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Several studies have demonstrated that intrastriatal injections of fibrillar a-synuclein in rodent brain induced a Parkinson’s disease-

like propagation of Lewy body pathology with significant nigrostriatal neurodegeneration. This study evaluated the pathological

features when exogenous a-synuclein preformed fibrils were injected into the putamen of non-human primates. Eight cynomolgus

monkeys received unilateral intraputamen injections of a-synuclein preformed fibrils and four monkeys received sham surgery.

Monkeys were assessed with 123I-PE2I single-photon emission computerized tomography scans targeting the dopamine transprter

at baseline, 3, 6, 9, 12, and 15 months. Imaging revealed a robust increase in dopamine transporter binding, an effect confirmed by

port-mortem immunohistochemical analyses, suggesting that upregulation of dopamine transporter occurs as part of an early

pathological process. Histochemistry and immunohistochemistry revealed that a-synuclein preformed fibrils injections into the

putamen induced intraneuronal inclusions positive for phosphorylated a-synuclein in ipsilateral substantia nigra and adjacent to

the injection site. a-Synuclein inclusions were thioflavin-S-positive suggesting that the inclusions induced by a-synuclein preformed

fibrils exhibited pathological properties similar to amyloid-like Lewy body pathology in Parkinson’s disease brains. The a-synuclein

preformed fibrils resulted in Lewy pathology in the ipsilateral substantia nigra with significant reduction (�29.30%) of dopaminergic

neurons as compared with controls. Nigral neurons with a-synuclein inclusions exhibited a phenotypic downregulation of the dopamine

markers tyrosine hydroxylase and Nurr1. Taken together, our findings demonstrate that a-synuclein preformed fibrils induce a synu-

cleinopathy in non-human primates with authentic Lewy pathology and nigrostriatal changes indicative of early Parkinson’s disease.
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Introduction
�-Synuclein (�-syn) inclusions have been observed in foetal

grafts implanted into Parkinson’s disease patients brains

more than a decade prior (Kordower et al., 2008, 2017;

Li et al., 2008; Chu and Kordower, 2010). These findings

lead to the provocative hypothesis that �-syn is a patho-

genic agent that can propagate from diseased neurons

within their connectome by permissive templating, thereby

spreading pathology in the brain of Parkinson’s disease and

other �-synucleinopathies (Kordower and Brundin, 2009;

Steiner et al., 2011; Luk et al., 2012; Chu and Kordower,

2015). Indeed, when �-syn preformed fibrils (PFFs) were

added to primary neurons from �-syn knockout mice

(Volpicelli-Daley et al., 2011) or injected into the striatum

of �-syn knockout mice (Luk et al., 2012), phosphorylated

�-syn and cell death were not detected (Volpicelli-Daley

et al., 2014) supporting the concept that the spreading

process involves permissive templating.

Misfolded �-syn is an integral pathology in a variety of

neurodegenerative disorders including Parkinson’s disease.

Several observations demonstrate that �-syn PFFs

(Volpicelli-Daley et al., 2011; Luk et al., 2016; Froula et

al., 2018) or Lewy body extracts (Recasens and Dehay,

2014) convert normal �-syn to pathological �-syn via per-

missive templating thus spreading Parkinson’s disease path-

ology throughout the brain. Towards this end, �-syn PFFs

synthesized from recombinant �-syn and seeded in mouse

or rat striatum can propagate to different brain areas and

recruit endogenous �-syn into aggregates characterized by

detergent-insolubility and hyperphosphorylation (Luk et al.,

2012; Paumier et al., 2015). A combination of adeno-asso-

ciated virus-mediated overexpression of �-syn and �-syn

PFFs injected into rat brains induced acute and rapid dopa-

mine neurodegeneration and inflammatory reactions

(Thakur et al., 2017). Interestingly, Lewy body extracts

from Parkinson’s disease brain, delivered into the substan-

tia nigra or striatum of macaque monkeys, triggered intra-

cellular and presynaptic �-syn accumulations and

nigrostriatal neurodegeneration (Recasens et al., 2014).

These studies have repeatedly verified that exogenous �-

syn PFFs or Lewy body extracts are the initiator and the

endogenous �-syn is an essential donor for forming

Parkinson-like pathology and neurodegeneration in ro-

dents. Given the complexity of human neuroanatomy and

physiology, however, models more phylogenetically similar

to humans are needed. Indeed, although rodents remain the

most widely used order for animal models of Parkinson’s

disease, they display little or modest age-related changes in

nigrostriatal dopamine (Irwin et al., 1992; Pasinetti et al.,

1992; Dawson et al., 2002) and do not display age-related

loss of tyrosine hydroxylase (TH) immunoreactivity in

nigral cells (McNeill and Koek, 1990). Our previous studies

demonstrated that non-human primates displayed age-asso-

ciated increase of �-syn (Chu and Kordower, 2007), loss of

TH (Kanaan et al., 2007), and age-relative diminished

compensation in the nigrostriatal system (Collier et al.,

2007) similar to what is seen in humans. To further deter-

mine whether �-syn PFFs induce parkinsonian-like path-

ology, we used non-human primates to examine the

pathological alterations of dopaminergic neurons in vivo

with serial dopamine transporter (DAT) single-photon

emission computerized tomography (SPECT) scans and in

brain tissue with histochemistry and

immunohistochemistry.

