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In Parkinson’s disease (PD), a-synuclein aggregation in striatal synapses is
hypothesised to trigger a cascade of events leading to synaptic loss and cor-
tical Lewy body (LB) pathology. Using multiplex immunofluorescence and
confocal microscopy on 69 brains spanning Braak stages 0-6—including
controls, incidental LB disease (iLBD), and PD—we show that phosphorylated
(pSer129) a-synuclein is enriched in putaminal dopaminergic synapses already
in early disease stages, and associates with dopaminergic terminal loss.
C-terminally truncated (CTT122) a-synuclein shows a similar trend in later
stages. Enrichment of pSer129 and CTT122 a-synuclein in cortical glutama-
tergic synapses in the putamen occurs prior to LB appearance in cortical
regions, supporting the theory of a-synuclein retrograde transport from
synapse to cell body. Using AlphaLISA, we confirm that isolated PD putaminal
synaptosomes contain higher pSer129 a-synuclein protein levels compared to
controls. These findings suggest that synaptic enrichment of pSerl29 a-
synuclein occurs in early PD, possibly contributing to dopaminergic dener-
vation and cortical LB pathology.

Parkinson’s disease (PD) is the second most common neurodegen-
erative disorder, affecting more than 6 million individuals globally'.
Clinically, PD is diagnosed when the classical motor symptoms bra-
dykinesia, tremor and/or rigidity, appear”. PD is also characterised by a
wide range of non-motor symptoms®, which can precede the motor
symptoms by 10-15 years during the prodromal phase of the disease*.
A definite diagnosis of PD can only be established post-mortem, when
neurons present with Lewy bodies (LBs) and Lewy neurites (LNs),

abnormal intraneuronal features that are enriched with «-synuclein.
Severe loss of nigral dopaminergic neurons’ and their synaptic
terminals® occurs in PD. This loss can reach 50% by the time patients
develop motor symptoms and are being diagnosed’. Understanding
the early pathological changes that precede widespread LB pathology
and dopaminergic denervation may aid in the identification of novel
diagnostic biomarkers and therapeutic strategies to halt or slow down
the disease process. Previous post-mortem studies suggest that o-
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synuclein accumulation and aggregation in the synapse is an early
phenomenon in PD, which contributes not only to loss of synapses and
connectivity, but also to the progression of the disease®. More insight
into synaptic degeneration and a-synuclein accumulation in early
disease stages is needed.

At the time of death, LB pathology is observed in approximately
8-17% of normal individuals without clinical records of neurological or
psychiatric disorders’ . These cases are defined as incidental LB dis-
ease (iLBD), and are hypothesised to represent a pre-motor stage of LB
disease**". Accumulation of pathological a-synuclein at pre-synaptic
terminals has been hypothesised to occur already in the earliest stages
of PD, and lead to synaptic loss and retrograde axonal and neuronal
degeneration®. In physiological states, a-synuclein resides primarily in
the presynaptic compartment®. In several cellular and animal models
of PD, certain a-synuclein proteoforms exert toxic effects in
synapses'*". Moreover, in vitro and in vivo models suggest that pro-
pagation of a-synuclein pathology is facilitated by neuronal activity',
and that a pathological form of a-synuclein might propagate trans-
synaptically from neuron to neuron”. Whether a-synuclein enrichment
in synaptic terminals precedes LB pathology in anatomically con-
nected regions in the human brain, remains unanswered.

Many post-translational modifications (PTMs) of a-synuclein,
which accumulate in the diseased brain, have been described in ref. 18.
Phosphorylation at Serine 129 (pSer129) and C-Terminal Truncation
(CTT) are among the a-synuclein PTMs which have gained the most
interest. These PTMs have been shown to be increased in PD brains
compared to non-diseased controls'®', to be enriched in LBs?°, and are
discussed to be involved in a-synuclein aggregation'®*, pSer129 o-
synuclein was detected in synaptic-enriched fractions in PD** and at
pre- and post-synapses of dementia with Lewy body (DLB) cases®.
Similarly, a-synuclein CTT at residue 122 (CTT122) was found to
accumulate in synapses of transgenic mice”". It remains unclear which
of these a-synuclein proteoforms, if any, accumulate in striatal
synaptic terminals in the human brain, and at what stage in the disease
this occurs. Understanding which a-synuclein PTMs are enriched at
synaptic sites in the initial phase of the disease could be relevant for
the development of biomarkers and effective disease-modifying ther-
apeutic strategies targeting a-synuclein.

Here, we investigated whether certain a-synuclein proteoforms
are enriched in pre- and post-synaptic terminals in the putamen prior
to overt synaptic degeneration and cortical LB pathology in neuro-
pathological stages of PD. Using multiplex immunofluorescence and
high-resolution confocal microscopy, we detected a-synuclein (Synl,
residues 91-99) and two of its PTMs (pSer129 and CTT122) in DAT" and
VGLUTI® pre-synaptic, and PSD95" post-synaptic terminals in the
putamen of 69 brain donors spanning across Braak a-synuclein stages.
In addition, we quantified total, pSer129, and CTT122 a-synuclein
protein levels in putaminal synaptosome fractions using in-house
developed AlphaLISA immunoassays in a subset of the same donors.
Our results suggest that synaptic enrichment of pSer129 a-synuclein is
already increased in early stages of PD and precedes dopaminergic
synaptic loss and cortical LB pathology. In late PD stages, enriched
pSer129 a-synuclein in putaminal pre-synaptic and post-synaptic
terminals is accompanied by CT122 a-synuclein.

Results

Cohort demographics

Demographic and pathological data of the brain donors are sum-
marised in Table 1 per group, in Table 2 per Braak a-synuclein stage,
and in Supplementary Table 1 per donor. Age (p<0.001) and sex
(p=0.015) were significantly different between iLBD, PD and control
groups. Post-hoc tests revealed that iLBD donors were significantly
older than controls (85+ 8 vs 76 + 6 years, p=0.004) and PD donors
(85+8 vs 77 £ 8 years, p=0.001), and were mostly females compared
to the mostly male PD group (F%: 63% vs 26%, p = 0.038). Post-mortem

delay (p=0.3), Thal phase (A score; p=0.3) and Braak NFT stage (B
score; p =0.14) were similar between groups. PD donors had an aver-
age disease duration of 16 years. Sex (p=0.4), post-mortem delay
(p=0.4), Thal phase (A score; p=0.11), and Braak NFT stage (B score;
p=0.6) were similar across Braak a-synuclein stages. Age was sig-
nificantly different across Braak o-synuclein stages (p=0.003), and
post-hoc analyses revealed that donors at Braak stage 3 were older
than donors at Braak stage 6 (87 +7 vs 75+7 years, p=0.022). Com-
pared to non-diseased controls, TH neuronal density was significantly
lower in PD (=56%, p < 0.001), and not significantly lower iniLBD (-31%,
p=0.424) (Supplementary Fig. 7). LB density in the substantia nigra
(SN), anterior cingulate cortex (ACC) and prefrontal cortex (PFC) is
shown in Supplementary Fig. 7.

Severe dopaminergic denervation in PD but not in iLBD

DAT, VGLUTI and PSD95 synapses were quantified in putamen of all
donors (Fig. 1). DAT synaptic density in the putamen was 86% lower in
PD compared to controls (d =-5.23, p < 0.001), 84% lower in PD com-
pared to iLBD (-84%, d=-4.79, p<0.001), and similar in iLBD com-
pared to controls (-13%, p=0.333) (Fig. 1A, B). Across Braak a-
synuclein stages, DAT synaptic density was significantly lower in Braak
stage 4-6 compared to controls (Braak 4: -40%, d =-2.10, p < 0.001;
Braak 5: -81%, d =-4.69, p < 0.001; Braak 6: -83%, d =-5.27, p < 0.001),

Table 1| Demographics and pathological scores of donors in
the study cohort

Parameters Control iLBD PD p value
N (tot =69) 10 32 27
Sex F/M (%F) 4/6 (40%) 20/ 7/20 (26%) 0.015
12% (63%)
Age at death years; 76 [67, 85] 85" ** 77[56,92] <0.001™
mean [range] [66, 96]
Disease duration - - 16 [8, 28]
years;
mean [range]
PMD h:min 6:35 6:35 6:30 0.3
Mean [range] [3:50, 8:45]  [4:25, [3:30,
11:45] 10:10]
Braak a-syn -
stage'” N (%)
0 10 (100%) 0 (0%) 0 (0%)
1 0 (0%) 10 (31%) 0 (0%)
2 0 (0%) 3(9.4%) 0 (0%)
3 0 (0%) 9 (28%) 0 (0%)
4 0 (0%) 7 (22%) 5 (19%)
5 0 (0%) 2 (6.3%) 12 (44%)
6 0 (0%) 1(3.1%) 10 (37%)
Braak NFT stage’® 0.14
N (%)
BO 2 (20%) 1(3.1%) 1(3.7%)
B1 5 (50%) 21(66%) 22 (81%)
B2 3 (30%) 10 (31%) 4 (15%)
B3 0 (0%) 0 (0%) 0 (0%)
Thal phase”® N (%) 0.3
AO 2 (20%) 5 (16%) 6 (22%)
Al 8 (80%) 19 (59%) 12 (44%)
A2 0 (0%) 7 (22%) 9 (33%)
A3 0 (0%) 1(3.1%) 0 (0%)

Data are the mean and range. Group comparison: p <0.01”, p<0.001™. Post-hoc: p < 0.01*
compared to controls; p <0.05%, p<0.01** compared to PD (Mann-Whitney U-test for con-
tinuous data and Fisher exact test for categorical data).
a-syn a-synuclein, F female, iLBD incidental Lewy body disease, M male, NFT neurofibrillary
tangles, PD Parkinson’s disease, PMD post-mortem delay, tot total.
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Table 2 | Donor’s characteristics across Braak a-synuclein stages

Braak a-syn stage' Controls Braak 1 Braak 2 Braak 3 Braak 4 Braak 5 Braak 6 p value

N 10 10 3 9 12 14 "

Clinical PD N (% clin- 0 (0%) 0 (0%) 0 (0%) 0 (0%) 5 (42%) 12 (86%) 10 (91%)

ical PD)

Age at death years; 76 [67, 85] 85 [66, 95] 81(77, 86] 87[72, 95] 84 [68, 96] 78 [56, 88] 75 [62, 86] 0.003

mean [range]

Sex F/M (%F) 4/6 (40%) 5/5 (50%) 3/0 (100%) 5/4 (56%) 6/6 (50%) 4/10 (29%) 4/7 (36%) 0.4

PMD h:min mean [range]  6:35 [3:50, 8:45] 6:25 6:40 715 6:40 5:55 6:40 0.4
[4:25, 10:0] [4:35, 6:55] [4:50, 11:45] [4:20, 10:10] [4:10, 9:15] [3:30, 9:25]

Thal phase’® N (%) 0.1

AO 2 (20%) 2 (20%) 0 (0%) 2 (22%) 1(8%) 6 (43%) 0 (0%)

Al 8 (80%) 6 (60%) 2 (67%) 5 (56%) 6 (50%) 5 (36%) 7 (64%)

A2 0 (0%) 2 (20%) 0 (0%) 2 (22%) 5 (42%) 3(21%) 4 (36%)

A3 0 (0%) 0 (0%) 1(33%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Braak NFT stage’® N (%) 0.6

BO 2 (20%) 1(10%) 0 (0%) 0 (0%) 0 (0%) 1 (7%) 0 (0%)

B1 5 (50%) 6 (60%) 3 (100%) 6 (67%) 9 (75%) 1 (79%) 9 (82%)

