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A B S T R A C T   

Parkinson’s disease (PD) is a complex, progressive neurodegenerative disease characterized by the loss of 
dopaminergic neurons in the substantia nigra pars compacta in the midbrain. Despite extensive research efforts, 
the molecular and cellular changes that precede neurodegeneration in PD are poorly understood. To address this, 
here we describe the use of patient specific human midbrain organoids harboring the SNCA triplication to 
investigate mechanisms underlying dopaminergic degeneration. Our midbrain organoid model recapitulates key 
pathological hallmarks of PD, including the aggregation of α-synuclein and the progressive loss of dopaminergic 
neurons. We found that these pathological hallmarks are associated with an increase in senescence associated 
cellular phenotypes in astrocytes including nuclear lamina defects, the presence of senescence associated het
erochromatin foci, and the upregulation of cell cycle arrest genes. These results suggest a role of pathological 
α-synuclein in inducing astrosenescence which may, in turn, increase the vulnerability of dopaminergic neurons 
to degeneration.   

1. Introduction 

As the most common movement disorder and second most common 
neurodegenerative disease, Parkinson’s disease (PD) poses a significant 
healthcare and societal challenge. Pathologically, PD is characterized by 
the selective loss of dopaminergic neurons in the substantia nigra pars 
compacta of the midbrain. Moreover, PD is also characterized by the 
widespread presence of cytoplasmic and neuritic protein inclusions 
abundant in α-synuclein, known as Lewy bodies and Lewy neurites 
respectively (Spillantini et al., 1997). α-Synuclein is a small 14 kDa 
protein encoded by the SNCA gene. While its structure is still debated, 
the general consensus at present is that it exists in a dynamic equilibrium 

between a cytosolic soluble, intrinsically disordered monomeric form 
and a lipid-bound α-helical state (Eliezer et al., 2001; Ulmer and Bax, 
2005; Waudby et al., 2013; Weinreb et al., 1996). Functionally, α-syn
uclein has been implicated in playing a role in synaptic function and 
neurotransmitter release due to its presence in presynaptic terminals 
and due to the observation that α-synuclein directly interacts with the 
SNARE-complex through binding with synaptobrevin 2 (Burré et al., 
2010; Fortin et al., 2005). Other functions have also been proposed 
including antiapoptotic activity (Jin et al., 2011; Li and Lee, 2005) and 
stabilization of the electron transport chain in mitochondria (Bobela 
et al., 2015). Furthermore, there is an emerging interest in α-synuclein’s 
role in the nucleus (Koss et al., 2022). For example, Schaser et al. 
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recently showed that α-synuclein can bind to DNA and modulate the 
repair of double strand breaks (Schaser et al., 2019). α-synuclein has also 
been implicated in interacting with Ras-related nuclear protein, which 
transports RNA and proteins through the nuclear pore complex, thus 
suggesting that α-synuclein may play some role in nucleocytoplasmic 
transport (Chen et al., 2020). Despite there being some evidence towards 
these proposed functions, α-synuclein’s physiological role remains 
unclear. 

Point mutations, duplications and triplications of the SNCA gene have 
been shown to cause early onset forms of PD, with an autosomal dominant 
pattern of inheritance (Singleton et al., 2003; Polymeropoulos et al., 1997; 
Krüger et al., 1998; Appel-Cresswell et al., 2013; Fujioka et al., 2014; 
Hoffman-Zacharska et al., 2013; Kiely et al., 2013; Pasanen et al., 2014; 
Zarranz et al., 2004). Moreover, these mutations lead to the abnormal 
aggregation of α-synuclein and the increased presence of Lewy pathology 
(Lashuel et al., 2002; Miller et al., 2004). Pathological α-synuclein has 
been associated with synaptic dysfunction, mitochondrial dysfunction, 
increased oxidative stress, perturbation of protein degradation systems, 
and nuclear dysfunction (Malkus et al., 2009; Choi et al., 2018; Volpicelli- 
Daley et al., 2011; Geertsma et al., 2022). However, how pathological 
forms of α-synuclein mediate this dysfunction is not well understood. 

Due to limitations in currently used model systems, understanding 
the temporal mechanisms that underlie α-synuclein pathology in PD 
remains a pertinent challenge. Rodent models that have predominantly 
been used in the study of PD often do not capture some of the key 
characteristic hallmarks observed in PD (Potashkin et al., 2010). The 
development of stem cell derived human midbrain organoids (hMO) is a 
profound milestone in PD research as they recapitulate key physiolog
ical and functional aspects of the human midbrain (Smits and 
Schwamborn, 2020; Galet et al., 2020). These self-organizing three- 
dimensional tissues contain an abundance of dopaminergic neurons. In 
addition, they contain glial cells, show electrochemical functionality, 
and dopamine release (Monzel et al., 2017; Jo et al., 2016). We, and 
others, have described robust protocols for the development of midbrain 
specific organoids from induced pluripotent stem cells (iPSC) (Monzel 
et al., 2017; Jo et al., 2016; Nickels et al., 2020). Importantly, these 
organoids have been used in the modeling of various genetic forms of 
PD, including forms associated with LRRK2, PINK1 and DJ1 (Smits et al., 
2019; Jarazo et al., 2022; Kim et al., 2019; Ahfeldt et al., 2020). 

Here, we generate hMO from patient specific iPSC lines harboring 
the SNCA triplication, along with healthy age-sex matched controls and 
compare them until 90 days of organoid maturation. Our model re
capitulates key hallmarks of PD, including the aggregation of α-synu
clein and the progressive decline of dopaminergic neurons. 
Interestingly, we found that these pathological hallmarks were associ
ated with an increase in senescence associated phenotypes specifically in 
astrocytes including nuclear lamina defects, the presence of senescence 
associated heterochromatin foci and the upregulation of cell cycle arrest 
pathways. Our results suggest that pathological α-synuclein contributes 
to inducing senescence at early stages of PD, increasing the vulnerability 
of dopaminergic neurons to degeneration. 

2. Materials and methods 

2.1. iPSC, NESC and organoid culture 

The sources of the five induced pluripotent stem cell lines (iPSC) 
used in this study are detailed in Supplementary Table 1. IPSC were 
cultured in Essential 8 medium (ThermoFisher, cat no. A1517001) with 
1 % Penicillin/Streptomycin (Invitrogen, cat no. 15140122) in Matrigel- 
coated plates (Corning, cat no. 354277). Passaging was performed with 
Accutase (Sigma, cat no. A6964) every 3–4 days. Following passaging, 
cells were cultured in Essential 8 medium supplemented with 10 μM 
ROCK inhibitor Y-27632 (Merck Millipore, cat no. 688000) for 6–24h 
after seeding. The iPSC were characterized for pluripotency markers 
(Supplementary Fig. 1). 

Neuroepithelial stem cells (NESC) were derived from iPSC as previ
ously described (Reinhardt et al., 2013). NESC were maintained in 
Geltrex-coated plates and cultured in freshly supplemented N2B27 as 
described previously (Monzel et al., 2017). To obtain a homogeneous 
population of NESC, the cells were passaged at least five times before 
performing an immunofluorescence staining to confirm neural stem cell 
identity (Supplementary Fig. 2). 

Following quality assessment of the NESC by immunostaining, 
midbrain organoids (hMO) were generated as previously detailed 
(Monzel et al., 2017), with slight modifications. 9000 NESC were plated 
in each well of an ultra-low attachment 96 well round bottomed plate 
(Corning, cat no. 7007) and cultured in maintenance medium for 8 days. 
After the 8 days, the colonies were embedded in 25 μl Geltrex (Invi
trogen, cat no. A1413302) and transferred to 24 well ultra-low attach
ment plates kept at 37 ◦C, 5 % CO2 under dynamic conditions (80 rpm) 
for up to 90 days or were left unembedded in 96-well ultralow adhesion 
plates (round bottom, Corning, cat no. 7007) (Zagare et al., 2021). 

