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A B S T R A C T   

The pathogenesis of Parkinson's disease (PD) is closely interwoven with the process of aging. Moreover, 
increasing evidence from human postmortem studies and from animal models for PD point towards inflammation 
as an additional factor in disease development. We here assessed the impact of aging and inflammation on 
dopaminergic neurodegeneration in the hm2α-SYN-39 mouse model of PD that carries the human, A30P/A53T 
double-mutated α-synuclein gene. At 2–3 months of age, no significant differences were observed comparing 
dopaminergic neuron numbers of the substantia nigra (SN) pars compacta of hm2α-SYN-39 mice with wildtype 
controls. At an age of 16–17 months, however, hm2α-SYN-39 mice revealed a significant loss of dopaminergic SN 
neurons, of dopaminergic terminals in the striatum as well as a reduction of striatal dopamine levels compared to 
young, 2–3 months transgenic mice and compared to 16–17 months old wildtype littermates. A significant age- 
related correlation of infiltrating CD4+ and CD8+ T cell numbers with dopaminergic terminal loss of the striatum 
was found in hm2α-SYN-39 mice, but not in wildtype controls. In the striatum of 16–17 months old wildtype mice 
a slightly elevated CD8+ T cell count and CD11b+ microglia cell count was observed compared to younger aged 
mice. Additional analyses of neuroinflammation in the nigrostriatal tract of wildtype mice did not yield any 
significant age-dependent changes of CD4+, CD8+ T cell and B220+ B cell numbers, respectively. In contrast, a 
significant age-dependent increase of CD8+ T cells, GFAP+ astrocytes as well as a pronounced increase of CD11b+

microglia numbers were observed in the SN of hm2α-SYN-39 mice pointing towards a neuroinflammatory pro
cesses in this genetic mouse model for PD. The findings in the hm2α-SYN-39 mouse model strengthen the evi
dence that T cell and glial cell responses are involved in the age-related neurodegeneration in PD. The slow and 
age-dependent progression of neurodegeneration and neuroinflammation in the hm2α-SYN-39 PD rodent model 
underlines its translational value and makes it suitable for studying anti-inflammatory therapies.   

1. Introduction 

With increasing longevity of the world's population, a parallel rise of 
people suffering from Parkinson's disease (PD) is predicted to occur. 
Indeed, higher age is the main risk factor for development of idiopathic 
PD (Dorsey et al., 2019). In addition, hereditary forms of PD were found 
to be caused by specific genetic mutations of the α-synuclein-encoding 
SNCA gene (Polymeropoulos et al., 1997; Krüger et al., 1998; Zarranz 
et al., 2004). Both, sporadic and hereditary forms are characterized by 
loss of dopaminergic cells in the substantia nigra (SN) as well as 

inclusion bodies consisting of misfolded α-synuclein described as Lewy 
bodies. Aside from these α-synuclein inclusions, an increasing amount of 
evidence has pointed towards neuroinflammation as a contributor to PD 
pathogenesis. Indeed, it has been postulated that a mechanism termed 
“inflammaging”, which is defined as an age-related, chronic imbalance 
between pro- and anti-inflammatory responses, underlies PD (Calabrese 
et al., 2018). In PD patients brain autopsies as well as in animal models 
for PD an infiltration of CD4+, CD8+ T cells into the SN as well as 
microglia activation has been observed compared to healthy subjects 
(McGeer et al., 1988; Brochard et al., 2009; Cebrián et al., 2014; 
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Galiano-Landeira et al., 2020). Furthermore, pro-inflammatory mole
cules such as the tumor necrosis factor-alpha and interleukin-1β were 
observed in the striatum or cerebrospinal fluid of PD patients (Mogi 
et al., 1994; Mogi et al., 1996). Recent works have reported that 
α-synuclein-specific T cell responses can be observed in the peripheral 
blood of PD patients, even before onset of motor symptoms (Sulzer et al., 
2017; Lindestam Arlehamn et al., 2020). One of the two α-synuclein- 
deduced peptides found to produce this immune response is the Y39 
antigenic region, which is very close to α-synuclein mutations found in 
PD patients, such as the A30P and A53T mutations (Sulzer et al., 2017). 
The possible interplay of the innate and the adaptive immune system in 
PD pathogenesis has been studied in toxin-based animal models using 1- 
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) or 6-hydroxy 
dopamine (6-OHDA) as well as in animal models overexpressing 
α-synuclein by means of viral vectors (Brochard et al., 2009; Reynolds 
et al., 2010; Harms et al., 2013; Ip et al., 2015; Williams et al., 2021). 
While the MPTP and 6-OHDA animal models present a parkinsonian 
phenotype, the rapid toxin- or viral-vector-induced degeneration of 
dopaminergic neurons is not consistent with the known slow progression 
of the disease in humans. As such, genetic animal models for PD have 
high translational value when analyzing the slow and age-related 
pathophysiology of the disease. The work herein was performed with 
a genetic mouse model, which carries a human, double-mutated α-syn
uclein including the A53T and A30P mutations linked to a tyrosine 
hydroxylase (TH) promoter. Both mutations are known to induce 
autosomal-dominantly inherited PD in humans (Polymeropoulos et al., 
1997; Krüger et al., 1998). In this heterozygous hm2α-SYN-39 mouse 
model, Richfield et al. found an age-dependent parkinsonian phenotype 
(Richfield et al., 2002). For an in-detail description of this mouse model, 
please refer to information box “Mouse models expressing human 
α-synuclein with the A30P and/or A53T mutation”. Evidence of neuro
inflammation has been studied in neither the heterozygous nor the ho
mozygous mouse model carrying human, double-mutated α-synuclein. 
Indeed, data on possible inflammatory processes in genetic mouse 
models for PD is sparse. In a mouse model overexpressing human 
wildtype (wt) α-synuclein driven by a TH promoter, microglia activation 
was significantly increased in the SN of young transgenic (tg) mice 
compared to C57BL/6 control mice (Su et al., 2008). The total number of 
Iba-1 stained microglia was assessed to be unchanged. While no dopa
minergic neurodegeneration was observed, a mouse model expressing 
truncated human wt α-synuclein showed increased CD11b+ microglia in 
the SN compared to wt littermates (Tofaris et al., 2006). Mice with ho
mozygous loss of parkin or PINK1, mutations which can cause Parkin
son's disease in humans, showed similar levels of inflammatory 
cytokines in the serum as wt mice (Sliter et al., 2018).  

Mouse models expressing human α-synuclein with the A30P and/or A53T 
mutation 
The characteristics of genetic mouse models for PD are highly variable depending on 
the mutation used, heterozygous or homozygous expression, the promoter used as 
well as the expression levels of the α-synuclein protein (van der Putten et al., 2000; 
Matsuoka et al., 2001; Giasson et al., 2002; Fleming et al., 2005). A rat TH- 
promoter, leading to an overexpression of α-synuclein protein in the 
catecholaminergic neurons of the nigrostriatal tract, drives the expression of the 
double-mutated, human α-synuclein in the herein used hm2α-SYN-39 mice. Indeed, 
expression of human α-synuclein was shown in dopaminergic cell bodies and 
dendrites as well as nigrostriatal axons and terminals (Richfield et al., 2002). 
Contrary to rodent models with a single mutation (A30P or A53T), the presence of 
both these mutations was found to lead to dopaminergic cell loss and the 
development of a phenotype (Matsuoka et al., 2001; Richfield et al., 2002; 
Thiruchelvam et al., 2004). Indeed, hm2α-SYN-39 were found to have a loss of TH+

neurons of about 19% at 8.5 months and about 55% at 19 months (Thiruchelvam 
et al., 2004). Richfield et al. found non-significantly reduced striatal dopamine (DA) 
levels in hm2α-SYN-39 mice aged between 2 and 9 months and significantly reduced 
levels in mice aged 16–18 months compared to nontransgenic littermates (Richfield 
et al., 2002). Inclusion bodies were not observed for transgenic (tg) mice up to an 
age of 7 months (Richfield et al., 2002, Thiruchelvam et al., 2004). Tg mice were 
shown to present decreased motor coordination in the inverted wire screen hanging 
test and reduced free motion for animals aged 13–23 months compared to 
2–3 months old mice. Interestingly, tg mice aged 2–3 months were significantly 