B2 3 (30%) 3 (30%) 0 (0%) 3 (33%) 3 (25%) 2 (14%) 2 (18%)

B3 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Data are the mean and range.

a-syn a-synuclein, F female, M male, NFT neurofibrillary tangles, PD Parkinson’s disease, PMD post-mortem delay.

and similar to controls in Braak stages 1-3 (Braak 1. -9%, p=0.399;
Braak 2: -10%, p = 0.452; Braak 3: -9%, p = 0.362) (Fig. 1C). To explore
whether DAT denervation was PD specific in late Braak a-synuclein
stages, we separated iLBD and PD cases across Braak a-synuclein
stages 4-6. PD cases showed severe DAT loss compared to controls
(Braak 4: -74%, p<0.001; Braak 5: -86%, p <0.001; Braak 6: —92%,
p <0.001). Regarding iLBD cases with Braak a-synuclein stages 4-6,
only 1 out of the 8 iLBD cases in this group showed DAT synaptic loss at
Braak stage 5 (case number 45 in Supplementary Table 1). Decreased
DAT synaptic density strongly correlated with higher Braak o-
synuclein stage (rs=-0.77, R*=60%, p<0.001). The density of
VGLUT1 (PD vs controls: p=0.694; iLBD vs controls: p=0.150) and
PSD95 synapses (PD vs controls: p =0.509; iLBD vs controls: p = 0.519)
was similar between control, iLBD and PD groups (Fig. 1F, G), and
across Braak a-synuclein stages (all p>0.05). Sex had a significant
effect on DAT synaptic density (p=0.045), likely due to the pre-
dominance of males in the PD group, but no effect on VGLUT1
(p=0.281) or PSD95 synaptic density (p=0.682). Age had no sig-
nificant effect on any of the synaptic densities (all p >0.05).

Taken together, PD cases showed severe dopaminergic dener-
vation in the putamen starting from Braak a-synuclein stage 4, while
iLBD cases did not show dopaminergic denervation. Cortical gluta-
matergic and post-synaptic terminals remained unaffected in both
iLBD and PD.

Enrichment of a-synuclein proteoforms in synaptic terminals
First, we investigated whether a-synuclein proteoforms are enriched in
DAT, VGLUT1 and PSD95 synapses of control, iLBD and PD donors. See
Supplementary Figs. 8 and 9 for representative images of single
(Supplementary Fig. 8) and co-localised (Supplementary Fig. 9) a-
synuclein proteoforms immunoreactivity in control, iLBD and PD
putamen.

Syn1 a-synuclein® synapses. Synl a-synuclein® DAT synaptic density
was 86% lower in PD compared to both controls (d =-1.28, p =0.008)
and iLBD (d=-1.29, p=0.001), whereas it was similar between iLBD
and controls (p=0.999). Synl o-synuclein® VGLUT1 and
PSD95 synaptic density did not differ between groups (VGLUTI: PD vs
controls: p=0.897; iLBD vs controls: p = 0.659; PSD95: PD vs controls:
p=0.561; iLBD vs controls: p=0.611) (Fig. 2A-C). DAT, VGLUT1 and

PSD95 synaptic density positive to Synl a-synuclein clusters® (defined
as spots of high-intensity and high-contrast compared to the back-
ground, resembling pathological a-synuclein clusters) was similar
between groups (all p > 0.05; Supplementary Fig. 10).

pSer129 a-synuclein® synapses. pSer129 a-synuclein® DAT synaptic
density tended to be higher by 1253% in PD compared to controls
(d=0.70, p=0.064), and was similar between iLBD and controls
(p=0.159). pSer129 a-synuclein® VGLUTI synaptic density was 1030%
higher in PD compared to controls (d=1.80, p<0.001) and 280%
higher in PD compared to iLBD (d=1.55, p<0.001), and was similar
between iLBD and controls (p=0.787). pSerl29 o-synuclein®
PSD95 synaptic density was 877% higher in PD compared to controls
(d=1.68, p <0.001) and +259% higher in PD compared to iLBD (d =1.35,
p<0.001), and was similar between iLBD and controls (p=0.545)
(Fig. 2D-F). For colocalization images of pSer129 o-synuclein with
synaptic puncta, see Supplementary Fig. 11.

CTT122 a-synuclein® synapses. CTT122 a-synuclein® DAT synaptic
density did not differ between groups (all p>0.05). CTT122 a-
synuclein® VGLUT1 synaptic density was 1022% higher in PD com-
pared to controls (d=1.75, p = 0.001) and 330% higher in PD compared
to iLBD (d=1.27, p=0.003), and was similar between iLBD and con-
trols (p=0.584). CTT122 a-synuclein® PSD95 synaptic density was
744% higher in PD compared to controls (d =1.99, p < 0.001) and 270%
higher in PD compared to iLBD (d=1.40, p<0.001), and was similar
between controls and iLBD (p =0.421) (Fig. 2G-I). For colocalization
images of pSer129 a-synuclein with synaptic puncta, see Supplemen-
tary Fig. 12.

Neither age nor sex had a significant effect on synaptic enrich-
ment of a-synuclein proteoforms. Taken together, Synl a-synuclein®
DAT synaptic density was decreased, while pSer129 and CTT122 a-
synuclein were enriched in synaptic terminals in the putamen of PD
cases compared to controls. In iLBD, a-synuclein synaptic enrichment
was between control and PD values, but did not differ compared to
controls.

Early enrichment of pSer129 a-synuclein in DAT synapses
Next, we investigated at which Braak a-synuclein stage a-synuclein
proteoforms are enriched in DAT, VGLUTI and PSD95 synapses,
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their synaptic size, and if they are found within synaptic pairs. Synaptic
pairs are defined as DAT® and VGLUT1" puncta next to a PSD95"
synapse (<1 um; see “Methods” for details).

Syn1 a-synuclein® synapses. Synl a-synuclein® DAT synaptic density
tended to be lower at Braak stage 5 (-72%, d =-1.03, p=0.051) and 6
(-68%, d=-0.97, p=0.077) compared to controls, and it was similar

across Braak stages 1-4 (all p>0.05). Synl o-synuclein® VGLUTL
(p>0.05) and PSD95 (p > 0.05) synaptic density did not change across
Braak a-synuclein stages (Fig. 3A and Supplementary Fig. 13A-C).

pSer129 a-synuclein® synapses. pSer129 o-synuclein® DAT synaptic
density was significantly higher at Braak stage 3 (+2000%, d=1.07,
p=0.007), 4 (+1269%, d=0.74, p=0.036), and 5 (+1613%, d=0.92,
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Fig. 1| Putaminal DAT, VGLUT1 and PSD95 synaptic density in controls, iLBD,
and PD. A Representative image of DAT synaptic density in the putamen of control,
iLBD (Braak stage 3), and PD (Braak stage 6) (case numbers 9, 30, and 65 in Sup-
plementary Table 1, respectively). B Quantification of DAT synaptic density per
group. C Quantification of DAT synaptic density per Braak a-synuclein stage.

D, E Show representative images of VGLUT1 and PSD95 synaptic density, respec-
tively, in the putamen of a control. F, G Show the quantification of VGLUT1 and
PSD95 synaptic density per group. Data points are average per case (average of all 6
ROIs), are shape-coded for sex, and are colour-coded per Braak a-synuclein stage in
(B, F, and G) and per group in (C). Boxplots display the median (central line), the
first and third quartiles (box hinges at the 25th and 75th percentiles), and whiskers
that extend to the most extreme data points within 1.5 times the interquartile range

from the hinges. The sample consists of n=69 (control =10, iLBD =32, PD =27),
and six technical replicates are averaged for each brain donor. The statistical test
used is a two-sided LMM with age and sex as covariates, and nested for dataset and
case ID. Multiple pairwise (post-hoc) and multiple testing comparison corrections
were performed with the Tukey test. Exact p values: B control vs PD p < 0.001, iLBD
vs PD p <0.001, control vs iLBD p = 0.334; C control vs Braak 4 p < 0.001, control vs
Braak 5 p < 0.001, control vs Braak 6 p<0.001; F, G all p>0.05. Source data are
provided as a Source Data file. CTRL control, DAT dopaminergic transporter, iLBD
incidental Lewy body disease, PD Parkinson’s disease, PSD95 post-synaptic density
95, VGLUTI vesicular glutamatergic transporter 1, ns non-significant; p < 0.05',
p<0.01", p<0.001".

p=0.006) compared to controls, and did not differ at Braak stage 1
(p=0.690), 2 (p=0.945), and 6 (p=0.121). pSerl29 «-synuclein®
VGLUT1 synaptic density was significantly higher at Braak stage 5
(+854%, d=1.53, p<0.001), and 6 (+1365%, d=2.20, p<0.001) com-
pared to controls, and did not differ at Braak stages 1-4 (all p > 0.05).
pSer129 a-synuclein® PSD95 synaptic density tended to be higher at
Braak stage 4 (+263%, d = 0.58, p = 0.098) and was significantly higher
at Braak stage 5 (+785%, d=1.58, p<0.001), and 6 (+1103%, d=1.92,
p <0.001) compared to controls, and did not differ at Braak stage 1-3
(all p>0.05) (Fig. 3B and Supplementary Fig. 13D-F).

CTT122 a-synuclein® synapses. CTT122 a-synuclein® DAT synaptic
density tended to be higher at Braak stage 4 (+294%, d=0.69,
p=0.061) and was significantly higher at Braak stage 6 (+437%,
d=0.92, p=0.012) compared to controls, and did not differ at Braak
stages 1-3 and 5 (all p>0.05). CTT122 a-synuclein® VGLUTI1 synaptic
density was significantly higher at Braak stage 5 (+405%, d=1.03,
p=0.031), and 6 (+1920%, d=2.72, p <0.001) compared to controls,
and did not differ at Braak stage 1-4 (all p > 0.05). CTT122 «-synuclein®
PSD95 synaptic density tended to be higher at Braak stage 4 (+219%,
d=0.93, p=0.061) and was significantly higher at Braak stage 5
(+337%, d=1.35, p=0.004), and 6 (+1332%, d=2.87, p<0.001) com-
pared to controls, and did not differ at Braak stage 1-3 (all p>0.05)
(Fig. 3C and Supplementary Fig. 13G-1).

a-Synuclein® synapses: size and synaptic pairs. pSer129 and CTT122
a-synuclein® VGLUT1 synapses were significantly larger (swollen) in
iLBD (CTTI122:+14%, d=1.00, p=0.008) and PD (pSer129:+5%,
d=0.34, p=0.001; CTTi22:+23%, d=1.65, p<0.001) compared to
controls. Interestingly, control VGLUT1 synapses were smaller when
positive for CTT122 a-synuclein (-18%, d=0.38, p<0.001). pSer129
and CTTI122 a-synuclein was enriched almost exclusively in synaptic
pairs (pSer129, DAT: 99.4%, d =9.71, p < 0.001; pSer129, VGLUTI: 96.1%,
d=4.54, p<0.001; CTTi22, DAT: 99.1%, d=7.91, p<0.001; CTTI122,
VGLUTI: 98.7%, d =5.47, p < 0.001) (Supplementary Fig. 14; for results
on Synl a-synuclein clusters’ synapses see Supplementary Fig. 15).

Taken together, pSer129 was the earliest a-synuclein proteoform
found to be enriched in synapses. pSer129 «-synuclein appeared
enriched already at Braak stage 3 in dopaminergic synapses, while
CTTI122 a-synuclein was enriched in later stages. In cortical glutama-
tergic and post-synapses, both pSer129 and CTT122 a-synuclein
showed enrichment in the putamen at Braak stage 5-6. In contrast,
Synl a-synuclein dopaminergic density was lower at Braak stages 5 and
6. All pre-synapses that showed enrichment of pSer129 and CTT122 a-
synuclein were almost exclusively found within synaptic pairs, i.e. next
to a post-synapse. In addition, glutamatergic synapses enriched in
pSer129 and CTT122 a-synuclein were swollen.