2.2. Western blot 

For Western blotting, six non-embedded organoids were lysed using 
RIPA buffer (Abcam, cat no. ab156034) with cOmplete™ Protease In
hibitor Cocktail (Roche, cat no. 11697498001) for 20 min on ice. In 
order to disrupt DNA, lysates were sonicated for 10 cycles (30 s on/30 s 
off) using the Bioruptor Pico (Diagenode). Samples were then centri
fuged at 4 ◦C for 20 min at 14,000 g. The protein concentration for each 
sample was determined using the Pierce™ BCA Protein Assay Kit 
(ThermoFisher, cat no. 23225). Samples were adjusted to the same 
concentration by appropriate dilution with RIPA buffer and boiled at 
95 ◦C for 5 min in denaturating loading buffer. 20 μg of protein was 
loaded per sample for every Western blot. Protein separation was ach
ieved using SDS polyacrylamide gel electrophoresis (Bolt™ 4–12 % Bis- 
Tris Plus Gel, ThermoFisher) and transferred onto a PVDF membrane 
using iBlot™ 2 Gel Transfer Device (ThermoFisher). For α-synuclein and 
pS129 α-synuclein Western blots, membranes were then fixed in 0.4 % 
paraformaldehyde (PFA) in PBS for 30 min at room temperature (RT), 
and then washed twice with PBS for 5 min each wash. Following PVDF 
transfer or fixation, membranes were blocked for 1 h at RT in 5 % 
skimmed milk powder and 0.2 % Tween in PBS before incubating 
overnight at 4 ◦C with the primary antibodies prepared in 5 % BSA and 
0.02 % Tween (see Supplementary Table 2 for list of antibodies used). 
Membranes were then washed three times for 5 min with 0.02 % Tween 
in PBS and incubated with DyLight™ secondary antibodies at a dilution 
of 1:10,000 (anti-rabbit IgG (H + L) 800, Cell Signaling, cat no. 5151P or 
anti-mouse IgG (H + L) 680, Cell Signaling, cat no. 5470P). Membranes 
were scanned in the Odyssey® Fc 2800 Imaging System and exposure 
time was 2 min for all the acquisitions. All conditions were consistently 
kept the same for all the Western blots at every time point. Western blots 
were analyzed using ImageJ software. Figures showing Western blots 
are cropped to display only the cell lines relevant to this study and the 
original uncropped Western blots can be found in Supplementary orig
inal blots. 

2.3. Time course Western blot 

For the time course of α-synuclein (Fig. 2B), pS129-α-synuclein 
(Fig. 3B) and TH (Fig. 4D), Western blot analysis was performed as 
described in detail in the previous section. To ensure robust comparison, 
the exact same conditions were maintained for each Western blot - Six 
pooled organoids per line for each batch; 20 μg of protein loaded for SDS 
gel electrophoresis; same order of sample loading, same period of 
blocking, primary and secondary incubation; same antibody concen
tration; and same exposition time of 2 min for membrane reveal using 
the same instrument (Odyssey Imaging System). Following protein 
quantification in ImageJ, relative expression levels of the proteins were 
determined by dividing the intensity of the marker of interest with the 
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intensity of ß-actin. These values were then used to generate the time 
course graph. Mean data from three independently derived organoid 
batches was plotted at each time point (15, 30, 50, 70 and 90 days). Data 
was pooled for the two wild type lines, and for the two 3xSNCA lines. To 
plot the time course, a smooth line of best fit was fitted over the mean 
value at each time point for WT and 3xSNCA using the geom_smooth 
function from the ggplot2 library in R (R Studio version 1.3.1073). The 
geom_sooth function is a non-parametric regression method used to fit a 
smooth curve to sparse data points. Statistical significance was calcu
lated at each time point using Mann-Whitney U test in R. Statistically 
significant results were indicated when p values were * < 0.05, ** < 0.01 
and *** < 0.001. 

2.4. Fractionation of soluble and insoluble α-synuclein 

12 non-embedded organoids per cell line were collected and incu
bated in 250 μl of lysis buffer (1 % Triton-X 100 with protease inhibitor 
and phosphatase inhibitor) for 25 min on ice. Samples were then lysed 
by pipetting and sonicated for 10 cycles (30 s on, 30 s off). Lysates were 
transferred to ultracentrifuge tubes (Beckman Coulter Polycarbonate 
Centrifuge Tubes, cat no. 343776) and spun down at 100,000 g for 45 
min at 4 ◦C. The supernatant (i.e., the soluble fraction) was collected and 
stored at − 80 ◦C or used immediately in Western Blot. The remaining 
pellet was resuspended in 120 μl of 8 M urea +8 % SDS and allowed to 
incubate for 15 min, after which the samples were sonicated for 10 cy
cles (30 s on, 30 s off). The resulting lysate represented the insoluble 
protein fraction, which was subsequently stored at − 80 ◦C or used in a 
Western Blot as already described above. 

2.5. Dot Blot for α-synuclein 

200 μl of media was collected from three individual non-embedded 
organoids per line, then snap frozen or directly used. Media was 
thawed on ice and spun down at 300 g at 4 ◦C for 5 min to sediment any 
cell debris remaining in media. A Dot Blot Minifold I (Whatman; 
10,447,900) was used according to manufacturer guidelines. A nitro
cellulose membrane (Sigma-Aldrich, cat no. GE10600001) was re- 
hydrated twice with 300ul of PBS per well before sample loading. 
After sample run (vacuum ON), the membrane was washed with 300 μl 
of PBS per well. Membrane was retrieved and fixed in 0.04 % PFA in PBS 
for 30 min at RT, followed by 1 min wash in PBS to remove the PFA. 
Blocking and antibody incubation were done exactly as previously 
described in the Western blotting section. Images were acquired with the 
Odyssey® Fc 2800 Imaging System. Images were analyzed with ImageJ. 
Relative α-synuclein amount was normalized to the individual organoid 
diameter. 

2.6. Immunofluorescence stainings for iPSC and NESC characterization 

Immunofluorescent stainings for iPSCs and NESC were perform as 
previously described in Gomez-Gomez-Giro et al. (2019) and Monzel 
et al. (2017) respectively. 

2.7. Immunofluorescence staining of organoid sections 

Immunofluorescence staining of organoids was carried out using a 
published protocol with slight modifications (Nickels et al., 2020). 
Organoids were fixed with 4 % PFA overnight at 4 ◦C, and then washed 
with PBS three times for 15 min. Individual organoids (at least three 
organoids per line for each time point) were embedded in 3 % low- 
melting point agarose. Using a vibrating blade microtome (Leica 
VT1000s), the organoids were then sliced into 70 μm sections. The 
sections were permeabilized and blocked with blocking buffer (5 % 
normal goat serum, 2.5 % BSA, and 0.1 % sodium azide) containing 0.5 
% Triton X-100. Sections were incubated for 48 h at 4 ◦C on an orbital 
shaker with primary antibodies (see Supplementary Table 2) in blocking 

buffer containing 0.1 % Triton X-100. Secondary antibody incubation 
and mounting of sections was performed as previously described 
(Nickels et al., 2020). 