(continued on next column)  

(continued ) 

more active than age-matched wt littermate controls (Richfield et al., 2002). At the 
age of 6 months no behavioral abnormalities were found in the rotarod performance 
test, grip strength test and the open field analysis (Yan et al., 2017). The hm2α-SYN- 
39 mice clearly differ from mice overexpressing human, wt α-synuclein, including 
age-dependent motor phenotype, morphological abnormalities of DA processes, 
age-related changes of the DA levels as well as much more pronounced DA 
neurodegeneration (Richfield et al., 2002). Interestingly, the abnormalities found in 
heterozygous hm2α-SYN-39 mice also differ from a homozygous A30P/A53T mouse 
strain created by Kilpeläinen et al. (Kilpeläinen et al., 2019). Indeed, these animals 
showed mild hypoactivity at the age of 3–6 months, older animals of 18 months of 
age were however found to be hyperactive compared to wt controls. Locomotor 
hyperactivity has been found in other mouse models overexpressing the A53T 
mutant variant of human α-synuclein using a prion protein promoter and has been 
associated with abnormal DA transporter function and an increase in D1 receptors 
(Unger et al., 2006; Graham and Sidhu, 2010).  

Within this work, we aimed to identify a genetic mouse model, which 
reproduces important aspects of the broad pathology of PD, and to better 
understand the role of the immune system in synucleinopathies. We 
aimed to identify whether the increase of inflammation in the aging 
brain would differ depending on the genetic background and whether 
neuroinflammation would primarily accompany dopaminergic neuro
degeneration or even precede it. Thus, the morphological and neuro
chemical changes of the dopaminergic system triggered by the double- 
mutated, human α-synuclein in the hm2α-SYN-39 mouse model were 
characterized over time (Fig. 1). Motor performance was analyzed with 
the aim to identify a potential parkinsonian phenotype. Mouse brains 
from young and aging mice were further studied for neuroinflammatory 
processes with focus on T and B cell infiltration and microglia number. 

2. Material and methods 

2.1. Experimental animals 

Heterozygous hm2α-SYN-39 mice and wt littermates with a C57BL/6 
J background were purchased from Jackson Laboratory (described as 
C57BL/6 J-Tg(Th-SNCA*A30P*A53T)39Eric/J, strain 008239). The 
genotype was determined via PCR-analysis in accordance with the 
protocol from Jackson Laboratory with the following primers: tg for
ward: CAG GTA CCG ACA GTT GTG GTG TAA AGG AAT; tg reverse: GAT 
AGC TAT AAG GCT TCA GGT TCG TAG TCT; internal positive control 
forward: CAA ATG TTG CTT GTC TGG TG; internal positive control 
reverse: GTC AGT CGA GTG CAC AGT TT. Both male and female mice 
were included into the experiments, no gender-induced differences 
could be detected in a post hoc analysis. Analyses were performed on 
animals aged 2–3 months, 7–8 months, 11–12 months and 16–17 
months. All applicable international, national, and/or institutional 
guidelines for care and use of animals were followed. The local au
thorities at the Regierung von Unterfranken, Würzburg, Germany, 
approved all animal experiments. 

2.2. Behavioral analyses 

Behavioral characterization of the mice was done via the rotarod 
performance test and the cylinder test. For the rotarod performance test, 
animals were trained for two consecutive days with 5 runs per training 
session. The latency to fall was recorded for 5 runs on the third day. The 
test was performed on an accelerating rod (RotaRod Advanced, TSE 
Systems) from 5 rpm to 50 rpm within 300 s. Mice with a mean latency 
to fall <50 s were excluded from the analysis. For the cylinder test, mice 
were placed into transparent plexiglass cylinder of 12 cm diameter and 
30 cm height placed in front of two mirrors. 10 min inside the cylinder 
were video recorded and evaluated in a blinded manner for the number 
of total rears. Rears were counted independently of the mouse touching 
the wall with its forelimbs or not. 
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2.3. Tissue processing and immunohistochemistry 

Mice were sacrificed at the above-indicated age groups. After 
transcardial perfusion with 0.1 M phosphate-buffered saline (PBS)/ 
heparin, mouse brains were dissected coronally at − 0.94 mm from 
bregma. The striatum was snap frozen in liquid nitrogen for analysis via 
high-performance liquid chromatography (HPLC). The dorsal part of the 
brain, which included the SN, was post-fixed in 4% PFA in 0.1 M PBS for 
2 days and rinsed in 30% sucrose/PBS for 2 days at 4 ◦C. After embed
ding, the tissue was serially cut into 40 μm-thick cross-sections on a 
cryostat (Leica, Solms, Germany) at − 20 ◦C. For the TH/Nissl staining, 
the sections of one series (out of 5) were preincubated for an hour in 
10% natural goat serum (NGS), 2% bovine serum albumin (BSA) und 
0,5% Triton® X-100 in 0.1 M PBS. This was followed by an incubation 
with the primary antibody rabbit anti-rat TH-antibody at a dilution of 
1:1000 in 2% NGS, 2% BSA und 0,5% Triton® X-100 in 0.1 M PBS 
overnight at room temperature (RT). The second antibody was a bio
tinylated secondary goat-anti-rabbit-antibody diluted at 1:100 in 2% 
NGS, 2% BSA und 0,5% Triton® X-100 in 0.1 M PBS, which was applied 
for 2 h at RT. After an additional 2 h incubation in an avidin/biotin 
solution, the sections were stained with diaminobenzidine (DAB)-HCl 
and H2O2. To achieve the Nissl staining, the sections were incubated in 
cresyl violet solution (1 g of cresyl violet +10 ml of 100% acetic acid ad 
1 l of distilled water) for 30 min at RT. 

For preparation of fresh frozen brains, the brains were dissected 
coronally at − 0.94 mm from bregma. The front and back part of the 
brain were separately embedded in Tissue-Tek and snap frozen in liquid 
isopentane cooled on dry ice. The striatum and the SN were cut into 10 
μm-thick cross sections. Stainings of the striatum were performed for 
three different regions: at +0.98 mm from bregma to represent the 
anterior striatum, at +0.14 mm from bregma to represent the middle 
region of the striatum, at − 0.46 mm from bregma to represent the 
posterior striatum. Sections from the three striatal regions were stained 
with an anti-TH antibody for quantification of the dopaminergic ter
minals, both the three striatal regions and the SN were stained for CD4+, 
CD8+, B220+ and CD11b+ cells. After fixation with 4% PFA for 15 min, 
the sections were incubated with rat anti-mouse CD4 (1:1000, Serotec, 
cat # MCA1767), rat anti-mouse CD8 (1:500, Serotec, cat # MCA609G), 
rat anti-mouse CD11b (1:100, Serotec, cat # MCA711), rat anti-mouse 
B220 (1:100, BD Pharmingen, cat # 550286) or rabbit anti-mouse TH 
(1:500, Abcam, cat # ab112) antibodies overnight. This step was fol
lowed by an incubation with a biotinylated rabbit anti-rat and goat anti- 
rabbit secondary antibodies (Vector Labs, cat # BA-4001 and BA-1000), 
respectively. The stainings were developed with DAB. For immunoflu
orescence staining for glial fibrillary acidic protein (GFAP)+ astrocytes 
sections from the SN were fixed in 4% PFA for 20 min and incubated 
with chicken anti-mouse GFAP (1:5000, Novus Biologicals, cat # 05198) 

overnight. The immune reaction was visualised using a fluorescently 
labelled secondary antibody (1:300, Abcam, cat # ab150175) and nuclei 
were stained with 4′,6-diamidino-2-phenylindole (Sigma-Aldrich). 
Immunofluorescence staining for human A53T α-synuclein (1:30000, 
Sigma Aldrich, cat # S3062) and TH (1:500, Abcam, cat # ab76442) was 
performed as described previously (Ip et al., 2017). 