Materials and methods

Injection of a-synuclein preformed
fibrils

Twelve cynomolgus monkeys ranging 6 to 10 years of age
were used in this study. Eight animals received three injections
of �-syn PFFs (2 mg/ml) into right putamen (10 ml, 10 ml, 5 ml)
and four received sham surgery (Table 1). Coordinates for
stereotaxic injection were based upon MRI guidance. Prior
to surgery, monkeys were anaesthetized with an intramuscular
injection of ketamine (3 mg/kg) and dexmedetomidine (0.03
mg/kg). Once in an anaesthetic plane, the monkeys were
placed in a specially designed MRI compatible stereotaxic
frame modelled after a Kopf primate stereotaxic frame. The
angle of the head was established by measuring the height of
an incisor tooth using a standard micromanipulator and a
modified electrode holder. Then the monkey was transferred
to a 3.0 T MRI unit (GE Healthcare). Coronal T1-weighted
images were acquired at a 2-mm slice thickness with 1 mm
interpolation. The coordinates for injection were measured
separately for each animal using the MRI unit’s built-in soft-
ware. The most rostral injection was targeted to the putamen
at the level of the optic chiasm (roughly 15.0 mm anterior to
the interaural line, 10.1 mm lateral to the midsagittal plane,
and 18.1 mm ventral to dura) before the decussation of the
anterior commissure. The second injection was targeted to the

Table 1 Stereological analysis of

p-S129-a-syn-immunoreactive cells in substantia nigra

Case Injection of

a-synuclein PFFs

Number of

p-S129-a-syn-immuno-

reactive cells

CN8172 Yes 1084

CN8408 Yes 1251

CN8409 Yes 853

CN8410 Yes 2868

CN8411 Yes 8010

CN8413 Yes 4132

CN8414 Yes 3194

CN8415a Yes 0

CN8582 No 0

CN8622 No 0

CN8624 No 0

CN8623 No 0

aDied at 3 months after surgery.
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putamen at the level of decussation of the anterior commissure
(roughly 12.0 mm anterior to the interaural line, 10.4 mm
lateral to the midsagittal plane, and 18.4 mm ventral to
dura). The most caudal injection was targeted to the putamen
at the level of the anterior hippocampus caudal to the decus-
sation of the anterior commissure (roughly 9.0 mm anterior to
the interaural line, 13.1 mm lateral to the midsagittal plane,
and 17.6 mm ventral to dura). Monkeys were housed one per
cage on a 12-h on/12-h off lighting cycle with ad libitum
access to food and water. The quality of the animal care ex-
ceeded the recommended NIH guidelines. Institutional Animal
Care and Use Committee at Rush University Medical Center
approved this study (Rush IACUC#12-067).

123I-PE2I synthesis and SPECT image
acquisition

High specific activity 123I-PE2I was synthesized as previously
described (Chang et al., 2013). 123I-MNI-420 was prepared as
described previously (Tavares et al., 2013). The specific activ-
ity of the radiotracer was higher than 200 Ci/mmol and the
radiochemical purity was 490%. Approximately 4–5 mCi of
123I-PE2I was injected intravenously. SPECT studies were
acquired on a MollyQ SPECT device (Neurophysics Corp.).
These cameras use an array of 12 scanning heads with focused
collimation, collecting photons into a symmetric energy
window centred at 159 kEv (�10%). The unique geometry
of these instruments provides ultra-high resolution images with
an in-plane and in z-axis full-width at half-maximum of 4.5
mm. An intravenous line was placed and used for injection of
the 123I-PE2I. Following injection of 123I-PE2I a series of 11–
15 dynamic SPECT scans were obtained as serial 15–20-min
acquisitions continuously over the duration of the study (�4
h), with the animals remaining in the camera for the whole
study. PE2I (DAT) SPECT Scans were performed at baseline,
3, 6, 9, 12, and 15 months.

Image analysis

The raw imaging data were provided to Molecular
NeuroImaging where they were reconstructed, and filtered
using a standardized 3D algorithm provided by the camera
manufacturer. Reconstructed image data volumes were trans-
ferred to the image processing PMOD software (PMOD
Technologies, Zurich, Switzerland) where the images were
merged to create a dynamic series, radioactive decay corrected,
and motion corrected. All images were corrected for attenu-
ation using the Chang method (Chang et al., 2013) with el-
lipses manually drawn on the baseline image (linear
attenuation coefficient m = 0.11 cm�1). A calibration factor
of 2.27 was applied to the images to convert them to units
of kBq/cm3. Dynamic images were realigned and co-registered
to a common orientation defined by an MRI cynomolgus pri-
mate brain template. Volumes of interest were manually
defined and drawn in the common template space on the left
and right striatum (DAT rich), and on the occipital cortex,
representing the non-specific binding. Average activity concen-
tration (kBq/cm3) within each volume of interest was deter-
mined and time-activity curves were generated for each
study, depicting the regional brain activity concentration over
time. Time-activity curves were expressed in standardized

uptake value units (g/ml) by normalizing by the weight of
the animal and the injected activity. The striatal time-activity
curves were divided by the occipital cortex time-activity curve
to generate standardized uptake value ratio (SUVR) curves.
The binding in the striatum was quantified using the total
(specific + non-specific) to non-specific signal ratios calculated
by averaging the SUVR curves at late times (�150–240 min),
during which 123I-PE2I was at steady state (i.e. SUVR curves
reached a plateau).

Tissue acquisition

Monkeys were sacrificed at 12–15 months after surgery for
histochemical analysis. Monkeys were pretreated with keta-
mine (20 mg/kg, intramuscularly) and then were deeply anaes-
thetized with sodium pentobarbital (25 mg/kg, intravenously).
Prior to perfusion, monkeys were injected with 1 ml of heparin
(20 000 IU) into the left ventricle of the heart. Animals were
then perfused through the ascending aorta with physiological
saline, followed by 1 l of 4% ice-cold paraformaldehyde. The
brains were then removed from the calvaria, post-fixed in the
same fixative solution overnight, progressively transferred
through 10%, 20%, and 30% sucrose, and sectioned on a
freezing microtome at 40 mm in the coronal plane. All sections
were collected and stored in order in a cryoprotectant solution
(30% sucrose and 30% ethylene glycol in 0.1 M phosphate-
buffered saline, pH 7.4) before processing.

