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1  | INTRODUC TION

The histopathological hallmark of the Parkinson's disease (PD) 
brain is the presence of Lewy bodies (LBs) and Lewy neurites (LNs), 

intraneuronal lipid-  and protein- rich complexes mainly consisting of 
fibrillar alpha- synuclein (α- syn) (Spillantini et al., 1997). Misfolding of 
native α- syn causes dynamic changes in its conformation, leading to 
formation of oligomers followed by protofibrillar species and finally 
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Abstract
Aggregation of alpha- synuclein (α- syn) into Lewy bodies and Lewy neurites is a 
pathological hallmark in the Parkinson´s disease (PD) brain. The formation of α- syn 
oligomers is believed to be an early pathogenic event and the A30P mutation in the 
gene encoding α- syn, causing familial PD, has been shown to cause an accelerated 
oligomerization. Due to the problem of preserving antigen conformation on tissue 
surfaces, α- syn oligomers are difficult to detect ex vivo using conventional immu-
nohistochemistry with oligomer- selective antibodies. Herein, we have instead em-
ployed the previously reported α- syn oligomer proximity ligation assay (ASO- PLA), 
along with a wide variety of biochemical assays, to discern the pathological progres-
sion of α- syn oligomers and their impact on the dopaminergic system in male and 
female (Thy- 1)- h[A30P]α- syn transgenic (A30P- tg) mice. Our results reveal a previ-
ously undetected abundance of α- syn oligomers in midbrain of young mice, whereas 
phosphorylated (pS129) and proteinase k- resistant α- syn species were observed to a 
larger extent in aged mice. Although we did not detect loss of dopaminergic neurons 
in A30P- tg mice, a dysregulation in the monoaminergic system was recorded in older 
mice. Taken together, ASO- PLA should be a useful method for the detection of early 
changes in α- syn aggregation on brain tissue, from experimental mouse models in 
addition to post mortem PD cases.
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insoluble larger fibrils, which are deposited as intraneuronal inclu-
sions (Reviewed in Ingelsson, 2016). Several studies have reported 
that α- syn within LBs and LNs have undergone post- translational 
modifications (Zhang et al., 2019) with ~90% of the species being 
phosphorylated at Ser129 (pS129) (Anderson et al., 2006; Fujiwara 
et al., 2002; Okochi et al., 2000).

Point mutations in the α- syn gene (SNCA) have been de-
scribed to cause increased aggregation of α- syn. For example, 
the A30P (ala30pro) mutation is responsible for an aggressive, 
familial form of early- onset PD (Krüger et al., 1998). Moreover, 
in vitro data have shown that A30P mutated α- syn is more 
prone than wild type (wt) α- syn to form oligomers (Conway 
et al., 2000). The α- syn oligomers have been proposed to exert 
their neurotoxicity via a number of pathways initiating synaptic 
dysfunction, ER- mitochondrial stress, microglial inflammation 
and autophagosomal– lysosomal dysfunction (Colla et al., 2012; 
Hoffmann et al., 2019; Hughes et al., 2019; Luth et al., 2014; 
Rockenstein et al., 2014). Furthermore, A30P α- syn forms pore- 
like annular oligomers in vitro (Lashuel et al., 2002) and its over- 
expression has been implicated in membrane permeablization 
and synaptic vesicle release in cellular models (Fortin et al., 2004; 
Nemani et al., 2010). Although it is a challenging task to visualize 
α- syn oligomers, a variety of innovative techniques have been 
developed in recent years, such as bimolecular fluorescent com-
plementation assay (Outeiro et al., 2008) and proximity ligation 
assay (PLA), which have been proven useful to detect such spe-
cies in cell and tissue samples (Roberts et al., 2015).

In order to study α- syn pathology, multiple transgenic (tg) 
mouse lines have been generated and those expressing the A30P 
mutation are characterized by a rapid onset of α- syn pathology 
and the presence of α- syn oligomers across the central nervous 
system (Fagerqvist et al., 2013; Marxreiter et al., 2009; Taylor 
et al., 2014). In the current study, we have used the (Thy- 1)- h[A30P] 
α- syn tg (A30P- tg) mice, which show roughly twofold post- natal 
over- expression of human A30P α- syn and exhibit α- syn pathology 
with increasing age (Fagerqvist et al., 2013; Neumann et al., 2002). 
Previous studies have investigated the prevalence of misfolded α- 
syn in A30P- tg mice of different ages (Ekmark- Lewén et al., 2018; 
Freichel et al., 2007).

The aim of the current study was to visualize early α- syn pathol-
ogy and its potential effect on dopaminergic neurons in the mid-
brain of A30P- tg mice. The ultra- sensitive α- syn oligomer proximity 
ligation assay (ASO- PLA) (Roberts et al., 2015, 2019) was employed 
together with an α- syn oligomer- specific sandwich ELISA. In addi-
tion, we further analyzed the properties of α- syn pathology by de-
termining the level of phosphorylated (pS129) α- syn and the degree 
of proteinase K (PK) resistance. Finally, we assessed the dopaminer-
gic neurons for TH immunoreactivity and analyzed catecholamines 
and their metabolites. With the ASO- PLA, we reveal a more robust 
α- syn oligomer midbrain pathology than what has previously been 
reported for this mouse model. However, the pathology appeared 
to have low impact on the dopaminergic system at the measured 
time points.

2  | MATERIAL S AND METHODS

All animal experimental work was approved by the Uppsala Ethics 
Committee (ethical permission number: 5.8.18- 08038/2018) and 
the use and housing of animals were performed according to the EU 
directive 2010/63/EU for animal experiments.

2.1 | Animals

A total number of 37, 2– 11- month- old, male and female homozygous 
(Thy- 1)- h[A30P]α- syn tg mice (RRID:MGI:2652214) were used, to-
gether with 31 age- matched non- transgenic (ntg) C57BL/6J male 
and female mice (RRID:IMSR_JAX:000664) as controls (Table 1.). All 
animals were housed at the National Veterinary Institute (Uppsala, 
Sweden) in open cages on a 12:12 hr reversed dark: light cycle, with 
food and water available ad libitum.