2.4. Unbiased stereological analysis of the dopaminergic neurons 

The dopaminergic neurons of the SN pars compacta (SNpc) were 
analyzed with the Stereo Investigator software package (version 11.07; 
MicroBrightField Biosciences, Williston, VT, USA). The analysis was 
done in a blinded manner and performed on the left hemisphere of each 
animal. The counting parameters were as follows: grid size 110 × 110 
μm, counting frame 50 × 50 μm, 2 μm guard zone. The Gundersen co
efficients of error for m = 1 were ≤ 0.09 for the counted sections. 

2.5. Analysis of CD4+, CD8+, B220+, CD11b+ cells and TH+ fibers 

The stained CD4+, CD8+, B220+ sections were analyzed at a 200×
magnification with the number of cells being counted in the striatum 
and the SN of the left hemisphere on a BH2 light microscope (Olympus). 
The area of the respective structure was calculated using NIH ImageJ 
(v.1.5) and the cell number expressed per mm2. The CD11b+ cells were 
counted at a 600× magnification using a counting grid. 

The optical density (OD) of the dopaminergic terminals in the 
striatum was determined using NIH ImageJ. For each of the above 
mentioned, three regions of the striatum, two slices were analyzed 
(corresponding to a surface area of about 6.39 mm2 for the anterior part, 
5.48 mm2 for the middle part and 3.57 mm2 for the posterior part). The 
OD of the corpus callosum was subtracted as background for each slice. 
The mean OD of the in total six slices per animal was calculated. 

2.6. Analysis of immunofluorescence stainings 

The analysis of the TH+ and human A53T+ α-synuclein cells was 
carried out with NIH ImageJ. Images were split into different channels 
and an overlay image with maximum intensity from the stack used for 
each channel individually was generated using z-project. The individual 
background was subtracted. The SN was selected with the polygon tool 
and the rest of the image was cleared out for the analysis. The region of 
interest (ROI) containing the SN was transferred to the A53T+ α-synu
clein image, the area of the SN was analyzed. Single cells positive for TH 
or A53T α-synuclein, respectively, were marked using the polygon tool 
and a ROI list was created. The subsequent analysis was performed 
regarding the cell amount, the total area covered by the cells and the 
mean intensity. 

Fig. 1. Visualization of the workflow. Male and female hm2α-SYN-39 and wt mice, aged 2–3 months, 7–8 months, 11–12 months and 16–17 months, were 
behaviorally characterized with a rotarod performance test and a cylinder test. For the brain tissue analysis, the samples were either collected fresh frozen or after 
fixation with 4% paraformaldehyde (PFA). The brain tissue was analyzed for age- and genotype-dependent changes concerning the dopaminergic system as well as 
neuroinflammation. Created with biorender.com. 
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The analysis of GFAP+ astrocytes was performed with NIH ImageJ. 
Throughout image capturing, all parameters including lamp intensity, 
video camera setup and calibration remained unchanged. Each brain 
section was imaged blindly and randomly. Mean fluorescence-signal 
intensity of the GFAP staining was measured on 8-bit colour images 
without adjustments. Two ROIs were drawn to assess the background, 
the mean background intensity was subtracted from the total fluores
cence. The results were normalized to the mean fluorescence-signal in
tensity found in 2–3 months old wt mice. 

2.7. Catecholamine analysis via HPLC 

The snap-frozen striatum was homogenized in 150 mM H3PO4 and 
500 μM diethylenetriaminepentaacetic acid with the Sonopuls Ultra
sonic homogenizer (Bandelin, Berlin, Germany). After centrifugation 
with 14,000 rpm for 15 min, 5 μl of the supernatant were transferred to a 
Nucleosil 120–5 C18 column (250 mm × 4 mm, 5 μm; Macherey-Nagel, 
Düren,Germany). For the analysis of the probes, a mobile phase con
sisting of 0.975 mM octanesulphonic acid, 0.5 mM triethylamine, 0.1 
mM ethylenediaminetetraacetic acid, 2 mM KCl, 9% NaH2PO4⋅2H2O 
and 12% methanol at a pH of 3.88 was used. The measurements were 
performed at 37 ◦C and an electrode potential of +0.77 V versus the Ag/ 
AgCl reference electrode using the Agilent 1260 LC System. DA and its 
metabolites 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic 
acid (HVA), as well as serotonin (5-HT) and its metabolite 5-hydroxyin
doleacetic acid (5-HIAA), as well as noradrenaline (NA) were analyzed 
for. 2,3-dihydroxybenzoic acid was used as an internal standard, an 
external standard calibration was used for quantification. The amount of 
total protein was determined by a Lowry assay and the measured targets 
calculated as ng/mg total protein. The results were normalized to the 
neurotransmitter levels of 2–3 months old wt animals. 

2.8. Data analysis 

The obtained data was analyzed using Graph Pad Prism 9.0. 
Normality of the values was investigated via Q-Q plot. In case of normal 
distribution, a one-way ANOVA and Tukey's multiple comparison test 
were applied for statistical analysis of multiple groups and an unpaired t- 
test was applied for statistical analysis of two groups. In case of non- 
parametric distribution, statistics were performed with the Kruskal- 
Wallis test followed by Dunn's post-test for the comparison of multiple 
groups. The graphs indicate mean +/− standard error of mean (SEM). In 
case of statistical significance, (*) is used to denote p < .05, (**) to 
denote p < .01, (***) to denote p < .001, and (****) to denote p < .0001. 

Only the relevant, significant statistical differences of post-hoc com
parisons were shown on the graphs, this includes significant differences 
intra-genotype and inter-genotype between age-matched groups as well 
as compared to wt animals of 2–3 months of age. 

3. Results 

3.1. Age-dependent impairment of motor performance in hm2α-SYN-39 
mice 

A characterization of a potential parkinsonian phenotype of tg mice 
was performed via the rotarod performance test and the cylinder test. 
The rotarod test revealed a highly significant reduction in the latency to 
fall in 7–8 (150.40 ± 13.10 s, p < .05), 11–12 (109.30 ± 11.23 s, p <
.0001) and 16–17 months old (119.20 ± 11.17 s, p < .0001) hm2α-SYN- 
39 mice compared to the 2–3 months old (211.60 ± 13.03 s) genetically 
modified animals (Fig. 2A). This reduction was not seen comparing 2–3 
months old wt mice with the different wt age groups. Similarly, the 
cylinder test showed a significant reduction of total rears in the 16–17 
months old (63.45 ± 4.63, p < .05) hm2α-SYN-39 animals compared to 
the 2–3 months old (89.50 ± 6.85) mice (Fig. 2B). We therefore found an 
age-dependent impairment of the motor performance in hm2α-SYN-39 
mice. 

3.2. Neurodegeneration of dopaminergic cells in the SN of hm2α-SYN-39 
mice with age 

The unbiased stereological analysis of TH+ cells in the SN revealed 
an age-dependent, significant neurodegeneration of 42.90% in 16–17 
months old (4228 ± 497 cells, p < .01) hm2α-SYN-39 mice compared to 
16–17 months old (7404 ± 765 cells) wt littermates (Fig. 3A-C). 
Compared to 2–3 months old (6844 ± 535 cells, p < .05) hm2α-SYN-39 
mice a loss of 38.22% TH+ cells can be noted in the old tg mice. While 
the number of TH+ cells in the hm2α-SYN-39 animals is still unchanged 
and similar to the wt mice at an age of 7–8 months, a reduction of 
dopaminergic cells can clearly be documented starting at an age of 
11–12 months (tg mice: 5344 ± 348 cells vs wt mice: 7245 ± 690, p =
.17). The accompanying loss of striatal dopaminergic terminals was 
evaluated via a TH+ staining and showed a non-significant reduction in 
11–12 months old (0.049 ± 0.01, p = .15) as well as a significant 
reduction in 16–17 months old (0.047 ± 0.00, p < .05) tg mice 
compared 2–3 months old (0.067 ± 0.01) tg mice (Fig. 3D, E). This 
reduction of TH+ OD was not seen in the age-matched wt littermates. 

