaesthesia was firstly induced with an intramuscular injection of 
ketamine (10 mg/kg), followed by a terminal overdose of sodium 
pentobarbital (200 mg/kg) and perfused transcardially with an infu
sion pump. Animals M308 and M310 were sacrificed 4 months 
post-AAV deliveries, whereas Animals M307 and M309 were eutha
nized 8 months post-injection of AAVs. The perfusates consisted 
of a saline Ringer solution followed by 3000 ml of a fixative solution 
made of 4% paraformaldehyde and 0.1% glutaraldehyde in 0.125 M 
phosphate buffer pH 7.4. Perfusion was continued with 1000 ml of 
a cryoprotectant solution containing 10% glycerine and 1% dimethyl
sulphoxide (DMSO) in 0.125 M phosphate buffer pH 7.4. Once perfu
sion was completed, the skull was opened and the brain removed 
and stored for 48 h in a cryoprotectant solution containing 20% gly
cerin and 2% DMSO in 0.125 M phosphate buffer pH 7.4. Next, frozen 
coronal sections (40-μm thick) were obtained on a sliding microtome 
and collected in 0.125 M phosphate buffer pH 7.4 as 10 series of adja
cent sections. These series were used for (i) direct neuromelanin 
visualization; (ii) immunoperoxidase detection of TH; (iii) dual im
munofluorescent detection of TH and P62 combined with brightfield 
visualization of neuromelanin; (iv) triple immunofluorescent detec
tion of α-Syn, TH and P62 combined with brightfield visualization of 
neuromelanin; (v) dual immunofluorescent detection of ubiquitin 
and P62 combined with brightfield visualization of neuromelanin; 
(vi) triple immunofluorescent detection of P62, Iba-1 and CD68 

combined with brightfield visualization of neuromelanin; (vii) triple 
immunofluorescent detection of α-Syn (pre-digested with proteinase 
K), TH and P62 combined with brightfield visualization of neurome
lanin; (viii) triple immunofluorescent detection of NeuN, TH and P62; 
and (ix) multiple immunofluorescent detection of DAPI, α-Syn, P62 
and TH.

A complete list of the used primary and bridge antisera (second
ary antisera; either biotinylated or Alexa®-conjugated), together 
with incubation concentrations, incubation times and commercial 
sources is provided in Supplementary Table 2.

Quantification of pigmented SNpc neurons

Every 10th section was counterstained with neutral red (NR) and 
used for estimating the number of transduced neurons with 
AAV-hTyr in the left SNpc. For this purpose, a deep-learning dedi
cated bi-layer algorithm was prepared with Aiforia® (www.aiforia. 
com), validated and further released (resulting in an error of 1.65% 
for quantifying either neuromelanin (NMel)+/NR+ or NMel−/NR+  
neurons). Ten equally spaced coronal sections covering the whole 
rostrocaudal extent of the SNpc were sampled per animal. Sections 
were counterstained with neural red and scanned at ×20 in an 
Aperio CS2 scanner (Leica) and uploaded to Aiforia cloud. The bound
aries of SNpc were outlined at low magnification (excluding 
neighbouring areas such as the ventral tegmental area and the retro
rubral field). The algorithm was then used as a template quantifying 
the desired neuronal populations. 

Quantification of neuromelanin intracellular levels

Quantification of the intracellular density of neuromelanin was 
achieved by measuring optical densitometry at the single-cell level 
with Fiji ImageJ software (NIH, USA) and converted to a logarithmic 
scale according to available protocol.41 Scanned images comprising 
the entire rostrocaudal extent of the SNpc were inspected at ×80 
magnification. Analyses were conducted in 2202 neurons for 
Animal M307F8, 2498 neurons in Animal M308F4, 1967 neurons in 
Animal M309M8 and in 2537 neurons for Animal M310M4.

Assessment of nigrostriatal degeneration

The degree of nigrostriatal lesion resulting from neuromelanin ac
cumulation was measured both at origin and destination (e.g. at the 
level of the SNpc and striatum, respectively). At the level of the 
SNpc, every 10th section was stained for the immunoperoxidase 
detection of TH and used for estimating the number of number of 
TH+ neurons in the left and right SNpc. For this purpose, a 
deep-learning dedicated algorithm was prepared with Aiforia® 
(www.aiforia.com), validated and further released (resulting in an 
error of 4.82% for quantifying TH+ neurons). Ten equally spaced 
coronal sections covering the whole rostrocaudal extent of the 
left and right SNpc were sampled per animal. Sections were 
scanned at ×20 in a slide scanner (Aperio CS2; Leica), uploaded to 
Aiforia cloud and TH+ neurons were quantified according to a simi
lar procedure described above for estimating the number of NMel+  
neurons. Regarding nigrostriatal degeneration at destination, up to 
25 equally spaced coronal sections stained for TH covering the 
whole extent of the left and right caudate and putamen nuclei 
(pre- and post-commissural putamen and caudate) in each animal 
were scanned at ×20 and used for measuring TH optical densities 
with Fiji ImageJ and converted to a logarithmic scale.
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Analysis of neuromelanin intracellular density and 
neuronal inclusions

To evaluate to what extent intracellular neuromelanin levels cor
relate to the presence of intracellular inclusions, sections compris
ing all SNpc levels and stained for TH and P62 were used. The 
immunofluorescent detection of TH and P62 was combined with 
brightfield visualization of neuromelanized neurons under the 
confocal microscope at a magnification of ×63. Intracellular neuro
melanin levels were measured as described above by taking advan
tage of confocal z- stacks of similar thickness. For every single 
animal, a minimum of 25 pigmented dopaminergic neurons show
ing P62 aggregates were randomly selected from each section (com
prising 12 equally spaced sections per animal covering the whole 
rostrocaudal extent of the SNpc) and compared with a similar num
ber of NMel+/TH+ neurons without P62 intracellular inclusions.

Quantification and statistical analysis

Statistical analysis was done in GraphPad Prism version 9.0.2. for 
Windows and Stata 15 (Stata Corp. 2017. Stata Statistical Software 
Release 15, College Station, TX; StataCorp LLC). Relevant tests are 
listed in the figure legends. Species with P < 0.05 were considered 
statistically significant.

Results
Neuroimaging studies

MicroPET scans with 11C-DTBZ (a selective VMAT2 radioligand) were 
performed on each animal at baseline and 1, 2, 4, 6 and 8 months 
post-AAV deliveries (6 and 8 month time points only applying to an
imals with 8 months of follow-up). For each animal and time point, 
the binding potential of 11C-DTBZ (reflecting nigrostriatal VMAT2+  
innervation) was measured in MRI-matched predefined regions of 
interest across 10 consecutive sections comprising the whole rostro
caudal extent of putamen nucleus. Upon deliveries of AAV.hTyr into 
the left SNpc, significant declines in radiotracer binding potential 
were observed in the putamen nucleus from both female animals 
(Animals M308F4 and M307F8). By contrast, measurements per
formed in male animals (Animals M310M4 and M309M8) most often 
failed to reach statistical significance (Fig. 2A).