2.2 | Tissue preparation

Animals were anesthetized with isoflurane before transcardial per-
fusion using 0.9% NaCl followed by dissection of brains which were 
divided along the midline. The left hemispheres were frozen at −70℃ 
and the right hemispheres were fixed with 4% PFA. The PFA fix-
ated tissues were placed in 70% ethanol after 24 hr, embedded in 
paraffin and cut sagitally into 5- µm- thick sections using a sledge mi-
crotome (HM 340E, Thermo Fisher Scientific, Uppsala, Sweden). The 
left hemispheres were placed on the brain matrix on ice- cold petri 
dishes and micro- dissected under a bench microscope to isolate the 
midbrain. The tissues were then homogenized in a PreCellys homog-
enizer (Bertin Technologies, Montigny- le- Bretonneux, France) with 
5× w/v of TBS supplemented with Roche's protease cocktail inhibi-
tor (Sigma Aldrich, St. Louis, USA) and an equal volume of 1% Triton 
x- 100 TBS as extraction buffer. The homogenates were centrifuged 

Significance

In Parkinson´s disease the protein alpha- synuclein aggre-
gates and forms insoluble Lewy bodies and Lewy neurites in 
the brain. During the aggregation process, alpha- synuclein 
forms smaller aggregates, so- called oligomers, which have 
been shown to be neurotoxic. However, oligomers have 
been problematic to measure using conventional stain-
ing techniques. Here, we have shown that the new sen-
sitive oligomeric alpha- synuclein- proximity ligation assay 
is useful to measure alpha- synuclein oligomers on brain 
tissue. We demonstrate that this method can be used for 
visualizing of small toxic aggregates and monitoring early 
changes in alpha- synuclein aggregation pertaining to 
neurodegeneration.
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at 16,000× g for 1 hr at 4℃, before the supernatants were carefully 
removed and used for ELISA and western blot. All antibodies used in 
the experiments are shown in Table 2.

2.3 | Sandwich ELISA

To detect α- syn monomers, α- syn oligomers, and pS129 α- syn, a 96- 
well half- area high binding polystyrene plate (Corning Inc., Corning, 
USA) was coated overnight at 4℃ with either 12.5 ng/well of MJFR1 
antibody (#138501, RRID:AB_2537217 Abcam, Cambridge, USA), 
50 ng/well of MJFR- 14- 6- 4- 2 antibody (#209538, RRID:AB_2714215 
Abcam), or 25 ng/well of D1R1R (#23706, RRID:AB_2798868 Cell 
Signaling Technologies, Beverly, USA). The wells were blocked with 
phosphate- buffered saline (PBS) supplemented with 1% bovine serum 
albumin (BSA) for 2 hr 30 min. Tissue homogenates were diluted with 
ELISA incubation buffer (containing 1% BSA, 0.5% Tween- 20 in PBS, 
at pH 7.4) in 1:2,000, 1:20, and 1:400 (v/v) for the detection of α- syn 
monomers, α- syn oligomers, and pS129 α- syn, respectively, for 2 hr at 
RT. Next, the plate was incubated with the detection antibodies clone 
42 (0.35 µg/ml, BD Biosciences, New Jersey, USA), biotinylated MJFR- 
14- 6- 4- 2 (1 µg/ml, Abcam) and 4B12 (1 µg/ml, BioLegend, San Diego, 

USA) for 1 hr at RT. As secondary antibody, goat anti- mouse F(ab)2- HRP 
(Jackson immunoresearch, Ely, UK)) was used against 4B12 and syn- 1, 
whereas streptavidin- HRP (Mabtech, Nacka, Sweden) against bioti-
nylated MJFR- 14- 6- 4- 2 was employed for 1 hr at RT. The reaction was 
developed with K- blue Aqueous TMB substrate (Neogen Life Sciences, 
Lexington, USA) for 5 min and then stopped using 1 M H2SO4 (Sigma 
Aldrich). Between every post- blocking incubation step washes were 
performed with ELISA washing buffer (6.5 mM sodium dihydrogen 
phosphate monohydrate, 43.5 mM di- sodium hydrogen phosphate de-
hydrate, 0.3 M NaCl, and 0.1% Tween 20) in a HydroSpeed microplate 
washer (Tecan, Grödig, Austria). The samples were loaded in duplicates 
and the experiment was repeated thrice. The OD values were recorded 
at 450 nm using an infinite M200 Pro microplate reader (Tecan).

2.4 | Western blot

For western blot, 5 µl homogenate samples were incubated with 0.5 µl 
of proteinase K (final concentration 50 µg/ml, (#2001416, Thermo 
Fisher Scientific)) for 30 min at 37℃. The PK reaction was heat inac-
tivated by boiling the samples with Bolt NuPAGE LDS sample buffer 
and Bolt sample reducing agent (Thermo Fisher Scientific) at 95℃ for 

TA B L E  1   Animals used

Age of animals
Animal numbers and sex distribution (males/
females) Experimental details

2 months old A30P- tg (3/2) ntg (3/2) Right hemisphere (Paraffin embedded tissue 
sections for immunostainings/PLA)

5 months old A30P- tg (0/5) ntg (2/3) Left hemisphere (Tissue homogenate for 
ELISA/WB)8 months old A30P- tg (5/0) ntg (3/2)

11 months old A30P- tg (3/3) ntg (2/2)

11 months old A30P- tg (8/8) ntg (6/6) Whole brain (w/o cerebellum) (Flash frozen 
and tissue homogenized for HPLC- EC)

TA B L E  2   Antibodies used

Antibody details
Host 
species Concentration Application

MJFR1 (Anti- human- α- syn, #138501, RRID:AB_2537217 
Abcam)

Rabbit 0.25 µg/ml (ELISA) 
0.5 µg/ml (WB)

Capture antibody (total- α- syn ELISA), 
western blot

MJFR- 14- 6- 4- 2 (Anti- α- syn- filament, #209538, 
RRID:AB_2714215 Abcam)

Rabbit 1 µg/ml Capture antibody (α- syn oligomer ELISA)

D1R1R (Anti- pS129- α- syn, #23706, RRID:AB_2798868 Cell 
Signaling Technologies)

Rabbit 0.5 µg/ml Capture antibody (pS129 α- syn ELISA)

4B12 (Anti- human- α- syn, #807808, RRID:AB_380314 
BioLegend)

Mouse 1 µg/ml Detection antibody (pS129 α- syn ELISA)

Syn1/clone 42 (Anti- human/mouse α- syn, #610786, 
RRID:AB_398107 BD Biosciences)

Mouse 0.35 µg/ml Detection antibody (total- α- syn ELISA)

211 (Anti- human- α- syn, #80627, RRID:AB_1603277 Abcam) Mouse 1 µg/ml Proximity ligation Assay

EP1536Y (Anti- pS129- α- syn, #51253, RRID:AB_869973 
Abcam)

Rabbit 2 µg/ml Immunohistochemistry

AB 152 (Anti- tyrosine hydroxylase, RRID:AB_390204 EMD 
Millipore)