2.8. Image acquisition 

For high-content image analysis, at least three sections from three 
organoids of each line in three independent organoid batches were ac
quired using the Yokogawa CV8000 high content screening microscope 
with a 20× objective. For quantitative analysis of laminB1 at 40×, a 
confocal laser scanning microscope (Zeiss LSM710) was used. Three 
randomly selected fields per organoid section were acquired in at least 
three organoids per line for three independent organoid batches, keep
ing the same acquisition settings. 

Qualitative images were acquired using a confocal laser scanning 
microscope (Zeiss LSM 710) with either a 20×, 40× or 60× objective. 

2.9. Dopamine extracellular release 

Dopamine ELISA (Immusmol BA-E-5300, cat no. BA-E-5300R) was 
performed for the quantitative determination of dopamine secreted by 
midbrain organoids at 30 days and 70 days from 3 independent organoid 
batches. 180 μl of media was collected per organoid (three organoids per 
line) and 20 μl HCl buffer (0.01M HCl, 4mM Na2O5S2, and 1mM EDTA) 
was added to each sample. Samples were then frozen in liquid nitrogen 
and stored at − 80 ◦C until the day of the analysis. The ELISA was per
formed according to the manufacturer’s instructions. 

2.10. Quantitative PCR 

For total RNA extraction, RNeasy Mini Kit (Qiagen, cat no. 74106) 
was used following the manufacturer’s instructions. For cDNA synthesis 
High-Capacity RNA-to-cDNA™ Kit (Thermo Fisher Scientific, cat no. 
4387406) was used following manufacturer’s instructions. Maxima 
SYBR Green qPCR Master Mix (Thermo Fisher Scientific, cat no. K0221) 
was used together with the following primers for CDNK2A: Forward 
primer ATCATCAGTCACCGAAGGTC and Reverse primer CTCAAGA
GAAGCCAGTAACC and for ACTIN: Forward primer TCAAGATCA 
TTGCTCCTCCTGAG and Reverse primer ACATCTGCTGGAAGGTG
GACA. Quantitative PCR was performed in the Aria Mx Real-Time PCR 
system (Aligent) and AriaMx PC software was used for data extraction 
and analysis. 

2.11. Image processing and analysis 

Immunofluorescence 3D images of each organoid section obtained 
from the Yokogawa or LSM710 were processed and analyzed in Matlab 
(2020a, Mathworks) using a custom image-analysis algorithm as 
described previously (Bolognin et al., 2019; Monzel et al., 2020). 

2.12. Data processing and statistical analysis 

Data plots were generated in GraphPad except for Figs. 2B, 3B and 
4D, which were generated in R Studio. Data are presented as mean ±
standard deviation. Data was pooled for the two wild type lines, and for 
the two 3xSNCA lines, and denoted as WT and 3xSNCA respectively in 
figures. Statistical significance was calculated using Mann-Whitney U 
test in GraphPad or R. Statistically significant results were indicated 
when p values were * < 0.05, ** < 0.01 and *** < 0.001. The number 
(N) of samples, replicates and batches are described in the 
Figure legends. 

2.13. Ethics statement 

The use of existing iPSC lines obtained from previous studies was 
approved by the local ethical committee (Comité National d’Ethique de 
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Recherche, CNER No 201901/01). Informed consent was obtained from 
all individuals donating samples to this study prior to the donation using 
a written form and protocol. Cell lines used in this study are summarized 
in Supplementary Table 1. 

3. Results 

3.1. Generation and characterization of human midbrain organoids 

To investigate whether we could recapitulate PD relevant pathology 
in vitro, we generated hMO from two independent iPSC clones derived 
from a PD patient with the SNCA triplication (3xSNCA-1 and 3xSNCA-2) 
and two sex-age matched healthy control iPSC lines (WT-1 and WT-2) 
(Supplementary Table 1). An SNCA knockout line isogenic to WT-2 
(SNCA-KO) was also included for validation of the specificity of α-syn
uclein antibodies in some assays. All iPSCs were positive for pluripo
tency markers SOX2, OCT4, TRA-1-81, TRA-1-60, NANOG, and SSEA-4 
as assessed by immunocytochemistry (Supplementary Fig. 1). Neuro
epithelial stem cells (NESC) were derived from the iPSC lines as previ
ously described (Reinhardt et al., 2013). These neural progenitors are 
patterned towards a midbrain/hindbrain fate, thus increasing differen
tiation efficiency towards midbrain cell types. We confirmed the identity 
of NESCs by immunostaining with SOX2, PAX6 and Nestin (Supple
mentary Fig. 2). 

To generate the hMO, we used our previously published protocol 
(Monzel et al., 2017). Organoids were either embedded in a Geltrex 
droplet and maintained under shaking conditions or kept unembedded 
in 96-well ultra-low attachment plates depending on the downstream 
assay to be performed (Fig. 1A). We performed a characterization of the 
WT hMO to ensure that they expressed the relevant cell types of the 
midbrain. At 15 days of maturation, hMO display regional organization, 
with the presence of stem cell niches enriched in SOX2+ cells and the 
presence of tyrosine hydroxylase (TH) positive dopaminergic neurons in 
the periphery (Fig. 1B, upper panels). At 30 days, there is an abundance 
of MAP2 positive mature neurons, some of which are dopaminergic 
neurons (Fig. 1B, third panel). At later time points (>50 days of differ
entiation) we also observe increased astrogenesis as denoted by 
increased presence of GFAP+ and S100β + cells (Fig. 1B, lower panel). 
The hMO show a progressive increase in dopamine release as they 
mature (Supplementary Fig. 3A). Altogether, the hMO show cellular 
heterogeneity and the presence of functional dopaminergic neurons. 

3.2. 3xSNCA hMO show elevated levels of α-synuclein and α-synuclein 
related pathological hallmarks 

The accumulation and aggregation of α-synuclein is one of the main 
neuropathological hallmarks of PD. To validate whether this hallmark 
was recapitulated in our patient specific model, we assessed α-synuclein 
levels in the organoids. For our analysis, we collectively compared 
organoids with the SNCA triplication (3xSNCA hMO) to the controls (WT 
hMO) by pooling data from organoids derived from the two 3xSNCA 
iPSC clones and the two WT lines respectively. Using Western blot, we 
found significantly higher levels of α-synuclein in the 3xSNCA hMO in 
comparison to the healthy WT hMO across all assessed time points 
ranging from 15 to 90 days of organoid culture (Fig. 2A, B). Expression 
of α-synuclein was confirmed to be largely in neurons, as we observed 
colocalization of α-synuclein and the neuronal marker MAP2 (Fig. 2C). 
Furthermore, the specificity of the α-synuclein antibody was confirmed 
by the lack of signal in the SNCA KO organoids. 3xSNCA hMO also 
showed higher extracellular release of α-synuclein in the culture me
dium at Day 30 (Supplementary Fig. 3C, D) and Day 70 (Fig. 2D) as 
assessed by dot blot. 

The phosphorylation of α-synuclein at serine 129 (pS129) has been 
associated with aggregation and toxicity of the protein and is an 
important hallmark of α-synuclein pathology formation (Anderson et al., 
2006). We therefore assessed the expression of pS129 α-synuclein in our 

hMO model. We found significantly higher levels of pS129 α-synuclein 
in the 3xSNCA hMO across all assessed time points in Western blots 
(Fig. 3A, B). Immunofluorescence staining also confirmed the higher 
expression of pS129 α-synuclein in the 3xSNCA organoids, specifically in 
neurons (Fig. 3C). Interestingly, we could also observe the presence of 
pS129 rich aggregate-like structures in the neuronal cytoplasm and 
neurites within 3xSNCA hMO which were not observed in WT hMO 
(Fig. 3D, Supplementary Fig. 4A). These structures could potentially 
represent the formation of Lewy-body like pathology in the 3xSNCA 
hMO. Once again, we validated the specificity of the α-synuclein and 
pS129 α-synuclein antibodies used in the stainings by confirming the 
absence of signal in the 3xSNCA KO organoid sections (Fig. 3C). Finally, 
we performed extraction of insoluble α-synuclein, which represents the 
aggregated form of the protein. Immunoblotting of the insoluble 
α-synuclein fraction showed significantly higher levels of aggregated 
α-synuclein in the 3xSNCA hMO at 50 days of organoid maturation 
(Fig. 3E, F). Our findings show that 3xSNCA hMO can model the accu
mulation and aggregation of α-synuclein and its phosphorylated form as 
is observed in PD. 