Anatomical T1-weighted MRI images were acquired to further 
evaluate the accuracy of the viral vector deliveries, comprising 
AAV-hTyr and AAV-null deposits into the left and right SNpc, re
spectively. Next, animals were scanned with a neuromelanin- 
dedicated sequence enabling the visualization of a hyperintense 
area at the level of the left SNpc (Fig. 2B), this hyperintense area in
dicating neuromelanin accumulation.

Neuromelanin accumulation induced by human 
tyrosinase gene overexpression

In all animals, the AAV-mediated enhanced expression of hTyr re
sulted in a macroscopically visible pigmentation of the left SNpc 
that can be observed as a darkened area throughout the whole rostro
caudal extent of the left SNpc. By contrast, the delivery of the control 
AAV into the right SNpc resulted in a complete lack of pigmentation. 
Moreover, when comparing animals with a follow-up time of 4 versus 
8 months, a time-dependent loss of pigmentation was observed, 
more evident in female animals (Fig. 3A).

Microscopic examination of tissue samples at the level of 
the ventral mesencephalon revealed neuromelanin intracellular 

accumulation in neurons of the SNpc, this accumulation reaching 
levels high enough to avoid the use of histochemical stains enhan
cing neuromelanin signals such as the Masson-Fontana method 
(Fig. 3B). The percentage of SNpc cells transduced with AAV-hTyr 
was estimated by taking advantage of a dedicated bi-layered algo
rithm disclosing pigmented versus non-pigmented neurons in sec
tions counterstained with neutral red [Fig. 3C(i)]. On average, 40% 
of cells in the SNpc displayed neuromelanin accumulation [Fig. 
3C(ii)], ranging from 37.03% in Animal M310M4 (male, 4 months of 
follow-up) to 43.96% in Animal M308F4 (female, 4 months of follow- 
up), these values likely reflecting a roughly similar accuracy for the 
conducted stereotaxic deliveries of viral vectors (Fig. 3B). That said, 
it is also worth considering that the obtained percentages of cellular 
transduction might be somehow underestimated, bearing in mind 
that neuromelanin accumulation cannot be measured in 
degenerated neurons, in particular for animals with 8 months of 
post-injection follow-up periods (Animals M307F8 and M309M8). 
Moreover, a variable cell-to-cell degree of pigmentation was ob
served. Accordingly, the level of intracellular neuromelanin accu
mulation was estimated at the single-cell level in all animals 
across 12 consecutive sections (equally spaced 400 μm) covering 
the entire rostrocaudal extent of the left SNpc. Obtained data 
showed that female animals exhibited a higher mean level of intra
cellular neuromelanin than male subjects at both 4 and 8 months of 
follow-up, with a slight decline in animals with longer follow-up 
times (Animals M307F8 and M309M8) [Fig. 3C(iii)].

Nigrostriatal neurodegeneration

To further address to what extent neuromelanin accumulation is 
leading to dopaminergic cell neurodegeneration, TH+ neurons in 
the left and right SNpc were quantified with a dedicated Aiforia® 
algorithm. Loss of TH+ dopaminergic cells was noticed in both female 
animals, ranging from 47.13% cell loss in Animal M308F4 to 49.61% in 
Animal M307F8, whereas much lower levels of degeneration were ob
served in male animals (8.63% of reduction in Animal M310M4 and 
19.93% in Animal M309M8). In female animals, loss of TH+ cells was 
maintained throughout the entire rostrocaudal extent of the left 
SNpc (Fig. 4A). As expected, the observed dopaminergic cell loss in 
the SNpc is associated to a reduction in TH+ terminals in the caudate 
and putamen nuclei, as measured with optical densitometry in 20 
consecutive coronal sections (equally spaced 400 μm) covering all 
the pre- and post-commissural striatal territories in both hemi
spheres. A significant loss of TH+ terminals was found at the level 
of the caudate and putamen nuclei in Animals M307F8 and M308F4. 
For both nuclei, higher differences were constantly found in post- 
commissural locations (Fig. 4B). Optical densities of TH+ terminals 
in the two male animals failed to reach statistical significance at 
the level of the caudate and putamen nuclei, without any apparent 
difference between either pre- or post-commissural locations.

Upon degeneration of pigmented dopaminergic neurons, neuro
melanin is released to the extracellular space as observed in the left 
SNpc in all animals. In keeping with similar phenomena observed 
in postmortem PD samples,42 extracellular neuromelanin deposits 
were often found in perivascular locations (Fig. 5A). Extracellular 
neuromelanin granules were found inside phagocytic cells positive 
for Iba-1 and CD68 (Fig. 5B).

Intracellular aggregates

Two different types of intracellular inclusions were constantly 
found in pigmented dopaminergic neurons, namely nuclear 
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Marinesco bodies and cytoplasmic Lewy bodies. Both types of inclu
sions are relatively abundant across the pigmented SNpc and are 
easily identified by the immunofluorescent detection of P62, even 

at a low magnification (Fig. 6A). Indeed, pigmented dopaminergic 
neurons showing between one to three inclusions per cell were often 
found. Although not all of neuromelanin-containing TH+ neurons 

Figure 2 Neuroimaging studies. (A) MicroPET studies. Representative coronal sections of the non-human primate (NHP) brain at the level of the pu
tamen nucleus showing the binding potential of 11C-DTBZ (a selective VMAT2 ligand). Histograms illustrate the obtained measurements by comparing 
radiotracer uptake in left versus right hemispheres at each pre-defined time point. Statistical differences were more often found in female animals. 
*P < 0.05, **P < 0.01, ***P < 0.001, related samples t-test, n = 10 sections/animal. Data are presented as mean ± standard deviation (SD). (B) MRI scans. 
Left: Anatomical T1-weighted coronal MRI scan taken at the level of the ventral mesencephalon showing the location of the injection sites for 
AAV-hTyr (left SNpc) and the control AAV-null (right SNpc). Right: Hyperintense area in the left SNpc as observed with a neuromelanin-dedicated se
quence. SNpc = substantia nigra pars compacta.