Rabbit 1 µg/ml Immunohistochemistry
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5 min. The samples were loaded onto 4%– 12% Bis- Tris Plus gels and 
ran for 27 min at 200 V in Bolt MES- SDS running buffer. Separated 
proteins were transferred onto a PVDF membrane (Thermo Fisher 
Scientific) using Bolt transfer buffer (Thermo Fisher Scientific) with 
10% methanol for 70 min at 20 V. Next, the membrane was fixed 
with 4% PFA for 30 min. The membrane was blocked with Odyssey 
TBS blocking solution (LI- COR Biosciences, Lincoln, USA) for 1 hr 
and incubated overnight at 4℃ with rabbit monoclonal MJFR1 
(1:2000, #138501, RRID:AB_2537217 Abcam) and mouse mono-
clonal GAPDH antibody (1:2000 #NB300- 221, RRID:AB_10077627 
Novus Bio, Centennial, USA) as a loading control. Next, the mem-
brane was washed with TBS- T (tris- buffered saline containing 0.1% 
Tween20, pH 7.4) before addition of IR Dye 680 donkey anti- mouse 
(#92632221, RRID:AB_621841 Thermo Fisher Scientific) and IR Dye 
800 goat anti- rabbit (#92632212, RRID:AB_621847 Thermo Fisher 
Scientific) antibody in 1:20,000 dilution for 1 hr at RT. Finally, the 
membrane was washed with TBS- T and the fluorescence was meas-
ured using the LI- COR odyssey- Sa reader (LI- COR Biosciences). The 
experiment was run in triplicates. The intensity of signal was visual-
ized using LI- COR Image studio software (RRID:SCR_015795) and 
the signal intensities of PK- resistant bands were ranked as follows: 
0: no band, 0.5: faint, 1: weak, 2: moderate, and 3: strong band as de-
scribed previously (Neumann et al., 2004); the final score was esti-
mated from at least two independent blots in duplicates.

2.5 | Proximity ligation assay

The PLA was performed to detect α- syn oligomers (ASO- PLA), 
as described previously (Roberts et al., 2019). For ASO- PLA ex-
periments, the α- syn antibody 211 (#ab80627, RRID:AB_1603277 
Abcam), Duolink Probemaker kit (#DUO92009 and #DUO92010, 
Sigma Aldrich), and Duolink bright field detection reagents 
(#DUO92012, Sigma Aldrich) were used according to the ASO- PLA 
protocol (Roberts et al., 2019). For preparing the ASO- PLA probes, 
20 µl of syn 211 (1 mg/ml) was mixed with 2 µl conjugation buffer, 
before adding the lyophilized PLUS or MINUS probe oligonucleo-
tides followed by incubation at RT for 16 hr. Next, 2 µl of stop 
reagent was added and the solution was incubated for 30 min at 
RT. Thereafter, 24 µl storage solution was added and the probes 
were stored at 4℃. The paraffin- embedded brain sections were 
deparaffinized in xylene before being subjected to a dilution se-
ries of ethanol (99%, 95%, and 70%) and a final wash with milli- Q 
water. Antigen retrieval step was performed on the sections placed 
into glass chamber filled with 25 mM sodium citrate buffer (pH 
6.0) and then placed into 900 W microwave. Sections were boiled 
for 90 s followed by rest for 2 min and the cycle was repeated 
five times. After the boiling cycles, the citrate buffer was allowed 
to cool down for 45 min at RT and the slides were then washed 
with TBS- T. Next, the sections were treated with either protein-
ase K (PK) (50 µg/ml, Thermo Fisher Scientific) or TBS- T for 1 min 
and washed with TBS- T. The sections were then incubated with 
Duolink blocking solution for 1 hr at 37℃. The ASO- PLA (PLUS 

and MINUS) probes were diluted with Duolink PLA probe diluent 
(1:1,000) and mixed with each other. The solution mix was added 
to the sections and incubated overnight at 4℃ in a humidifying 
chamber. Following a wash in TBS- T, freshly prepared Duolink li-
gation solution was added to sections and incubated for 1 hr at 
37℃. The sections were washed with TBS- T, followed by addi-
tion of freshly prepared Duolink amplification solution for 2 hr 
20 min at 37℃. Next, the sections were washed with TBS- T and 
then incubated with freshly prepared Duolink detection solution 
for 1 hr at 37℃. Finally, the sections were washed with TBS- T and 
Duolink substrate solution was added to the sections until a color 
change was visualized (approximate reaction time ~2 min). The sec-
tions were counter- stained with Mayer's Hematoxylin solution for 
1 min, washed under running dH2O for 5 min and re- hydrated se-
quentially before being mounted with Pertex on a coverslip.

The double staining ASO- PLA combined with IHC experi-
ment procedure was conducted as described previously (Sekiya 
et al., 2019), the sections (n = 2 per age group) were incubated 
with PLA- conjugated antibodies, together with the AB 152 an-
tibody (1:1,000) (Anti- tyrosine hydroxylase, RRID:AB_390204 
EMD Millipore) in PLA diluent overnight at 4℃. The TH IHC stain-
ing was developed using SG substrate kit, blue- gray (SK- 4700, 
RRID:AB_2314425 Vector laboratories, Burlingame, USA).

2.6 | Immunohistochemistry

The sections were deparaffinized and dehydrated as described ear-
lier. Antigen retrieval was performed by incubating the sections in 
pre- boiled 25 mM sodium citrate buffer (pH 6.0) for 45 min. The en-
dogenous peroxidase activity was blocked by incubating the tissues 
for 30 min using DAKO peroxidase blocking solution (Dako, Glostrup, 
Denmark) and sections were permeabilized using 0.4% Triton X- 100 
for 15 min. Primary antibodies (see Table 2 for details) were diluted 
in PBS with 0.1% Tween- 20 and added on the sections which were 
incubated overnight at 4℃. Following a wash with PBS, the sections 
were incubated with biotinylated goat anti- rabbit IgG (H+L) second-
ary antibody (BA- 1000, RRID:AB_2313606 Vector laboratories, 
Burlingame, USA) for 1 hr. The sections were washed with PBS and 
then incubated for 30 min with Streptavidin- HRP (Mabtech) for sig-
nal amplification. Antibody signals were visualized using a NovaRed 
substrate kit (SK- 4800, RRID:AB_2336845 Vector laboratories). The 
sections were counter- stained with Mayer's Hematoxylin solution 
for 1 min and then washed under running dH2O for 5 min. The sec-
tions were re- hydrated sequentially and mounted with Pertex on a 
coverslip.

2.7 | Image acquisition and analyses

Sagittal brain sections from right hemisphere, between bregma lev-
els 0.72 to 0.96 mm, were selected from ASO- PLA, immunostain-
ings against pS129 α- syn and TH. The images were captured by using 
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two different objectives; 10×: representing whole brain section and 
40×: representing midbrain region of interest (ROI, ventral tegmen-
tal area, substantia nigra, and retrorubral field) using Zeiss micro-
scope (Zeiss Z1 Axiocam RRID:SCR_002677). The acquired images 
were stitched together and the background corrected with Zeiss Zen 
Blue v2.5 (2018) software (RRID:SCR_013672). A minimum of three 
images acquired at 10× (whole brain) and 40× (midbrain ROI) were 
converted to grayscale and the area containing ASO- PLA puncta 
was analyzed as an average pixel percentage of area covered with 
pixels value above auto- threshold (maxEntropy algorithm method) 
function of ImageJ Fiji (NIH RRID:SCR_002285) software.

Furthermore, the intracellular and nuclear PLA signal was further 
subclassified based on the morphological patterns as (A) punctate, 
(B) patchy, and (C) clustered, similar to what has been previously de-
scribed (Sekiya et al., 2019). The ASO- PLA midbrain pathology was 
scored from 0 to 5, with a self- made template (see Figure S2) in a 
blinded fashion by two independent assessors.