3.3. 3xSNCA hMO show dopaminergic neuron loss 

The progressive loss of dopaminergic neurons in the substantia nigra 
pars compacta is a key neuropathological hallmark of PD. To assess 
whether we observed this hallmark in our 3xSNCA hMO, we performed 
an immunofluorescence staining (Fig. 4A), which revealed no difference 
in the levels of dopaminergic neurons at 30 days, as determined by 
quantifying the levels of TH+ neurons in the hMO (Fig. 4B, left panel). 
However, at 70 days, we found significantly less dopaminergic neurons 
in the 3xSNCA hMO compared to WT (Fig. 4B, right panel), showing a 
decline in dopaminergic neurons at the later time points in the patient- 
specific organoids. To further explore this, we assessed the protein levels 
of the TH enzyme across several time points from 15 to 90 days of 
organoid maturation using immunoblotting. We observed a tendency 
towards higher TH levels in the 3xSNCA hMO up until 30 days (Fig. 4C, 
D). The TH levels subsequently dropped at later time points (after 50 
days) in the 3xSNCA hMO compared with the WT hMO, and at 90 days 
this difference was significant. Thus, we observe a progressive loss of 
dopaminergic neurons in the patient-specific midbrain organoids. 

Dopaminergic neurons produce and release the neurotransmitter 
dopamine. In the context of PD, the decline of dopaminergic neurons 
reduces the release of dopamine in the striatum, leading to many of the 
motor deficits observed in the disease. At 30 days, we found no differ
ence in dopamine release levels in the 3xSNCA and WT hMO (Supple
mentary Fig. 3B), whereas at 70 days we observed significantly lower 
levels of extracellular dopamine released by 3xSNCA hMO (Fig. 4E). 
This observation further reflects the dopaminergic neuron decline 
observed in the immunostainings and Western blots. Taken together, we 
see that the 3xSNCA organoids show a progressive loss of dopaminergic 
neurons. 

3.4. Increased 3xSNCA expression is associated with a senescent-like 
phenotype 

Senescence is a cellular state characterized by cell cycle arrest, 
resistance to apoptosis, nuclear dysfunction and the acquisition of a 
proinflammatory secretory phenotype (Hernandez-Segura et al., 2018). 
While senescence has important physiological functions in the body, the 
accumulation of senescent cells has been shown to be damaging to tis
sues primarily due to the effects of the senescence associated secretory 
phenotype (Kumari and Jat, 2021). Senescence has emerged as a rele
vant mechanism in neurodegenerative diseases such as Alzheimer’s and 
Parkinson’s (Kritsilis et al., 2018; Martínez-Cué and Rueda, 2020). 
Recent studies have suggested that pathological α-synuclein may be an 
inducer of senescence (Yoon et al., 2022; Verma et al., 2021). Thus, we 
sought to investigate whether our 3xSNCA hMO model displayed any of 
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Fig. 1. Recapitulation of human midbrain development in hMO. (A) Schematic overview of the hMO generation protocol. NESC – neuroepithelial stem cell. Created 
in BioRender. (B) Representative immunostainings of hMO sections at 15 days of organoid maturation, showing the presence of TH+ dopaminergic neurons and 
SOX2+ neural stem cells (upper panels); 30 days of organoid maturation showing TH+ dopaminergic neurons, some of which colocalize with MAP2, a marker for 
mature neurons (third panel); and 70 days, showing the presence of S100β + and GFAP+ astrocytes (lower panel). Scale bars = 100 μm. TH – tyrosine hydroxylase. 
SOX2 – SRY-box2. MAP2 – microtubule associated protein 2. S100β – S100 calcium binding protein B. GFAP – glial fibrillary acidic protein. 
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the key senescence related hallmarks. 
First, we decided to investigate the presence of senescence associated 

hallmarks specifically in astrocytes. PD patients have been shown to 
display elevated levels of astrocytes positive for senescent markers 
(Chinta et al., 2018). Moreover, senescence has been better character
ized in astrocytes compared to neurons, due to the postmitotic nature of 
neuronal cells (Sikora et al., 2021). Initially, we investigated astrocyte 
levels in the organoids by immunofluorescence staining (Fig. 5A) and 
strikingly we found higher levels in the 3xSNCA hMO than in the WT 
hMO (Fig. 5B) as assessed by quantification of GFAP+ cells. Using an 
automated Matlab image analysis script that can extract morphometric 
features from images, we analyzed the complexity of the astrocytes as 
expressed by the number of branches (links) and points of bifurcation 

(nodes). This revealed more extensive branching in astrocytes in the 
3xSNCA organoids, which may be indicative of increased reactivity 
(Fig. 5C). 

Next, we assessed the expression of lamin B1, a nuclear lamina 
protein that is important in maintaining nuclear integrity (Camps et al., 
2015; Butin-Israeli et al., 2015). Loss of lamin B1 is strongly associated 
with cellular senescence in various cell types, including astrocytes 
(Freund et al., 2012; Matias et al., 2022). We performed immunostaining 
of lamin B1 in the organoids (Fig. 5A) and using the Matlab script, we 
specifically analyzed the expression of laminB1 in astrocyte nuclei. We 
found a significant reduction in lamin B1 in astrocytes in the 3xSNCA 
hMO compared to WT hMO at 50 days of maturation (Fig. 5D), which is 
indicative of senescence. The presence of DNA double strand breaks is 

Fig. 2. Increased intracellular and extracellular α-synuclein in 3xSNCA hMO. (A) Representative immunoblots of α-synuclein and β-actin at 30 and 70 days of 
organoid maturation in WT and 3xSNCA hMO. Western blots are cropped from original images found in Supplementary original blots. (B) Time course of intracellular 
α-synuclein levels as determined by immunoblots performed at 15, 30, 50, 70 and 90 days of organoid maturation. 3xSNCA hMO show consistently higher levels of 
α-synuclein across all time points compared to WT hMO. The data represents the summary of three independent hMO batches and is plotted by mutation (WT vs 
3xSNCA). Statistical significance by Mann-Whitney U test: *p < 0.05 and **p < 0.01. Extensive description for how the graph was plotted is in materials and methods. 
(C) Representative images of 30-day old hMO stained with α-synuclein (green) and mature neuron marker MAP2 (white). Specificity of the α-synuclein antibody was 
confirmed by the absence of staining in the SNCA KO sections. Scale bar = 200 μm. (D) Representative dot blot (upper panel) showing higher levels of extracellular 
α-synuclein released by 3xSNCA hMO (lower panel) at 70 days. Data represents points represent individual organoids from three independent hMO batches, N = 2–3 
hMO per line. Data presented as mean ± s.d. Statistical significance by Mann-Whitney U test: **p < 0.01. Rep = replicate. Dot blot is cropped from original image 
found in Supplementary original blots. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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also associated with senescence, as it initiates the DNA damage 
response, which is a potent trigger for senescence (Kumari and Jat, 
2021). We thus assessed the presence of phosphorylated H2AX (pH2AX), 
a prominent senescence associated heterochromatin foci (Fig. 5E). We 

found elevated levels of pH2AX foci in astrocyte nuclei in the 3xSNCA 
hMO (Fig. 5F). These findings are indicative of the increased presence of 
astrocytes in a senescent-like state in the patient specific hMO. Finally, 
to validate our findings, we performed qPCR for CDNK2A, which 