Synl a-synuclein™ DAT synaptic density is decreased and reflects
DAT synaptic loss in PD

As the effect size of Synl a-synuclein® DAT synaptic density loss was
very similar to DAT synaptic loss in PD (=-86%), and since Synl «-

synuclein was specifically decreased in DAT synapses, we addressed
whether the decrease in Synl a-synuclein-positive DAT synaptic den-
sity reflected DAT synaptic loss. We found a strong positive correlation
between Synl a-synuclein® DAT synaptic density and DAT synaptic
density across all cases (rho=0.61, R*=38%, p<0.001), suggesting
that the decrease in Synl a-synuclein* DAT synaptic density reflected
DAT denervation (Fig. 4A).

o-Synuclein enrichment in DAT synapses is linked to DAT loss
As DAT synapses were enriched in both pSer129 and CTTI22 «-
synuclein at different Braak stages, we wondered whether this obser-
vation was associated with DAT synaptic loss. To answer this question,
we correlated DAT synaptic density with the percentage (to correct for
DAT loss) of DAT synapses positive for pSer129 and CTTI22 a-
synuclein across all cases, and within iLBD and PD groups. We found a
strong negative correlation between DAT synaptic density and per-
centage of DAT synapses positive for pSer129 a-synuclein across all
cases (rho=-0.54, R?=30%, p <0.001), which was driven by the iLBD
group (rho=-0.51, R*=26%, p=0.002), and was non-significant in PD
(p=0.905), probably suffering a floor-effect due to almost complete
DAT denervation in this group (Fig. 4B). Similarly, we found a mod-
erate negative correlation between DAT synaptic density and percen-
tage of DAT synapses positive for CTT122 a-synuclein across all cases
(rho=-0.47, R*=22%, p <0.001), which was again driven by the iLBD
group (rho=-0.31, R*=10%, p <0.001), and was non-significant in PD
(p=0.493) (Fig. 4C).

In summary, the increase of pSer129 and CTT122 «-synuclein
enrichment in DAT synapses is associated with DAT denervation,
especially in iLBD.

o-Synuclein enrichment in VGLUTI terminals prior to cortical LBs
Since DAT synapses in the putamen are the pre-synaptic terminals of
dopaminergic neurons found in the SN, we investigated the correlation
between pSer129 and CTTI22 «-synuclein enrichment in putaminal
DAT synapses and LB density in the SN. The density of both pSer129
(rho=0.42, R*=18%, p<0.001, Fig. SA, D) and CTTI22 (rho=0.35,
R?>=12%, p=0.035, Fig. 5G, J) a-synuclein* DAT synaptic density posi-
tively correlated with LB density in the SN, suggesting that with more
dopaminergic terminals positive for a-synuclein, there were more LBs
in dopaminergic neurons in the SN.

Since VGLUTI synapses correspond to the glutamatergic pre-
synaptic terminals of corticostriatal projection neurons found in
the cortex>?*, we investigated the correlation between a-synuclein
proteoform enrichment in VGLUT1 synapses in the areas of the
putamen innervated by the ACC and the PFC¥, and LB density in
ACC and the PFC, respectively. The density of both pSer129 (ACC:
rho=0.71, R*=50%, p <0.001; PFC: rho = 0.54, R*=30%, p <0.001,
Fig. 5B, C) and CTTI122 (ACC: rho=0.71, R*=50%, p <0.001; PFC:
rho=0.74, R*=55%, p<0.001, Fig. 5H, 1) o-synuclein®
VGLUTI synapses in the ACC and PFC innervation region of the
putamen positively correlated with LB density in the ACC and PFC,
respectively. Interestingly, pSer129 «-synuclein was significantly
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Fig. 2 | a-Synuclein proteoforms in putaminal DAT, VGLUTI and

PSD95 synapses in control, iLBD and PD. A Synl a-synuclein* DAT synaptic
density was decreased specifically in the PD group, while Synl a-synuclein’.

B VGLUTI1 and C PSD95 synaptic density did not change between groups. pSer129 a-
synuclein® synaptic density tended to be higher in (D) DAT synapses, and it was
higher in (E) VGLUTL, and F PSD95 synapses in PD. G CTT122 a-synuclein® DAT
synaptic density did not differ between groups, while CTT122 a-synuclein’,

H VGLUT]L, and I PSD95 synaptic density were higher in PD. Data points are average
per case (average of all 6 ROIs), and are colour-coded per Braak a-synuclein stage.
Boxplots display the median (central line), the first and third quartiles (box hinges
at the 25th and 75th percentiles), and whiskers that extend to the most extreme
data points within 1.5 times the interquartile range from the hinges. On top, a
representative 3D surface-rendering image of DAT (magenta), VGLUT1 (red), and
PSD95 (yellow) synapses positive for a-synuclein proteoforms (green) is shown
(scale bar 0.5 um). The sample consists of n=69 (control =10, iLBD =32, PD =27),

and 6 technical replicates are averaged for each brain donor. The statistical test
used is a two-sided LMM with age and sex as covariates, and nested for case ID.
Multiple pairwise (post-hoc) and multiple testing comparison corrections were
performed with the Tukey test. Exact p values: A control vs PD p = 0.008, iLBD vs PD
p=0.001, control vs iLBD p=0.999; B, C: all p>0.05; D: control vs PD p=0.064,
iLBD vs PD p=0.909, control vs iLBD p = 0.159; E: control vs PD p <0.001, iLBD vs
PD p <0.001, control vs iLBD p =0.787; F control vs PD p <0.001, iLBD vs PD

p <0.001, control vs iLBD p = 0.545; G: all p > 0.05; H: control vs PD p=0.001, iLBD
vs PD p=0.003, control vs iLBD p =0.584; I: control vs PD p <0.001, iLBD vs PD
p<0.001, control vs iLBD p = 0.521. Source data are provided as a Source Data file.
a-syn a-synuclein, CTRL control, DAT dopaminergic transporter, iLBD incidental
Lewy body disease, PD Parkinson’s disease, PSD95 post-synaptic density 95,
VGLUTI1 vesicular glutamatergic transporter 1. 0.10 < p < 0.05%, p<0.05,

p<0.01", p<0.001™.

enriched in VGLUT1 synapses in the ACC and PFC innervation
regions of the putamen already at Braak a-synuclein stage 3 (ACC:
p=0.003; PFC: p=0.008) and 4 (ACC: d =p=0.035; PFC: p=0.002)
compared to LB density in connected cortical regions (Fig. SE, F),

which per definition show LBs only from Braak a-synuclein stage 5'°.
Similarly, CTT122 a-synuclein was significantly enriched in VGLUT1
pre-synaptic terminals at Braak a-synuclein stage 3 (ACC: p = 0.003;
PFC: p=0.004, Fig. 5K, L).
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Fig. 3 | Stage-dependent a-synuclein proteoform enrichment in putaminal
DAT, VGLUTI1 and PSD95 synapses across Braak a-synuclein stages. A Synl a-
synuclein, B pSer129 a-synuclein, and C) CTT122 a-synuclein enrichment in DAT,
VGLUT], and PSD9S synapses in the putamen across Braak a-synuclein stages (on y
axis, 0 is controls) is shown. Heat maps are colour-coded for the average density of
synapses positive for a-synuclein proteoforms per Braak stage (first averaged per
case across all 6 ROIs, and then per Braak a-synuclein stage group), with values
similar to zero in blue, high values in red, and mid values in white. Each heatmap
column has its own legend, located on the right of the corresponding panel (e.g. the
DAT column legend in the Synl panel is on the top right of the panel). Units in
heatmap legends are expressed as the density of puncta positive for a-synuclein
proteoforms per 100 um?3. Below each heat map column, a representative 3D
surface-rendering image of DAT (magenta), VGLUTI (red), and PSD95 (yellow)
synapses positive for a-synuclein proteoforms (green) is shown (scale bar 0.5 um).
For all data points, see Supplementary Fig. 13. The Statistical test used is a two-sided
LMM with age and sex as covariates, and nested for case ID. Multiple pairwise (post-

hoc) and multiple testing comparison corrections were performed with the Tukey
test. Exact p values: A DAT: control vs Braak 1-4 all p>0.05, control vs Braak 5
p=0.051, control vs Braak 6 p=0.077; A VGLUT1 and PSD95: control vs Braak 1-6
all p>0.05, B DAT: control vs Braak 1-2 all p > 0.05, control vs Braak 3 p=0.007,
control vs Braak 4 p=0.036, control vs Braak 5 p=0.006, control vs Braak 6
p=0.121; B VGLUTL: control vs Braak 1-4 all p>0.05, control vs Braak 5 p <0.001,
control vs Braak 6 p < 0.001; B PSD95: control vs Braak 1-3 all p > 0.05, control vs
Braak 4 p = 0.098, control vs Braak 5 p < 0.001, control vs Braak 6 p < 0.001; C DAT:
control vs Braak 1-3 and 5 all p > 0.05, control vs Braak 4 p = 0.061, control vs Braak
6 p=0.012; C VGLUT1I: control vs Braak 1-4 all p > 0.05, control vs Braak 5 p = 0.031,
control vs Braak 6 p <0.001; C PSD95: control vs Braak 1-3 all p > 0.05, control vs
Braak 4 p = 0.061, control vs Braak 5 p = 0.004, control vs Braak 6 p < 0.001. Source
data are provided as a Source Data file. a-syn a-synuclein, DAT dopaminergic
transporter, PSD95 post-synaptic density 95, VGLUT1 vesicular glutamatergic
transporter 1. 0.10 < p < 0.05%, p<0.05, p<0.01", p<0.001".

Taken together, pSer129 and CTTI122 a-synuclein are enriched in
VGLUT1 pre-synaptic terminals prior to the appearance of LBs in cor-
ticostriatal projection neurons in ACC and PFC.

pSer129 a-synuclein is enriched in PD putaminal synaptosomes
Abundant pre-and post-synapses of about 0.3-1um in diameter (as
described before in ref. 28) were clearly visible by confocal microscopy
isolated in synaptosome fractions, suggesting successful isolation of
synaptosomes from frozen human putamen (Fig. 6D). Synaptosomal
fractions were also enriched in pre- and post-synaptic proteins com-
pared to total homogenate and cytosolic fractions (Supplementary
Fig. 16). Total protein of synaptosomal fractions (3.68 +2.42 mg/mL)
did not differ between PD (p = 0.597) and iLBD (p = 0.505) compared to
controls, or across Braak stages (all p > 0.05), indicating similar isola-
tion conditions between groups.

Total a-synuclein. Total synaptosomal a-synuclein levels (ug/mg total
protein) tended to be higher in PD compared to controls (+48%,
p=0.073), and were comparable to control levels in iLBD (p =0.339)
and across Braak stages (all p > 0.05) (Fig. 7A).

pSer129 a-synuclein. Synaptosomal pSer129 a-synuclein levels (ug/
mg total protein) were significantly higher in PD (+134%, p = 0.043) and

in cases with Braak 6 compared to controls (+251%, p = 0.033) (Fig. 7A).
Synaptosomal pSer129 o-synuclein levels (ug/mg total protein) in iLBD
seemed to have a trend of increase based on visual inspection, but
statistically were comparable to control levels (p = 0.392) (Fig. 7A). The
pSer129 ratio over total a-synuclein (ug/ug total a-synuclein) in
synaptosomes was similar to controls in PD and iLBD (PD vs control:
p=0.137; iLBD vs control: p=0.179). Across Braak stages, the synap-
tosomal pSer129 ratio over total a-synuclein (ug/ug total a-synuclein)
was significantly higher in cases with Braak stage 6 (+133%, p = 0.035),
and tended to be higher in cases with Braak stages 4 (+76%, p = 0.095)
and 5 (+70%, p=0.090) compared to control levels (Fig. 7B), sug-
gesting increased a-synuclein phosphorylation at Ser129 in synapto-
somes of cases with late disease stages compared to control
phosphorylation levels.