The age-dependent dopaminergic depletion in hm2α-SYN-39 mice 

Fig. 2. Mild behavioral abnormalities in 
aging hm2α-SYN-39 mice. (A) The latency to 
fall (s) was evaluated via a rotarod perfor
mance test in wt mice (yellow; 2–3 months: 
n = 15; 7–8 months: n = 17; 11–12 months: 
n = 9; 16–17 months: n = 10) and tg mice 
(blue; 2–3 months: n = 12; 7–8 months: n =
16; 11–12 months: n = 15; 16–17 months: n 
= 20) (F (7, 106) = 6.79, p < .0001, eta- 
squared 0.31). (B) The total number of 
rears were analyzed in a 10-min long cylin
der test in wt mice (yellow; 2–3 months: n =
15; 7–8 months: n = 17; 11–12 months: n =
9; 16–17 months: n = 10) and tg mice (blue; 
2–3 months: n = 12; 7–8 months: n = 16; 
11–12 months: n = 15; 16–17 months: n =
20) (F (7, 106) = 3.35, p < .01, eta-squared 
0.18). n indicates the number of biologically- 
independent animals, mean values for each 
time point ± SEM are shown. Statistical 

analysis was done using the one-way ANOVA followed by Tukey's post-test. *p < .05; **p < .01; ***p < .001; ****p < .0001. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)   
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was confirmed by a TH+/α-synuclein immunofluorescence double 
staining (2–3 months old tg mice: 543.70 ± 55.06 cells/mm2 vs 16–17 
months old tg mice: 234.40 ± 43.14 cells/mm2, p < .05) (Fig. 4A, B). 
Interestingly, the human A53T α-synuclein load was significantly 
reduced in 16–17 months old (64.93 ± 21.25 α-synuclein positive cells/ 
mm2, p < .01) hm2α-SYN-39 mice compared to the younger counterpart 
(302.90 ± 21.33 α-synuclein positive cells/mm2) (Fig. 4C). This also 
held true for the ratio of human α-synuclein to TH+ cells (25.67 ± 4.91% 
vs 57.00 ± 7.37%, p < .05) (Fig. 4D). 

HPLC-analysis of the striatal dopaminergic system revealed a sig
nificant reduction of the DA levels in the hm2α-SYN-39 mice aged 16–17 
months (0.74 ± 0.05) compared to both young (1.00 ± 0.05, p < .01) 
and old (0.97 ± 0.05, p < .05) wt control groups (Fig. 5A). The dopa
minergic metabolite HVA was significantly reduced in 16–17 months old 
(0.65 ± 0.05, p < .05) tg animals compared to age-matched (0.90 ±
0.07) wt animals (Fig. 5B), while DOPAC levels in aged (0.74 ± 0.05, p 

< .01) hm2α-SYN-39 mice were only decreased compared to young wt 
mice (1.00 ± 0.06) (Fig. 5C). Aside from the dopaminergic system, the 
neurotransmitter NA was found to be strongly reduced in 16–17 months 
old (0.48 ± 0.05, p < .001) tg animals with a highly significant reduc
tion of levels compared to 2–3 months old (1.00 ± 0.10) wt littermates 
(Fig. 5D). Changes were also found in the serotonergic system with 
levels of 5-HT being significantly reduced in 16–17 months old (0.64 ±
0.05, p < .05) hm2α-SYN-39 mice compared to 2–3 (1.0 ± 0.09) and 
16–17 months old (1.03 ± 0.08) wt mice (Fig. 5E). The main metabolite 
of 5-HT, 5-HIAA, did not yield any significant differences comparing all 
groups (Fig. 5F). 

3.3. Age-dependent infiltration of T cells in the SN and striatum of hm2α- 
SYN-39 mice 

Examination of T cells in the SN did not yield any significant 

Fig. 3. Age-dependent loss of dopaminergic cells in the SN and of dopaminergic terminals in the striatum of hm2α-SYN-39 mice. (A) Exemplary images of TH+ cells 
in the SN in 2–3 months old and 16–17 months old wt and hm2α-SYN-39 mice. High magnification inserts of single cells are included in each image. The scale bar 
indicates 50 μm. (B, C) Stereological analysis of the TH+ and Nissl cells in wt mice (yellow; n = 6 for each age group) and in hm2α-SYN-39 mice (blue; n = 6 for each 
age group) (TH+ cells: F (7, 40) = 6.14, p < .0001, eta-squared 0.52; Nissl cells: F (7, 40) = 4.47, p < .001, eta-squared 0.44). (D, E) Exemplary images and evaluation 
of the OD of TH+ staining in the striatum in wt mice (yellow; n = 6 for each age group) and in hm2α-SYN-39 mice (blue; n = 6 for each age group) (F (7, 52) = 4.14, p 
< .01, eta-squared 0.36). The scale bar indicates 500 μm. n indicates the number of biologically-independent animals, mean values for each time point ± SEM are 
shown. Statistical analysis was done using the one-way ANOVA followed by Tukey's post-test. *p < .05; **p < .01; ****p < .0001. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 
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differences for CD4+ T cell numbers in both hm2α-SYN-39 and wt mice 
(Fig. 6A, B). In contrast, a pronounced elevation of CD8+ T cells in the 
SN with progressive age was observed in hm2α-SYN-39 mice but not in 
wt animals (16–17 months old tg mice: 3.61 ± 0.62 cells/mm2 vs 2–3 
months old tg mice: 1.28 ± 0.38 cells/mm2, p < .01 and vs 7–8 months 
old tg mice: 0.77 ± 0.24 cells/mm2, p < .001) (Fig. 6C, D). 

The analysis of T cell infiltration into the striatum revealed an in
crease of CD4+ T cells in 16–17 months old (0.49 ± 0.08 cells/mm2, p <
.05) hm2α-SYN-39 mice compared to wt littermates of the same age 
(0.24 ± 0.06 cells/mm2) (Fig. 7A, B). Interestingly, a correlation of the 
CD4+ cell number with the loss of dopaminergic terminals in the stria
tum was detected in tg but not in wt mice (Fig. 7C). An even stronger 
effect was found for the infiltration of CD8+ cells with a highly 

significant increase in aged (0.95 ± 0.09 cells/mm2) hm2α-SYN-39 mice 
compared to the 2–3 months old (0.41 ± 0.05 cells/mm2, p < .001) 
hm2α-SYN-39 animals and wt mice of various age groups (2–3 months 
old wt mice: 0.23 ± 0.06 cells/mm2, p < .0001; 7–8 months old wt mice: 
0.47 ± 0.05 cells/mm2, p < .01; 11–12 months old wt mice: 0.55 ± 0.07 
cells/mm2, p < .05) (Fig. 7D, E). Of note, significantly increased CD8+ T 
cell numbers were also observed comparing 16–17 months (0.65 ± 0.08 
cells/mm2, p < .05) with 2–3 months old (0.23 ± 0.06 cells/mm2) wt 
mice. Again, correlating the CD8+ T cell numbers with the TH+ OD of 
the striatum, a significant negative correlation was detected for the 
hm2α-SYN-39 mice, but not the wt cohort (Fig. 7F). 

No increase of B cells was found in the SN nor the striatum of wt or 
hm2α-SYN-39 mice with progressive age (Fig. 8A-D). 