Four images acquired at 10× (whole brain) and 40× (midbrain 
ROI) were converted to grayscale and the pS129 α- syn immunopos-
itive area was analyzed as an average pixel percentage of area cov-
ered with pixels value above auto- threshold (maxEntropy algorithm 
method) function of ImageJ. To remove background signal and ex-
clusively counting the somal pS129 inclusions, outliers with radius 
10 pixel (with pixel threshold: 50) were removed. To assess pS129 
α- syn inclusions, the area was subjected to the particle analysis tool 
of ImageJ with pixel values between 0 and 5,000. To analyze TH 
positive area, four images acquired at 40× from midbrain ROIs were 
converted to grayscale and analyzed as an average pixel percentage 
of area covered with pixels value above the auto- threshold (Li algo-
rithm method) function of ImageJ.

2.8 | Analyses of neurotransmitters with HPLC

For the analyses of neurotransmitters, male and female mice were 
analyzed separately because of the modulatory influence of female 
sex hormones on dopaminergic neurotransmission (Cyr et al., 2002). 
Mice (A30P- tg n = 8 males/females, ntg n = 6 males/females) were 
subjected to mild anesthesia with isoflurane, before they were sac-
rificed by cervical dislocation. The brains were dissected rapidly 
(<2 min); cerebellum was removed and rest of the brain tissues was 
immediately frozen with liquid nitrogen and stored at −70℃ until 
analyzed. The flash frozen brain tissues were weighed and then ho-
mogenized in 1 ml ice- cold acetate buffer (pH 5.0) containing 10 ng/
ml of 3, 4- dihydroxybenzylamine (DHBA, as internal standard) using 
Potter- Elvehjem homogenizer and centrifuged at 21,000× g for 
10 min at 4℃. The supernatant was used to determine the levels 
of norepinephrine (NE), serotonin (5- hydroxytryptamine, 5- HT), 
5- hydroxyindole- 3- acetic acid (5- HIAA, main 5- HT metabolite), do-
pamine (DA) and the DA metabolites, 3,4- dihydroxyphenyl acetic 
acid (DOPAC), and homovanilic acid (HVA) using high performance 
liquid chromatography with electrochemical detection (HPLC- EC) as 
previously described (Øverli et al., 1999) with minor modifications. 

In brief, the HPLC- EC system consisted of solvent delivery system 
model 582 (ESA, Bedford, USA), an auto- injector Midas type 830 
(Spark Holland, Emmen, The Netherlands), a reverse phase column 
(Reprosil- Pur C18- AQ 5 µm, 150 × 4 mm column, Dr Maisch HPLC 
GmbH, Ammerbuch- Entringen, Germany) kept at 40℃ and an ESA 
5200 Coulochem II EC (ESA) with two electrodes at reducing and 
oxidizing potentials of −40 and +320 mV. A guarding electrode with 
a potential of +450 mV was employed before the analytical elec-
trodes to oxidize any contaminants. The mobile phase consisted 
of 75 mmol/l sodium phosphate, 1.4 mmol/l sodium octylsulphate, 
and 10 μmol/l EDTA in deionized water containing 7% acetonitrile 
brought to pH 3.1 with phosphoric acid. Samples were quantified 
by comparison with standard solutions of known concentrations. 3, 
4- dihydroxybenzylamine (DHBA) was used as the internal standard 
to correct for recovery using HPLC software Clarity™ (DataApex 
Ltd, Prague, Czech Republic). For normalization of brain monoamine 
levels, the weight of the brain was used.

2.9 | Statistics

The values of α- syn concentration from ELISA experiments were 
calculated based on standard curve equation, the calculated val-
ues passed the D’Agostino & Pearson's omnibus normality test. 
The data obtained from ELISA experiments were analyzed using 
one- way ANOVA with post hoc Tukey's multiple comparison. The 
signal intensities of bands from western blot were ranked with 
a semi- quantitative score and the analysis was performed using 
Kruskal– Wallis rank test followed by Dunn's multiple comparison. 
The ASO- PLA image analysis data passed the test of normality and 
were analyzed using one- way ANOVA with post hoc Tukey's multi-
ple comparison. The blinded neuropathological scoring assessment 
from PLA experiments was analyzed using Kruskal– Wallis rank test 
followed by Dunn's multiple comparison. The raw values obtained 
from pS129 α- syn IHC image analysis were analyzed using one- way 
ANOVA with post hoc Tukey's multiple comparison. The raw values 
obtained from TH IHC image analysis and HPLC experiments were 
analyzed using two- way ANOVA with post hoc Tukey's multiple 
comparison. For all experiments, a p value <0.05 was considered 
to be significant. The calculations were performed using GraphPad 
Prism software (PRISM 6.0, RRID:SCR_002798 San Diego, USA).

3  | RESULTS

3.1 | Early formation of α- syn oligomers and age- 
related increase in pS129 α- syn brain levels

The levels of total human α- syn, oligomeric α- syn and pS129 α- syn 
in the non- midbrain and midbrain membrane- bound (TBS- T fraction) 
homogenates in 2- , 5- , 8- , and 11- month- old A30P- tg mice were 
measured by ELISA. The mean concentration of total human α- syn 
in non- midbrain TBS- T fraction did not differ between A30P- tg mice 

info:x-wiley/rrid/RRID:SCR_002677
info:x-wiley/rrid/RRID:SCR_013672
info:x-wiley/rrid/RRID:SCR_002285
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in the different age groups [F(3, 16) = 2.634, p = 0.0854] (Figure 1a). 
In contrast, the mean concentration of α- syn oligomers in the non- 
midbrain TBS- T fraction of 2- month- old A30P- tg mice was signifi-
cantly higher than in 11- month- old mice [F(3, 16) = 5.842, p = 0.0068] 
(Figure 1b). The levels of pS129 α- syn in the non- midbrain TBS- T 
fraction were significantly lower in 2- month- old compared to 5- , 
8- , and 11- month- old A30P- tg mice [F(3, 16) = 8.109, p = 0.0016] 
(Figure 1c). In the TBS- T midbrain fraction, total human α- syn lev-
els were higher in 5- month- old compared to 11- month- old A30P- tg 
mice [F(3, 16) = 3.822, p = 0.0307] (Figure 1d). Although the levels of 
oligomers in the midbrain TBS- T fraction did not differ between the 
age groups, 5- month- old A30P- tg mice showed a trend for increased 
levels, similar to what was observed for the total α- syn levels [F(3, 

16) = 3.146, p = 0.0542] (Figure 1e). Moreover, the concentration of 
pS129 α- syn in the midbrain TBS- T fraction was significantly lower 
in 2– month- old compared to 5-  and 11- month- old A30P- tg mice [F(3, 

16) = 6.711, p = 0.0038] (Figure 1f). For the ntg age- matched control 
mice, levels of all α- syn species were below the detection limit in 
both the non- midbrain and midbrain fractions (data not shown).