Neuromelanin and pathophysiology of PD                                                                            BRAIN 2023: 146; 5000–5014 | 5005



displayed intracellular inclusions, these structures were only ob
served in neuromelanized dopaminergic neurons. Accordingly, the 
presence of any potential relationship between intracellular neuro
melanin levels and the presence of intracellular inclusions (e.g. dis
closing to what extent there was a pigmentation threshold needed to 
trigger the presence of inclusion bodies) was investigated under the 
confocal microscope at higher magnification, this analysis compris
ing randomly selected 25 pigmented neurons with inclusions and 25 

pigmented neurons without P62+ intracellular aggregates in 12 con
secutive sections of the SNpc covering the whole rostrocaudal extent 
of this structure. The conducted analysis revealed a lack of correl
ation between intracellular neuromelanin densities and presence/ 
absence of intracellular inclusions (Fig. 6A). Although nuclear 
Marinesco bodies and cytoplasmic Lewy bodies are both P62+ inclu
sions, only cytoplasmic Lewy bodies are also positive for α-Syn, 
meaning that besides exhibiting a different subcellular distribution, 

Figure 3 Pigmentation of the substantia nigra upon the delivery of AAV-hTyr. (A) Macroscopic images of non-human primate (NHP) brains taken from 
the microtome during sectioning. A darkened area at the level of the left substantia nigra pars compacta (SNpc) is visible to the naked eye throughout 
the whole rostrocaudal extent of this structure. A time-dependent loss of pigmentation is observed when comparing animals with post-viral injections 
follow-up times of 4 and 8 months. (B) Low-power microphotographs taken from non-stained sections of all animals at the level of the SNpc. 
Pigmentation with neuromelanin is clearly visible even at low magnification. Arrowheads indicate the location of the injection sites. Scale bar = 
1000 μm. [C(i)] Illustrative example showing the conducted procedure for quantifying the number of neurons being transduced with AAV-hTyr in 
the SNpc. By taking advantage of sections counterstained with neutral red (NR), a bi-layered algorithm was prepared with Aiforia® (www.aiforia. 
com) to further disclose pigmented and non-pigmented NR+ neurons in the SNpc. [C(ii)] Histogram showing the percentages of pigmented neurons 
in the SNpc resulting from the use of the Aiforia® algorithm. [C(iii)] Box plot showing the distribution and mean values of intracellular neuromelanin 
levels in all animals. neuromelanin densities in female animals are higher than in males at each time point post-injection of AAV-hTyr. ***P < 0.001, 
nested ANOVA test with time and gender as fixed factors, and monkeys nested within fixed factors. Measurements were conducted in 12 consecutive 
sections covering the entire rostrocaudal extent of the SNpc (equally spaced 400 μm each). AAV = adeno-associated viral vectors; hTyr = human tyro
sinase gene.
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Marinesco bodies and Lewy bodies can also be identified according to 
specific staining patterns (Fig. 6B), as reported elsewhere.43,44

While the use of antibodies against total α-Syn revealed a com
plete co-localization between P62+ and α-Syn+ intracytoplasmic in
clusions observed in pigmented dopaminergic neurons, to what 
extent these aggregates were made of insoluble forms of α-Syn 
was investigated by conducting either a pre-digestion of SNpc sam
ples with proteinase K or by taking advantage of antibodies specif
ically detecting phosphorylated forms of α-Syn (P-Ser129). Both 
approaches revealed that P62+ Lewy body cytoplasmic inclusions 
were made of pathological forms of α-Syn, either insoluble or phos
phorylated (Fig. 6C). Moreover, additional conducted stains also 
showed that P62+ inclusions are also positive for ubiquitin, another 
typical marker often used for identifying Lewy bodies (Fig. 6D).

Anterograde spread of endogenous α-synuclein

Upon having observed that the time-dependent neuromelanin ac
cumulation leads to the presence of intracytoplasmic inclusions 
made of endogenous α-Syn (Lewy body-like), we sought to analyse 
the potential presence of similar inclusions in second-order pyram
idal neurons of the prefrontal cortex receiving dopaminergic input. 
Intracytoplasmic inclusions positive for P62 and α-Syn were found 
in pyramidal neurons across the anterior cingulate gyrus, superior, 
middle and inferior frontal gyri and in the prefrontal gyrus of the 

left hemisphere. Within these cortical areas, P62+/ α-Syn+ inclu
sions were found in coronal section levels located between −2.0 
and 6.0 mm of the anterior commissure, i.e. at a rostral distance 
from the injection sites in the SNpc ranging from 6.0 and 
14.0 mm, respectively. Of particular importance, intracellular in
clusions were only found in pyramidal neurons receiving TH+  
fibres, often located in the post-synaptic element right opposite 
to the arrival of TH+ pre-synaptic boutons (Fig. 7). Obtained results 
are providing experimental evidence showing that neuromelanin- 
triggered endogenous synucleinopathy in midbrain dopaminergic 
neurons can spread in the anterograde direction through brain cir
cuits, further inducing Lewy body-like intracytoplasmic inclusions 
in second-order cortical pyramidal neurons through permissive 
trans-synaptic templating.

Discussion
Here a novel NHP animal model of PD has been developed and 
characterized, this model mimicking the known neuropathological 
hallmarks of the disorder with unprecedented accuracy. The 
AAV-mediated enhanced expression of hTyr induced a pigmenta
tion of dopaminergic neurons in the SNpc up to similar levels ob
served in elderly humans. Next, a time-dependent loss of 
pigmentation was observed, resulting from progressive degener
ation of nigrostriatal neurons. Furthermore, intracellular inclusions 

Figure 4 Time-dependent dopaminergic nigrostriatal damage driven by neuromelanin accumulation. (A) Coronal sections taken at the level of the 
substantia nigra pars compacta (SNpc) immunostained with an antibody against tyrosine hydroxylase (TH) and visualized with a purple peroxidase 
chromogen (V-VIP). Histograms below illustrate the number of TH+ cells in the left versus right SNpc, together with the rostrocaudal distribution of 
cell numbers in the SNpc (www.aiforia.com). Scale bar = 3200 μm. (B) Coronal sections taken at the level of the post-commissural caudate and putamen 
nuclei immunostained for TH and visualized with a brown peroxidase chromogen (DAB). Scale bar = 6400 μm. Histograms below illustrate optical dens
ities of TH in the left and right caudate and putamen nuclei for each animal, together with the rostrocaudal distribution. Dashed blue lines labelled as 
‘ac’ indicate the position of the anterior commissure. **P < 0.01, ***P < 0.001, unpaired t-test, n = 20 sections/animal. Data are presented as mean ± SD.
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(Marinesco and Lewy bodies) were found within neuromelanin- 
containing dopaminergic cells, together with a pro-inflammatory 
scenario mediated by microglial cells and macrophages. While the 
main aim of the conducted study was to generate a novel NHP model 
of PD, mechanistic evidence showing that the enhanced neuromela
nin accumulation triggered an endogenous synucleinopathy in 
the SNpc is also provided. Moreover, obtained data supported the ex
perimental demonstration of the Braak hypothesis, by showing the 
presence of an anterograde spread of the endogenous synucleinopa
thy towards neurons of the prefrontal cortex receiving dopaminergic 
input through permissive trans-synaptic templating.