Fig. 4. Age-dependent reduction of 
dopaminergic cells and human A53T 
α-synuclein in the SN of hm2α-SYN-39 
mice. (A) Representative immunoflu
orescence double stainings showing 
the expression of human A53T α-syn
uclein (red) and TH+ dopaminergic 
neurons (green) in the SN of wt 2–3 
months old, tg 2–3 months and tg 
16–17 months old mice. The scale bar 
indicates 250 μm. High magnification 
inserts of single cells are included in 
each image with the scale bar indi
cating 20 μm. (B-D) Number of TH+

cells, the α-synuclein load and the 
percentage of α-synuclein relative to 
TH+ cells in young (blue; n = 3) and 
old (blue and white; n = 3) hm2α- 
SYN-39 mice. n indicates the number 
of biologically-independent animals, 
mean values for each time point ±
SEM are shown. Statistical analysis 
was done using the Mann-Whitney 
test. *p < .05; **p < .01. (For inter
pretation of the references to colour in 
this figure legend, the reader is 
referred to the web version of this 
article.)   
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3.4. Age-dependent increase of microglia in the SN and striatum of hm2α- 
SYN-39 mice 

In the SN, a highly significant accumulation of CD11b+ microglia 
was observed in hm2α-SYN-39 mice with progressive age (16–17 months 
old tg mice: 374.00 ± 12.61 cells/mm2 vs 2–3 months old tg mice: 
290.20 ± 10.81 cells/mm2, p < .0001 vs 7–8 months old tg mice: 312.50 
± 11.96 cells/mm2, p < .01), but not in the wt groups (Fig. 9A, B). 
Interestingly, a significantly higher number of microglia could already 
be documented in the SN of young 2–3 months old (290.20 ± 10.81 
cells/mm2, p < .05) hm2α-SYN-39 mice compared to the age-matched 
(239.30 ± 8.46 cells/mm2) wt mice. As for the CD11b+ microglia in 
the striatum, a significant increase of cell number was detected in both 
the wt and the hm2α-SYN-39 groups with increasing age (Fig. 9C, D). 
However, the total number of microglia was significantly higher in 
16–17 months old (332.00 ± 4.12 cells/mm2, p < .001) hm2α-SYN-39 
mice compared to the 16–17 months old (299.50 ± 5.90 cells/mm2) wt 
mice. 

3.5. Age-dependent increase of reactive astrocytes in the SN of hm2α- 
SYN-39 mice 

A significant rise of reactive astrocyte numbers was found in the SN 
of aged hm2α-SYN-39 mice compared to their younger counterpart of 
2–3 months of age (170.20 ± 13.01% vs 111.20 ± 1,92%, p < .05) as 
well as compared to young wt mice (100.00 ± 13.88%, p < .01) 
(Fig. 10A-B). Compared to 16–17 months wt animals, a non-significant 

increase in reactive astrocytes could be registered. 

4. Discussion 

The neuronal cell death characteristic for PD has been associated 
with multiple cellular and molecular mechanisms such as mitochondrial 
dysfunction, oxidative stress and proteasomal abnormalities (McNaught 
et al., 2001; Abou-Sleiman et al., 2006). Furthermore, increasing evi
dence points towards neuroinflammatory processes playing a role in PD 
(Brochard et al., 2009; Harms et al., 2013; Cebrián et al., 2014; Sulzer 
et al., 2017; Sommer et al., 2018; Galiano-Landeira et al., 2020). These 
reports come primarily from toxin- or viral vector based animal models 
as well as postmortem human studies. Neuroinflammation in genetic 
mouse models for PD has barely been studied and especially longitudinal 
studies of neuroinflammation in these mouse models are rare. The 
identification of inflammatory processes in genetic animal models of PD 
has altogether proven to be challenging. The underlying issue might be 
that, while genetic animal models of PD have been created with the gene 
mutations associated with PD in humans such as α-synuclein, LRRK2, 
Parkin and PINK1, these mutations rarely result in a consistent dopa
minergic loss as well as a parkinsonian phenotype (Gao et al., 2011; 
Sliter et al., 2018). It has even been hypothesized that the introduction 
of a PD-associated mutation alone may be insufficient to trigger the 
pathogenesis of PD and that additional environmental factors are 
needed. Indeed, Gao et al. found that only the induction of neuro
inflammation via an injection of inflammogen lipopolysaccharide led to 
dopaminergic neurodegeneration in mice overexpressing human A53T 

Fig. 5. HPLC-analysis of the levels of striatal NA, DA, 5-HT and the respective metabolites in hm2α-SYN-39 and wt mice. (A-C) Levels of DA, HVA and DOPAC in the 
striatum of wt mice (yellow; 2–3 months: n = 11; 16–17 months: n = 8) and in hm2α-SYN-39 mice (blue; 2–3 months: n = 8; 16–17 months: n = 9) (DA: F (3,32) =
5.43, p < .01, eta-squared 0.34; HVA: F (3, 32) = 6.17, p < .01, eta-squared 0.37; DOPAC: F (3, 32) = 4.34, p < .05, eta-squared 0.29). (D) Levels of NA in the 
striatum of wt mice (yellow; 2–3 months: n = 11; 16–17 months: n = 8) and in hm2α-SYN-39 mice (blue; 2–3 months: n = 8; 16–17 months: n = 9) (F (3, 32) = 6.12, 
p < .01, eta-squared 0.36). (E, F) Levels of 5-HT and its metabolite 5-HIAA in the striatum of wt mice (yellow; 2–3 months: n = 11; 16–17 months: n = 8) and in 
hm2α-SYN-39 mice (blue; 2–3 months: n = 8; 16–17 months: n = 9) (5-HT: F (3, 32) = 4.70, p < .01, eta-squared 0.31; 5-HIAA: F (3, 32) = 3.81, p < .05, eta-squared 
0.26). n indicates the number of biologically-independent animals, mean values for each time point ± SEM are shown. Statistical analysis was done using the one-way 
ANOVA followed by Tukey's post-test. *p < .05; **p < .01; ***p < .001. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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mutant α-synuclein but not in the wt controls (Gao et al., 2011). 
The herein used hm2α-SYN-39 mice show an age-dependent, signif

icant degeneration of dopaminergic cells of the SN by the age of 16–17 
months compared to age-matched wt animals. TH staining of the stria
tum showed a significant, age-dependent reduction of dopaminergic 
terminals in the old hm2α-SYN-39 group as well. HPLC-analysis 
confirmed the mild, but significant reduction of DA in the striatum of 
16–17 months tg mice compared to age-matched wt littermates. Our 
findings matched the reductions of striatal DA previously found in 
16–18 months old, heterozygous hm2α-SYN-39 mice and in 18 months 
old, homozygous A30P/A53T mice compared to age-matched wt mice 
(Richfield et al., 2002; Kilpeläinen et al., 2019). Aside from the dopa
minergic system, NA was found to be reduced in 16–17 months old 
hm2α-SYN-39 mice. It is well known that the noradrenergic system is 
affected in PD patients (Patt and Gerhard, 1993; Zarow et al., 2003; 
Vieira et al., 2019). Interestingly, NA has been ascribed a part in neu
roinflammatory processes due to its role in mediating the suppression of 
proinflammatory molecules and the elevation of anti-inflammatory 

molecules (Song et al., 2019). Evidence has also pointed towards an 
involvement of the serotonergic system in PD; studies in toxin-based PD 
animal models as well as postmortem studies of brains of PD patients 
have shown a decrease of striatal 5-HT levels compared to controls 
(Fahn et al., 1971; Kish et al., 2008; Vieira et al., 2019). In the present 
animal model, striatal 5-HT was found to be significantly reduced in the 
aging tg mice compared to young and old wt animals. Interestingly, the 
homozygous A30P/A53T mouse model showed no changes of 5-HT in tg 
mice of 12-months of age, but a significant increase in tg mice of 18- 
months of age compared to age-matched wt mice (Kilpeläinen et al., 
2019). It is well known that the serotonergic and dopaminergic neuro
transmitter systems closely interact, making a growing dysregulation of 
the serotonergic system as a consequence of the DA depletion possible. 
The discrepant findings between the heterozygous and homozygous 
A30P/A53T mouse models however require further analyses of the 
serotonergic system. Behavioral characterization of the genetically 
mutated animals showed a significant reduction in motor abilities when 
comparing old to young hm2α-SYN-39 mice. While a dopamine 