CTT122 a-synuclein. Synaptosomal CTT122 a-synuclein levels (ug/mg
total protein) were similar across iLBD, PD and control groups (PD vs
control: p=0.178; iLBD vs control: p=0.530), and Braak stages (all
p>0.05) (Fig. 7A). The synaptosomal CTTI22 ratio over total a-
synuclein (ug/pg total a-synuclein) was similar across PD, iLBD, and
control groups (PD vs control: p=0.410; iLBD vs control: p=0.974),
and Braak stages (all p>0.05) (Fig. 7B), suggesting no increase in
C-terminal truncation at residue 122 in PD synaptosomes.
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Pre-synaptic a-synuclein enrichment and synaptic loss
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Fig. 4 | Relationship between a-synuclein enrichment in dopaminergic term-
inals and dopaminergic synaptic loss. A Synl a-synuclein, B pSer129 a-synuclein,
and C CTTI22 a-synuclein enrichment in DAT synapses is associated with DAT loss
in the putamen across all cases. The top row shows a representative 3D surface-
rendering image of DAT synapses (magenta) positive for a-synuclein proteoforms
(green) (scale bar 0.5 um). The middle row shows the correlation of A the density of
Synl a-synuclein+ DAT synapses and DAT synaptic loss (data points are average per
case across all 6 ROIs and colour-coded for Braak a-synuclein stage), B the per-
centage of DAT synapses positive for pSer129, and C CTT122 a-synuclein and DAT
loss (data points are average per case across all 6 ROIs and colour-coded for group;
black: regression line for all cases; red: regression line for iLBD cases; blue:
regression line for PD cases; the grey area around the regression line represents the

standard error). The bottom row shows the same correlation across Braak a-
synuclein stages, where the grey line shows the mean DAT synaptic density (right y
axis) and the magenta line the mean a-synuclein proteoform* DAT synaptic density/
percentage (left y axis) per Braak a-synuclein stage (x axis). The statistical test used
is a two-sided Spearman’s correlation with age and sex as covariates. Multiple
testing comparison corrections were performed with the Tukey test. Exact p values:
A: all cases rho = 0.61, p < 0.001; B: all cases rho = —0.54, p < 0.001; iLBD rho = -0.51,
p=0.002; PD p=0.905; C: all cases rho =-0.47, p<0.001; iLBD rho=-0.31,
p<0.001; PD p=0.493. Source data are provided as a Source Data file. a-syn a-
synuclein, DAT dopaminergic transporter, iLBD incidental Lewy body disease, PD
Parkinson’s disease, PSD95 post-synaptic density 95, VGLUT1 vesicular glutama-
tergic transporter 1. 0.10 < p<0.05%, p<0.05, p<0.01", p<0.001".

Comparison between a-synuclein PTMs levels. Both synaptosomal
pSer129 and CTTI122 a-synuclein (ug/mg total protein) strongly cor-
related with total a-synuclein levels (ug/mg total protein) (rho=0.78,
R?=61%, p<0.001; rho=0.89, R*=78%, p<0.001 respectively), sug-
gesting that these PTMs linearly increase with total a-synuclein levels
in synaptosomes. Synaptosomal pSer129 and CTTI122 a-synuclein
levels (ug/mg total protein) also strongly correlated to each other
(rho=0.88, R =78%, p < 0.001) (Fig. 7C). However, the ratio of pSer129
and CTTI122 levels over total a-synuclein levels in synaptosomes (ug/ug
total a-synuclein) only moderately correlated to each other (rho=
0.48, R>=23%, p = 0.004) (Fig. 7D), suggesting that phosphorylation at
Ser129 and C-terminal truncation at residues 120-122 of a-synuclein
only partially increase together in the synaptosomes of the same
donors, with phosphorylation being more prominent than C-terminal
truncation (average pSer129/CTT122 ratio 1.6, with peaks of 4.9).

Discussion

a-Synuclein is a presynaptic protein that plays an important role in
synaptic transmission. At the earliest stages of disease, its aggrega-
tion in pre-synaptic terminals in the striatum is hypothesised to set off

a cascade of events leading to synaptic loss and widespread cortical LB
pathology. Here, based on microscopical and quantitative immuno-
based analysis of the post-mortem human putamen, we report that: (i)
enrichment of pSer129 a-synuclein in dopaminergic synapses is an
early-event in PD, occurring prior to striatal dopaminergic denerva-
tion; (ii) enrichment of pSer129 and CTT122 a-synuclein in dopami-
nergic synapses contributes to dopaminergic, but not glutamatergic
terminal loss; (iii) pSer129 and even more CTT122 contributes to
synaptic swelling and may contribute to synaptic dysfunction; (iv)
pSer129 and CTT122 a-synuclein enrichment in glutamatergic corti-
costriatal pre-synaptic terminals occurs prior to LB pathology in pre-
frontal and cingulate cortex; (v) reduction in synaptic Synl a-synuclein
reflects dopaminergic terminal loss in the putamen; and (vi) total,
pSer129 and CTTI22 a-synuclein protein levels are quantifiable in
putaminal synaptosomes in control, iLBD and PD brains with in-house
developed AlphaLISA immunoassays. pSer129 o-synuclein protein
levels were increased in putaminal synaptosomes in late-stage PD
synaptosomes, but not in early stages. No changes in total or CTT122 a-
synuclein protein levels could be detected in the synaptosomes across
disease stages. These data strongly support the hypothesis that
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Pre-synaptic a-synuclein enrichment and LB density
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pSer129 a-synuclein is enriched in striatal synaptic terminals early on
in PD, possibly contributing to dopaminergic denervation and cortical
LB pathology, while CTTI22 «-synuclein enrichment in synaptic
terminals accompanies pSer129 in later stages.

pSer129 a-synuclein is a major component of LBs?>?’, but it is still
unclear what role it plays in the cellular metabolism of neurons™.
Under physiological conditions, only a small fraction of a-synuclein is

phosphorylated at Serine 129, while an enrichment of this PTM is
consistently reported in the PD brain'**°. Two recent studies®*? have
shown that physiological pSer129 a-synuclein can be found in small
quantities in control pre-synapses, and that neuronal activity transi-
torily augments its levels in vitro and in vivo. Our quantitative bio-
chemical analysis also suggests that pSer129 a-synuclein is present in
picogram levels in human control synaptosomal fractions, which
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Fig. 5 | Relationship between pSer129 and CTT122 «-synuclein synaptic
enrichment and LB density in anatomically connected regions. The top row
illustrates the relationship between synaptic terminals in the putamen and their
projection neurons in the SN and cortex. A-L illustrates the correlation of

A-F pSer129 and G-L CTT122 a-synuclein positive synaptic terminals, and LB
density in projection neurons in SN and cortex (data points in A, G are average per
case across all six ROIs; data points in B, H are average per case across the four ROIs
spanning the ACC innervation area of the putamen; data points in C and I are
average per case across the two ROIs spanning the PFC innervation area of the
putamen; all points are colour-coded for Braak a-synuclein stage; the grey area
around the regression line represents the standard error). The grey line in D-F and
J-L shows the mean LB density in the input region (right y axis), and the magenta
(DAT) or red line (VGLUT1) shows the mean a-synuclein proteoform* synaptic
density in the putamen (left y axis) per Braak a-synuclein stage (x axis). Statistical

test used in A-C and G-l is a two-sided Spearman’s correlation with age and sex as
covariates. Exact p values: A: rho =0.42, p<0.001; B: rho=0.71, p<0.001; C:
rho=0.54, p<0.001; G: rho =0.35, p =0.035; H: rho =0.71, p< 0.001; I: rho=0.74,
p<0.001. Statistical test used in E, F, K, and L is a two-sided LMM with age and sex
as covariates, and nested for case ID, on the original log-transformed values that are
scaled as a percentage (0-100%). Exact p values: E: Braak 3 p =0.003, Braak 3
p=0.035; F: Braak 3 p=0.008, Braak 3 p=0.002; K: Braak 3 p=0.003, Braak 3
p>0.05;L: Braak 3 p = 0.004, Braak 3 p > 0.05. Source data are provided as a Source
Data file. Figure partially created in BioRender. Van de berg (2025) https://
BioRender.com/duygz72. a-syn a-synuclein, ACC anterior cingulate cortex, DAT
dopaminergic transporter, Lb Lewy body, PFC prefrontal cortex, PSD95 post-
synaptic density 95, SN substantia nigra, VGLUT1 vesicular glutamatergic trans-
porter 1. 0.10 <p <0.05%, p<0.05’, p<0.01", p< 0.001".
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Fig. 6 | Methods workflow. A ROIs were placed in whole-slide scans of FFPE striatal
sections. We selected ROIs in ACC- and PFC-innervated areas of the putamen
(asterisks). DAT+, VGLUT1+, and PSD95+ synaptic density were quantified within
the putaminal ROIs. The middle panel shows 3D reconstructions of DAT+,
VGLUT1+, and PSD95+ synapses positive for different a-synuclein proteoforms. The
bottom panel illustrates the quantification of synaptic size and synaptic pairs (pre-
and post-synapse next to each other). B Dopaminergic neuronal density (TH+) and
LB density were quantified in SN. C LB density was assessed in ACC and PFC.

D Synaptosomes were isolated from frozen putamen in a subset of donors. E Total,

pSer129, and CTT122 a-synuclein levels were quantified in synaptosome fractions

D Synaptosome isolation from human putamen
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using AlphaLISA immunoassays. Figure partially created in BioRender. Van de berg
(2025) https://BioRender.com/6sljtqz. a-syn a-synuclein, A coupled with acceptor
bead, aa amino acids, ACC anterior cingulate cortex, CTT122 C-terminal truncated
o-synuclein at amino acid 122, D coupled with donor bead, DAT dopamine trans-
porter, GM grey matter, HB homogenization buffer, IHC immunohistochemistry,
LB Lewy body, LH left hemisphere, PFC prefrontal cortex, PSD95 post-synaptic
density 95, SN substantia nigra, pSer129 a-synuclein phosphorylated at Serine 129,
Synl a-synuclein detected at amino acid 91-99, RH right hemisphere, Tyrosine
hydroxylase TH, VGLUTI vesicular glutamate transporter 1.
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a-synuclein levels in human putaminal synaptosomes
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might be too low to be detected by common immunohistochemistry
techniques. Importantly, our results add that pSer129 a-synuclein
levels are increased (+134%) in PD putaminal synaptosomes, and that
this enrichment specifically starts in dopaminergic pre-synapses in
synaptic pairs (i.e. when dopaminergic synapses next to a post-
synapse, where likely neuronal activity is present) early on at Braak
stage 3. pSer129 a-synuclein positive aggregates have also been found

in pre- and post-synapses in putamen and anterior cingulate cortex of
end-stage DLB donors®, but whether excessive synaptic pSer129 a-
synuclein is toxic or simply a response to cellular stress, is still under
debate®. pSer129 a-synuclein aggregates have been shown to impair
synaptic activity with an activity-dependent inhibition of synaptic
vesicle trafficking in vitro, leading to degenerative morphological
synaptic changes®. In human iLBD and PD striatum, we show that
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Fig. 7 | a-Synuclein proteoform levels in human putaminal synaptosomes.