3.2 | Age progression of PK- resistant human α- syn 
in midbrain

To measure the compactness of the α- syn aggregates, non- midbrain 
and midbrain TBS- T homogenates were treated with PK prior to 

SDS denaturing western blot analysis with a human α- syn specific 
(MJFR1) antibody. Proteinase k readily degrades native monomeric 
α- syn, whereas α- syn oligomers depending on their compactness 
can be resistant to a varying degree to PK treatment (Näsström 
et al., 2011). A monomeric band at ~17 kDa, most likely represent-
ing a PK- inaccessible core of SDS- sensitive α- syn oligomers, as well 
as ~12.5 kDa N- terminally truncated degradation fragments, prob-
ably representing more PK- accessible parts of SDS- sensitive α- syn 
oligomers, could also be observed (Figure 2a,b). No higher bands 
above ~17 kDa, that is PK- resistant SDS- stable TBS- T soluble α- syn 
oligomers, could be observed (Figure S1). In the non- midbrain TBS- T 
fraction, 2- month- old A30P- tg mice had a presence of PK- resistant 
α- syn. The 5- month- old A30P- tg mice displayed weak bands in the 
non- midbrain TBS- T fraction, whereas more strongly visible bands 
of monomeric and fragmented α- syn were observed in 8-  and 
11- month- old A30P- tg mice in the non- midbrain fraction (Figure 2a). 
However, the semi- quantitative scoring (Figure 2c) of the ~17 and 
~12.5 kDa bands revealed that PK- resistant human α- syn did not dif-
fer between the age groups, as some of the A30P- tg mice lacked 
PK- resistant α- syn (Kruskal– Wallis statistic (H) = 2.863, p = 0.4132) 
(Figure 2d).

Minimal amounts of PK- resistant human α- syn could be detected 
in the midbrain TBS- T fraction from 2- month- old A30P- tg mice 
(Figure 2b). A weak ~17 kDa monomeric band was observed in only 
a few of the 5- month- old A30P- tg midbrain samples, while moder-
ate to strong ~17 as well as ~12.5 kDa bands could be observed in 

F I G U R E  1   Levels of total human α- syn, oligomeric α- syn, and pS129 α- syn in non- midbrain and midbrain TBS- T fractions detected by 
ELISA. Analysis of non- midbrain and midbrain TBS- T fractions from 2- , 5- , 8- , and 11- month- old A30P- tg and age- matched ntg control mice 
(n = 5 per group) showing total human α- syn (a,d); oligomeric α- syn (b,e) and pS129 α- syn (c,f). Error bars represent standard deviation (SD), 
asterisks indicate significance (*p < 0.05, ** p < 0.01)
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some of the midbrain samples from the 8-  and 11- month- old mice. 
Upon assessing a semi- quantitative score to minimum two indepen-
dent blots (Figure 2c); the median scores between age groups varied 
significantly (Kruskal– Wallis statistic (H) = 10.41, p = 0.0154) with 
a trend toward higher levels of PK- resistant α- syn in 8 (Dunn's post 
hoc, p = 0.0569)-  and 11 (Dunn's post hoc, p = 0.0668)- month- old 
compared to 2- month- old A30P- tg mice in the midbrain TBS- T frac-
tion (Figure 2e).

3.3 | Age- related morphological changes in 
oligomeric α- syn pathology

In order to visualize the distribution of α- syn oligomers in 2- , 5- , 8- , 
and 11- month- old A30P- tg mice, we used an oligomeric α- syn PLA 
(ASO- PLA) (Roberts et al., 2015; Sekiya et al., 2019). The entire brain 
images in sagittal plane from each age group revealed a wide dis-
tribution of α- syn oligomers in different brain regions, whereas ntg 
control mice lacked PLA signal (Figure 3a– e). The oligomers exhibited 
distinctive patterns (Figure 3g– i) such as punctate, patchy, and com-
pact clusters in the midbrain ROIs (ventral tegmental area, substan-
tia nigra, and retrorubral field) at higher magnification (Figure 3a'- d'). 

Whereas the ASO- PLA signal (mean percentage area with PLA punc-
tae) in the whole brain did not differ significantly between 2- , 5- , 
8- , and 11- month- old A30P- tg mice [F(3, 16) = 0.7932, p = 0.5154], 
(Figure 3f), distinct morphologies of the oligomers were observed at 
the different time points. For example, 2- month- old A30P- tg mice 
displayed sparsely punctate oligomers in midbrain ROIs (Figure 3a'), 
while ROIs in the 5- month age group displayed somal patchy mor-
phology (Figure 3b'). The 8-  and 11- month- old mice showed more 
compactly packed somal and clustered neuropil pathology in mid-
brain ROIs (Figure 3c',d'). In contrast, PLA signals were absent in 
the midbrain of ntg- control mice (Figure 3e'). Quantification of PLA 
signals in midbrain ROIs in A30P- tg mice showed higher levels in 
5- month- old mice compared to 2- month- old mice [F(3, 16) = 3.824, 
p = 0.0306], whereas no significant differences were observed in 
other age groups (Figure 3f').

In addition, the semi- quantitative classification of the punctate, 
patchy, and clustered patterns of oligomeric pathology determined 
by two blinded independent assessors was highly in consensus and 
confirmed the age progression of oligomeric pathology from punc-
tate to patchy to clustered (Figure 3j). Furthermore, the blinded 
semi-  quantitative pathological scoring based on self- made ASO- 
PLA template (Figure S2) elucidated a difference in the median 

F I G U R E  2   Age progression of PK- resistant human α- syn in midbrain TBS- T fractions. Western blot assay on non- midbrain (a) and 
midbrain (b) TBS- T fractions from 2- , 5- , 8- , and 11- month- old A30P- tg mice revealed highly PK- resistant human α- syn at ~17 kDa 
(monomer), as well as ~12.5 kDa N- terminally truncated degradation fragment of α- syn, strongly visible particularly in 8-  and 11- month- old 
mice. The α- syn PK- blot semi- quantitative scoring system used previously (Neumann et al., 2004), assessing score 0: no band, 0.5: faint, 1: 
weak, 2: moderate and 3: strong band revealed no differences in non- midbrain fraction across the age groups (n = 5 per group) (c,d). However, 
the midbrain TBS- T fraction revealed a trend toward higher levels of PK- resistant human α- syn in 8-  and 11- month- old mice compared 
to 2- month- old mice (c,e); The semi- quantitative score was estimated from the bands observed at ~17, ~12.5 kDa from minimum two 
independent blots. Error bars represent standard deviation (SD) 
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score (Kruskal– Wallis statistic (H) = 9.650, p = 0.0218) with a higher 
levels of oligomeric pathology in 5- month- old mice compared to 
2- month- old mice (Dunn's post hoc, p = 0.0337) (Figure 3k).