Technical considerations and limitations of 
the study

The current worldwide shortage of NHP supplies45 forced us to use a 
small number of experimental subjects, therefore several questions 
remained open, at least to some extent. For instance, to what extent 
direct stereotaxic deliveries of AAVs in the SNpc may have induced 

any inherent damage in the targeted structure leading to neuronal 
death and gliosis cannot be ruled out. Indeed, conducted microPET 
neuroimage studies revealed a time-dependent reduction of radio
tracer binding potential in both hemispheres of female animals 
when compared to baseline levels (however the reduction was 
always more prominent in the putamen nucleus in the left hemi
sphere). Most importantly—and unexpectedly—loss of dopamin
ergic cells and nigrostriatal terminals was only noticed in female 
animals at 4 and 8 months post-delivery of AAV-hTyr (Animals 
M308F4 and M307F8, respectively), therefore raising the question 
of to what extent there may be a gender effect. Regarding male sub
jects, a mild cell loss in the SNpc (19.93%) was only observed after a 
follow-up period of 8 months (Animal M308M8), whereas an almost 
negligible 8.63% of dopaminergic damage was found 4 months 
post-injection of AAV-hTyr (Animal M310M4). Such small percen
tages of dopaminergic cell degeneration led to a non-significant 
reduction of nigrostriatal terminals in the caudate and putamen 
nuclei in these animals. Furthermore, it is also worth noting that 
female animals exhibited higher mean intracellular levels of 

Figure 5 Extracellular neuromelanin accumulation and pro-inflammatory scenario. (A) Coronal section through the substantia nigra pars compacta 
(SNpc) in Animal M308F4 counterstained with neutral red and showing the distribution of extracellular neuromelanin resulting from the loss of dopa
minergic cells. Inset illustrates the preferential perivascular location of extracellular neuromelanin deposits. Scale bar = 1000 μm (left) and 1000 μm (in
set). (B) Confocal images showing the pro-inflammatory scenario made by cells positive for Iba-1 (green channel) and CD68 (purple channel) that are 
digesting extracellular neuromelanin. Scale bar = 64 μm (A–D) and 18 μm (A’–D’).
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Figure 6 Intracellular inclusions in pigmented dopaminergic neurons of the substantia nigra. (A) Confocal images showing the relative abundance of 
intracellular inclusions within pigmented dopaminergic neurons in the substantia nigra pars compacta (SNpc). TH+ neurons are illustrated in the 
green channel and P62+ inclusions in the purple channel. Neuromelanin (Nmel) is visualized under brightfield illumination. Images are taken from 
Animal M310M4 (top) and Anomal M307F8 (bottom). Scale bar = 100 μm. The box plot illustrates neuromelanin levels in pigmented neurons with and 
without P62+ intracellular inclusions. Analyses were conducted in 12 consecutive sections covering the entire rostrocaudal extent of the SNpc (equally 
spaced 400 μm each). (B) Two different types of intracellular inclusions were observed in pigmented dopaminergic neurons (TH+; blue channel), namely 
Marinesco bodies (MBs, intranuclear, arrowhead) and Lewy bodies (LBs, intracytoplasmic, arrow). While Lewy bodies are positive for both P62 (purple 
channel) and α-Syn (green channel), Marinesco bodies only displayed immunoreactivity for P62. Images are taken from Animal M308F4. Scale bar = 
15 μm. (C) Lewy body-like intracytoplasmic inclusions within pigmented dopaminergic cells (TH+, blue channel) are made of insoluble and phosphory
lated α-Syn species (green channel). Observed P62+ inclusions (purple channel) are also labelled with antibodies against either total or phosphorylated 
α-Syn (top and bottom, respectively) and are resistant to digestion with proteinase K (middle). All images are taken from Animal M307F8. Scale bar = 5 μm. 
(D) Intracytoplasmic inclusions (e.g. Lewy body-like) observed in neuromelanized neurons are positive for P62 (purple channel) as well as for ubiquitin 
(green channel). Scale bar = 15 μm. TH = tyrosine hydroxylase.
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neuromelanin than male subjects. Any other outcomes of the con
ducted procedure, such as percentages of transduced dopamin
ergic neurons with AAV-hTyr, intracellular inclusions, gliosis and 
anterograde spread of α-Syn towards the prefrontal cortex, were al
ways observed in all animals. In summary, the question arising 
here is why male subjects, showing similar neuropathological sig
natures than females, seem to be more resistant to dopaminergic 
neurodegeneration. Our initial thought was that different accur
acies for the stereotaxic delivery of AAV-hTyr across animals might 
account for the observed phenomena, bearing in mind that the 
SNpc is a demanding stereotaxic target, deeply located in the ven
tral mesencephalon. However, a careful analysis of the injection 
sites (two sites in the left SNpc for AAV-hTyr injections and two 
sites in the right SNpc for deliveries of the control vector) revealed 
that performed stereotaxic deposits were equivalent across ani
mals, with a minimal—if any—interindividual variability. 
Moreover, gender differences were not reported in available 
AAV-mediated NHP models of synucleinopathy, such as those con
ducted in marmosets made of an equal number of male and female 
subjects.46,47 Similar approaches performed in M. fascicularis28 only 
tested AAV2-SynA53T deliveries in a cohort of female macaques, 
whereas a more recent study conducted in our group with 
AAV9-SynA53T32 only comprised male animals, and therefore the 
presence of a gender effect cannot be assessed. Finally, a different 
study analysing the patterns of age-dependent physiological pig
mentation with neuromelanin in the human SNpc did not report 
any gender effect in individuals spanning the ages of 24 weeks to 
95 years old.2

While this model was designed to reproduce the neuropatho
logical scenario of human PD to the best possible extent, another 
limitation is represented by the lack of any noticeable motor 
phenotype. The development of a motor syndrome was not ex
pected with percentages of dopaminergic cell loss barely reaching 
50% in females and <20% in male animals. Indeed, NHPs are very ef
ficient in self-compensating unilateral insults. According to our 

former, long-time experience in the NHP model with MPTP, a bilat
eral damage of nigrostriatal-projecting dopaminergic neurons 
>85% is needed to induce a motor phenotype.48,49 Studies per
formed in marmosets with AAVs coding for either wild-type or mu
tated forms of α-Syn46,47 revealed that a motor phenotype cannot be 
appreciated before 9 weeks post-inoculation of the viral suspen
sion, later leading to head position bias and body rotations between 
15 and 27 weeks. Furthermore, motor phenotypes were not re
ported upon the delivery of preformed α-Syn fibrils in the putamen 
and caudate nuclei of two female marmosets 12 weeks post- 
injection.29 The same holds true for experiments conducted in M. 
fascicularis with the AAV-mediated enhancement of α-Syn in the 
SNpc with follow-up periods ranging between 12 and 17 
weeks.27,28,32

Available NHP models of synucleinopathy

Although broadly used as the gold standard choice, traditional 
neurotoxin-based models of PD in NHPs failed to recapitulate the 
main neuropathological events that typically characterize PD.50 In 
an attempt to get closer to the human condition, the field has 
moved towards the use AAVs coding for either wild-type or mu
tated forms of α-Syn in NHPs.30 When conducted this way, a vari
able 30–60% loss of dopaminergic cells together with a well 
established α-Syn pathology was observed in marmosets following 
16 weeks post-injection of AAV2-SynWT.46 Next, the use of a differ
ent AAV serotype (AAV2/5 instead of AAV2) in marmosets led to a 
constant cell loss >40%.47 Lower levels of dopaminergic cell loss 
were reported in marmosets 11 weeks after the delivery of 
AAV9-SynA53T, reaching 13% in young animals and 20% in older 
animals.27 A similar approach conducted in macaques (M. fascicu
laris), with intraparenchymal deliveries of AAV2 coding for mutated 
α-Syn in the SNpc lead to a 50% dopaminergic cell loss after a 
follow-up period of 17 weeks post-injection.28 Former data from 
our group comprising the delivery of AAV9-SynA53T into the 