Immunohistochemical and
histochemical procedures

An immunoperoxidase labelling method was used to visualize
phosphorylated �-syn, DAT, and TH. The rabbit monoclonal
�-syn (p-S129-�-syn) antibody (Abcam, ab51253) selectively
detects �-syn phosphorylated on Ser129 (Chu et al., 2012;
Kellie et al., 2014). The monoclonal DAT antibody
(Millipore, MAB369) detects the N-terminus of DAT and pri-
marily labels presynaptic dopaminergic nerve terminals
(Miller et al., 1997). The monoclonal TH antibody
(ImmunoStar, 22941) recognizes a conserved epitope in cata-
lytic core of the TH enzyme (Wiemerslage et al., 2013). One
series of sections for each antibody was immunostained with
p-S129-�-syn antibody (1:500), DAT (1:5000), and TH (1:
10,000) overnight at room temperature. After six washes,
sections were incubated for 1 h in biotinylated goat anti-
rabbit IgG (1:200; Vector) for p-S129-�-syn, goat anti-rat
(1:200; Vector) for DAT, and horse anti-mouse (1:200;
Vector) for TH followed by the Elite avidin–biotin complex
(1:500, ABC kits; Vector). The immunohistochemical reaction
was completed with 0.05% DAB and 0.005% H2O2. Sections
were mounted on gelatin-coated slides, dehydrated through
graded alcohol, cleared in xylene, and coverslipped with
CytosealTM. Thioflavin S histochemistry was performed to
determine whether p-S129-�-syn antibody-labelled inclusions
contained amyloid fibrils with beta pleated sheet structures
analogous to Lewy pathology in human synucleinopathies.
Midbrain sections were mounted on gelatin-coated slides
and dried at room temperature. Mounted sections were
defatted in equal parts of chloroform and 100% ethanol
for 2 h and stained with 0.1% thioflavin S for 10 min in
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the dark (Kordower et al., 2008). The stained inclusions were
visualized with fluorescent microscopy.

Stereological quantification of
p-S129-a-syn and TH
immunoreactive cell number

To estimate the number of nigral neurons with �-syn inclu-
sions and the number of TH immunopositive neurons, an op-
tical fractionator unbiased sampling design was used to
estimate the total number of p-S129-�-syn or TH labelling
cells within the substantia nigra (Chu et al, 2012; Gundersen
et al., 1988). We evaluated the whole substantia nigra in each
animal. The section sampling fraction (ssf) was 1/0.042. The
distance between sections was �0.96 mm. In cross-section, the
substantia nigra is located in the ventral midbrain. The sub-
stantia nigra pars compacta was outlined using a 1.25� ob-
jective. A systematic sample of the area occupied by the
substantia nigra pars compacta was made from a random
starting point (StereoInvestigator v2018.1.1 software; Micro-
BrightField, Colchester, VT). Counts were made at regular
predetermined intervals (x = 313 mm, y = 313 mm), and a
counting frame (70 � 70 mm = 4900 mm2) was superimposed
on images obtained from tissue sections. The area sampling
fraction (asf) was 1/0.2. These sections were then analysed
using a 60� Planapo oil immersion objective with a 1.4 nu-
merical aperture. The section thickness was empirically deter-
mined. Briefly, as the top of the section was first brought into
focus, the stage was zeroed at the z-axis by software. The stage
then stepped through the z-axis until the bottom of the section
was in focus. Section thickness averaged 16.21 � 2.3 mm in
the midbrain. The disector height (counting frame thickness)
was 10 mm. This method allowed for 2 mm top guard zones
and at least 2 mm bottom guard zones. The thickness sampling
fraction (tsf) was 1/0.61. Care was taken to ensure that the top
and bottom forbidden planes were never included in the cell
counting. Using stereological principles, p-S129-�-syn- or TH-
immunoreactive neurons in each case were sampled using a
uniform, systematic, and random design. The total number
of p-S129-�-syn- or TH-immunoreactive neurons within the
substantia nigra was calculated separately using the following
formula:

n ¼ �Q� �1=ssf � 1=asf � 1=tsf ð1Þ

where �Q was the total number of raw counts. The coeffi-
cients of error (CE) were calculated according to the procedure
of Gunderson and colleagues as estimates of precision (Schmitz
and Hof, 2000). The values of CE were 0.14 � 0.05 (range
0.10 to 0.19) for p-S129-�-syn-immunoreactive neuronal
counts and 0.10 � 0.02 (range 0.08 to 0.12) for TH-immu-
noreactive neuronal counts.

Immunofluorescence
double-labelling

A double-label immunofluorescence procedure was used to de-
termine whether TH and Nurr1 expression was effected by �-
syn accumulation. Sections through the substantia nigra from
each brain were incubated in the mouse primary antibodies

TH (1:5000) and Nurr1 (1:250; monoclonal antibody;
Abcam; ab4117) overnight at room temperature and the
goat anti-mouse antibody coupled to Alexa Fluor� 647
(1:200; Jackson ImmunoResearch) for 1 h. After six washes
in Tris-buffered saline pH 7.4 (TBS), the sections were blocked
again for 1 h in a solution containing 5% goat serum, 2%
bovine serum albumin, and 0.3% TritonTM X-100 in TBS.
Sections were then incubated in the second primary p-S129-
�-syn rabbit monoclonal antibody (1:500) overnight and the
goat anti-rabbit antibody coupled to DyLightTM 488(1:200)
for 1 h. The co-localization of p-S129-�-syn/DAT or p-S129-
�-syn/DARPP-32 in putamen was examined with fluorescence
double-labelling methods. The sections were mounted on gel-
atin-coated slides and allowed to air dry overnight, dehydrated
through graded alcohol, cleared in xylene, and coverslipped
with DPX.