A Group and Braak stage difference in total, pSer129, and CTTI122 a-synuclein

protein levels (over total protein) in putaminal synaptosomes. B Group and Braak
stage difference in pSer129 and CTT122 fold change over total a-synuclein levels in
iLBD and PD compared to control putaminal synaptosomes. Boxplots display the
median (central line), the first and third quartiles (box hinges at the 25th and 75th
percentiles), and whiskers that extend to minima and maxima. The statistical test
used is a two-sided nonparametric rank-based estimation test with age and sex as
covariates. Multiple testing comparison corrections were performed with the

Tukey test. Exact p values: A tot a-syn (up): control vs PD p = 0.073, control vs iLBD
p=0.339; A tot a-syn (down): control vs Braak 1-6 all p > 0.05; pSer129 (up): control
vs PD p=0.043, control vs iLBD p = 0.392; pSer129 (down): control vs Braak 1-5 all
p>0.05, control vs Braak 6 p=0.033; CTT122 (up): all p > 0.05; CTTI122 (down): all
p>0.05; B pSer129 (up): control vs PD p = 0.137, control vs iLBD p = 0.179; pSer129

(down): control vs Braak 1-3 p = 0.817, control vs Braak 4 p = 0.095, control vs Braak
5 p=0.090, control vs Braak 6 p=0.035; CTT122 (up): control vs PD p=0.178,
control vs iLBD p =0.530; CTT122 (down): control vs Braak 1-6 all p > 0.05.

C, D Heatmap and scatterplot showing the correlation between pSer129 and
CTTI122 a-synuclein levels (over total protein) (C) and fold change over total a-
synuclein levels in synaptosomes per case (labelled as in Supplementary Table 1)
(D). The statistical test used is a two-sided Spearman’s correlation. Exact p values: C:
rho =0.88, p<0.001; D: rho = 0.48, p = 0.004. The grey area around the regression
line in C, D represents the standard error. The sample consists of n=38 (con-
trol =10, iLBD =8, PD =20), and three technical replicates are averaged for each
brain donor. Source data are provided as a Source Data file. a-syn a-synuclein, n.a.
not available (technical outliers), PTM post-translational modification, tot total.
0.10<p<0.05% p<0.05, p<0.01", p<0.001".

synapses positive for pSer129 a-synuclein are also slightly swollen in
PD compared with normal synapses in controls, as found before in
DLB?. Additionally, our data show that pSer129 «-synuclein enrich-
ment in dopaminergic synapses negatively correlates with dopami-
nergic terminal numbers, suggesting that excessive levels of pSer129
a-synuclein might play a role in the PD degenerative process from the
earliest pathological stages and could have a neurotoxic component.
In line with this, a mechanistic study in a mouse model of synuclei-
nopathy showed that pSer129 was the first a-synuclein PTM to accu-
mulate in the pons one month post-injection of a-synuclein pre-
formed fibrils (PFF) in the gastrocnemius muscle*, also indicating that
pSer129 a-synuclein might trigger a cascade of events.

Similarly to pSerl29, truncation at amino acid position 122
(CTT122) also occurs in the C-terminal domain of «-synuclein. The
C-terminal domain of a-synuclein has a major role in maintaining
protein solubility, and alterations in this region appear to promote
aggregation of a-synuclein into fibrils in vitro'®?*°, CTT122 a-synuclein
is enriched in LBs**?”, is detectable at low levels in controls'?°, and is
highly increased in post-mortem PD brains and biochemically enriched
in buffer-insoluble fractions'. Previous reports suggest that CTT
might be an early event in PD pathophysiology, as it has been con-
sistently demonstrated that CTT a-synuclein self-assembles into fibrils
and promotes a-synuclein aggregation in vitro™*7, In line with this,
mechanistic studies in mouse models of synucleinopathy suggest that
CTTs might be at the top of the aggregation cascade® or contribute to
axonal dystrophy*. However, when looking at DAT and
VGLUT1 synapses with confocal microscopy, we show that CTT122
partially mirrored the pattern of pSer129 a-synuclein synaptic enrich-
ment in PD, but in a less accentuated manner and in later disease
stages. Moreover, our biochemical analysis of post-mortem human
synaptosomes revealed that CTTI22 a-synuclein protein levels in
putaminal synaptosomes were similar in control, iLBD and PD, arguing
against a general synaptic enrichment of this PTM. Our data therefore
indicate that CTT122 «-synuclein might not be at the top of the
aggregation cascade, as proposed by the experimental cellular and
mouse models. However, we also show that when excessively present,
CTTI122 a-synuclein exerts a strong pathological effect on specific
synapses. Glutamatergic synaptic terminals were significantly swollen
when enriched in CTT122 a-synuclein in iLBD and PD compared to
controls, suggesting that excessive levels of this PTM in specific
synapses (i.e. VGLUTI) might have a strong pathological effect on the
synaptic environment, which could have been partially replicated in
some a-synuclein transgenic mouse models***’. According to some
in vitro®***® and post-mortem studies®***, CTT a-synuclein accumu-
lates specifically at mitochondrial membranes, where it induces
mitochondrial dysfunction and oxidative stress”*¢*, CTT122 «-
synuclein might therefore aggregate specifically in synaptic mito-
chondria membranes, as previously shown in neuronal somas of PD
brains”***¢, inducing mitochondrial dysfunction, oxidative stress, and
overall synaptic dysfunction, captured by our study as substantial

synaptic swelling. Our observations in PD and iLBD are also supported
by findings of others in DLB, where biochemical fractionation revealed
an enrichment of aggregated «-synuclein in post-mortem human
synaptosomes, and Golgi-Cox-Davenport staining visualised the swel-
ling of such dendrites and spines™. Finally, we also show that CTT122 a-
synuclein enrichment in dopaminergic synapses strongly correlated
with dopaminergic terminal loss, suggesting that in late PD stages, a
possible CTT122-induced mitochondrial dysfunction might addition-
ally play a role in dopaminergic denervation in the striatum, as dopa-
minergic neurons are known to be particularly sensitive to
mitochondrial stress*’. To conclude, our results suggest that synaptic
enrichment of CTT122 a-synuclein accompanies pSer129 enrichment
in late PD stages, additionally contributing to glutamatergic synaptic
dysfunction and dopaminergic denervation in the striatum.

Antibodies targeting the nonamyloid component (NAC) domain
of a-synuclein, such as Syn1'®, also reveal LBs, pale bodies, and astro-
cytic a-synuclein accumulation®®**2, Synl immunoreactivity is, not
surprisingly, abundant in control brain tissue*’, prominently in neu-
ropil, consistent with synaptic-like staining profiles’**'. We observed a
high density of synapses positive for Synl a-synuclein in controls,
supporting the notion that a-synuclein is highly present in synapses.
However, how total a-synuclein levels change in PD compared to
controls is highly inconsistent between studies****. Some studies have
reported a decrease in Synl a-synuclein levels in PD brain tissue*® and
total a-synuclein levels in CSF***”. Our microscopy data also show a
decreasing pattern of specifically Synl a-synuclein-positive dopami-
nergic synapses in PD. The lower density of dopaminergic synapses
positive for Synl a-synuclein strongly mirrored dopaminergic synaptic
loss, indicating that decreased biomarker levels of a-synuclein in PD
might reflect a synaptic, and most specifically, dopaminergic terminal
loss, as suggested previously*>*, Our synaptosomal data, however,
showed a different pattern, with total o-synuclein protein levels
tending to be higher in PD than control putaminal synaptosomes.
Altogether, our results suggest that inconsistencies in a-synuclein
levels between studies might be due in part to specific (i.e. dopami-
nergic) synapses being lost (leading to a reduction in a-synuclein
levels), in part by remaining synapses accumulating pathological a-
synuclein (leading to an increase in a-synuclein levels).

a-Synuclein proteoforms are arranged in an organised manner
within LBs?, suggesting a precise timing of accumulation. In our study,
pSer129 a-synuclein was found to first be enriched in dopaminergic
synapses (at Braak stage 3) prior to dopaminergic terminal denerva-
tion, and then in cortical glutamatergic pre-synapses and post-
synapses in later disease stages (Braak stage 4-6). Anatomically,
dopaminergic synapses connect on the neck of the same dendrites
that are innervated by cortical glutamatergic synapses, so that the
dopaminergic input coming from the SN can modulate the glutama-
tergic excitatory input coming from the cortex®. Given the proximity
between dopaminergic, cortical glutamatergic, and post-synapses, and
the pattern of synaptic a-synuclein enrichment we observed, it is

Nature Communications | (2025)16:6630

12


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-61052-1

conceivable to hypothesise about the occurrence of a trans-synaptic
neuron-to-neuron spread of putative pathogenic, aggregation-
inducing proteoforms of a-synuclein from dopaminergic to glutama-
tergic synapses. Our evidence generated in this observational study in
humans may be consistent with findings in mechanistic mouse models
where retrograde transmission of a-synuclein PFF can be observed,
and suggests a cell-to-cell propagation of pathology through anato-
mically connected brain regions'”**. Consistent with mouse models of
PD, we show that pSer129 and CTT122 a-synuclein are enriched in
cortical glutamatergic pre-synaptic terminals well before the cell
bodies located in layer V of the cortex®, which are the first cortical
neurons to show LB inclusions'. Similarly, a-synuclein inclusions in
excitatory neurons in the ACC and PFC in layers V-VI were reported
after PFF striatal injections in mice*. Our results support this evidence
in the human brain, and indicate that glutamatergic synapses might
pick up pathogenic a-synuclein proteoforms in the putamen, and
transport them retrogradely through their axon back to the cell body,
where LBs might form in later disease stages.

We confirm loss of DAT synapses in PD, as previously described in
ref. 6. Several intrinsic properties, including cell-autonomous features
of dopaminergic neurons, have been suggested to contribute to
dopaminergic vulnerability and degeneration in PD. In fact, dopami-
nergic neurons:

i) Possess long and highly branched axons which are poorly myeli-
nated, and have large synaptic trees*’;

ii) have a high metabolic rate and dopamine turnover*’;

iii) contain high levels of neuromelanin, a bioproduct of dopamine-
quinone production, which makes these neurons more vulnerable
to oxidative stress®’;

iv) are highly vulnerable to mitochondrial stress*’;

v) have a characteristic slow and tonic pacemaker activity, leading to
accumulation of Ca***°, which may contribute to physiological
phosphorylation of a-synuclein at Ser129°**%

vi) have high SNCA expression levels®.

These cell-autonomous features, in combination with increased
mitochondrial stress and autophagy-lysosome pathway (ALP) dys-
function, might make dopaminergic neurons (and their synapses)
particularly vulnerable to aggregate a-synuclein species. It is therefore
plausible to speculate that the combination of (i) intrinsically high
endogenous a-synuclein levels, (ii) strong increases in physiological
pre-synaptic pSer129 a-synuclein during action potentials, (iii)
decreased clearance of a-synuclein due to ALP dysfunction, and (iv)
high and/or aberrant metabolic and mitochondrial activity, might
make dopaminergic neurons specifically prone to accumulate exces-
sive pSer129 and CTT122 a-synuclein in the pre-synaptic compartment.