Figure 7 Anterograde spread of endogenous α-synuclein towards the prefrontal cerebral cortex. (A–A’’’) Confocal images taken at the level of the su
perior frontal gyrus in Animal M309M8 showing a layer V pyramidal neuron (stained with NeuN; green channel) receiving a TH+ terminal (blue channel) 
and showing an intracytoplasmic inclusion (positive for P62) just opposite to the arrival of the terminal bouton. Scale bar = 10 μm. (B–B’’’) Confocal 
images taken from the anterior cingulate gyrus in Animal M307F8 showing that P62+ intracytoplasmic inclusions (red channel) are also positive for 
α-Syn (green channel) and are observed in layer V neurons receiving TH+ terminals (purple channel). Scale bar = 20 μm. TH = tyrosine hydroxylase.
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SNpc of M. fascicularis, reported a 39% of cell loss in the SNpc 12 
weeks post-injection of the viral vector.32 Moreover, a different ap
proach for modelling synucleinopathy in NHPs has been made 
available by the intrastriatal delivery of synthetic human α-Syn 
fibrils.29,31 In two female marmosets, this strategy lead to PD-like 
α-Syn pathology 12 weeks post-injection together with non- 
quantified levels of dopaminergic cell death.29 Regarding the study 
conducted in one male M. fuscata,31 a mild neuronal cell loss in the 
SNpc together with the presence of Lewy body-like intracytoplas
mic inclusions and gliosis 12 weeks post-delivery of α-Syn fibrils 
were observed, these pathologies being more evident in the peri- 
injected areas of the putamen nucleus. Compared to strategies 
using AAVs coding for α-Syn, data reported here showed similar 
ranges of dopaminergic cell loss in female animals with a follow-up 
of either 4 or 8 months post-injection of AAV-hTyr (Animals 
M308F4 and M307F8, respectively). However, lower levels of dopa
minergic neurodegeneration were observed in both male animals, 
reaching up to 19.93% of loss after 8 months post-delivery of the vir
al vector (Animal M309M8), and only 8.63% with a follow-up of 4 
months (Animal M310M4).

Accuracy of the model in mimicking the known 
neuropathology of human Parkinson’s disease

Although a more costly option, setting up better NHP models of PD 
remain fundamental for pushing forward disease-modifying thera
peutics in an attempt to minimize clinical trial failures as well as in 
gaining more insight on disease biology.45,51 In this regard, an ideal 
NHP model should reproduce all neuropathological signatures that 
typically account for human PD, such as a progressive loss of pig
mented dopaminergic cells in the SNpc and intracellular inclu
sions. Moreover, although primates (human and non-human) are 
the only animal species showing a time-dependent macroscopic 
pigmentation in the SNpc,6 such a progressive pigmentation is 
physiological, with light neuromelanin granular deposits being de
tectable at ∼3 years of age in humans.2 In NHPs, a mild pigmenta
tion can only be detected with optical microscopy in squirrel 
monkeys (Saimiri scireus) at 6 years of age52 and at 8 years of age 
in Rhesus macaques (MacBrain Resource Collections; https:// 
macbraingallery.yale.edu/). Pigmentation gradually increases 
with age, particularly in humans2 and to a lesser extent in maca
ques (MacBrain Resource Collections; https://macbraingallery. 
yale.edu/), although age-related changes have not been observed 
in squirrel monkeys between 6, 12 and 21 years.52 Regarding juven
ile long-tailed macaques (M. fascicularis), as used here (∼4 years old), 
neuromelanin pigmentation is not expected, even at the micro
scopic level. In these animals, the delivery of AAV-hTyr into the 
SNpc, led to macro- and microscopic pigmentation levels similar 
to elderly humans. However, neuropathological signatures re
ported here resulting from the forced expression of hTyr cannot 
be taken as physiological. We hypothesize that the abnormal neu
romelanin accumulation is leading to an accelerated aged pheno
type. Ageing is the main risk factor in developing PD and it has 
long been known that dopaminergic neurons are more susceptible 
to senescence than any other neuronal types53–57 and indeed aged 
macaques are more sensitive to MPTP treatment.58–60 Moreover, an 
age-dependent marked increase in α-Syn content within dopamin
ergic cells was reported in rhesus macaques and humans.61

Another observation pointing into this direction is the relative 
abundance of Marinesco bodies found here in pigmented dopamin
ergic neurons. Often considered as an indicator of advanced age,62

Marinesco bodies are more frequently observed in nigral 

neurons,63,64 in particular within those pigmented neurons also ex
hibiting Lewy bodies, a finding suggesting a pathological role 
for Marinesco bodies22 contrary to earlier views considering 
Marinesco bodies as age-related incidental findings.65 Out data are 
in keeping with available evidence, by showing that Marinesco bod
ies are present in pigmented neurons with Lewy bodies and are not 
stained with antibodies against α-Syn.43,44

Anterograde spread of endogenous α-synuclein

While not designed for this purpose, obtained data support the fact 
that the progressive neuromelanin accumulation in dopaminergic 
neurons triggers an endogenous synucleinopathy. Importantly, such 
an endogenous synucleinopathy is able to progress anterogradely to
wards pyramidal neurons of the prefrontal cortex receiving dopamin
ergic input, therefore suggesting a potential neuron-to-neuron 
circuit-specific spread of α-Syn through permissive trans-synaptic 
templating, in keeping with the so-called Braak hypothesis.24,25,66

Although there is a close correlation between neuropathological 
staging and clinical disease course, to what extent the Braak hy
pothesis is either pathophysiologically relevant or an epiphenom
enon within the context of PD remains controversial.67–69 Central 
to this controversy is the lack of experimental evidence for a 
prionoid-like non-random spread of endogenous α-Syn. Initial 
evidence arising from clinical trials in PD patients receiving mesen
cephalic cell grafts70,71 was later reproduced in mice and macaques 
receiving brain extracts from PD patients.72 Although there are con
vincing experimental data both at the in vivo and in vitro levels in 
support of the prionoid spread of α-Syn,73–76 available evidence is 
based on the administration of exogenous α-Syn species (e.g. either 
AAVs encoding the SNCA gene, brain extracts of PD patients or pre
formed α-Syn fibrils) and therefore to what extent α-Syn pathology 
of endogenous origins can spread remains to be proved.69 Without 
the aim of adding more controversy to an already heated debate, 
data obtained here provided support for spreading phenomena of 
endogenous synucleinopathy—triggered by neuromelanin accu
mulation—from pigmented dopaminergic cells towards pyramidal 
neurons of the prefrontal cortex in NHPs.