Fig. 3. Increased pS129 α-synuclein in 3xSNCA hMO. (A) Representative immunoblots of pS129 α-synuclein, total α-synuclein and β-actin at 50 days of organoid 
maturation in WT and 3xSNCA hMO. Western blot is cropped from original images found in Supplementary original blots. (B) Time course of intracellular pS129 
α-synuclein levels as determined by immunoblots performed at 15, 30, 50, 70 and 90 days of organoid maturation. Levels of pS129 α-synuclein are higher across all 
time points in 3xSNCA hMO. The data represents the summary of three independent hMO batches. Data is plotted by mutation (WT vs 3xSNCA). Statistical sig
nificance by Mann-Whitney U test: **p < 0.01. Extensive description for how this graph was plotted is in materials and methods. (C) Representative images of 70-day 
old hMO stained with total α-synuclein (green), pS129 α-synuclein (red) and mature neuron marker MAP2 (white). 3xhMO show presence of aggregate-like structures 
rich in pS129 α-synuclein (inset). Scale bar = 50 μm. (D) Zoom in of inset in (C), showing aggregated pS129 α-synuclein and the presence of structures resembling 
Lewy neurites (white arrows). (E) Representative immunoblot of insoluble α-synuclein, which represents aggregated forms of the protein, at 50 days. Western blot is 
cropped from original images found in Supplementary original blots. (F) Quantification of insoluble α-synuclein at 50 days of organoid maturation showing the 
presence of more α-synuclein aggregates in the 3xSNCA organoids. Data is from 4 independent organoid batches. Each dot represents data from an individual Western 
blot run, where 12 organoids were pooled per line. Data presented as mean ± s.d. Statistical significance by Mann-Whitney U test: **p < 0.01. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Dopaminergic decline in 3xSNCA hMO. (A) Representative images of 70-day old hMO sections stained with TH (green) and Hoechst (blue) Scale bar = 50 μm. 
(B) Quantification of dopaminergic neuron levels at 30 and 70 days of organoid maturation. Data is from three independent organoid batches. Three to four organoids 
were analyzed per batch and three to six sections were analyzed per organoid. Each data point represents an individual organoid section. For 30 days: N(WT) = 35. N 
(3xSNCA) = 24. For 70 days: N(WT) = 30. N(3xSNCA) = 34. Data presented as mean ± s.d. Statistical significance by Mann-Whitney U test: *p < 0.05. (C) 
Representative immunoblot of TH, TUJ1 and β-actin at 90 days of organoid maturation. Western blot is cropped from original images found in Supplementary 
original blots. (D) Time course of TH levels as determined by immunoblots performed at 15, 30, 50, 70 and 90 days of organoid maturation. The data represents the 
summary of three independent hMO batches. Data is plotted by mutation (WT vs 3xSNCA). Statistical significance by Mann-Whitney U test: *p < 0.05. Extensive 
description for how this graph was plotted is in materials and methods. (E) 3xSNCA hMO release less dopamine at 70 days of organoid maturation as determined by 
dopamine ELISA. Each data point represents four independent hMO batches where media was pooled from the wells of three organoids. For this analysis only WT-1 
and 3xSNCA-1 were used. N(WT) = 3. N(3xSNCA) = 4. Data presented as mean ± s.d. Statistical significance by Welch’s t-test: ***p < 0.001. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.) 
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encodes p14 and p16. Both p14 and p16 are important tumor suppres
sors that mediate cell cycle control and inhibit cell proliferation. The 
upregulation of CDNK2A is a characteristic hallmark of senescence 

(Baker et al., 2008; He and Sharpless, 2017). In line with our other 
findings, CDNK2A was upregulated in the 3xSNCA hMO (Fig. 5G). We 
also evaluated whether neurons in our model displayed any signs of 

(caption on next page) 
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senescence (Supplementary Fig. 5A). We found no differences in the 
level of MAP2+ mature neurons at 50 days of organoid maturation 
(Supplementary Fig. 5B). Interestingly, analysis of lamin B1 in MAP2+
neurons revealed significantly lower levels of the nuclear lamina protein 
in the 3xSNCA hMO (Supplementary Fig. 5C). However, assessment of 
pH2AX in non-astrocytic cells did not show any enrichment of hetero
chromatin foci (Supplementary Fig. 5D). As most of the non-astrocytic 
cells in the hMO are neurons at 50 days, this implies that the neuronal 
cells do not show accumulation of senescence associated DNA foci. Thus, 
our findings did not support a senescent-like phenotype in neurons. 
Altogether, our results suggest that astrocytes in the 3xSNCA hMO ac
quire a senescent-like phenotype, possibly due to the accumulation of 
pathological α-synuclein, which may have implications on PD etiology. 

4. Discussion 

The progressive degeneration of midbrain dopaminergic neurons 
and the presence of proteinaceous inclusions mainly comprising α-syn
uclein are the main neuropathological hallmarks of PD. Here, we 
describe a robust and reproducible patient-specific in vitro model system 
that is able to endogenously recapitulate these hallmarks, and allows for 
the study of the temporal molecular and cellular changes that underlie 
PD pathology and progression. Our 3xSNCA midbrain organoids showed 
significantly higher levels of intra and extracellular α-synuclein. They 
also displayed the presence of pS129 rich aggregate-like structures 
reminiscent of Lewy pathology. Our study supports other recently 
published work in midbrain organoids with PD related mutations in 
SNCA, showing the recapitulation of PD related phenotypes (Jo et al., 
2021; Mohamed et al., 2021). Moreover, we found an association be
tween the accumulation of pathogenic α-synuclein and the acquisition of 
a senescent-like phenotype in astrocytes in our patient-specific hMO. 

Our study followed a time course of dopaminergic neuron develop
ment in the organoids, which allowed us to assess dynamics that may 
have implications in disease pathogenesis. We found a decline in 
dopaminergic neurons in the 3xSNCA hMO at 70 days which corre
sponded with the progressive decline of TH enzyme levels which began 
after 50 days and was most significant after 90 days. Moreover, dopa
mine production was drastically reduced in the 3xSNCA hMO, indicative 
of reduced functionality of the dopaminergic neurons. Taken together, 
these findings support the recapitulation of dopaminergic neuron loss in 
a progressive manner in 3xSNCA organoids. 

Astrocytes in the 3xSNCA hMO showed nuclear lamina defects and 
increased presence of the senescence associated heterochromatin foci 
pH2AX. We also found an overall upregulation of CDNK2A, a gene 
associated with cell cycle regulation, in the 3xSNCA hMO. These find
ings suggest that astrocytes from the patient-specific organoids acquire a 
senescent-like phenotype. On the other hand, while we did observe 

nuclear lamina deficits in the neurons, this was not accompanied by 
increased senescence associated heterochromatic foci. Therefore, the 
acquisition of the senescence-like phenotype appears to be more 
prominent in astrocytes than in neurons at this time point. The acqui
sition of the senescence-like phenotype in the astrocytes, which was 
observed at 50 days, preceded the loss of dopaminergic neurons, which 
was most significant at 70 days. Therefore, we speculate that the pres
ence of senescent astrocytes may have a detrimental impact on the 
dopaminergic neurons in the 3xSNCA hMO. To further validate the se
nescent phenotype, a future experiment employing the senescence- 
associated β-galactosidase (SA-β-gal) assay would be useful. SA-β-gal is 
an inducible lysosomal enzyme abundantly produced in senescent cells. 
Previous research has shown that overexpression of α-synuclein in SH- 
SY5Y cells increases SA-β-gal levels (Yoon et al., 2022). The SA-β-gal 
assay has proven effective in exploring senescence-related changes in 
human cortical brain organoids (Shaker et al., 2021), therefore incor
porating this assay could provide valuable insights into the senescent 
status of the astrocytes within the 3xSNCA hMO. 