Fig. 6. Age-dependent increase of CD4+ and CD8+ T cells in the SN of hm2α-SYN-39 mice. (A) Exemplary images of CD4+ cells in the SN of 2–3 months old and 
16–17 months old wt and hm2α-SYN-39 mice. High magnification inserts of single cells are included in each image. The scale bar indicates 50 μm. (B) Analysis of 
CD4+ cells in wt mice (yellow; 2–3 months: n = 8; 7–8 months: n = 8; 11–12 months: n = 7; 16–17 months: n = 7) and in hm2α-SYN-39 mice (blue; 2–3 months: n =
6; 7–8 months: n = 8; 11–12 months: n = 7; 16–17 months: n = 10) (F (7,53) = 1.74, p = .12, eta-squared 0.19). (C, D) Exemplary images and analysis of CD8+ cells 
in the SN of wt mice (yellow; 2–3 months: n = 8; 7–8 months: n = 8; 11–12 months: n = 7; 16–17 months: n = 7) and of hm2α-SYN-39 mice (blue; 2–3 months: n = 6; 
7–8 months: n = 7; 11–12 months: n = 7; 16–17 months: n = 10) (F (7,52) = 7.11, p < .0001, eta-squared 0.49). n indicates the number of biologically-independent 
animals, mean values for each time point ± SEM are shown. Statistical analysis was done using the one-way ANOVA followed by Tukey's post-test. *p < .05; **p <
.01; ***p < .001; ****p < .0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 7. Age-dependent increase of CD4+ and CD8+ T cells in the striatum of hm2α-SYN-39 mice. (A) Exemplary images of CD4+ cells in the striatum of 2–3 months 
old and 16–17 months old wt and hm2α-SYN-39 mice. High magnification inserts of single cells are included in each image. The scale bar indicates 50 μm. (B) 
Analysis of CD4+ cells in wt mice (yellow; 2–3 months: n = 8; 7–8 months: n = 7; 11–12 months: n = 6; 16–17 months: n = 7) and in hm2α-SYN-39 mice (blue; 2–3 
months: n = 7; 7–8 months: n = 8; 11–12 months: n = 6; 16–17 months: n = 10) (F (7,51) = 3.59, p < .01, eta-squared 0.33). (C) Correlation of the CD4+ cell number 
with the striatal dopaminergic denervation in 2–3 months old and 16–17 months old wt and hm2α-SYN-39 mice. For the hm2α-SYN-39 mice, a significant negative 
correlation of OD with CD4+ cells can be detected (wt: p = .332, r = − 0.292; hm2α-SYN-39: p < .05, r = − 0.496). (D, E) Exemplary images and analysis of CD8+ cells 
in the striatum of wt mice (yellow; 2–3 months: n = 8; 7–8 months: n = 7; 11–12 months: n = 6; 16–17 months: n = 7) and of hm2α-SYN-39 mice (blue; 2–3 months: n 
= 7; 7–8 months: n = 8; 11–12 months: n = 6; 16–17 months: n = 10) (F (7,51) = 8.12, p < .0001, eta-squared 0.53). High magnification inserts of single cells are 
included in each image. The scale bar indicates 50 μm. (F) Correlation of the CD8+ cell number with the striatal dopaminergic denervation in 2–3 months old and 
16–17 months old wt and hm2α-SYN-39 mice. For the hm2α-SYN-39 mice, a significant negative correlation of OD with CD8+ cells can be detected (wt: p = .188, r =
− 0.390; hm2α-SYN-39: p < .01, r = − 0.638). n indicates the number of biologically-independent animals, mean values for each time point ± SEM are shown. 
Statistical analysis was done using the one-way ANOVA followed by Tukey's post-test. *p < .05; **p < .01; ***p < .001; ****p < .0001. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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replacement therapy evaluating a potential alleviation of these motor 
deficits was not performed in our hands, injections of 1.5 mg/kg 
apomorphine were previously shown to lead to a significant increase in 
locomotor activity in 22-months old tg mice compared to a saline control 
dose and compared to wt littermates (Thiruchelvam et al., 2004). On the 
other hand, it should also be noted that the motor deficits we observed in 
the 16–17 months old hm2α-SYN-39 animals were not significantly 
changed compared to the age-matched wt group. The degree of dopa
minergic terminal loss at 16–17 months of age might still allow for 
enough compensatory mechanisms resulting in an almost normal age- 
adapted behavior of the hm2α-SYN-39 mice. While only a 30% loss of 
the dopamine neurons in the SN is necessary in humans for symptoms to 
appear, most studies report a 60–80% loss of the dopamine fibers in the 

striatum at symptom onset (Bernheimer et al., 1973; Riederer and 
Wuketich, 1976; Fearnley and Lees, 1991; Greffard et al., 2006). Indeed, 
it has always been inherently difficult to generate genetically modified 
mouse models for PD with a parkinsonian phenotype. In homozygous 
mice carrying human α-synuclein with the A30P and A53T mutations, 
Kilpeläinen et al. reported minor behavioral deficits already in 3- to 6- 
months old mice compared to wt mice with a reduction of vertical 
counts, jump counts and average speed during measurements of loco
motor activity (Kilpeläinen et al., 2019). Interestingly, the authors 
showed that homozygous A30P/A53T mice at 18 months of age were 
hyperactive compared to wt littermates. However, while not showing an 
overt parkinsonian phenotype, the hm2α-SYN-39 mouse model still re
flects the chronic progressive nature of the disease. Richfield et al. 

Fig. 8. Analysis of B220+ cells in the SN and striatum of wt and of hm2α-SYN-39 mice. (A) Exemplary images of B220+ cells in the SN of 2–3 months old and 16–17 
months old wt and hm2α-SYN-39 mice. (B) Analysis of B220+ cells in wt mice (yellow; 2–3 months: n = 8; 7–8 months: n = 8; 11–12 months: n = 6; 16–17 months: n 
= 7) and in hm2α-SYN-39 mice (blue; 2–3 months: n = 6; 7–8 months: n = 10; 11–12 months: n = 10; 16–17 months: n = 13) (F (7,60) = 0.61, p = .75, eta-squared 
0.06). High magnification inserts of single cells are included in each image. The scale bar indicates 50 μm. (C) Exemplary images of B220+ cells in the striatum of 2–3 
months old and 16–17 months old wt and hm2α-SYN-39 mice. High magnification inserts of single cells are included in each image. The scale bar indicates 50 μm. (D) 
Analysis of B220+ cells in wt mice (yellow; 2–3 months: n = 8; 7–8 months: n = 8; 11–12 months: n = 6; 16–17 months: n = 6) and in hm2α-SYN-39 mice (blue; 2–3 
months: n = 7; 7–8 months: n = 8; 11–12 months: n = 6; 16–17 months: n = 10). n indicates the number of biologically-independent animals, mean values for each 
time point ± SEM are shown. Statistical analysis was done using the the one-way ANOVA followed by Tukey's post-test for B and using the Kruskal-Wallis test 
followed by Dunn's post-test for D. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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previously showed a colocalization of human α-synuclein and TH in the 
hm2α-SYN-39 mice aged 2–3 months (Richfield et al., 2002). Interest
ingly, we found the load of human A53T α-synuclein to be significantly 
reduced in 16–17 months old hm2α-SYN-39 mice compared to the young 
mutated animals. While the 2–3 months old tg mice showed a positive 
staining for human α-synuclein in 57.00% of TH+ cells, the same was 
true for only 25.76% of TH+ cells in the 16–17 months old animals. 
Henrich et al. observed a similar phenomenon in mice injected with 
α-synuclein fibrils into the pedunculopontine nucleus (Henrich et al., 
2020). The authors observed that α-synuclein immunoreactivity 

increased 6 weeks post injection compared to one week post injection, 
but α-synuclein immunoreactivity declined again at 12 weeks post in
jection. In the viral vector based model, this decline was not associated 
with significant cell loss suggesting that neurons can clear misfolded 
forms of α-synuclein from the cell, i.e. via autophagy or exocytic release 
(Stefanis et al., 2019). An argument could also be made that the cells 
with an expression of human α-synuclein are more vulnerable and were 
the first ones to degenerate. Indeed, mitochondrial damage and oxida
tive stress are considered major reasons for neurodegeneration in PD 
and it has been shown that α-synuclein itself can bind mitochondrial 