Conclusions
The pigmented NHP model introduced here mimics the known 
neuropathological hallmarks of human PD with unprecedented ac
curacy. Moreover, obtained evidence showed that the time- 
dependent neuromelanin accumulation triggers the pathological 
misfolding of endogenous α-Syn in pigmented midbrain dopamin
ergic cells and indeed such synucleinopathy is able to spread ante
rogradely towards the cerebral cortex. Recent failures in clinical 
trials targeting α-Syn77,78 called for a reappraisal of the underlying 
rationale.79 Bearing in mind that neuromelanin accumulation 
seems to be responsible for α-Syn pathology, it is perhaps worth 
considering alternative approaches intended to reduce intracellu
lar neuromelanin levels in an attempt to get rid of the subsequent 
synucleinopathy. Supporting this concept, reduction of intracellu
lar neuromelanin levels in vivo, either by boosting neuromelanin 
cytosolic clearance with the autophagy activator TFEB34 or by redu
cing neuromelanin production with VMAT2-mediated enhance
ment of dopamine vesicular encapsulation,80 resulted in a major 
attenuation of the PD phenotype, both at the behavioural and 
neuropathological levels, in AAV-hTyr-injected neuromelanin- 
producing rats. Therefore, strategies decreasing age-dependent 
neuromelanin building up may provide unprecedented therapeutic 
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opportunities to either prevent, halt or delay neuronal dysfunction 
and degeneration linked to PD and, in a broader sense, brain ageing.

Data availability
Further information and request for resources and reagents should 
be directed to and will be fulfilled by the corresponding author, Jose 
L. Lanciego (jlanciego@unav.es). Full datasets can be found at 
Zenodo repository (doi: 10.5281/zenodo.8359416).

Acknowledgements
The authors acknowledge the support received from Marta González 
Sepúlveda, postdoctoral fellow at Vall d’Hebron Research Institute, 
Autonomous University of Barcelona, Spain.

Funding
This research was funded in whole or in part by Aligning Science 
Across Parkinson’s (Grant No. ASAP-020505) through the Michael 
J. Fox Foundation for Parkinson’s Research (MJFF). For the purpose 
of open access, the author has applied a CC-BY 4.0 public copyright 
license to all Author Accepted Manuscripts arising from this submis
sion. Work was also funded by MCIN/AIE/10.13039/5011000011033 
(Grant No. PID2020-120308RB-I00) and by CiberNed Intramural 
Collaborative Projects (Grant No. PI2020/09).

Competing interests
The authors report no competing interests.

Supplementary material
Supplementary material is available at Brain online.

References
1. Fedorow H, Tribl F, Halliday G, Gerlanch M, Riederer P, Double 

KL. Neuromelanin in human dopamine neurons: Comparison 
with peripheral melanins and relevance to Parkinson’s disease. 
Prog Neurobiol. 2005;75:109-124.

2. Fedorow H, Halliday GM, Rickert CH, Gerlach M, Riederer P, 
Double KL. Evidence for specific phases in the development of 
human neuromelanin. Neurobiol Aging 2006;27:506-512.

3. Hirsch EC, Graybiel AM, Agid Y. Melanized dopaminergic neu
rons are differentially susceptible to degeneration in 
Parkinson’s disease. Nature 1988;334:345-348.

4. Hirsch EC, Graybiel AM, Agid Y. Selective vulnerability of pig
mented dopaminergic neurons in Parkinson’s disease. Acta 
Neurol Scand. 1989;126:19-22.

5. Kastner A, Hirsch EC, Lejeune O, Javoy-Agid F, Rascol O, Agid Y. 
Is the vulnerability of neurons in the substantia nigra of pa
tients with Parkinson’s disease related to their neuromelanin 
content? J Neurochem. 1992;59:1080-1089.

6. Marsden CD. Pigmentation in the nucleus substantie nigrae of 
mammals. J Anat. 1961;95(Pt ):256-261.

7. Skibba JL, Pinckley J, Gilbert EF, Johnson RO. Multiple primary 
melanoma following administration of levodopa. Arch Pathol. 
1972;93:556-561.

8. Olsen J, Friis S, Frederiksen K. Malignant melanoma and other 
types of cancer preceding Parkinson disease. Epidemiology 2006; 
17:582-587.

9. Constantinescu R, Romer M, Kieburtz K. Malignant melanoma 
in early Parkinson’s disease: The DATATOP trial. Mov Disord. 
2007;22:720-722.

10. Gao X, Simon KC, Han J, Schwarzschild MA, Ascherio A. Family 
history of melanoma and Parkinson disease risk. Neurology 
2009;73:1286-1291.

11. Bertoni JM, Arlette JP, Fernandez HH, et al. Increased melanoma 
risk in Parkinson disease: A prospective clinicopathological 
study. Arch Neurol. 2010;67:347-352.

12. Pan T, Zhu J, Hwu W-J, Jankovic J. The role of alpha-synuclein in 
melanin synthesis in melanoma and dopaminergic neuronal 
cells. PLoS One 2012;7:e45183.

13. Inzelberg R, Flash S, Friedman E, Azizi E. Cutaneous malignant 
melanoma and Parkinson disease: Common pathways? Ann 
Neurol. 2016;80:811-820.

14. Dalvin LA, Damento GM, Yawn BP, Abbott BA, Hodge DO, Pulido 
JS. Parkinson Disease and melanoma: Confirming and re
examining an association. Mayo Clin Proc. 2017;92:1070-1079.

15. Bose A, Petsko GA, Eliezer D. Parkinson’s disease and melan
oma: Co-occurrence and mechanisms. J Parkinsons Dis. 2018;8: 
385-398.

16. Moriarty N, Moriarty J. Highlighting the link between 
Parkinson’s disease and malignant melanoma: A case report 
and literature review. Eur J Case Rep Intern Med. 2019;6:001297.

17. Dube U, Ibanez L, Budde JP, et al. Overlapping genetic architec
ture between Parkinson disease and melanoma. Acta 
Neuropathol. 2020;139:347-364.

18. Ryu HJ, Park J-H, Choi M, et al. Parkinson’s disease and skin can
cer risk: A nationwide population-based cohort study in Korea. 
J Eur Acad Dermatol Venereol. 2020;34:2775-2780.

19. Krasowska D, Gerkowicz A, Mlak R, Leziak M, Malecka- 
Massalska T, Krasowska D. Risk of nonmelanoma skin cancers 
and Parkinson’s disease-meta-analysis and systematic review. 
Cancers (Basel). 2021;13:587.

20. Dean DN, Lee JC. Linking Parkinson’s disease and melanoma: 
Interplay between α-synuclein and Pmel17 amyloid formation. 
Mov Disord. 2021;36:1489-1498.

21. Halliday GM, Ophof A, Broe M, et al. α-synuclein redristributes to 
neuromelanin lipid in the substantia nigra early in Parkinson’s 
disease. Brain 2005;128:2654-2664.

22. Beach TG, Walker DG, Sue LI, Newell A, Adler CC, Joyce JN. 
Substantia nigra marinesco bodies are associated with de
creased striatal expression of dopaminergic markers. 
J Neuropathol Exp Neurol 2004;63:329-337.