Astrosenescence has recently gained attention as the loss of astro
cytic function and gain of a proinflammatory phenotype due to senes
cence is thought to have significant implications for neurodegenerative 
diseases (Cohen and Torres, 2019; Lazic et al., 2022). In addition, 
several studies have shown that the interaction between healthy neurons 
and senescent astrocytes impairs neuronal function, synaptic plasticity, 
synaptic vesicle size and synapse maturation (Limbad et al., 2020; 
Bussian et al., 2018). These effects are thought to be mediated through 
the senescence associated secretory phenotype (SASP) (Kritsilis et al., 
2018), which is the release of proinflammatory mediators, reactive ox
ygen species and metalloproteinases by senescent cells. Thus, one could 
speculate that the presence of senescent astrocytes in the 3xSNCA hMO 
may negatively impact the dopaminergic neurons via the effects of the 
SASP. We also found an increase in the number of GFAP+ astrocytes in 
the 3xSNCA hMO at 50 days, which may be indicative of astrogliosis. 
Mild to moderate astrogliosis is associated with the upregulation of 
GFAP (Sofroniew, 2014). While astrosenescence and astrogliosis are two 
distinct astrocytic states, they are both initiated by cytotoxic injury 
(Cohen and Torres, 2019). Therefore, there is a high likelihood that we 
have a diverse set of astrocytes in the organoids reflecting different 
cellular states like reactivity and senescence. Recently, cellular senes
cence has been identified as a contributor to neurodegenerative disease 
as senescent cells accumulate in the context of neurodegenerative dis
eases like PD, Alzheimer’s, multiple sclerosis and amyotrophic lateral 
sclerosis (Si et al., 2021). 

There is mounting evidence that pathological α-synuclein may be a 
driver of cellular senescence. As the 3xSNCA hMO showed accumulation 
of α-synuclein and its phosphorylated form, we propose that the path
ological α-synuclein may contribute to the observed astrosenescence 

Fig. 5. 3xSNCA hMO astrocytes show an increase in senescence associated hallmarks. (A) Representative images obtained from confocal imaging of 50-day old hMO 
sections at 40× magnification showing GFAP, lamin B1 and nuclei masks as identified by a Matlab image analysis script. Scale bar = 50 μm (B) 3xSNCA showed more 
GFAP+ astrocytes at 50 days. Data is from three independent organoid batches. Three to four organoids were analyzed per batch and three to six sections were 
analyzed per organoid. Each data point represents an individual organoid section. N(WT) = 32. N(3xSNCA) = 26. Data presented as mean ± s.d. Statistical sig
nificance by Mann-Whitney U test: **p < 0.01. (C) Branching of astrocytes was assessed using a Matlab image analysis script that identifies the number of astrocyte 
links and nodes, normalized to the number of astrocytes (as determined by the number of nuclei in GFAP+ cells). 3xSNCA hMO astrocytes have significantly more 
links (left panel) and nodes (right panel), thus are more branched. Data is from three independent organoid batches. Three to four organoids were analyzed per batch 
and three to six sections were analyzed per organoid. Each data point represents an individual organoid section. N(WT) = 32. N(3xSNCA) = 24. Data presented as 
mean ± s.d. Statistical significance by Mann-Whitney U test: *p < 0.05 and **p < 0.01. (D) The expression of lamin B1 was significantly reduced in 3xSNCA hMO 
astrocytes at 50 days of organoid maturation. Data is from three independent organoid batches. Three to four organoids were analyzed per batch and three to six 
sections were analyzed per organoid. Each data point represents an individual organoid section. N(WT) = 33. N(3xSNCA) = 24. Data presented as mean ± s.d. 
Statistical significance by Mann-Whitney U test: ***p < 0.001. MFI – mean fluorescence intensity. (E) Representative immunostaining of pH2AX foci (green) in nuclei 
(blue) at 70 days. Scale bar = 10 μm. (F) There were significantly higher pH2AX foci present in 3xSNCA hMO astrocyte nuclei at 70 days of organoid maturation. Data 
is from four independent organoid batches. Three to four organoids were analyzed per batch and three to six sections were analyzed per organoid. Each data point 
represents an individual organoid section. N(WT) = 42. N(3xSNCA) = 32. Data presented as mean ± s.d. Statistical significance by Mann-Whitney U test: *p < 0.05. 
(G) Real time PCR showed that CDNK2A which encodes p14/p16 is upregulated in 3xSNCA hMO at 90 days of organoid maturation. Data is from four independent 
organoid batches. Six organoids were pooled organoids per batch. Each data point represents qPCR data from one batch. Statistical significance by Welch’s t-test: *p 
< 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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phenotype. Verma et al. showed that α-synuclein pre-formed fibrils 
(PFFs) can induce senescence in cell lines and mouse models (Verma 
et al., 2021). In their study, PFFs triggered senescence in primary as
trocytes and microglia, and to a lesser extent in primary cortical neu
rons. These findings support the idea that glial cells may be particularly 
vulnerable to pathological α-synuclein induced senescence. This is in 
line with our findings where we observed a senescent phenotype in the 
astrocytes but not in the neurons at 50 days. Interestingly, they also 
found increased GFAP expression in adult mouse midbrains and striatum 
following injection with PFFs (Verma et al., 2021), which is also 
consistent with our results. Our results are further supported by findings 
from Di Marco Vieira et al., who demonstrated that extracellular 
α-synuclein induces astrocyte activation, resulting in the upregulation of 
a secretory phenotype in a human astroglia cell line (Di Marco et al., 
2020). Recently, another study demonstrated that overexpression of 
α-synuclein in human neuroblastoma cells has been shown to activate 
the p53 pathway and DNA damage responses, and induce cellular 
senescence (Yoon et al., 2022). Moreover, they found that α-synuclein 
transgenic mice displayed increased pS129 α-synuclein along with 
increased presence of DSBs and senescence associated markers at early, 
presymptomatic stages of disease before dopaminergic neuron loss. This 
also supports the hypothesis that cellular senescence may be a patho
genic mechanism preceding dopaminergic degeneration. Besides its 
abundant expression at pre-synaptic terminals, α-synuclein has been 
shown to be expressed in the nucleus (Koss et al., 2022; Goers et al., 
2003). A potential nuclear function of α-synuclein that has been recently 
proposed is that under physiological conditions, it is a DNA binding 
protein that modulates DNA repair. It was postulated that the cyto
plasmic aggregation of α-synuclein reduces its nuclear levels, thus 
reducing the DNA repair capacity of cells and increasing the presence of 
double strand breaks (Schaser et al., 2019). As DNA damage is a potent 
inducer of senescence in cells, we speculate that the senescent-like 
phenotypes we observed in the 3xSNCA hMO may at least in part be 
explained by this phenomenon. To validate this, it would be important 
to study the localization of α-synuclein in the nucleus and whether this is 
altered with aggregation in our model. 