Fig. 9. Analysis of CD11b+ microglia in the SN and the striatum of wt and of hm2α-SYN-39 mice. (A) Exemplary images of CD11b+ microglia in the SN of 2–3 months 
old and 16–17 months old wt and hm2α-SYN-39 mice. High magnification inserts of single cells are included in each image. The scale bar indicates 25 μm. (B) 
Analysis of CD11b+ microglia in wt mice (yellow; 2–3 months: n = 8; 7–8 months: n = 8; 11–12 months: n = 7; 16–17 months: n = 7) and in hm2α-SYN-39 mice (blue; 
2–3 months: n = 6; 7–8 months: n = 8; 11–12 months: n = 7; 16–17 months: n = 10) (F (7,54) = 23.86, p < .0001, eta-squared 0.76). (C) Exemplary images of 
CD11b+ microglia in the striatum of 2–3 months old and 16–17 months old wt and hm2α-SYN-39 mice. High magnification inserts of single cells are included in each 
image. The scale bar indicates 25 μm. (D) Analysis of CD11b+ microglia in wt mice (yellow; 2–3 months: n = 8; 7–8 months: n = 8; 11–12 months: n = 7; 16–17 
months: n = 7) and in hm2α-SYN-39 mice (blue; 2–3 months: n = 7; 7–8 months: n = 8; 11–12 months: n = 6; 16–17 months: n = 10) (F (7,53) = 22.52, p < .0001, 
eta-squared 0.75). n indicates the number of biologically-independent animals, mean values for each time point ± SEM are shown. Statistical analysis was done using 
the one-way ANOVA followed by Tukey's post-test. *p < .05; **p < .01; ***p < .001; ****p < .0001. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

L. Rauschenberger et al.                                                                                                                                                                                                                       



Neurobiology of Disease 171 (2022) 105798

12

complex I and disturb its activity, thus affecting the mitochondrial 
function of the cell (Devi et al., 2008; Chinta et al., 2010; Martínez et al., 
2018). 

Regarding neuroinflammatory processes and their possible contri
bution to disease pathology, Brochard et al. were the first to show that 
both CD4+ T cells and CD8+ T cells had significantly invaded the brain of 
PD patients in a postmortem study (Brochard et al., 2009). The invasion 
of T cells has also been successfully demonstrated in toxin-based and 
viral vector based animal models (Brochard et al., 2009; Harms et al., 
2013; Williams et al., 2021; Karikari et al., 2022). In the present hm2α- 
SYN-39 mouse model, the increase of T cells in 16–17 months old hm2α- 
SYN-39 mice compared to young tg mice as well as compared to age- 
matched wt mice, was more pronounced for the CD8+ than for the 
CD4+ T cell subpopulation. In the striatum of 16–17 months old hm2α- 
SYN-39 mice, however, a positive correlation of CD8+ and CD4+ T cell 
numbers with the loss of dopaminergic fibers could be detected. This 
correlation points towards neuroinflammatory processes specifically 
involved in neurodegeneration in the hm2α-SYN-39 mouse model in 
contrast to the wt littermates. The potential infiltration of CD8+ and 
CD4+ T cells into the striatum and the SN in genetic rodent models for 
PD has barely been studied. Iba et al. showed a significant rise in CD4+ T 
cells in the striatum and hippocampus as well as a much lower, but still 
significant increase of CD8+ T cells in the striatum of 10–11 months old 
Thy1-αSyn mice compared to wt littermates (Iba et al., 2020). Interferon 
γ-expressing CD3+ cells were found to be increased in the neocortex, 
hippocampus and striatum of the tg mice and flow cytometry revealed 
natural killer T cells to be significantly increased in the brains of the 
Thy1-αSyn mice. These Thy1-αSyn mice are known to have reduced 
striatal tissue content of DA by 14-months of age, but no dopaminergic 
cell loss (Chesselet et al., 2012). Another study measured the blood 
levels of CD8+ T cells and CD4+ T cells by flow cytometry in Thy1-αSyn 
and wt mice (Watson et al., 2012). They found an increase of T cells only 
at an age of 22 months in the Thy1-αSyn mice compared to age-matched 
wt mice. In concordance with data found in human PD patients, no 
infiltration of B cells into the nigrostriatal tract of hm2α-SYN-39 mice 
were found (Brochard et al., 2009). On a side note, a non-significant 

increase of T cells in the SN and striatum was also seen in the wt mice 
with progressive age, a phenomenon which has been described before in 
aging wt mice (Stichel and Luebbert, 2007; Groh et al., 2021). The 
strongest inflammatory response was seen for CD11b+ cells in the 
striatum as well as in the SN of aging hm2α-SYN-39 mice compared to wt 
littermates. Interestingly, the number of CD11b+ cells was already 
significantly elevated in the SN of young, 2–3 months old tg mice 
compared to their age-matched wt littermates. Indeed, following 
administration of MPTP, Brochard et al. noted increased numbers of 
activated microglial cells prior to the appearance of CD3+ T cells, which 
could point towards a possible role of microglia in recruiting T cells to 
the SN (Brochard et al., 2009). Regarding the evidence of the role of 
microglia in genetic mouse model, Su et al. previously found evidence of 
microglial activation in one-month old mice expressing human α-synu
clein without signs for dopaminergic cell death (Su et al., 2008, 2009). 
Remarkably, the significant activation of microglia could not be seen in 
the same mutant mice aged 6 or 12 months compared to age-matched wt 
animals. In mice expressing the Thy1-driven A53T mutant form of 
human α-synuclein, microglial activation was seen in brain regions 
affected by Lewy-like pathological changes in neurons (van der Putten 
et al., 2000). In the above-mentioned 10–11 months old Thy1-αSyn 
mice, a rise in microglia and astrocytes was identified in the neocortex, 
hippocampus and striatum compared to wt littermates (Iba et al., 2020). 
As for the human PD brain and the role of microglia, the presence of a 
large number of reactive human leukocyte antigen-DR-positive micro
glia has been shown in postmortem studies of PD as well as other 
neurodegenerative disorders (McGeer et al., 1988). Langston et al. re
ported the clustering of microglia around DA neurons in a postmortem 
neuropathological study of three patients with MPTP-induced parkin
sonism (Langston et al., 1999). It is still unclear how microglia 
contribute to neuronal cell death, but it has been hypothesized that these 
cells may play an important role in driving and perpetuating the neu
rodegeneration in PD. Microglia were, however, reported to also have a 
neuroprotective effect by engulfing and degrading neuron-released 
α-synuclein via autophagy (Choi et al., 2020). Another glial cell type 
assumed to be involved in PD pathology are reactive astrocytes (Booth 