Fluorescence intensity
measurements

The measurements were performed according to our previ-
ously published procedures (Chu et al., 2012, 2014). All im-
munofluorescence double-labelled images were scanned with
an Olympus Confocal Fluoroview Microscope equipped with
argon and helium-neon lasers. With a 20� magnification ob-
jective and a 488 and 633 nm excitation source, images were
acquired at each sampling site in the substantia nigra or puta-
men and were saved to a Fluoroview file. Following acquisi-
tion of an image, the stage moves to the next sampling site to
ensure a completely non-redundant evaluation. Once all
images were acquired, optical density measurements were per-
formed on individual neurons. To maintain consistency of the
scanned image for each slide, the laser intensity, confocal aper-
ture, photomultiplier voltage, offset, electronic gain, scan
speed, image size, filter and zoom were set for the background
level whereby autofluorescence was not visible with a control
section. These settings were maintained throughout the entire
experiment (Chu et al., 2014). The intensity mapping sliders
ranged from 0 to 4095; 0 represented a maximum black image
and 4095 represented a maximum bright image. The TH-
immunoreactive neurons with or without p-S129-�-syn-immu-
noreactive inclusions were identified and outlined separately.
Quantitative optical density of immunofluorescence was per-
formed on individual TH- and DARPP-32-immunoreactive
perikarya or Nurr1-immunoreactive nuclei with or without
�-syn-immunoreactive inclusions in different channels. For
TH and Nurr1, five equispaced sections across the entire
length of the substantia nigra were sampled and evaluated.
For DARPP-32, the sections with PFFs injections were sampled
and evaluated. To account for differences in background stain-
ing intensity, five background intensity measurements lacking
immunofluorescent profiles were taken from each section. The
mean of these five measurements constituted the background
intensity that was then subtracted from the measured optical
density of each individual neuron to provide a final optical
density value. To confirm co-localization of the double label-
ling, optical scanning through the neuron’s z-axis was per-
formed at 1-mm thickness and neurons suspected of being
double-labelled were confirmed with confocal cross-sectional
analyses.
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Optical density measurements of
DAT immunoreactivity in the
striatum

Quantification of the relative optical density of striatal DAT
immunoreactivity was performed using a densitometry soft-
ware program (ImageJ 1.63; NIH, Bethesda, MD), as
described previously (Chu et al., 2012). The DAT-immunos-
tained striatum was outlined manually, and optical density
measurements were performed in greyscale (0 represented a
maximum bright image and 255 represented a maximum
dark image). For each subject, approximately nine equally-
spaced sections through the entire striatum were sampled
and evaluated. To account for differences in background stain-
ing intensity, background optical density measurements in each
section were taken from corpus callosum that lacked DAT
immunoreactive profile. The mean of these measurements con-
stituted the background optical density that was subtracted
from the optical density of DAT immunoreactive intensity meas-
urements to provide a final optical density value. The optical
density of TH immunoreactivity in the striatum was measured
using same method. Previous studies have shown that optical
density measurements reflect changes in protein expression par-
allel to those obtained using a biochemical protein assay such as
western blot (Moeller and Dimitrijevich, 2004).

Data analyses

SUVRs from 3, 6, 9, and 12 month datapoints were compared
with baseline and optical density measurements in nigral neurons
were compared across groups with repeated measures ANOVA
followed by Turkey’s multiple comparison test (Prism 4,
GraphPad Software, Inc.). Putamenal DAT- and TH-immunor-
eactive intensities in monkeys that received PFFs were compared
with controls using unpaired t-test with Welch’s correction. The
level of significance was set at 0.05 (two-tailed).

Data availability

The data that support the findings of this study are available
from the corresponding author, upon reasonable request.

Results

Alterations in PE2I binding by SPECT

SUVR in the left and right striatum at baseline, and at 3, 6,

9, 12, and 15 month datapoints are displayed in Fig. 1 and

Supplementary Table 1. A gradual increasing SUVR up to

12 months followed by a plateau or a slightly decreasing

binding at the 15-month time points was observed across

all monkeys receiving PFFs. The SUVR was remarkably

increased about 50% at 9 months and 70% at 12

months from baseline with individual animals demonstrat-

ing increases of over 100% relative to baseline (Table 2).

Monkeys receiving sham surgery displayed a slightly

decreasing binding. A factorial ANOVA revealed a signifi-

cant difference of SUVR at different time point [F(4,39) =

10.09; P 5 0.0001 in left striatal DAT binding; F(4,39)

=7.25; P 5 0.0001 in right striatal DAT binding]. Post hoc

analyses revealed a significant increase in binding at 9–12

months in left striatum and right striatum relative to base-

line (Table 2). The SUVR results suggested that DAT ex-

pression was persistently increased after PFFs were

delivered into putamen.

Alterations of DAT and TH
immunoreactivities in striatum

To support the imaging data, we stained the striatum for

DAT in monkeys receiving the PFFs and sham surgery (con-

trol). In control animals DAT staining was light and homo-

genous (Fig. 2A and B). The staining pattern was similar but

with greater staining intensity in monkeys that were injected

with PFFs (Fig. 2C and D). Increase DAT-immunoreactivity,

similar to that seen with imaging, was bilateral and encom-

passed the caudate nucleus and putamen. Quantitative op-

tical density measurements (Fig. 2E) demonstrated that DAT

staining intensity was higher 16–22% in striatum of mon-

keys receiving the PFFs than sham surgery. Unpaired t-test

revealed a statistical significant difference in the optical den-

sities of DAT immunostaining intensities in monkeys with

PFFs delivery relative to sham surgery (t = 6.69, df = 5, P =

0.0011 in caudate nucleus; t = 5.07, df = 2, P = 0.036 in

putamen) supporting the increase of PE2I binding observed

in serial SPECT scans. Fluorescence double-labelling revealed

that around the PFFs injection site, p-S129-�-syn and DAT

was co-localized (Supplementary Fig. 1). The double-labelled

structures presented as dots and resembled synapses and

small fibres (Supplementary Fig. 1E and F). The coexistence

of p-S129-�-syn and DAT was also detected in Parkinson’s

disease putamen (Supplementary Fig. 1H and I). These data

suggested that DAT binds �-syn in Parkinson’s disease

pathology.

We wanted to determine whether striatal TH expression is

also altered following the injection of PFFs. To this end, one

series of TH-immunostained striatal sections was analysed.

The staining pattern was similar between monkeys received

PFFs and sham surgery (Supplementary Fig. 2). TH staining

was slightly more intense in monkeys injected with PFFs than

in those that received sham surgery. Quantitative analyses

further demonstrated that the optical density of TH staining

was greater by 8–15% in striatum of monkeys with PFFs

than sham surgery, but there was no significant difference

between two groups of monkeys (Supplementary Fig, 2E; t

= 2.08, df = 7, P = 0.078 in caudate nucleus; t = 2.06, df =

9, P = 0.068 or in the putamen).