As senescence is often associated with aging, it may be surprising 
that we observed senescence in our organoid model, which is more 
reflective of the brain during neurodevelopment. However, while 
senescence is often associated with aging, there has been a growing body 
of work describing other mechanisms through which senescence can be 
induced, independently of aging. For example, DNA-damage-induced 
senescence and stress-induced senescence are mechanisms that have 
been implicated in diseases like cancer (Muñoz-Espín and Serrano, 
2014). Stress-induced senescence can be triggered by reactive oxygen 
species. Pathological α-synuclein has been implicated in increasing ROS 
levels (Puspita et al., 2017), and thus this could represent a potential 
mechanism in which senescence could be induced in our model. 

Our findings, which highlight a potential role of senescence in PD 
pathogenesis, opens opportunities for the use of senolytics as a thera
peutic strategy in the disease. Senolytics selectively kill senescent cells 
by targeting anti-apoptotic pathways that are upregulated during 
senescence. Notably, several senolytics have shown efficacy in 
improving cognition and lifespan in mouse models of neurodegeneration 
(Zhang et al., 2019; Musi et al., 2018; Riessland et al., 2019). In a recent 
study, Aguado and colleagues used senolytics, including Navitoclax, 
ABT-737 and a combination of Dasatinib and Quercetin, to prevent 
virus-induced cellular senescence in distinct neuronal populations in 
brain organoids (Aguado et al., 2023). This underscores the potential of 
senolytic drugs in mitigating senescence-related effects in neural tissues. 
Therefore, our midbrain organoid model emerges as an ideal platform 
for future experiments evaluating the effectiveness of diverse senolytic 
drugs in preventing cellular senescence and associated pathology in 
Parkinson’s disease. 

Altogether, our results suggest that elevated α-synuclein is associated 
to the acquisition of a senescent-like phenotype in astrocytes, preceding 

dopaminergic degeneration. This may have implications on PD patho
genesis as astrosenescence may promote the vulnerability of dopami
nergic neurons. While further research is required to elucidate the 
underlying mechanisms, our hMO model’s ability to recapitulate these 
phenotypes will allow us to further explore this aspect of PD patho
genesis and test relevant therapeutic strategies. 

Funding 

The work leading to this manuscript was supported through funding 
to JCS’s lab: Fonds National de la Recherche Luxembourg (PRIDE17/ 
12244779/PARK-QC; CORE C21/DM/15839823; BRIDGES18/BM/ 
12719664_MOTASYN; INTER/FWF/19/14117540/PDage). The U.S. 
Army Medical Research and Materiel Command endorsed by the U.S. 
Army through the Parkinson’s Research Program Investigator-Initiated 
Research Award under Award No. W81XWH-17-PRP-IIRA. Opinions, 
interpretations, conclusions, and recommendations are those of the 
author and are not necessarily endorsed by the U.S. Army. SB received 
funding from the Fonds National de la Recherche Luxembourg (Core 
C21/DM/15839823). 

CRediT authorship contribution statement 

Mudiwa N. Muwanigwa: Data curation, Formal analysis, Investiga
tion, Methodology, Writing – original draft, Writing – review & editing. 
Jennifer Modamio-Chamarro: Data curation, Formal analysis, Investi
gation, Methodology, Writing – review & editing. Paul M.A. Antony: 
Formal analysis, Visualization, Writing – review & editing. Gemma 
Gomez-Giro: Data curation, Methodology, Writing – review & editing. 
Rejko Krüger: Project administration, Supervision, Writing – review & 
editing. Silvia Bolognin: Formal analysis, Supervision, Writing – review & 
editing, Data curation. Jens C. Schwamborn: Conceptualization, Data 
curation, Funding acquisition, Investigation, Project administration, 
Writing – original draft, Writing – review & editing. 

Declaration of competing interest 

SB and JCS are cofounders and shareholders of OrganoTherapeutics 
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Muñoz-Espín D, Serrano M. Cellular senescence: from physiology to pathology. Nat. Rev. 
Mol. Cell Biol. 2014/07/01 2014;15(7):482–496. doi:https://doi.org/10.1038/nrm3 
823. 

Musi, N., Valentine, J.M., Sickora, K.R., et al., 2018. Tau protein aggregation is 
associated with cellular senescence in the brain. Aging Cell 17 (6), e12840. https:// 
doi.org/10.1111/acel.12840 (Dec).  

Nickels SL, Modamio J, Mendes-Pinheiro B, Monzel AS, Betsou F, Schwamborn JC. 
Reproducible generation of human midbrain organoids for in vitro modeling of 
Parkinson’s disease. Stem Cell Res. 2020/07/01/ 2020;46:101870. doi:https://doi. 
org/10.1016/j.scr.2020.101870. 

Pasanen, P., Myllykangas, L., Siitonen, M., et al., 2014. Novel α-synuclein mutation A53E 
associated with atypical multiple system atrophy and Parkinson’s disease-type 
pathology. Neurobiol. Aging 35 (9), 2180.e1–2180.e5. https://doi.org/10.1016/j. 
neurobiolaging.2014.03.024 (Sep).  

M.N. Muwanigwa et al.                                                                                                                                                                                                                       

https://doi.org/10.1016/j.stemcr.2019.12.005
https://doi.org/10.1016/j.stemcr.2019.12.005
https://doi.org/10.1074/jbc.M600933200
https://doi.org/10.1074/jbc.M600933200
https://doi.org/10.1002/mds.25421
https://doi.org/10.4161/cc.7.18.6687
https://doi.org/10.4161/cc.7.18.6687
http://refhub.elsevier.com/S1044-7431(24)00004-6/rf0025
http://refhub.elsevier.com/S1044-7431(24)00004-6/rf0025
https://doi.org/10.1002/advs.201800927
https://doi.org/10.1126/science.1195227
https://doi.org/10.1038/s41586-018-0543-y
https://doi.org/10.1128/MCB.01145-14
https://doi.org/10.1128/MCB.01145-14
https://doi.org/10.1080/19491034.2014.1003510
https://doi.org/10.1080/19491034.2014.1003510
https://doi.org/10.1093/hmg/ddaa183
https://doi.org/10.1093/hmg/ddaa183
https://doi.org/10.1016/j.celrep.2017.12.092
https://doi.org/10.1016/j.celrep.2017.12.092
https://doi.org/10.1371/journal.pone.0195339
https://doi.org/10.1371/journal.pone.0195339
https://doi.org/10.1111/acel.12937
https://doi.org/10.3390/life100901
https://doi.org/10.3390/life100901
https://doi.org/10.1006/jmbi.2001.4538
https://doi.org/10.1523/jneurosci.2922-05.2005
https://doi.org/10.1523/jneurosci.2922-05.2005
https://doi.org/10.1091/mbc.E11-10-0884
https://doi.org/10.1091/mbc.E11-10-0884
https://doi.org/10.1016/s1353-8020(13)70010-5
https://doi.org/10.1016/s1353-8020(13)70010-5
https://doi.org/10.3389/fneur.2020.01005
https://doi.org/10.1093/hmg/ddac035
https://doi.org/10.1021/bi0341152
https://doi.org/10.1186/s40478-019-0871-7
https://doi.org/10.1016/j.cell.2017.05.015
https://doi.org/10.1016/j.tcb.2018.02.001
https://doi.org/10.1016/j.parkreldis.2013.07.011
https://doi.org/10.1016/j.parkreldis.2013.07.011
https://doi.org/10.1002/mds.28810
https://doi.org/10.1002/mds.28810
https://doi.org/10.1523/jneurosci.5634-10.2011
https://doi.org/10.1016/j.stem.2016.07.005
https://doi.org/10.1002/ana.26166
https://doi.org/10.1007/s00401-013-1096-7
https://doi.org/10.1016/j.stemcr.2019.01.020
https://doi.org/10.1016/j.stemcr.2019.01.020
https://doi.org/10.1186/s40478-022-01403-x
https://doi.org/10.3390/ijms19102937
https://doi.org/10.1038/ng0298-106
https://doi.org/10.1038/ng0298-106
https://doi.org/10.3389/fcell.2021.645593
https://doi.org/10.1016/s0022-2836(02)00735-0
https://doi.org/10.1016/s0022-2836(02)00735-0
https://doi.org/10.3390/ijms23094995
https://doi.org/10.1111/j.1471-4159.2005.03146.x
https://doi.org/10.1111/j.1471-4159.2005.03146.x
https://doi.org/10.1371/journal.pone.0227887
https://doi.org/10.1371/journal.pone.0227887
https://doi.org/10.1186/1750-1326-4-24
https://doi.org/10.3389/fncel.2020.00016
https://doi.org/10.1111/acel.13521
https://doi.org/10.1212/01.wnl.0000127517.33208.f4
https://doi.org/10.1093/braincomms/fcab223
https://doi.org/10.1016/j.stemcr.2017.03.010
https://doi.org/10.1016/j.parkreldis.2020.05.011
https://doi.org/10.1038/nrm3823
https://doi.org/10.1038/nrm3823
https://doi.org/10.1111/acel.12840
https://doi.org/10.1111/acel.12840
https://doi.org/10.1016/j.scr.2020.101870
https://doi.org/10.1016/j.scr.2020.101870
https://doi.org/10.1016/j.neurobiolaging.2014.03.024
https://doi.org/10.1016/j.neurobiolaging.2014.03.024