Unlike DAT synapses, VGLUT1 synapses with enriched pSer129
and CTTI22 a-synuclein did not degenerate in the iLBD and PD puta-
men. The only study to examine VGLUT1 in human post-mortem
striatum reported an increase in VGLUT1 protein expression in the
posterior putamen of PD cases®, although it did not assess the number
of VGLUT1 puncta. In line with our results, iPSC-derived cortical glu-
tamatergic neurons from PD patients with LRRK2 variants seem to be
more resilient to o-synuclein PFF than iPSC-derived dopaminergic
neurons®’. Interestingly, we showed that VGLUTI1 synapses enriched
with CTT122 a-synuclein are swollen, which could be indicative of
synaptic dysfunction. Animal studies provided evidence for the accu-
mulation of a-synuclein in VGLUT1 synapses, and similarly,
VGLUT1 synapses did not degenerate, but their electrophysiological
properties were impaired®™. These findings indicate that
VGLUT1 synapses might undergo morphological, electrophysiological,
and biochemical alterations when accumulating pathological a-
synuclein but do not degenerate, therefore showing to be more resi-
lient to a-synuclein pathology than dopaminergic synapses. Taken
together, our results not only point towards the centrality of early

synaptic pathology in PD, but also to a differential vulnerability of
different synaptic terminals to a-synuclein pathology.

The main strength of this study lies in the combination of highly
sensitive and specific antibodies for multiplex immunofluorescence
microscopy and AlphaLISA immunoassays, enabling quantification of
a-synuclein proteoform levels in synapses of a pathologically defined
cohort that encompasses all Braak a-synuclein stages. A major limita-
tion of our study is the assumption that iLBD represents a neuro-
pathological prodrome of PD, whereas it is a matter of debate whether
iLBD cases would have developed motor symptoms if they had lived
longer*®. Our results support enrichment of pathological a-synuclein in
synapses in both iLBD and PD putamen, which could be seen as evi-
dence of acommon pathway of pathological spread of a-synuclein. We
also found a 30% dopaminergic neuronal loss in iLBD SN compared to
control SN (even if not significant), as previously found**>*®, which
could be indicative of a PD-specific neurodegenerative process. On the
other hand, our iLBD cohort was (i) significantly older than our PD
cohort, and (ii) mostly composed by females compared to the mostly
male PD group, as previously reported for other iLBD cohorts’*¢; and
(iii) even if iLBD donors in our study presented pSer129 o-synuclein
enrichment in dopaminergic synapses, which correlated with dopa-
minergic loss specifically in iLBD, the dopaminergic loss in the puta-
men was very limited (-13% not significant, as opposed to previously
reported -30%*"), overall suggesting that iLBD might represent a
resilient group of individuals to a-synuclein pathology. In addition, the
putaminal location where we quantified dopaminergic synaptic den-
sity might have affected the effect size of dopaminergic denervation of
our iLBD cohort: in our study we used putamen anterior to the anterior
commissure (in order to image the putamen innervated by the ACC
and PFC”), while previous studies have mostly investigated the puta-
men at the level of, or posterior to the anterior commissure*'. DAT
loss (measured as DAT tracer binding) is more pronounced at the
contralateral striatum of the clinically most affected body side*’. Such
asymmetry might have affected our results. Additionally, while our
results suggest that the PSD95 pre-processing, which aimed to reduce
the cloud-like pattern caused by tyramide precipitation, was thorough
in determining the location of post-synaptic densities, we cannot be
fully confident that the PSD signal did not at least partially spread into
pre-synapses. Lastly, synaptosomal isolation was performed in the
contralateral putamen compared to the high-resolution multiplex
confocal microscopy, leading to possible differences in the results due
to asymmetry.

In conclusion, our results obtained through multiplexed and
quantitative immunoassay-based approaches in human pre- and post-
synaptic terminals, point towards an enrichment of a-synuclein pro-
teoforms in the early stages of PD, with even greater enrichment in the
later stages. We showed that total, pSer129 and CTTI22 a-synuclein
protein levels are quantifiable in human putaminal synaptosomes of
control, iLBD and PD donors. pSer129 a-synuclein is enriched in
synapses already from early disease stages, and seems to be enriched
in dopaminergic synapses in iLBD before striatal dopaminergic
denervation. Our results implicate a possible role of pSer129 a-
synuclein in the beginning of the aggregation cascade leading to
dopaminergic denervation, and cortical LB pathology. Synaptic
enrichment of CTT122 a-synuclein accompanies pSer129 accumulation
in late PD stages, worsening glutamatergic synaptic dysfunction and
dopaminergic denervation in the striatum.

Methods

Donor inclusion

In collaboration with the Netherlands Brain Bank (NBB, https://www.
brainbank.nl/) and Normal Ageing Brain Collection Amsterdam
(NABCA)*® we included a total of 69 brain donors: 32 clinically-defined
controls, which were pathologically diagnosed with iLBD (Braak -
synuclein stage 1-6), 27 clinically-defined and pathologically-
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confirmed PD brain donors® (Braak a-synuclein stage 4-6), and 10
pathologically confirmed non-diseased controls (Braak a-synuclein
stage O; see Supplementary Table 1 for details). For the PD donors,
disease duration (age at death minus age at diagnosis) was extracted
from their clinical files. Neuropathological diagnosis was carried out by
an expert neuropathologist, and performed according to the interna-
tional guidelines of the Brain Net Europe Il (BNE) consortium (https://
www.brainbank.nl/about-us/brain-net-europe/). The procedures for
brain tissue collection of both NBB (ethical approval #2008/148) and
NABCA (ethical approval #2018/150) comply with all relevant ethical
regulations, and were approved by the Medical Ethical Committee of
the Amsterdam University Medical Centre, Amsterdam. NBB and
NABCA operate under strict ethical and legal standards, collecting
brain tissue only with written informed consent (or legal authorisation
for incapacitated individuals), explicitly permitting autopsy, tissue use
for approved scientific research, and anonymised data use, all in
compliance with Dutch laws and the General Data Protection Regula-
tion. Ethical approval is ensured through donor consent, independent
review by the NBB’s scientific committee, confidentiality safeguards,
and regulated tissue distribution under a Material Transfer Agreement
that prohibits commercial use.

Tissue sampling

The workflow of the methods is visualised in Fig. 6. The putamen was
chosen as the main region of interest of this study, as it suffers from
severe dopaminergic denervation in PD°. Moreover, the anterior
region of the putamen receives cortical glutamatergic pre-synaptic
input from several cortical regions affected by LB pathology, such as
the anterior cingulate (ACC) and prefrontal cortex (PFC)**°. Brain
tissue was collected at autopsy, resulting in an average post-mortem
delay (interval between death and autopsy) of 6.5h (range
3:30-11:45 h:min). Formalin-fixed paraffin-embedded (FFPE) tissue
blocks of the putamen (anterior to anterior commissure), and sub-
stantia nigra (SN; included: 56/69 cases) were obtained from the right
hemisphere and processed for immunohistochemistry. Frozen tissue
blocks of the putamen of 38 out of 69 cases were obtained from the left
hemisphere and processed for synaptosome isolation (Supplementary
Table 1). In addition, ACC and PFC sections already immunostained for
a-synuclein by NBB and NABCA biobanks for pathological diagnosis
(clone KM35], for details on antibody, see Supplementary Table 2) were
included for the cases presenting with Braak a-synuclein stage >4
(included: ACC 29/37 cases; PFC 33/37 cases).

Immunohistochemistry of striatal tissue sections

During the immunohistochemistry experiments, the order of striatal
tissue sections was randomised for each staining protocol to prevent
the staining procedures from introducing group-specific biases. Six-
um-thick sections from FFPE tissue blocks of caudate-putamen were
cut and mounted onto superfrost+ glass slides (Thermo Scientific,
USA). All sections were immunostained for dopamine transporter
(DAT), vesicular glutamate transporter 1 (VGLUT1), and post-synaptic
density protein 95 (PSD95). DAT and VGLUTI markers were chosen
because: (i) dopaminergic neurons in the SN project to the putamen®’,
and DAT is localised in their synaptic terminals®®; (ii) cortical gluta-
matergic neurons in layer V¥ in the ACC and PFC project to the
putamen”, and VGLUTI is localised in their synaptic terminals®.
Moreover, each batch was also immunostained with antibodies tar-
geting o-synuclein at aa 91-99 (Synl, BD Biosciences) as a good
approximation of total a-synuclein amounts®, pSer129 a-synuclein
(clone 11AS5, Prothena), or CTT122 a-synuclein (clone A15127A, Biole-
gend). For information on primary antibodies, see Supplementary
Table 2. Biochemical characterisation and validation of these anti-
bodies targeting a-synuclein proteoforms (clones Synl, 11A5, A15127A)
for immunohistochemistry was previously performed and
published®?°?*#>¢!, Briefly, FFPE sections were deparaffinised,

immersed in Tris-EDTA pH 9.0, heated to 100 °C in a steam cooker for
30 min, immersed in 80% formic acid for 5min, and washed under
warm running tap water for antigen retrieval. The sections were
blocked for endogenous peroxidase using 1% hydrogen peroxide in tris
buffered saline (TBS; pH 7.4), and consequently in 3% normal donkey
serum in TBS (Triton 0.5%) for 30 min. PSD95 primary antibody was
diluted in 1% normal donkey serum in TBS (Triton 0.1%), and sections
incubated overnight at 4 °C. On the second day, PSD95 primary anti-
body was detected using EnVision (Dako, Glostrup, Denmark) and
Alexa Fluor® 555 Tyramide with 0.005% hydrogen peroxide in Tris-HCI
buffer. The sections were then immersed in Tris-EDTA pH 9.0, and
heated to 100 °C in a steam cooker for 15 min for antibody removal,
and blocked in 3% normal donkey serum in TBS-T (Triton 0.5%) for
30 min. The primary antibodies against DAT, VGLUT1 and one of the
above-mentioned a-synuclein primary antibodies (Synl, pSer129, or
CTTI122 a-synuclein) were then diluted in 1% normal donkey serum in
TBS-T (Triton 0.1%), and incubated overnight at 4 °C. On the third day,
sections were incubated for 2 h with the secondary antibodies labelled
to Alexa Fluor® 680 PLUS, Alexa Fluor® 594, and Alexa Fluor® 488
PLUS, to detect and visualise DAT, VGLUT], and one a-synuclein pri-
mary antibody, respectively. TBS was used to wash the sections
between steps. The sections were counterstained with DAPI and
mounted with Mowiol (Sigma-Aldrich, St. Louis, United States) plus
anti-fading agent DABCO.

Confocal microscopy of synaptic terminals

Confocal scanning laser microscopy (CSLM) was performed on
immunofluorescent stained striatal sections with a Leica TCS SP8 STED
3X microscope (Leica Microsystems, Germany) (Fig. 6A). Confocal
imaging of striatal sections was randomized for each imaging protocol,
ensuring that the time between staining and imaging did not introduce
any group-specific biases. Confocal imaging parameters (Supplemen-
tary Table 3) were established for each staining protocol using pilot
datasets before the main batch experiment. The exact same imaging
parameters were saved and applied uniformly across all images. First, a
bright-field overview scan of the striatal tissue section was made using
the 10x objective (numerical aperture-NA-0.40) and the “spiral” option
in LasX Navigator software (Leica Microsystems, Germany). The
overview scanning was stopped at the edges of the putamen (Fig. 6A).
Six regions of interest (ROIs) were selected in LasX Navigator using a
transparent sheet: four ROIs were placed in the region of the putamen
innervated from the ACC, defined as the lower half of the putamen, and
two ROIs in the region of the putamen innervated from the PFC,
defined as the inner quadrant on top of the ACC innervated region,
according to Haber” (Fig. 6A). The ROIs were scanned sequential with
the 60x oil objective lens (NA 1.40) for each fluorochrome with a
pulsed white light laser at different wavelengths (Fig. 6A and Supple-
mentary Table 3). Images were taken as z-stacks to allow deconvolu-
tion and 3D image analysis (0.6 um z-stack, 0.15 um z-steps).