Distribution and morphological
features of p-S129-a-syn-immunopo-
sitive inclusions

Immunohistochemistry revealed that p-S129-�-syn-immu-

noreactive cells were detected in ipsilateral but not in
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contralateral putamen and midbrain. In the putamen,

strong p-S129-�-syn-immunoreactive cells were observed

around the injected area (Fig. 3A) even at the last post-

injection time point. The p-S129-�-syn-immunoreactive

products were distributed to perikarya and process

(Fig. 3B). In putamenal regions, far from injected area,

fragmental varicosity p-S129-�-syn-immunoreactive fibres

were scattered throughout, but not caudate nuclei

(Fig. 3C), suggesting that the segmental p-S129-�-syn-

immunoreactive fibres are degenerating axons.

In midbrain the p-S129-�-syn-immunoreactive cells were

mainly distributed in ipsilateral substantia nigra pars com-

pacta (Fig. 4B and C). Morphological analyses revealed

that there were different shapes and intensities of p-S129-

�-syn-immunoreactive cells. Some cells had p-S129-�-syn-

immunoreactive granule-like seeds which were distributed

within nigral perikarya (Fig. 4D and E). Larger �-syn gran-

ules were associated with more cytoplasmic �-syn sur-

rounding them in the perikarya (Fig. 4E and F). When

aggregation progresses, the cytoplasmic �-syn is reduced

(Fig. 4G). Finally, when the �-syn aggregation became ex-

cessive, the monomeric synuclein disappeared, and the ag-

gregate appeared as a round shape similar to a Lewy

body (Fig. 4G). Some cells with perikarya and processes

were filled with p-S129-�-syn-immunoreactive products

(Fig. 4H and I). Fragmented p-S129-�-syn-immunoreactive

neuropil threads (Fig. 4J and K) were observed in substan-

tia nigra. Histochemical analysis verified that aggregated

Figure 1 Axial, sagittal, and coronal views of PE2I SPECT scans. There were initial decreases in binding followed by consistent increases

in binding for the full 15 months (mo) of scans. v = standardized uptake value.
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�-syn was thioflavin S-positive but cytoplasmic �-syn was

not (Fig. 4L). There was undetectable p-S129-�-syn-immu-

noreactive product in amygdala as well as caudate nucleus.

Some p-S129-�-syn-immunoreactive cells were observed in

cortex near needle track (data not shown). Stereological

analysis demonstrated that the number of p-S129-�-syn-

immunoreactive cells was �800–8010 in substantia nigra

(Table 1).

Reduction of TH-immunoreactivity in
nigrostriatal system

The results above indicated that the injected �-syn PFFs in

putamen were transported from the putamen to the sub-

stantia nigra and induced �-syn accumulation and aggre-

gation in nigral neurons. We then tested whether �-syn

aggregations induced by PFFs results in degeneration of

nigral dopaminergic neurons. Stereological analyses

demonstrated that there was a significant decrease of

TH-immunoreactive neuronal number 29.3% reduction;

(Fig. 5E) in ipsilateral but not contralateral substantia

nigra as compared with controls [F(2,18) = 6.12; P 5
0.05].

Qualitatively, some areas displayed much lighter TH

immunostaining in the ipsilateral substantia nigra

(Fig. 5C) than controls (Fig. 5A). Within this area, neurons

had light TH staining with reduction of processes (Fig. 5D).

We wanted to know whether decrease of TH expression

was associated with p-S129-�-syn accumulation and aggre-

gation induced by PFFs. Double immunostaining for TH

and p-S129-�-syn was performed in nigral sections and

co-localization analyses revealed that intense TH immunor-

eactivities were observed in the neurons without p-S129-�-

syn inclusions while neurons with p-S129-�-syn inclusions

had significantly lower TH immunoreactivities (Fig. 6A–C)

in ipsilateral nigra compared with controls (Fig. 6D–F). To

determine whether decreases in TH protein levels were

associated with p-S129-�-syn inclusions, densitometer

measurement (see ‘Materials and methods’ section) was

performed on individual TH-immunoreactive neurons

with present or absent p-S129-�-syn inclusions. An

ANOVA revealed a significant difference in TH-immunor-

eactive intensities in nigral neurons [F(3,11) = 72.78; P 5
0.0001]. Post hoc analyses revealed that relative to con-

trols, there was a significant reduction of TH levels in the

nigral neurons with p-S129-�-syn inclusions but not in the

neurons with absent p-S129-�-syn (Fig. 6M).

Co-localization and quantitative
analysis of p-S129-a-syn- and Nurr1-
immunoreactivity in nigral neurons

Nurr1 is essential for the dopamine phenotype and the

neuronal survival (Zetterstrom et al., 1997; Chu et al.,

2006). Nurr1 expression is remarkably decreased in re-

maining nigral neurons in Parkinson’s disease; specifically

in neurons that express �-syn (Chu et al., 2006). To deter-

mine whether a similar phenomenon occurred in the pre-

sent model, we tested the hypothesis that the Nurr1

expression in nigral neurons was reduced by PFFs induced

inclusions. To evaluate this possibility, we examined the co-

localization of Nurr1 and p-S129-�-syn inclusions. Double

labelling revealed that nigral neurons with p-S129-�-syn

inclusions displayed significantly lower density of Nurr1

immunoreactivity but neurons without p-S129-�-syn inclu-

sions exhibited intensive Nurr1 staining similar to controls

(Fig. 6G–L). To determine whether decrease of in Nurr1

levels were associated with p-S129-�-syn inclusions,

we analysed the relative intensities of Nurr1 immunofluor-

escence in nigral neurons that did or did not contain p-

S129-�-syn inclusions. An ANOVA revealed a significant

difference in the optical density of Nurr1 intensity among

groups [F(2,11) = 72.78; P 5 0.0001]. Interestingly, post

hoc analyses revealed that, relative to controls, the optical

density of Nurr1 immunofluorescent intensity was signifi-

cantly decreased in nigral neurons with p-S129-�-syn

Table 2 Summary results at 15 months: percentage change from baseline

Left striatum SUVR, % change at: Right striatum SUVR, % change at:

Animal ID 3 months 6 months 9 months 12 months 15 months 3 months 6 months 9 months 12 months 15 months

CN 8172 �13.4 �21.7 + 37.63 + 30.47 + 1.61 �24.2 �28.7 + 20.72 + 17.27 �5.53

CN 8408 �1.4 + 98.4 + 59.69 + 50.76 + 31.09 �4.7 + 104.5 + 63.88 + 53.82 + 36.12

CN 8409 �5.4 + 66.6 + 62.82 + 120.37 NA �7.7 + 71.6 + 71.62 + 119.36 NA

CN 8410 + 6.6 + 51.8 + 83.93 + 68.92 NA + 4.9 + 54.5 + 73.29 + 68.16 NA

CN 8411 + 40.7 + 43.0 + 116.96 + 106.24 NA + 28.9 + 22.2 + 107.12 + 98.52 NA

CN 8412 �23.0 �29.9 + 29.82 + 57.00 + 22.82 �30.9 �39.8 + 9.13 + 51.93 + 18.81

CN 8413 + 19.4 + 86.4 + 55.90 + 105.30 NA + 16.5 �28.7 + 39.82 + 90.08 NA

CN 8414 + 14.6 �17.9 + 17.14 + 51.10 + 39.31 + 18.4 + 104.5 + 23.35 + 49.41 + 38.92

CN 8415 �25.0 NA NA NA NA �28.0 NA NA NA NA

Average 1.45 34.58 57.98�� 73.77��� 23.70 �2.97 32.51 51.11� 68.56�� 22.08

Occipital was used as a reference region.

(�) = reduction; ( + ) = increase; NA = not available; �P 5 0.05, ��P 5 0.01, ��� P 5 0.001 as compared with baseline.
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inclusions but not in neurons without p-S129-�-syn inclu-

sions (Fig. 6N).

Co-localization and quantitative
analysis of p-S129-a-syn- and
DARPP-32-immunoreactivity in
putamenal neurons

The delivery of PFFs into putamen induced p-S129-�-syn

accumulations in striatal neurons around injection areas

(Fig. 3). We tested whether the accumulated �-syn inter-

fered with striatal neuronal function. To this end, coexist-

ence of p-S129-�-syn and DARPP-32 was examined with

immunofluorescent double-labelling. The neurons with

p-S129-�-syn accumulation displayed reduction of

DARPP-32-immunoreactivities while neurons with absent

p-S129-�-syn accumulation had intense DARPP-32 immu-

nostaining (Supplementary Fig. 3F). Densitometric measure-

ment determined further that there was a significant

reduction of DARPP-32 protein levels in the striatal neu-

rons with present p-S129-�-syn accumulations but not in

Figure 2 Microscopy images show DAT staining in monkeys receiving the sham surgery (control; A and B) and a-syn PFFs

(C and D). The striatal DAT staining was light and homogenous in the monkey with sham surgery (A and B). Intensive DAT staining displayed in

both caudate nuclei and putamen in monkeys receiving PFFs (C and D). Scale bar in D = 830 mm (applies to all). Quantitative optical density

measurement (E) revealed further that the optical density of DAT staining was higher in striatum of monkeys receiving the �-syn PFFs than sham

surgery (E; P 5 0.01). AGSU = arbitrary greyscale units.
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the striatal neurons with absent p-S129-�-syn accumulation

as compared with controls [F(2,11] = 44.63; P 50.0002;

Supplementary Fig. 3G].

Discussion
Here we demonstrate that �-syn PFFs, injected into the

monkey putamen, cause Lewy pathology in nigral neurons

and likely induce the recruitment of endogenous cytoplasm

�-syn into pathological Lewy body- and Lewy neurite-like

�-syn inclusions. Unfortunately there is no antibody to dis-

tinguish between monkey and human �-syn as they differ

only by two amino acids and this point could not be con-

firmed empirically. Thioflavin S staining verified that �-syn

PFFs templated �-syn inclusion is beta sheet-rich structures

similar to Lewy body in Parkinson’s disease brain. Nigral

neurons with �-syn inclusions lost their TH and Nurr1

expressions as is seen in nigral neurons of human

Parkinson’s disease cases with �-syn aggregates (Chu

et al., 2006). About 29% of TH immunoreactive neuronal

numbers were lost in ipsilateral substantia nigra compared

with controls. DAT binding and DAT immunoreactive

were increased after PFF injection possibly participating

as part of an initial pathogenic process.

�-Syn PFFs can induce Lewy body pathology in neurons

(Volpicelli-Daley et al., 2014; Fares et al., 2016; Tapias

et al., 2017; Panattoni et al., 2018) in culture and in the

rodent brain (Luk et al., 2012; Paumier et al 2015;

Karampetsou et al., 2017). These studies have repeatedly

verified that exogenous �-syn PFFs initiate pathological

alterations in Parkinson’s disease models. In our non-

human primate model, �-syn inclusions displayed different

shapes which might illustrate the processes of Lewy body

formation. The �-syn granule-like seeds in nigral neurons

may be transported from injected �-syn PFFs in putamen.

The �-syn seeds serve as an initial ‘template’ that catalyses

the conversion of resident normal �-syn into pathological

micro-aggregates. All the while, the ‘seeded’ neuron pro-

duces more normal �-syn to compensate so that cytoplas-

mic �-syn can now be detected in nigral perikarya by

immunohistochemistry. Excess levels of �-syn overwhelm

the capacity of proteasomal and lysosomal systems to

clear the protein (Chu et al., 2009; Ghavami et al.,

2014). More and more �-syn micro-aggregates were

replicated using seed templates and the cytoplasmic �-

syn produced continually by neuron. Finally, the �-syn

micro-aggregates filled the perikarya and main processes.