To further study the compactness of the α- syn oligomers, the sec-
tions were pre- treated with PK for 1 min prior to ASO- PLA analysis. 

Although most of the PLA signal disappeared upon PK treatment, 
sparse PK- resistant α- syn oligomers could be detected in midbrain 
ROIs of 5- , 8- , and 11- month- old A30P- tg mice (Figure 3b''- d''),  
whereas almost no ASO- PLA signals could be detected in midbrain 
ROIs in brains from the 2- month- old A30P- tg mice (Figure 3a’').
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3.4 | Age- progression of pS129 α- syn 
immunopositive inclusions

To visualize and assess the α- syn pathology further, immunostaining 
for pS129 α- syn was performed. Analyses of the entire brain images 
from 2- , 5- , 8- , and 11- month age groups (n = 5 per group) revealed 
pS129 α- syn immunostaining predominantly in the pre- frontal cor-
tex, hippocampus, and brainstem. In contrast, the ntg control mice 
lacked immunoreactivity against pS129 α- syn in all age groups 
(Figure 4e). Although the extent of pS129 α- syn immunoreactivity (as 
mean percentage of immunopositive area) in the whole brain did not 
show significant differences between the age groups (Figure 4f) [F(3, 

14) = 0.7319, p = 0.5500], the absolute number of pS129 α- syn posi-
tive inclusions differed significantly [F(3, 14) = 5.856, p = 0.0083] with 
a higher number in 11- month- old compared to 2-  and 5- month- old 
A30P- tg mice (Figure 4g). In the midbrain ROIs, pS129 α- syn immu-
noreactivity was observed within the soma and neuropil areas in 
A30P- tg mice (Figure 4a'- d'). Although the quantification of pS129 
α- syn immunopositive area involving exclusively the somal pS129 
α- syn pathology did not differ across the age groups (Figure 4f') 
[F(3, 16) = 1.882, p = 0.1733], the absolute number of pS129 α- syn 
positive somal inclusions only was found to be different between the 
groups [F(3, 16) = 5.168, p = 0.0109]. In particular, the midbrain ROIs 
of 11- month- old had higher pS129 α- syn positive somal inclusions 
compared to 2-  and 8- month- old A30P- tg mice (Figure 4g').

3.5 | Co- localization of PK- resistant α- syn 
oligomers without extensive loss in tyrosine 
hydroxylase (TH) immunoreactivity of the midbrain 
dopaminergic neurons

To evaluate the functionality of the dopaminergic neuronal groups in 
the midbrain ROIs, TH immunostaining was performed (Figure 5a– 
d,a’– d’). There were no obvious differences across the 2- , 5- , 8- , and 
11- month- old age groups within A30P- tg and ntg (n = 5 per age 
group) [F(3, 31) = 0.7629, p = 0.5235], or age group versus genotype in-
teraction [F(3, 31) = 2.254, p = 0.1017]; However, there was a general 
difference between the genotypes (A30P- tg vs. ntg) [F(1, 31) = 4.619, 
p = 0.0395]. In particular, the 8- month- old A30P- tg mice showed a 
slight trend toward reduced TH immunoreactivity when compared 
to the age- matched ntg controls, whereas other age groups of mice 

did not indicate any pronounced differences in TH immunoreactivity 
at 2- , 5- , or 11 months of age (Figure 5e).

In addition, to determine if TH immunopositive dopaminergic 
neurons in midbrain ROIs are exclusively associated with α- syn oligo-
mers, we conducted double staining experiment of the TH antibody 
together with ASO- PLA (n = 2 per age group). Furthermore, to as-
sess the nature of oligomers, we carried out PK treatment for 10 s on 
serial tissue sections prior to the double staining. We could observe 
a large portion of TH immunopositive area co-  localized with ASO- 
PLA signal in 2- , 5- , 8- , and 11- month- old A30P- tg mice (Figure 5f– i). 
Although most of the TH- associated ASO- PLA signal disappeared 
upon PK treatment for 10 s, we could observe sparse PK- resistant 
α- syn oligomers in TH positive neurons of midbrain ROIs in 2- , 5- , 8- , 
and 11- month- old A30P- tg mice (Figure 5f’– i’). No ASO- PLA signal 
with or without PK was detected in the midbrain ROIs of ntg mice 
(Figure 5j,j’).

3.6 | Analyses of monoaminergic 
neurotransmitters and its metabolites by HPLC- EC

Finally, to analyze the levels of the monoaminergic neurotransmit-
ters: norepinephrine (NE), serotonin (5- HT), and 5- HT metabo-
lite 5- hydroxyindole- 3- acetic acid (5- HIAA), dopamine (DA), and 
the DA metabolites 3,4- dihydroxyphenyl acetic acid (DOPAC) 
and homovanilic acid (HVA), HPLC was performed on brain tis-
sues from 11- month- old A30P- tg and ntg mice. There were no dif-
ferences, neither in the levels of dopamine nor in the levels of its 
metabolites— DOPAC and HVA, between A30P- tg mice and control 
mice (Figure 6a– c). The levels of serotonin or its metabolite 5- HIAA 
did not differ between the groups (Figure 6d,e). However, there 
was a significant increase in the levels of the serotonergic index 
(5- HIAA/5- HT ratio) in female A30P- tg mice compared to ntg male 
mice [F(1, 23) = 8.377, p = 0.0082], while no obvious differences were 
recorded across the genders within same genotype [F(1, 23) = 3.731, 
p = 0.0658] (Figure 6f).

4  | DISCUSSION

Oligomerization of α- syn is believed to be an early pathological 
event in the brain of patients with PD, a feature that is particularly 
pronounced in familial cases with the A30P mutation. However, the 

F I G U R E  3   Age- related change in oligomeric morphology revealed by ASO- PLA in A30P- tg mice. The representative sagittal whole brain 
images from 2- , 5- , 8- , and 11- month- old A30P- tg mice (a– d) revealed a wide distribution of α- syn oligomers in different brain regions The 
ntg control lacked PLA signal (e). The oligomers exhibited distinctive morphological patterns such as sparse punctate (g) at 2 months, somal 
patches (h) at 5 months, and compact clusters (i) at 8-  and 11 months in substantia nigra and associated midbrain ROIs at high magnification 
(a'– d'). Furthermore, the midbrain α- syn oligomers showed a limited resistance to proteinase k (a’'– d’'). The ASO- PLA signal in the whole 
brain did not differ between 2- , 5- , 8- , and 11- month- old A30P- tg mice (n = 5 per group) (f). However, the midbrain ROIs indicated increased 
ASO- PLA signal in 5- month- old A30P- tg mice when compared to 2- month- old mice (f'). Furthermore, the blinded semi- quantitative 
neuropathological ranking (j) and scoring (k) of ASO- PLA staining corroborated our findings. The error bars represent standard deviation 
(SD), asterisks indicate significance (*p < 0.05). Scale bars: 1,000 µm (a– e), 100 µm (a'– e' and a'’– e’'), 20 µm (g– i)  
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heteromorphic a- syn oligomers are difficult to detect ex vivo using 
conventional immunohistochemistry. Conformational epitopes of 
oligomers may be inaccessible or altered on fixed tissue surfaces and 
hence oligomer pathology could be missed. Therefore, the aim of the 
present study was to assess early α- syn oligomeric pathology and its 
impact on the dopaminergic system in greater detail using the novel 
ASO- PLA technique, which does not depend on the preservation of 
such conformations.