Quantitative 3D image analysis in the putamen

After CSLM scanning, images were converted from LIFF to OME.TIF
format with Fiji ImageJ Version 1.52p (https://imagej.net/ij/). Colour
deconvolution was performed with Huygens Professional version
23.04.0p0 64b (https://svi.nl/Huygens-Professional), and 3D image
analysis in NIS-elements AR analysis 5.42.03 (https://www.microscope.
healthcare.nikon.com/products/software/nis-elements). Image pre-
processing and analysis parameters were set up using pilot datasets
and then applied to all images via scripts (n =414 images per condi-
tion), ensuring an unbiased analysis. In NIS-elements, images were
masked to define the neuropil volume, after which DAT*, VGLUT1* and
PSD95" synaptic puncta were counted with the ‘bright spots’ function
(Fig. 6A and Supplementary Fig. 1), and expressed by number of DAT",
VGLUTI" and PSD95" puncta over 100 um? of neuropil. Next, synaptic
puncta positive for Synl, Synl clusters, pSer129, and CTTI22 a-

Nature Communications | (2025)16:6630

14


https://www.brainbank.nl/about-us/brain-net-europe/
https://www.brainbank.nl/about-us/brain-net-europe/
https://imagej.net/ij/
https://svi.nl/Huygens-Professional
https://www.microscope.healthcare.nikon.com/products/software/nis-elements
https://www.microscope.healthcare.nikon.com/products/software/nis-elements
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-61052-1

synuclein were quantified (for positivity criteria, see Supplementary
Table 4). Synl a-synuclein staining revealed two types of immunor-
eactivity (Supplementary Fig. 2): (1) total Synl immunoreactivity that
was termed “Synl a-synuclein”, which resembled the characteristic
synaptic-like staining of nonamyloid component (NAC) a-synuclein
antibodies in the grey matter, similar to that observed in KM51 staining
(for an example see Fig. 1C); and (2) a subset of the total Synl immu-
noreactivity, characterized by spots of high-intensity and high-
contrast compared to the background resembling pathological a-
synuclein clusters (similar to how LBs appear on KM51 staining, but
smaller), referred to us “Synl a-synuclein clusters”. For synaptic size
analyses, the synaptic perimeter was allowed to grow following the
immunoreactivity pattern. Since the PSD95 channel was further pre-
processed to reduce the cloud-like pattern due to tyramide pre-
cipitation (Supplementary Fig. 3), size analysis was not performed on
PSD95" puncta. Additionally, we quantified the density of synaptic
pairs, and specifically of DAT or VGLUTI1 pre-synapses localised next to
a PSD95 post-synapse (Supplementary Fig. 4). To do so, a neighbour-
hood analysis was performed with the ‘nearest child’ function with a
centre-to-centre distance (pre-synapse to post-synapse) of <lpm
(Supplementary Fig. 3). Finally, a quality control step was performed to
check if there were masking errors, and when present (masking error
rate <1%), the neuropil masks were adjusted. Imaris 9.9.1 (Oxford
Instruments 2023, https://imaris.oxinst.com/) was used to make
representative 3D surface-rendering images. In summary, the follow-
ing outcome measures were extracted (Fig. 6A): (1) Density of DAT",
VGLUTI" and PSD95" synapses (puncta/100 um?); (2) density of DAT",
VGLUTI" and PSD95" synapses positive for Synl, Synl clusters, pSer129,
and CTT122 a-synuclein (puncta/100 um?); (3) mean diameter (um) of
DAT" and VGLUTI1" synapses (both positive and negative for o-
synuclein proteoforms); (4) percentage of DAT and VGLUTI in
synaptic pairs of all DAT and VGLUT1 synapses; and (5) percentage of
DAT and VGLUTL in synaptic pairs positive for a-synuclein proteo-
forms of all DAT and VGLUT1 synapses positive for a-synuclein
proteoforms.

LB density in anatomically connected regions

Twenty-um-thick sections from SN FFPE tissue blocks were cut and
mounted onto superfrost+ glass slides (Thermo Scientific, USA). Sec-
tions were stained for tyrosine hydroxylase (TH) to visualise dopami-
nergic neurons, and for pSerl129 a-synuclein to visualise LBs (clone
EP1536Y, Abcam; see Supplementary Table 2). Briefly, the sections
were deparaffinised, immersed in Tris-EDTA pH 9.0, and heated to
100 °C in a steam cooker for 30 min for antigen retrieval. The sections
were blocked for endogenous peroxidase using 1% hydrogen peroxide
in TBS (pH 7.4), and consequently in 3% normal goat serum in TBS
(Triton 0.1%) for 30 min. Primary antibodies were diluted in 1% normal
donkey serum in TBS (Triton 0.1%), and sections incubated overnight
at 4 °C. On the second day, primary antibodies were detected using
EnVision (Dako, Glostrup, Denmark) and Vector SG (#SK4700, Vector,
Newark, United States) in phosphate-buffered saline (PBS; pH 7.4). TBS
and PBS were used to wash the sections between steps. The sections
were counterstained with fast nuclear red, dehydrated using a series of
ethanol and xylene, and mounted with Entellan (Merck, Darmstadt,
Germany).

Using a whole-slide scanner (Olympus VS200 Evident, 20x
objective), images of immunostained SN (TH and pSerl129 o-synu-
clein), ACC and PFC sections (KM51 a-synuclein) were digitised and
quantified using QuPath 0.2.3 stardist®’. In the SN sections (Fig. 6B), a
ROI was drawn along the edges of the cerebral peduncle until the white
matter tracts below the red nucleus using the colour contrast optical
density sum to delineate the SN, as done before®. Using in-house
QuPath scripts, outcome measures of TH neuronal density (count/
mm?) and LB density (count/mm? were extracted as previously
described in ref. 63. In ACC and PFC sections (Fig. 6C), ROls containing

all cortical layers were delineated in straight areas of the cortex to
avoid over- or underestimation of pathology in sulci and gyri, as
described before in refs. 64,65. DAB immunoreactivity was quantified
with in-house QuPath scripts, using an object classifier, as done pre-
viously in refs. 64,65, extracting LB density (count/mm?).

Synaptosome isolation and characterisation

Synaptosome isolation. Synaptosomes were isolated from human
frozen putamen tissue for a subset of cases (PD n=20, iLBD n=8,
control n=10, total n=38, see Supplementary Table 1 for details)
according to a previously described method (Fig. 6D)**. Frozen
sample order was randomised to prevent introducing group-specific
biases. Briefly (Fig. 6D), 100 mg of frozen putamen was included for
each case. Frozen putamen was cut in thick slices (80-100 um) with a
cryostat, while carefully avoiding white matter, caudate and nucleus
accumbens if present in the tissue blocks. The brain tissue was first
washed once in 0.5 mL of ice-cold homogenization buffer (HB; 0.32 M
sucrose, 4 mM HEPES, 20 mM DTT, 50 mM EDTA, protease inhibitor
cocktail-Roche, Branchburg, NJ-, phosphatase inhibitor cocktail cOm-
plete™, Mini, EDTA-free Protease Inhibitor Cocktail, Roche, Branch-
burg, NJ-, pH 7.4) to reduce blood contamination, and centrifuged at
1000xg (3068 RPM) for 5 min at 4 °C in a Benchtop Centrifuge 5804R
(Eppendorf, the Netherlands). The HB was discarded, and 0.5 mL of
new ice-cold HB was added to the pellet for the homogenization step.
Brain tissue was homogenised with ten slow and uniform strokes with a
Teflon pestle after transferring the tissue to a 2 mL Eppendorf tube,
and then an additional 0.5 mL of HB was added to the tube. Both the
tubes and pestle were pre-chilled in a beaker of ice before homo-
genization. The resulting homogenate was then centrifuged for 5 min
at 1000xg, and the pellet (P1) discarded. The supernatant (S1, total
homogenate fraction) was partially collected for western blot analysis
(20 uL), and the rest was further centrifuged at 14,500xg for 12 min.
After this, 25 uL of supernatant (S2, cytosolic fraction) was collected for
western blot analysis, and the pellet (P2) was re-suspended in 250 pL of
ice-cold HB by pipetting up and down. The re-suspended P2 was
carefully loaded on top of a three-step (3%, 10%, and 23%) Percoll
gradient (Sigma Aldrich, Natick, MA) (Fig. 6D). The 12-mL poly-
propylene tubes containing the Percoll gradient with the re-suspended
P2 were inserted into rubber inserts in a Eppendorf F-34-6-38 fixed
angle rotor (34°, 11.5cm radius, Eppendorf, the Netherlands), and
centrifuged for 15 min at 15,557xg with slow acceleration and decel-
eration (both set at 1) to avoid disturbing the layers. After centrifuga-
tion, the synaptosome-rich interface between 10% and 23% Percoll (F3-
47%; Supplementary Fig. 5) was carefully collected with a pipette. To
remove the Percoll from the isolated fraction, the sample was washed
in a 12-mL volume of sucrose/EDTA buffer (0.32M Sucrose, 1 mM
EDTA, 5mM Tris, pH 7.4) and centrifuged at 15,557xg for 15 min with
slow acceleration and deceleration (both set at 1) to avoid disturbing
the pellet. The supernatant was discarded, and the synaptosomal
pellet was collected. A Pierce BCA assay kit (Thermo Fisher Scientific,
#23225) was used to determine the total protein content of each
sample.

Immunohistochemistry. To confirm the presence of pre- and post-
synaptic markers in the synaptosomal preparation, we performed
immunofluorescent staining with anti-synaptophysin and anti-PSD95
antibodies, and confocal microscopy evaluation (Fig. 6D). Similar as
described before in ref. 66, a 4 uL volume of synaptosomal pellet was
allowed to bind to poly-i-lysine-coated p-Slide 8 Well chamber slide
(#80826, Ibidi, Grifelfing, Germany) overnight at 4 °C. The samples
were fixed with 4% paraformaldehyde for 15 min, washed twice with
PBS, permeabilised in PBS with 0.3% Triton X-100 for 10 min, and
blocked for 1h in PBS with 0.1% Triton X-100 and 5% normal donkey
serum. Synaptosomes were incubated with primary antibodies mouse
anti-synaptophysin (#M7315, Agilent) and rabbit anti-PSD95 (#3450S,
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Cell Signalling Technology) in PBS with 0.1% Triton X-100 and 1%
normal donkey serum overnight at 4 °C (Supplementary Table 5). The
day after, the synaptosomes were washed twice, and then labelled with
anti-mouse Alexa Fluor-488 (#A21202, ThermoFisher) and anti-rabbit
Alexa Fluor-594 PLUS (#A32754, ThermoFisher) secondary antibodies,
respectively, for 1h at room temperature (RT). After 2 washes, the
synaptosomes were visualised with 3D CSLM in a Leica TCS SP8
microscope (Leica Microsystems, Germany) using a HC PL PAO CS2
60 x oil objective lens (NA 1.40). All signals were detected using gated
hybrid detectors in counting mode. z-stacks (z = 0.6 um; 1200 x 1200
pixels) were imaged for one representative control, one iLBD and two
PD cases (case numbers 5, 25, 51, and 65 in Supplementary Table 1,
respectively). After scanning, the images were deconvoluted using
CMLE algorithms in Huygens Professional®’, and their maximum pro-
jections (Image) Fiji, National Institute of Health, USA®®) were used to
visualise the synaptosomes (Fig. 6D).