When micro-aggregates form a mass like a Lewy body, the

cell body and processes disappear. Thioflavin S staining

further verified that the large Lewy body like �-syn aggre-

gates was beta sheet-rich structures and not cytoplasmic �-

syn. The pathological features we observed in monkey

brain injected with PFFs are also detected in Parkinson’s

disease brain (Chu and Kordower, 2015) suggesting that

PFFs induced a pathological process of �-syn seeding,

accumulation, and aggregation similar to Parkinson’s

Figure 3 Sections from putamen show phosphorylated a-syn immunostaining in monkeys received a-syn PFFs (A–C) and

sham surgery (D). The cells labelled with �-syn phosphorylated on Ser129 (p-S129-�-syn) were distributed around injected area (A) and

displayed a strong dark immunostaining of �-syn (B). The p-S129-�-syn immuno-labelled fibres were detected far from injection area (C). There

was an undetectable p-S129-�-syn in monkeys with sham surgery (D). Scale bar in D = 200 mm for A, 50 mm for B, and 20 mm for C.
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disease. In this non-human primate model of Parkinson’s

disease, as well as human Parkinson’s disease, the mor-

phological characteristics of �-syn inclusions support

the hypothesis that the pathological phenotypes are

caused by ‘seeded’ corruption of endogenous �-syn likely

through both a loss of normal �-syn function and gains

of toxic functions from the accumulation of the Lewy

Body-like inclusions, rather than exposure to the synthetic

fibrils themselves (Kordower, 2014; Volpicelli-Daley et al.,

2014).

Figure 4 Microscopy images of substantia nigra. Shown are �-syn phosphorylated on Ser129 (p-S129-�-syn) immunoreactivity (A–K and

M–P) and thioflavin S staining (L) from monkeys received �-syn PFFs (B–L), sham surgery (A) and patient with Parkinson’s disease (M–P).

Abundant p-S129-�-syn immunoreactive cells were distributed in substantia nigra pars compacta (B and C). These cells exhibited several

morphological features: granules (arrows, D–F) with cytoplasmic staining, typical Lewy body with absent cytoplasm (G), and whole cells filled with

p-S129-�-syn-immunoreactive products (H and I). Fragmental p-S129-�-syn-immunoreactive neuropil threads were observed in substantia nigra

(J and K). Thioflavin S-positive inclusions were detected in substantia nigra (L). These pathological characteristics observed from monkeys

received �-syn PFFs were similar to the Parkinson’s disease; p-S129-�-syn immunoreactive products displayed granules (arrow, M), whole cell

shape (arrow, N), Lewy body-like (arrow, O), and fragmental fibre (arrow, P). Scale bar in K = 20 mm and applies to D–P; 100 mm for C; and 500

mm for A and B.
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Both 123I-PE2I SPECT imaging and immunohistochem-

ical analyses revealed that DAT expression was increased

in both ipsilateral and contralateral striatum after �-syn

PFFs were delivered into unilateral putamen. SUVR was

gradually increased from 3 months to 12 months followed

by a decreasing binding at the 15-month time points sug-

gesting that DAT activity is modulated by �-syn. The mag-

nitude of these changes is enormous especially in light of

injection of PFF’s into an intact brain. The pattern and

direction of these changes in DAT were confirmed by

immunohistochemistry. Although these changes were not

as robust using this procedure, the magnitude of optical

density measurements are dependent upon a number of

parameters not the least of which being the light intensity

from the microscope. While the bilateral changes of DAT

and changes seen in both caudate and putamen were sur-

prising, the alterations in nigrostriatal function in striatal

compartments anatomically unrelated to the injection site is

not without precedent as injections of Lewy body extracts

to the monkey putamen results in loss of dopamine mar-

kers in the caudate nuclei (Recasens et al., 2014; see dis-

cussion in Kordower, 2014). These data are consistent with

prior studies showing DAT compensation in following

AAV-A53T rat model (Koprich et al., 2011), midbrain

dopaminergic cell model (Butler et al., 2015), and more

recent (unpublished) human data form the Parkinson

Progression Marker Initiative (PPMI) showing an increase

in DAT binding in unaffected LRRK2 and GBA mutation

carriers prior to the onset of motor parkinsonism.

Normally, DAT is a presynaptic membrane protein

(McHugh and Buckley, 2015) essential for removing

dopamine from the synaptic cleft, thus terminating

dopamine signalling (Torres et al., 2003). Although DAT

is selective for its respective neurotransmitter dopamine

Figure 5 Patterns of TH immunoreactivities in substantia nigra from monkeys receiving sham surgery (control; A and B) and

a-syn PFFs (C and D). There was a clear reduction of TH immunoreactivity in �-syn PFFs injected monkeys (arrows, C) compared with control

monkeys (A). Some nigral neurons displayed light TH immunoreactivities with absent processes (arrows, D). Scale bar in D = 50 mm for B and 1.6

mm for A and C. (E) The number of TH-immunoreactive (-ir) neurons was reduced in the ipsilateral (PFFs, �P 5 0.05) but not contralateral (P 4
0.05) substantia nigra as compared with controls. Data are mean � standard deviation.
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Figure 6 Laser confocal microscopic images of substantia nigra. Images are from monkeys receiving PFFs (A–C and G–I) and sham

surgery (control; D–F and J–L) illustrating tyrosine hydroxylase (TH: red; A and D), Nurr1 (red; G and J), phosphorylated �-syn (P-�-syn: green;

B, E, H and K), and the co-localization (merged; C, F, I and L). Note that TH immunofluorescence intensity was severely diminished (arrows;

A and C) in the neurons with p-S129-�-syn (arrows; B and C) immunoreactive inclusions but not in neurons without P-�-syn-immunoreactive

inclusions in monkeys received �-syn PFFs. Similarly, Nurr1 immunofluorescence intensity was severely diminished in the neurons (arrows; G and

I) with p-�-syn immunoreactive inclusions (arrows; H and I) but not in neurons without P-�-syn immunoreactive inclusions. In contrast, no P-�-

syn immunoreactive inclusions were observed in monkeys with sham surgery (E and K). Scale bar in L = 110 mm (applies to all). Quantitative

measurement further revealed that the optic densities of TH (M) and Nurr1 (N) were significantly decreased in the neurons with P-�-syn

immunopositive (P-�-syn + ) but not in neurons with P-�-syn immunonegative (P-�-syn-) inclusion as compared with monkeys with sham surgery.
���P 5 0.001, compared with sham surgery. AFU = arbitrary fluorescence units.