23. Odagiri S, Tanji K, Mori F, et al. Immunohistochemical analysis 
of marinesco bodies, using antibodies against proteins impli
cated in the ubiquitin-proteasome system, autophagy and ag
gresome formation. Neuropathology 2012;32:261-266.

24. Braak H, Del Tredici K, Bratzke H, Hamm-Clement J, 
Sandmann-Keil D, Rüb U. Staging of the intracerebral inclusion 
body pathology associated with idiopathic Parkinson’s disease 
(preclinical and clinical stages). J Neurol. 2002;249(Suppl 3): 
III/1-III/5.

25. Braak H, Del Tredici K, Rüb U, de Vos RAI, Jansen-Steur ENH, 
Braak E. Staging of brain pathology related to sporadic 
Parkinson’s disease. Neurobiol Aging 2003;24:197-211.

26. Visanji NP, Brooks PL, Hazrati L-N, Lang AE. The prion hypoth
esis in Parkinson’s disease: Braak to the future. Acta 
Neuropathol Commun. 2013;1:2.

27. Bourdenx M, Dovero S, Engeln M, et al. Lack of additive role of age
ing in nigrostriatal neurodegeneration triggered by α-synuclein 
overexpression. Acta Neuropathol Commun. 2015;3:46.

28. Koprich JB, Johnston TH, Reyes G, Omana V, Brotchie JM. 
Towards a non-human primate model of alpha-synucleinopathy 
for development of therapeutics for Parkinson’s disease: 

5012 | BRAIN 2023: 146; 5000–5014                                                                                                                          J. Chocarro et al.

mailto:jlanciego@unav.es
https://doi.org/10.5281/zenodo.8359416
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awad331#supplementary-data


Optimization of AAV1/2 delivery parameters to drive sustained 
expression of alpha synuclein and dopaminergic degeneration 
in macaque. PLoS One 2016;11:e0167235.

29. Shimozawa A, Ono M, Takahara D, et al. Propagation of patho
logical α-synuclein in marmoset brain. Acta Neuropathol 
Commun. 2017;5:12.

30. Marmion DJ, Kordower JH. α-synuclein non-human primate 
models of Parkinson’s disease. J Neural Transm. 2018;125:385-400.

31. Kawakami I, Motoda A, Hashimoto M, et al. Progression of phos
phorylated α-synuclein in Macaca fuscata. Brain Pathol. 2021;31: 
e12952.

32. Sucunza D, Rico AJ, Roda E, et al. Glucocerebrosidase gene ther
apy induces alpha-synuclein clearance and neuroprotection of 
midbrain dopaminergic neurons in mice and macaques. Int J 
Molec Sci. 2021;22:4825.

33. DeLong MR. Primate models of movement disorders of basal 
ganglia origin. Trends Neurosci. 1990;13;281-285.

34. Carballo-Carvajal I, Laguna A, Romero-Giménez J, et al. Brain 
tyrosinase overexpression implicates age-dependent neurome
lanin production in Parkinson’s disease pathogenesis. Nat 
Commun. 2019;10:973.

35. Zolotukhin S, Byrne BJ, Mason E, et al. Recombinant adeno- 
associated virus purification using novel methods improves in
fectious titer and yield. Gene Ther. 1999;6:973-985.

36. Lanciego JL, Vázquez A. The basal ganglia and thalamus of 
the long-tailed macaque in stereotaxic coordinates. A template 
atlas based on coronal, sagittal and horizontal brain sections. 
Brain Struct Funct. 2012;217:613-666.

37. Blesa J, Juri C, Collantes M, et al. Progression of dopaminergic 
depletion in a model of MPTP-induced parkinsonism in non- 
human primates. An (18)F-DOPA and (11)C-DTBZ PET study. 
Neurobiol Dis. 2010;38:456-463.

38. Collantes M, Prieto E, Peñuelas I, et al. New MRI, 18F-DOPA and 
11C-(+)-alpha-dihidrotetrabenazine templates for macaca fas
cicularis neuroimaging: Advantages to improve PET quantifica
tion. Neuroimage 2009;47:533-539.

39. Ariz M, Abad RC, Castellanos G, et al. Dynamic atlas-absed seg
mentation and quantification of neuromelanin-rich brainstem 
structures in Parkinson disease. IEEE Trans Med Imaging 2019; 
38:813-823.

40. Castellanos G, Fernández-Seara MA, Lorenzo-Betancor O, et al. 
Automated neuromelanin imaging as a diagnostic biomarker 
for Parkinson’s disease. Mov Disord. 2015;30:945-952.

41. Ruifrok AC, Johnston DA. Quantification of histochemical stain
ing by color deconvolution. Anal Quant Cytol Histol. 2001;23: 
291-299.

42. Beach TG, Sue LI, Walker DG, et al. Marked microglial reaction in 
normal aging human substantia nigra: Correlation with extra
neuronal neuromelanin pigment deposits. Acta Neuropathol. 
2007;114:419-424.

43. Wakabayashi K, Hayashi S, Kakita A, et al. Accumulation of 
alpha-synuclein/NACP is a cytopathological feature common 
to Lewy body disease and multiple system atrophy. Acta 
Neuropathol. 1998;96:445-452.

44. Wakabayashi K, Engelender S, Tanaka Y, et al. 
Immunocytochemical localization of synphilin-1, an alpha- 
synuclein-associated protein, in neurodegenerative disorders. 
Acta Neuropathol. 2002;103:209-214.

45. Janssen P, Isa T, Lanciego J, et al. Visualizing advances in the fu
ture of primate neuroscience research. Curr Res Neurobiol. 2023; 
4:100064.

46. Kirik D, Annett LE, Burger C, Muzyczka N, Mandel RJ, Björklund 
A. Nigrostriatal alpha-synucleinopathy induced by viral vector- 
mediated overexpression of human alpha-synuclein: A new 

primate model of Parkinson’s disease. Proc Natl Acad Sci U S A. 
2003;100:2884–2889.

47. Eslamboli A, Romero-Ramos M, Burger C, et al. Long-term conse
quences of human alpha-synuclein overexpression in the pri
mate ventral midbrain. Brain 2007;130:799-815.

48. Lanciego JL, Rodríguez-Oroz MC, Blesa FJ, et al. Lesion of the cen
tromedian thalamic nucleus in MPTP-treated monkeys. Mov 
Disord. 2008;23:708-715.

49. Rico AJ, Dopeso-Reyes IG, Martínez-Pinilla E, et al. Neurochemical 
evidence supporting dopamine D1-D2 receptor heteromers 
in the striatum of the long-tailed macaque: Changes following 
dopaminergic manipulation. Brain Struct Funct. 2017;222: 
1767-1784.

50. Lanciego JL, Luquin N, Obeso JA. Functional neuroanatomy of 
the basal ganglia. Cold Spring Harb Perspect Med. 2012;2:a009621.

51. Koprich JB, Kalia LV, Brotchie JM. Animal models of 
α-synucleinopathy for Parkinson disease drug development. 
Nat Rev Neurosci. 2017;18:515-529.