Western blot. Western blot analyses were performed on a subset of
synaptosomal fractions to confirm the enrichment of pre- and post-
synaptic proteins compared to total homogenate (S1) and cytosolic
fractions (S2). Specifically, 20 ug of total protein of the S1 and S2
fractions, and 1 ug of total protein of the synaptosomal fraction (due to
limited sample) were mixed with NuPAGE LDS sample buffer (Invitro-
gen; NPO0OO7) and NuPAGE Sample Reducing Agent (Invitrogen;
NP0004), heated for 10 min at 70 °C, and loaded on a NUPAGE pre-cast
4-12% gradient Bis-Tris gel (Invitrogen; NP0336) at 200 Volts for
35 min. Separated proteins were subsequently blotted (at 30 Volts for
90 min) onto 0.22 um nitrocellulose membranes (LI-COR; #926-31092)
using 1x NuPAGE Transfer Buffer (Invitrogen; #NPO006) containing
10% (v/v) methanol and 0.1% (v/v) antioxidant (Invitrogen; #NP00O0S5).
The blot was rinsed with ultrapure water and incubated for 5 min in
Revert700 Total Protein stain solution (LI-COR; #926-11011). After
washing with Revert Washing Solution (LI-COR; #926-11012) and
ultrapure water, acquisition of the total protein staining was done with
Odyssey SA (LI-COR Biotechnology, Germany) and ImageStudio soft-
ware (LI-COR; version 5.2.5). After de-staining with Revert700
Destaining Solution (LI-COR; #926-11013) and rinsing in ultrapure
water, the blot was blocked in Intercept (TBS) Blocking Buffer (LI-COR;
#927-60001) for 1 h at RT. Blots were then incubated overnight at 4 °C
with a mix of primary antibodies, mouse anti-synaptophysin (DAKO/
Agilent; 1:500) and rabbit anti-PSD95 (Cell Sign.; 1:1500) (Supplemen-
tary Table 2) diluted in Intercept (TBS) Blocking Buffer/TBS-T (50/50).
After washing in TBS-T, the blot was incubated with a mix of secondary
antibodies, donkey anti-mouse/IR800cw (LI-COR; 1:10,000) and don-
key anti-rabbit/IR680It (LI-COR; 1:10,000). Finally, after a last wash in
TBS-T, acquisition of the immunostaining was done with Odyssey SA
and ImageStudio software. Specific band intensities (for synaptophi-
sin, the 38 kDa band; for PSD95, the +90 kDa band) were quantified
and normalised (~corrected for slight input differences) using the total
protein stain.

Quantification of a-synuclein levels in synaptosomes

«-Synuclein protein levels were quantified in the synaptosome fraction
using AlphaLISA immunoassays (Revvity)*’ following the protocol
established by Moors et al.”’, with modifications as per the manu-
facturer’s instructions (Fig. 6E). The assay was developed to detect
pSer129, CTT122, and a C-terminal epitope of a-synuclein between
residues 118-123 (clone MJFRI, designated as “total” a-synuclein). For
this purpose, a biotinylated antibody targeting the NAC region of «-
synuclein (Biotin anti-a-synuclein, Clone A15115A, Biolegend, Cat.
848306; epitope aa 80-96) was used as a common Detection Antibody
across all assays. For the specific detection of the a-synuclein pro-
teoforms, the following Acceptor Antibodies were employed: Syn-142
(for pSer129, Roche), MJFR1 (for “total” C-Term, Abcam, Cat.
ab209420), and A15127A (for CTTI22, BiolLegend, Cat. 848402)

(Supplementary Table 6). These antibodies were coupled to AlphaLISA
Acceptor Beads (Unconjugated AlphaLISA Acceptor Beads, Revvity,
Cat. 6772002) at a10:1 beads-to-antibody weight ratio according to the
manufacturer’s guidelines. MJFR1 acceptor antibody demonstrated to
recognize 76% of pSer129 and 0% of CTT122 a-synuclein in this assay
(Supplementary Fig. 6). For all the antibody pairs, optimal concentra-
tion of the antibodies and antibody-bead conjugate was determined to
maximize signal/noise ratio and to lay below the hook point (point of
where an excess of target molecules oversaturates the Donor and the
Acceptor beads, inhibiting their association and causing a progressive
signal decrease). Assays were conducted in 384-well plates (AlphaPlate
384-well, Revvity, Cat. 6005350) with a total volume of 50 pL per well.
Prior to the assay, samples were diluted in Assay Buffer composed of
25mM HEPES (Sigma-Aldrich, Cat. H3375), 0.5% (v/v) Triton X-100
(Merck Millipore, Cat. 8603), 0.1% (w/v) Casein (Sigma-Aldrich, Cat.
C0376), and 0.1% (w/v) Dextran (Dextran-500, Carl Roth, Cat. 9219.3).
Standard curves for “total” a-synuclein (rPeptide, Cat. S-1001-2),
pSer129 (Proteos, Cat. RP-004), and CTT122 (Roche") were prepared
using purified recombinant proteins in Assay Buffer with the same
sucrose/EDTA buffer dilution as used for the synaptosome samples.
Optimal dilutions were determined for each assay: 1:250 for total, 1:2
for pSer129, and 1:10 for CTT122 a-synuclein. For each assay, 5L of
diluted samples or recombinant standards were added to wells, fol-
lowed by 10 uL of a solution containing Acceptor Beads coupled with
Acceptor Antibodies (75 pg/mL for total and CTT122 assays, 50 ug/mL
for pSer129). The plate was shaken for 1 min and incubated for 2 h at RT
in the dark. Subsequently, 10uL of Detection Antibody solution
(0.75 pg/mL biotinylated antibody in Assay Buffer) was added, and the
plate was shaken for 1 min and incubated for an additional 1h at RT in
the dark. Finally, 25uL of an 80 pug/mL Streptavidin-labelled Donor
Beads solution (AlphaScreen Streptavidin Donor Beads, Revvity, Cat.
6760002) was added to each well, followed by 1 min of mixing and a
30-min incubation at RT in the dark. All measurements were per-
formed in technical triplicate and acquired using a VICTOR Nivo reader
(PerkinElmer). Quantification of protein levels was based on the stan-
dard curves fitted using a 4-parameter logistic model. The lower limit
of detection (LLOD) and lower limit of quantification (LLOQ) were
calculated as LLOD = 33¢ and LLOQ=19¢, where o is the standard
deviation and & is the slope of the calibration curve (Supplementary
Fig. 6). Raw values (signal a.u.) of triplets with a high coefficient of
variation (CV% >30%) were quality-checked, and outlying values were
excluded (3 values in pSer129 plate). Final average CVs were 2.7%
(range 0.5-8.8%) for total, 10.4% for pSer129 (1.1-24.6%), and 4.8%
(0.1-12.5%) for CTT122 a-synuclein.

Statistical analysis

Immunohistochemistry. Brain donors were selected to include
approximately ten samples per Braak a-synuclein stage; this target was
met for all stages except Braak stage 2, for which only three donors
were available. To prevent technical bias, striatal tissue sections and
confocal imaging were randomised for each staining protocol, with
standardised imaging parameters established from pilot datasets and
uniformly applied across all samples. Image pre-processing and ana-
lysis were similarly standardised using scripted workflows. Statistical
analysis was performed in R Studio 4.2.1 (https://www.r-studio.com/).
The data were log transformed after the addition of a constant (+1) to
avoid undefined numbers when log transforming zeros. Outliers with
+3 standard deviations (SD) were excluded. With a nested dataset (6
ROIs per case), DAT, VGLUTI and PSD95 synaptic density differences
between groups were assessed with linear mixed models (LMM) with
age and sex as covariates, and nested for dataset (Synl/pSer129/
CTTI122 a-synuclein) and case ID. Synaptic density differences between
Braak a-synuclein stages were assessed with LMM, with Braak a-
synuclein stage as factor, age and sex as covariates, and nested for
dataset (Synl/pSer129/CTT122 a-synuclein) and case ID. Differences in
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Braak a-synuclein stages were assessed compared to controls (Braak a-
synuclein stage 1 vs control, Braak a-synuclein stage 2 vs control, and
so on). Similar analyses were performed to assess group and Braak a-
synuclein stage difference in a-synuclein proteoform’ synaptic den-
sities (except for not including “dataset” as a nested variable since
analyses were performed in individual datasets). To investigate the
correlations between a-synuclein proteoform® synaptic density and
synaptic density or LB density, these values were averaged to have one
value per case, and Spearman’s correlations were performed with age
and sex as covariates. To assess the difference between a-synuclein
proteoform* VGLUT1 synaptic density in ACC and PFC putaminal
innervation area, and LB density in ACC and PFC (respectively) in Braak
stages 3 and 4, the original log-transformed values were scaled as
percentage (0-100%), and then differences within Braak stage 3 and 4
were tested with LMM with age and sex as covariates, and case ID as
nested variable. For synaptic size analyses, LMM were used to assess
differences in synaptic diameter between synapses (only DAT and
VGLUT1) positive and negative for a-synuclein proteoforms, and in
synaptic diameter of positive synapses to a-synuclein proteoforms
between groups, with age and sex as covariates, and nested for case ID.
For analyses on synaptic pairs, LMM were used to assess the differ-
ences in the percentage of a-synuclein proteoform* synapses that were
within a synaptic pair (i.e. next to a PSD95 puncta) or not, with age, sex,
and percentage of synaptic pairs as covariates, and case ID as a nested
variable. Multiple pairwise (post-hoc) and multiple testing comparison
corrections were performed with the Tukey test, after which p
values < 0.05 were considered significant.

a-Synuclein levels in synaptosomes. Samples were selected based on
the availability of frozen putamen from donors already included in the
immunohistochemistry and confocal imaging analyses. To prevent
technical bias, synaptosomal samples were randomised during isola-
tion and a-synuclein protein quantification. The data were log trans-
formed after the addition of a constant (+1) to avoid undefined
numbers when log transforming zeros. Nonparametric rank-based
estimation tests with age and sex as covariates were used to assess
group and Braak stages differences. Multiple pairwise (post-hoc) cor-
rections were performed with the Tukey test, after which p values
<0.05 were considered significant. Spearman’s correlation was per-
formed to assess the correlation between synaptosomal a-synuclein
proteoform levels. One control (case number 9 in Supplementary
Table 1) and two PD cases (case nr 47 and 52 in Supplementary Table 1)
were found to be statistical outliers (i.e. >3SD from the mean) in
synaptosomal normalised pSer129 a-synuclein levels. These cases had
outlying low total protein levels (0.76, 0.64, and 0.94 mg/mL,
respectively, with average across cases 3.68 mg/mL) while having mid-
to-high synaptosomal pSer129 a-synuclein levels (105 pg/mL, 163 pg/
mL, and 542 pg/mL, respectively, with average across cases 110 pg/
mL), and were therefore excluded.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All processed data in the figures presented in this study are included in
the accompanying Source Data file. Access to the raw data is subject to
restrictions to protect the identities of brain donors from the NBB and
NABCA, and is available exclusively for research purposes. This mate-
rial and data should only be used for research purposes, only in the
Recipient’s organization, cannot be transferred to anyone else within
or outside the Recipient organization without the prior written con-
sent of the Provider, and should be used in compliance with all
applicable statutes and regulations in Recipient’s place and country.
Requests for raw data or raw IHC images should be directed to Dr.

Wilma van de Berg (wdj.vandeberg@amsterdamumc.nl). Source data
are provided with this paper.

Code availability
The scripts used in this study are openly available at the GitHub repo-
sitory: https://github.com/WilmaVandeBerg/Synaptic-alpha-synuclein/.
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