The (Thy- 1)- h[A30P] α- syn tg mouse model displays intracel-
lular α- syn pathology in the brain and behavioral impairments 
(Freichel et al., 2007). In a recent study we showed that early fine 
motor impairments start already at 2 months of age (Ekmark- Lewén 
et al., 2018), that is, before the onset of overt α- syn pathology ob-
served with regular immunohistochemistry. The underlying molecu-
lar mechanisms leading to these abnormalities are unclear. The initial 
characterization of this mouse model indicated the presence of 
phosphorylated and PK- resistant α- syn aggregates in 8- month- old 
mice in zona incerta and the pontine region (Neumann et al., 2002). 
A follow- up study indicated the presence of aggregated, phos-
phorylated, and PK- resistant α- syn in the brainstem, amygdala, and 
somatosensory cortex at 12 months, but not at 4 months, of age 

(Freichel et al., 2007). We previously reported early α- syn pathology 
in the brainstem already at 4 months of age in these mice (Fagerqvist 
et al., 2013). Although this finding was based on immunohistochem-
istry using oligomer- selective antibodies, we cannot be certain that 
the limited amount of pathology truly represented early- stage α- syn 
oligomers. Furthermore, most of the prior studies reported sparse 
pathology in the midbrain and did not investigate its relation to the 
dopaminergic system.

As it has proven challenging to directly study α- syn oligomers in 
brain tissue, we here used a dual approach with a sandwich ELISA 
with the MJFR- 14- 6- 4- 2 antibody, in combination with a newly de-
veloped ASO- PLA to detect α- syn oligomeric pathology on ex vivo 
brain tissue (Roberts et al., 2015, 2019). The MJFR- 14- 6- 4- 2 anti-
body was developed to selectively recognize α- syn oligomers in 
cell and tissue homogenates (Lassen et al., 2018) but was later re-
ported to recognize α- syn aggregates in solutions in a concentration- 
dependent manner (Kumar et al., 2020).

Our previous data based on ELISA with the oligomer/protofi-
bril selective antibody mAb38F indicated that the time for oligo-
mer/protofibril accumulation varies between individual A30P- tg 
mice (Fagerqvist et al., 2013). However, those experiments were 

F I G U R E  4   Age progression of pS129 α- syn pathology in A30P- tg mice. Representative sagittal brain images from 2- , 5- , 8- , and 
11- month age group (a– d) indicating pS129 α- syn (EP1536Y antibody) positive immunostainings. The ntg control lacked immunoreactivity 
against pS129 α- syn in all age group (e). The SN and associated area included in the midbrain ROIs indicated abundance of pS129 α- syn 
inclusions showing a trend toward an increase with progressing age (a'– d'). The pS129 α- syn immunopositive area in the whole brain did not 
differ significantly between 2- , 5- , 8- , and 11- month- old A30P- tg mice (n = 5 per group) (f). However, the absolute number of pS129 α- syn 
inclusions in pS129 immunopositive area was higher in 11 months, compared to 2-  and 5- month- old A30P- tg mice (g). The midbrain ROIs 
indicating solely the pS129 immunopositive somal area did not differ significantly across the age groups (n = 5 per group) (f'). However, in 
midbrain ROIs the absolute number representing the somal pS129 α- syn inclusions exclusively, was higher in 11 months, compared to 2-  and 
8- month- old A30P- tg mice (g'). Error bars represent standard deviation (SD), asterisks indicate significance (*p < 0.05). Scale bars: 1,000 µm 
(a– e), 100 µm (a'– e') 



     |  2535BEHERE Et al.

performed on cytosolic (TBS), membrane- bound (Triton x- 100) 
and insoluble (SDS) hemisphere fractions from mice aged 3 and 
15 months of age, whereas in this study we analyzed α- syn species 
in separately isolated midbrain-  and non- midbrain tissue- TBS- Triton 
x- 100 homogenates from 2- month-  to 11- month- old A30P- tg mice.

Our current ELISA experiments with the MJFR- 14- 6- 4- 2 anti-
body indicated that already at 2 months of age, A30P- tg mice display 
an abundance of α- syn oligomers in the non- midbrain and midbrain 
membrane- associated fractions. With age progression, a trend toward 
lower levels of oligomers in the non- midbrain membrane- associated 

fraction was observed at older ages and reached significance in the 
11- month age group. In midbrain membrane- associated fraction, a 
trend toward higher levels of oligomers was observed in 5- month- old 
A30P- tg mice, whereas lower oligomeric levels were detected in the 
11- month- old A30P- tg group. In accordance with our previous study 
(Fagerqvist et al., 2013; Lindström et al., 2014), a high inter- individual 
difference in levels of oligomers was observed at the different time 
points with the ELISA. Interestingly, as evident by western blot anal-
ysis, the 8-  and 11- month age groups showed a trend toward greater 
α- syn PK- resistance of α- syn oligomers in the midbrain, whereas 

F I G U R E  5   Visualization of dopaminergic neurons and co- localization of PK- resistant α- syn oligomers in the midbrain ROIs. 
Representative sagittal midbrain ROIs from 2- , 5- , 8- , and 11- month- old A30P- tg (a– d) and respective age- matched ntg controls (a’– d’) 
showing tyrosine hydroxylase (TH) immunostaining. The TH immunoreactivity in the midbrain did not differ significantly between 2- , 5- , 8- , 
and 11- month- old A30P- tg mice compared to age- matched ntg controls (n = 5 per group). However, the 8- month- old A30P- tg mice group 
had a slight trend towards lower TH immunoreactivity than age- matched ntg control mice (e). High magnification images from midbrain ROIs 
(f– i) displaying ASO- PLA signal (in reddish- brown), together with TH immunostainings (in dark blueish gray) and hematoxylin counterstaining 
(in purple). The experiment involved PK pretreatment for 10 s on adjacent tissue sections which (n = 2 per age group) displayed PK- resistant 
α- syn oligomers co- localizing with TH positive dopaminergic neurons in midbrain ROIs (f’– i’) from 2-  to 11- month- old A30P- tg mice. The 
11- month- old ntg mouse did not show any ASO- PLA signal with or without PK (j and j’). Error bars represent standard deviation (SD). Scale 
bars: 200 µm (a– d) and (a’– d’); 20 µm (f– j) and (f’– j’) 
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PK- resistant α- syn was observed in the non- midbrain fraction in 
young A30P- tg mice. The finding that only full length and trun-
cated forms of monomeric α- syn were observed, indicate that α- syn 
oligomers, albeit resistant to PK treatment, dissociated during the 
subsequent treatment with SDS during western blot analysis. Thus, 
despite unchanged or lower levels of α- syn oligomers in these age 
groups, the oligomers exhibited a more compact morphology.