Molecular and Cellular Neuroscience 128 (2024) 103919

13

Polymeropoulos, M.H., Lavedan, C., Leroy, E., et al., 1997. Mutation in the alpha- 
synuclein gene identified in families with Parkinson’s disease. Science 276 (5321), 
2045–2047. https://doi.org/10.1126/science.276.5321.2045 (Jun 27).  

Potashkin, J.A., Blume, S.R., Runkle, N.K., 2010. Limitations of animal models of 
Parkinson’s disease. Parkinsons Dis. 2011, 658083 https://doi.org/10.4061/2011/ 
658083 (Dec 20).  

Puspita, L., Chung, S.Y., Shim, J.W., 2017. Oxidative stress and cellular pathologies in 
Parkinson’s disease. Mol Brain. 10 (1), 53. https://doi.org/10.1186/s13041-017- 
0340-9 (Nov 28).  

Reinhardt, P., Glatza, M., Hemmer, K., et al., 2013. Derivation and expansion using only 
small molecules of human neural progenitors for neurodegenerative disease 
modeling. PLoS One 8 (3), e59252. https://doi.org/10.1371/journal.pone.0059252. 

Riessland, M., Kolisnyk, B., Kim, T.W., et al., 2019. Loss of SATB1 induces p21-dependent 
cellular senescence in post-mitotic dopaminergic neurons. Cell Stem Cell 25 (4), 
514–530.e8. https://doi.org/10.1016/j.stem.2019.08.013 (Oct 3).  

Schaser AJ, Osterberg VR, Dent SE, et al. Alpha-synuclein is a DNA binding protein that 
modulates DNA repair with implications for Lewy body disorders. Sci. Rep. 2019/ 
07/29 2019;9(1):10919. doi:https://doi.org/10.1038/s41598-019-47227-z. 

Shaker, M.R., Aguado, J., Chaggar, H.K., Wolvetandg, E.J., 2021. Klotho inhibits 
senescence in human brain organoids. npj Aging and Mechanisms of Disease. 7 (18) 
https://doi.org/10.1038/s41514-021-00070-x. 

Si Z, Sun L, Wang X. Evidence and perspectives of cell senescence in neurodegenerative 
diseases. Biomed. Pharmacother. 2021/05/01/ 2021;137:111327. doi:https://doi. 
org/10.1016/j.biopha.2021.111327. 

Sikora, E., Bielak-Zmijewska, A., Dudkowska, M., et al., 2021. Cellular senescence in 
brain aging. Front. Aging Neurosci. 13, 646924 https://doi.org/10.3389/ 
fnagi.2021.646924. 

Singleton, A.B., Farrer, M., Johnson, J., et al., 2003. Alpha-synuclein locus triplication 
causes Parkinson’s disease. Science 302 (5646), 841. https://doi.org/10.1126/ 
science.1090278 (Oct 31).  

Smits LM, Schwamborn JC. Midbrain organoids: a new tool to investigate Parkinson’s 
disease. Review. Frontiers in Cell and Developmental Biology. 2020-May-19 2020; 
8doi:https://doi.org/10.3389/fcell.2020.00359. 

Smits LM, Reinhardt L, Reinhardt P, et al. Modeling Parkinson’s disease in midbrain-like 
organoids. npj Parkinson’s Disease. 2019/04/05 2019;5(1):5. doi:https://doi. 
org/10.1038/s41531-019-0078-4. 

Sofroniew, M.V., 2014. Astrogliosis. Cold Spring Harb. Perspect. Biol. 7 (2), a020420 
https://doi.org/10.1101/cshperspect.a020420 (Nov 7).  

Spillantini, M.G., Schmidt, M.L., Lee, V.M., Trojanowski, J.Q., Jakes, R., Goedert, M., 
1997. Alpha-synuclein in Lewy bodies. Nature 388 (6645), 839–840. https://doi. 
org/10.1038/42166 (Aug 28).  

Ulmer, T.S., Bax, A., 2005. Comparison of structure and dynamics of micelle-bound 
human alpha-synuclein and Parkinson disease variants. J. Biol. Chem. 280 (52), 
43179–43187. https://doi.org/10.1074/jbc.M507624200 (Dec 30).  

Verma, D.K., Seo, B.A., Ghosh, A., et al., 2021. Alpha-synuclein preformed fibrils induce 
cellular senescence in Parkinson’s disease models. Cells 10 (7). https://doi.org/ 
10.3390/cells10071694 (Jul 5).  

Volpicelli-Daley, L.A., Luk, K.C., Patel, T.P., et al., 2011. Exogenous α-synuclein fibrils 
induce Lewy body pathology leading to synaptic dysfunction and neuron death. 
Neuron 72 (1), 57–71. https://doi.org/10.1016/j.neuron.2011.08.033 (Oct 6).  

Waudby, C.A., Camilloni, C., Fitzpatrick, A.W.P., et al., 2013. In-cell NMR 
characterization of the secondary structure populations of a disordered conformation 
of α-synuclein within E. coli cells. PLoS One 8 (8), e72286. https://doi.org/10.1371/ 
journal.pone.0072286. 

Weinreb, P.H., Zhen, W., Poon, A.W., Conway, K.A., Lansbury Jr., P.T., 1996. NACP, a 
protein implicated in Alzheimer’s disease and learning, is natively unfolded. 
Biochemistry 35 (43), 13709–13715. https://doi.org/10.1021/bi961799n (Oct 29).  

Yoon Y-S, You JS, Kim T-K, et al. Senescence and impaired DNA damage responses in 
alpha-synucleinopathy models. Exp. Mol. Med. 2022/02/01 2022;54(2):115–128. 
doi:https://doi.org/10.1038/s12276-022-00727-x. 

Zagare, A., Gobin, M., Monzel, A.S., Schwamborn, J.C., 2021. A robust protocol for the 
generation of human midbrain organoids. STAR Protoc. 2 (2), 100524 https://doi. 
org/10.1016/j.xpro.2021.100524 (Jun 18).  
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