Fig. 10. Analysis of GFAP+ astrocytes in the SN of wt and of hm2α-SYN-39 mice. (A) Exemplary images of GFAP+ astrocytes in the SN of 2–3 months old and 16–17 
months old wt and hm2α-SYN-39 mice. The scale bar indicates 100 μm. (B) Analysis of the mean fluorescence-signal intensity of GFAP+ astrocytes in wt mice (yellow; 
2–3 months: n = 5; 7–8 months: n = 6; 11–12 months: n = 4; 16–17 months: n = 6) and in hm2α-SYN-39 mice (blue; 2–3 months: n = 6; 7–8 months: n = 7; 11–12 
months: n = 6; 16–17 months: n = 8) (F (7,41) = 3.41, p < .01, eta-squared 0.37). The fluorescence signal-intensities were normalized to the mean fluorescence- 
signal intensity found in 2–3 months old wt mice. n indicates the number of biologically-independent animals, mean values for each time point ± SEM are shown. 
Statistical analysis was done using the one-way ANOVA followed by Tukey's post-test. *p < .05; **p < .01. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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et al., 2017; Wang et al., 2021). The specific consequences of reactive 
astrocytosis in neurodegenerative diseases is still unclear. It is assumed 
that dysfunctional astrocytes could contribute to oxidative stress, 
mitochondrial impairment, α-synuclein toxicity and neuroinflammation 
in PD (Miyazaki and Asanuma, 2020). In MPTP models, astrocytic 
activation was reported to occur in parallel to dopaminergic degenera
tion (O'Callaghan et al., 1990; Kohutnicka et al., 1998). Some autopsy 
studies have shown similar results with reactive astrocytes being 
detected in large numbers in the SN of patients with PD compared to 
age-matched controls, others found a negative correlation between as
trocytes and α-synuclein concentration (Miklossy et al., 2006; Song 
et al., 2009; Tong et al., 2015). PD-patient derived astrocytes were 
shown to be more responsive to inflammatory stimuli than control as
trocytes, releasing higher amounts of cytokines (Sonninen et al., 2020). 
We were able to show an age-dependent increase of GFAP+ astrocytes in 
the hm2α-SYN-39 mice. Contrary to microglia, this elevation seemed to 
accompany dopaminergic neurodegeneration and not precede it. A 
further characterization of these glial cells would be necessary to relate 
the reactivity of the astrocytes in aging hm2α-SYN-39 mice to a potential 
neurotoxic function. The non-significant increase of GFAP+ astrocytes in 
the older wt animals compared to 2–3 months old wt mice has previ
ously been described in normal aging (Clarke et al., 2018). 

Although toxin-based PD animal models emulate many of the key 
features of the disease, it can be challenging to address PD etiology due 
to the rapid induction of the disease and because only a few PD cases are 
actually caused by such toxins. As detailed in the information box on 
genetic mouse models expressing human, mutant α-synuclein, the 
disadvantage of these rodent models is a high variability in dopami
nergic neurodegeneration and motor phenotype. Moreover, the A30P 
and A53T double mutation in the α-synuclein protein has not been 
described for human PD. Robust mouse models for PD that simulate the 
disease in all its aspects (motor and non-motor symptoms, dopaminergic 
cell loss and formation of inclusion bodies) are unfortunately still 
lacking. Despite these caveats, the hm2α-SYN-39 mouse model reflects 
important aspects of the disease and shows mild, but age-dependent and 
dopaminergic-loss-correlated neuroinflammation. Our data indicate 
that T cell driven neuroinflammation occurs only when dopaminergic 
loss sets in, but microglial driven inflammation may set in earlier. 
Indeed, one of the unresolved issues in PD research is still the role of 
inflammation during the early stages of the disease. Previous studies in 
genetic animal models have pointed towards an increase of activated 
microglia to precede dopaminergic neurodegeneration (Lam et al., 
2011). A clear limitation of our study is, however, that the number of 
microglia cells was assessed, but no differentiation of resting vs active 
microglia was performed. Furthermore, a significant, age-dependent 
increase in reactive astrocytes in hm2α-SYN-39 could point towards an 
additional neurotoxic player. This confirmation of central inflammation 
in combination with age-dependent dopaminergic cell reduction in a 
genetic mouse model for PD allows for the trial of new therapeutic op
tions. The effect of anti-inflammatory therapies could be studied prior as 
well as after onset of dopaminergic cell loss. 
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precedes synucleinopathy in early stages of Parkinson’s disease. Brain 143 (12), 
3173–3733. 

Gao, H.M., Zhang, F., Zhou, H., Kam, W., Wilson, B., Hong, J.S., 2011. 
Neuroinflammation and α-synuclein dysfunction potentiate each other, driving 
chronic progression of neurodegeneration in a mouse model of Parkinson’s disease. 
Environ. Health Perspect. 119 (6), 807–814. 

L. Rauschenberger et al.                                                                                                                                                                                                                       

http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0005
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0005
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0005
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0010
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0010
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0010
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0015
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0015
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0020
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0020
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0020
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0020
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0020
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0025
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0025
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0025
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0025
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0030
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0030
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0030
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0030
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0035
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0035
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0035
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0040
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0040
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0040
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0045
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0045
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0045
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0050
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0050
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0050
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0055
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0055
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0055
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0055
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0060
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0060
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0060
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0065
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0065
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0065
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0070
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0070
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0075
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0075
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0080
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0080
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0080
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0085
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0085
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0085
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0085


Neurobiology of Disease 171 (2022) 105798

14

Giasson, B.I., Duda, J.E., Quinn, S.M., Zhang, B., Trojanowski, J.Q., Lee, V.M., 2002. 
Neuronal alpha-synucleinopathy with severe movement disorder in mice expressing 
A53T human alpha-synuclein. Neuron 34 (4), 521–533. 

Graham, D.R., Sidhu, A., 2010. Mice expressing the A53T mutant form of human alpha- 
synuclein exhibit hyperactivity and reduced anxiety-like behavior. J. Neurosci. Res. 
88 (8), 1777–1783. 

Greffard, S., Verny, M., Bonnet, A.M., Beinis, J.Y., Gallinari, C., Meaume, S., Piette, F., 
Hauw, J.J., Duyckaerts, C., 2006. Motor score of the unified Parkinson disease rating 
scale as a good predictor of Lewy body-associated neuronal loss in the substantia 
nigra. Arch. Neurol. 63 (4), 584–588. 
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Muñoz, D.G., de Yebenes, J.G., 2004. The new mutation, E46K, of alpha-synuclein 
causes Parkinson and Lewy body dementia. Ann. Neurol. 55 (2), 164–173. 

L. Rauschenberger et al.                                                                                                                                                                                                                       

http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0320
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0320
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0325
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0325
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0325
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0330
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0330
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0330
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0335
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0335
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0335
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0340
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0340
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0340
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0345
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0345
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0345
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0350
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0350
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0350
http://refhub.elsevier.com/S0969-9961(22)00190-5/rf0350

	Age-dependent neurodegeneration and neuroinflammation in a genetic A30P/A53T double-mutated α-synuclein mouse model of Park ...
	1 Introduction
	2 Material and methods
	2.1 Experimental animals
	2.2 Behavioral analyses
	2.3 Tissue processing and immunohistochemistry
	2.4 Unbiased stereological analysis of the dopaminergic neurons
	2.5 Analysis of CD4+, CD8+, B220+, CD11b+ cells and TH+ fibers
	2.6 Analysis of immunofluorescence stainings
	2.7 Catecholamine analysis via HPLC
	2.8 Data analysis

	3 Results
	3.1 Age-dependent impairment of motor performance in hm2α-SYN-39 mice
	3.2 Neurodegeneration of dopaminergic cells in the SN of hm2α-SYN-39 mice with age
	3.3 Age-dependent infiltration of T cells in the SN and striatum of hm2α-SYN-39 mice
	3.4 Age-dependent increase of microglia in the SN and striatum of hm2α-SYN-39 mice
	3.5 Age-dependent increase of reactive astrocytes in the SN of hm2α-SYN-39 mice

	4 Discussion
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	References