3576 | BRAIN 2019: 142; 3565–3579 Y. Chu et al.



(Storch et al., 2004), it also binds �-syn (Lee et al., 2001)

and neurotoxins (Nass and Blakely, 2003; Swant et al.,

2011). Several studies have reported that DAT interacts

with �-syn to regulate its activity and its membrane distri-

bution (Sidhu et al., 2004; Bellucci et al., 2011; Butler

et al., 2015; Bridi and Hirth, 2018). Study of the yeast

two-hybrid system has demonstrated that �-syn directly

interacts with DAT and accelerates dopamine-induced

apoptosis (Lee et al., 2001). Double staining revealed

that DAT-labelled striatal fibres and terminals coexisted

with �-syn suggesting that the DAT is associated with the

pathological species converted by exogenous �-syn PFFs.

Using an in situ proximity ligation assay, DAT/�-syn inter-

actions can be detected in striatum of Parkinson’s disease

(Longhena et al., 2018). This suggests that the DAT/�-syn

complex could lose its function to pump dopamine from

synaptic cleft back into cytosol (Sidhu et al., 2004) instead

of translocation of �-syn from plasma membrane to cyto-

plasm (Bellucci et al., 2011).

The mechanism of increasing DAT expression by �-syn

PFFs delivery into putamen is unknown. The overexpres-

sion of �-syn protein can increase the number of DAT

binding sites in the caudate and putamen in cocaine users

compared with age-matched drug-free controls (Gelernter

et al., 1994; Qin et al., 2005). Whether DAT overexpres-

sion detected in this study reflects binding to exogenous �-

syn PFFs or whether DAT/�-syn complex results in DAT

overexpression will require additional studies. Nonetheless,

the DAT overexpression may be an important part of the

initial and degenerative process or may be compensatory

for offsetting elevated levels of synaptic dopamine. The

DAT/�-syn PFFs complex may allow pathological �-syn fi-

brils to invade dopaminergic terminals and to be retro-

gradely transported to cell body in substantia nigra. It

may explain that �-syn inclusions were mainly detected in

substantia nigra after �-syn PFFs were delivered to monkey

putamen. More studies are needed to determine patho-

logical effects of �-syn /DAT complex on Parkinson’s

disease.

Nurr1 plays a key role in the maintenance and survival

of the dopaminergic system (Jankovic et al., 2005;

Sacchetti et al., 2006; Dong et al., 2016). Genetic deletion

of Nurr1 in mice can cause the absence of dopaminergic

neurons in the substantia nigra and ventral tegmental area

(Zetterstrom et al., 1997). Our previous study revealed

that the levels of Nurr1 were positively correlated with

TH expression in nigral dopaminergic neurons (Chu et

al., 2006). In the Parkinson’s disease brain, both TH

and Nurr1 expression are markedly reduced in nigral neu-

rons with �-syn inclusions but not the neurons without �-

syn inclusions. Almost identical results were seen in the

present study in monkeys receiving �-syn PFFs. Indeed,

nigral neurons with �-syn inclusions displayed significant

reductions of TH and Nurr1 whereas neurons without �-

syn inclusions exhibited intense TH and Nurr1 expression.

It is clear that Nurr1, a transcriptional factor, regulates

several genes involved in the dopamine neuronal

functions, ranging from the dopamine metabolism, neuro-

transmission, axonal growth, mitochondrial function and

cell survival (Decressac et al., 2012; Heng et al., 2012;

Kadkhodaei et al., 2013), Dopaminergic neuronal survival

is associated with glial cell line-derived neurotrophic

factor (GDNF) and it’s receptor, the proto-oncogene tyro-

sine-protein kinase receptor Ret (Ayanlaja et al., 2018).

Ret is regulated by Nurr1 (Wallén et al., 2001;

Galleguillos et al., 2010). The accumulation of �-syn

may interrupt the function of Nurr1 through the direct

or indirect interference with the signalling of GDNF re-

ceptor Ret and result in GDNF fail to exert neuroprotec-

tive effect in Parkinson’s disease (Decressac et al., 2013).

Our findings provide an insight understanding that

reduced Nurr1 expression may predispose dopaminergic

neurons toward a cascade that begins with a phenotypic

downregulation of dopaminergic tone to events ultimately

leading to their demise.

Striatal neuritic pathology has also been described in

prodromal Parkinson’s disease (Chu et al., 2018) and

some familial Parkinson’s disease patients bearing muta-

tions or multiplication SNCA (Kotzbauer et al., 2004;

Yamaguchi et al., 2005). Neuronal �-syn inclusions

(Mori et al., 2008) and neuronal loss (Bugiani et al.,

1980) in the neostriatum had been found in Parkinson’s

disease. Our data demonstrated that exogenous �-syn

PFFs induced �-syn accumulation in striatal neurons and

caused neurodegeneration similar to that seen pathologic-

ally in Parkinson’s disease (Bugiani et al., 1980). These

finding suggest that the striatal neurons degenerate

through �-syn accumulation and aggregation during

Parkinson’s disease progression. As the striatum is located

in the centre of the brain and connected widely to brain

areas, the striatal �-syn inclusions are the pathogens that

persistently propagate pathological �-syn seeds to different

brain areas including substantia nigra. Some p-�-syn-

immunopositive cells were observed in cortex. Whether

the cortical p-�-syn accumulation and aggregation were

associated with putamenal or needle track PFF delivery

requires further examination.

In summary, the present data indicate that exogenous �-

syn PFFs are internalized by dopaminergic terminals,

spread to nigra, and induce Parkinson’s disease-like path-

ology including �-syn aggregation and nigral neuronal de-

generation. �-syn PFFs induced DAT expression possibly to

compensate for reduction in dopaminergic nerve terminal

function. The DAT/�-syn PFF complex formation may ini-

tiate Parkinson’s disease pathology in dopaminergic neu-

rons. The pathological effects of DAT/�-syn should be

investigated in Parkinson’s disease brain.
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