To further characterize the α- syn oligomeric pathology, we ap-
plied the recently developed ASO- PLA (Roberts et al., 2015; Sekiya 
et al., 2019) on ex vivo brain tissue from A30P- tg and ntg mice. 
Compared to regular immunohistochemistry, the ASO- PLA has been 
shown to have 1.6-  to 6.5- fold increased sensitivity of detecting 
α- syn oligomers on the human brain section (Roberts et al., 2015; 
Sekiya et al., 2019). With the ASO- PLA, we were able to visualize an 
extensive distribution of α- syn oligomers in the entire brain, which 
had previously not been detected by regular immunohistochemistry 
in this mouse model. The intracellularly located oligomers exhibited 
a distinctive punctate and patchy pattern, were clustered in substan-
tia nigra and associated midbrain areas including the white matter 
tracts. Intriguingly, the accumulation of α- syn oligomers showed an 
age- related change. At 2 months of age, the A30P- tg mice displayed 
sparsely punctate oligomers in midbrain while somal patchy mor-
phology was observed at 5 months of age. In the older age groups, 
A30P- tg mice showed higher levels of more compact somal, clus-
tered neuropil, and axonal spheroid- like pathology in the midbrain. 
Although most of the PLA signal disappeared upon PK treatment, 

sparse PK- resistant α- syn oligomers could be detected in midbrain 
from the age of 5 months, while almost no ASO- PLA signals could 
be detected after 60 s PK treatment in 2- month- old A30P- tg mice, 
probably indicating the presence of α- syn oligomers with lesser beta 
sheet content in 2- month- old A30P- tg mice. Taken together, both 
biochemical and immunological analyses showed an age progression 
toward more compact α- syn oligomers.

Approximately 90% of α- syn in LBs is phosphorylated at the 
ser- 129 residue (Anderson et al., 2006; Fujiwara et al., 2002). 
Furthermore, the presence of pS129 α- syn in skin nerve endings 
is currently being explored as a possible future diagnostic tool for 
PD and related disorders (Donadio et al., 2019). To investigate the 
age progression of pS129 α- syn, and if the levels correlated with 
oligomeric pathology, we measured pS129 α- syn levels in both non- 
midbrain and midbrain homogenates using ELISA and on ex vivo brain 
tissue with immunohistochemistry (Donadio et al., 2018). Although 
the ELISA could detect pS129 α- syn in brain already from 2 months 
of age, the levels increased significantly in older A30P- tg mice, both 
in the non- midbrain fraction (in all age groups) and the midbrain frac-
tion (in the 8 months group). Intriguingly, this seems to coincide with 
time points when α- syn oligomers become more compact. However, 
to determine if the pS129 α- syn was in a monomeric or oligomeric 
form in the brain homogenates, was outside the scope of the current 
study.

The pS129 α- syn immunohistochemistry results were largely in 
line with our ELISA data. We observed a general age progression of 

F I G U R E  6   Subtle changes in levels of monoaminergic neurotransmitters in 11- month- old A30P- tg and ntg mice. The levels of dopamine 
(a) and its metabolites DOPAC (b) and HVA (c) in A30P- tg mice did not differ from the ntg controls. The levels of serotonin (d) and its 
metabolites 5- HIAA (E) in A30P- tg mice did not show any differences compared to sex- matched ntg controls. However, the serotonergic 
index (5- HIAA/5- HT ratio) was higher in A30P- tg females compared to ntg males (f). Error bars represent standard deviation (SD), asterisks 
indicate significance (*p < 0.05)
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pS129 α- syn immunoreactivity in whole brains of these mice, with 
the highest number of pS129 α- syn positive inclusions detected in 
the oldest age group. Also, as reported previously, the regional dis-
tribution of pS129 α- syn is highly specific in these mice (Neumann 
et al., 2002; Schell et al., 2009); hippocampus, pre- frontal cortex, and 
brainstem are predisposed sites of pS129 α- syn inclusions. Although 
sparse pathology could be detected in the midbrain, a trend with a 
steady increase in pS129 α- syn immunoreactivity and higher num-
ber of pS129 α- syn somal inclusions in midbrain areas was observed 
with increasing age in A30P- tg mice, with exception of 8- month- old 
A30P- tg mice.

We have previously shown loss of TH immunopositive area in the 
ventral tegmental area, substantia nigra, and retrorubral field in the 
A30P- tg mice (Ekmark- Lewén et al., 2018). However, here we were 
not able to show loss of TH immunoreactivity in the same midbrain 
areas. The different results can be due to high inter- individual differ-
ences in α- syn pathology in A30P- tg mice (Fagerqvist et al., 2013), 
or limitations in the study design, including the low sample size and 
the quantification method used. Previous studies examining the 
TH immunoreactivity in A30P- tg mice have recorded subtle signs 
of disturbed homeostasis in the dopaminergic neurons (Ekmark- 
Lewén et al., 2018; Fauser et al., 2021; Keane et al., 2019; Neuner 
et al., 2014; Rathke- Hartlieb et al., 2001), yet yielded differential 
results with respect to α- syn pathology depending on the methods 
used and are not in complete consensus.

Although we did not find any differences in the levels of dopa-
mine or its metabolites between A30P- tg and the ntg controls, the 
serotonergic homeostasis was affected in 11- month- old A30P- tg 
mice as described previously (Neumann et al., 2002). A recent study 
indicated that A30P mutated α- syn, when phosphorylated, shows 
increased membrane association with vesicles, and higher uptake by 
catecholaminergic neurons (Samuel et al., 2016). Although the over- 
expression of α- syn reduces exocytosis events in catecholamine 
release, the dilation of fusion pore allows it to leak in an excessive 
manner (Mosharov et al., 2006). We speculate that the extra- synaptic 
leakage of serotonin from its vesicles might be an explanation for the 
observed increase in the serotonergic index (5- HIAA/5- HT) which 
likely represents the intra- cellular, but not the synaptic, availabil-
ity of 5- HT to be catabolized into 5- HIAA (Shannon et al., 1986). 
However, these subtle localized changes might not alter the overall 
levels of dopamine and serotonin in the whole brain and need to be 
addressed further with more refined molecular tools.

In conclusion, we detected an abundance of α- syn oligomers in 
the brains of young A30P- tg mice. An age- related shift toward more 
aggregated forms of α- syn was visualized by applying the ASO- PLA 
technique. Importantly, the morphology of the α- syn oligomers shifted 
with increasing age toward more compact and dense pathology. These 
finding suggests that the ASO- PLA should be a useful method for 
the detection of early changes in α- syn aggregation on brain tissue. 
Whether pS129 α- syn plays a role in oligomerization of α- syn in the 
brain of A30P- tg mice and how it affects the catecholaminergic neu-
rotransmitters in this mouse model needs to be further investigated.
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