52. McCormack AL, Di Monte DA, Delfani K, et al. Aging of the ni
grostriatal system in the squirrel monkey. J Comp Neurol. 2004; 
471:387-395.

53. Reeve A, Simcox E, Turnbull D. Ageing and Parkinson’s disease: 
Why is advancing age the biggest risk factor? Ageing Res Rev. 
2014;14:19-30.

54. Collier TJ, Lipton J, Daley BF, et al. Aging-related changes in the 
nigrostriatal system and the response to MPTP in nonhuman 
primates: Diminished compensatory mechanisms as a prelude 
to parkinsonism. Neurobiol Dis. 2007;26:56-65.

55. Zucca FA, Segura-Aguilar H, Ferrari E, et al. Interactions of iron, 
dopamine and neuromelanin pathways in brain aging and 
Parkinson’s disease. Prog Neurobiol. 2017;155:96-119.

56. Surmeier DJ. Determinants of dopaminergic neuron loss in 
Parkinson’s disease. FEBS J. 2018;285:3657-3668.

57. Klaestrup IH, Just MK, Holm K., et al. Impact of aging on animal 
models of Parkinson’s disease. Front Aging Neurosci. 2022;14: 
909273.

58. Ovadia A, Zhang Z, Gash DM. Increased susceptibility to MPTP 
toxicity in midlle-aged rhesus monkeys. Neurobiol Aging 1995; 
16:931-937.

59. Collier TJ, Ling ZD, Carvey PM, et al. Striatal trophic factor activ
ity in aging monkeys with unilateral MPTP-induced parkinson
ism. Exp Neurol. 2005;191(Suppl 1):S60-S67.

60. Collier TJ, Kanaan NM, Kordower JH. Aging and Parkinson’s 
disease: Different sides of the same coin? Mov Disord. 2017;32: 
983-990.

61. Chu Y, Kordower JH. Age-associated increases of alpha- 
synuclein in monkeys and humans are associated with nigros
triatal dopamine depletion: Is this the target for Parkinson’s 
disease? Neurobiol Dis. 2006;25:134-149.

62. Yuen P, Baxter DW. The morphology of marinesco bodies (para
nucleolar corpuscles) in the melanin-pigmented nuclei of the 
brain-stem. J Neurol Neurosurg Psychiatry 1963;26:178-183.

63. Siddiqi ZA, Peters A. The effect of aging on pars compacta of the 
substantia nigra in rhesus monkey. J Neuropathol Exp Neurol. 
1999;58:903-920.

64. Abbot RD, Nelson JS, Ross GW, et al. Marinesco bodies and sub
stantia nigra neuron density in Parkinson’s disease. Neuropathol 
Appl Neurobiol. 2017;43:621-630.

65. Leestma JE, Andrews JM. The fine structure of the marinesco 
body. Arch Pathol. 1969;88:431-436.

66. Müller CM, de Vos RAI, Maurage C-A, Thal DR, Tolnay M, Braak H. 
Staging of sporadic Parkinson disease-related alpha-synuclein 
pathology: Inter- and intra-rater reliability. J Neuropathol Exp 
Neurol. 2005;64:623-628.

Neuromelanin and pathophysiology of PD                                                                            BRAIN 2023: 146; 5000–5014 | 5013



67. Jellinger KA. Formation and development of Lewy pathology: A 
critical update. J Neurol. 2009a;256(Suppl 3):270-279.

68. Jellinger KA. A critical evaluation of current staging of alpha- 
synuclein pathology in Lewy body disorders. Biochim Biophys 
Acta, 2009b;1792:730-740.

69. Killinger BA, Kordower JH. Spreading of alpha-synuclein— 
Relevant or epiphenomenon? J Neurochem. 2019;150:605-611.

70. Kordower JH, Chu Y, Hauser RA, Freeman TB, Olanow CW. Lewy 
body-like pathology in long-term embryonic nigral transplants 
in Parkinson’s disease. Nat Med. 2008;14:504-506.

71. Li JY, Englund E, Holton JL, et al. Lewy Bodies in grafted neurons 
in subjects with Parkinson’s disease suggest host-to-graft dis
ease propagation. Nat Med. 2008;14:501-503.

72. Recasens A, Dehay B, Bové J, et al. Lewy Body extracts from 
Parkinson diseae brains trigger α-synuclein pathology and neuro
degeneration in mice and monkeys. Ann Neurol. 2014;75:352-362.

73. Ulusoy A, Rusconi R, Pérez-Revuelta BI, et al. Caudo-rostral brain 
spreading of α-synuclein through vagal connections. EMBO Mol. 
Med. 2013;5:1119-1127.

74. Tyson T, Steiner JA, Brundin P. Sorting out release, uptake and 
processing of alpha-synuclein during prion-like spread of 
pathology. J Neurochem. 2016;139(Suppl 1):275-289.

75. Volpicelli-Daley LA, Brundin P. Prion-like propagation of 
pathology in Parkinson disease. Handb Clin Neurol. 2018;153: 
321-335.

76. Grozdanov V, Danzer KM. Release and uptake of pathologic 
alpha-synuclein. Cell Tissue Res. 2018;373:175-182.

77. Pagano G, Taylor KI, Anzures-Cabrera J, et al. Trial of prasinezu
mab in early-stage Parkinson’s disease. N Engl J Med. 2022;387: 
421-432.

78. Lang AE, Siderowf AD, Macklin EA, et al. Trial of cinpanemab in 
early Parkinson’s disease. N Engl J Med. 2022;387:408-420.

79. Kalia LV. First trials test targeting of α-synuclein for Parkinson 
disease. Nat Rev Neurol. 2022;18:703-704.

80. Gonzalez-Sepulveda M, Compte J, Cuadros T, et al. In vivo 
reduction of age-dependent neuromelanin accumulation 
mitigates features of Parkinson’s disease. Brain 2023;146: 
1040-1052.

5014 | BRAIN 2023: 146; 5000–5014                                                                                                                          J. Chocarro et al.


	Neuromelanin accumulation drives

endogenous synucleinopathy in non-human

primates
	Introduction
	Materials and methods
	Study design
	Experimental animals
	Viral vector production
	Stereotaxic surgery for AAV deliveries
	Neuroimaging studies
	MicroPET scans
	MRI scans

	Necropsy, tissue processing and data analysis
	Quantification of pigmented SNpc neurons
	Quantification of neuromelanin intracellular levels
	Assessment of nigrostriatal degeneration
	Analysis of neuromelanin intracellular density and neuronal inclusions

	Quantification and statistical analysis

	Results
	Neuroimaging studies
	Neuromelanin accumulation induced by human tyrosinase gene overexpression
	Nigrostriatal neurodegeneration
	Intracellular aggregates
	Anterograde spread of endogenous α-synuclein

	Discussion
	Technical considerations and limitations of the study
	Available NHP models of synucleinopathy
	Accuracy of the model in mimicking the known neuropathology of human Parkinson’s disease
	Anterograde spread of endogenous α-synuclein

	Conclusions
	Data availability
	Acknowledgements
	Funding
	Competing interests
	Supplementary material
	References




