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Abstract 
 
Parkinson’s disease (PD) is associated with premature death of dopamine-producing 

neurons in the brain. Previous studies have shown that astrocytes of PD patients may 

contribute to neuronal degeneration by mechanisms involving both direct cell-to-cell 

contact and transfer of soluble molecules. Since it has been proposed that PD patients 

exhibit an overall pro-inflammatory state, and since astrocytes are key mediators of the 

inflammation response in the brain, here we sought to address whether astrocyte-

mediated inflammatory signaling could contribute to PD neuropathology. For this 

purpose, we generated astrocytes from induced pluripotent stem cells (iPSCs) 

representing PD patients and healthy controls. Transcriptomic analyses identified a 

unique inflammatory gene expression signature in PD astrocytes compared to controls. 

In particular, the pro-inflammatory cytokine IL-6 was found to be highly expressed and 

released by PD astrocytes, and to induce toxicity in dopamine neurons. Mechanistically, 

neuronal cell death was mediated by IL-6 signaling via IL-6 receptor (IL-6R) expressed 

in human PD neurons, leading to downstream activation of STAT3. Importantly, 

astrocyte-induced cell death in PD disease midbrain neurons could be prevented by 

blocking IL6R-mediated signaling using clinically available antibodies. Moreover, 

examination of postmortem tissue brain of early-stage PD patients uncovered increased 

numbers of dopamine neurons overexpressing IL-6R and of reactive astrocytes 

overexpressing IL-6, compared to healthy brains. Our findings highlight the potential role 

of astrocyte-mediated inflammatory signaling in neuronal loss in PD, and open the way 

for new therapies based on IL-6 immunomodulation for preventing PD pathogenesis. 
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Introduction 
Parkinson’s disease (PD) is a common, chronic and incurable neurodegenerative 

disease associated with a selective loss of dopamine-producing neurons in the midbrain 

responsible for controlling body movements (1, 2). Although most cases of PD are of 

unknown cause, the so-called idiopathic PD, approximately 5% has been shown to have 

a genetic basis, including mutations in the LRRK2 gene encoding for leucine rich 

repetitive kinase 2 (LRRK2), which are found in the largest number of patients with 

familial PD (3). Furthermore, it was found that mutations in the LRRK2 gene are also 

associated with ID-PD and typically occur with late onset disease that closely resembles 

ID-PD in its neuropathological changes and response to therapy. These changes include 

typical α-synuclein aggregates in the form of Lewy bodies and neurites and the loss of 

cells in vulnerable areas. The close similarities between LRRK2-PD (L2-PD) and ID-PD 

raise the possibility that unraveling the mechanisms underlying neurodegeneration in L2-

PD may provide new insights into the pathophysiology and treatment of ID-PD. 

Associated with neurodegeneration, several neuroinflammatory signs have been 

described in PD. A link between imbalanced inflammatory signaling and PD, and its 

correlation with disease progression and motor symptoms, has been suggested by 

several lines of evidence. At the histopathological level, activated glial cells and 

lymphocytes infiltration have been observed in PD post-mortem brains (4-6), together 

with higher pro-inflammatory cytokines such as interleukin (IL)-6 in serum, cerebrospinal 

fluid (CSF) and substantia nigra pars compacta (SNc) (7-9) already at Braak stage 1 and 

2. Moreover, higher IL-6 levels have been correlated with a worst PD prognosis (10, 11). 

Astrocytes are emerging as critical immunocompetent cells that mediate inflammatory 

responses. Following different pathological insults, astrocytes undergo a pronounced 

transformation called ‘astrocyte reactivity’, characterized by both structural and 

biochemical changes such as high levels of glial fibrillary acidic protein (GFAP) and 

alterations in their immunocompetent capacity (6, 12-14). Recent observations found A1 

“neurotoxic” reactive astrocytes in PD post-mortem brains (6, 15). However, the 

mechanisms driving astrocyte reactivity in PD and how this impacts their function and 

pathogenesis remain unclear.  

We have recently provided the first direct experimental evidence that astrocytes from PD 

patients, carrying the LRRK2 G2019S mutation, present dysfunctional protein 

degradation pathways, leading to α-syn accumulation and propagation that affects 

healthy DAn in an induced pluripotent stem cell (iPSC) based model (16). In this line, it 

has been recently confirmed that L2-PD astrocytes fail to provide full neurotrophic 

support to DAn (17). However, the exact mechanisms involved remain unknown. L2-PD 

astrocytes display atrophic morphology and altered mitochondrial function (18), 
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metabolic alterations (19), decreased capacity to internalize α-syn (20) and 

downregulated genes involved in extracellular matrix (21). Yet, whether those physio-

pathological alterations in L2-PD astrocytes are the cause or a consequence of the 

disease and whether astrocyte play a role in idiopathic forms of PD impacting on 

neuronal survival is unknown.  

In this study, we used an experimental platform based on astrocyte cultures derived from 

ID-PD patients, L2-PD and their gene-edited isogenic counterparts, or from healthy 

individuals. PD astrocytes showed changes in transcriptome with a unique inflammatory 

gene expression signature and increased secretion of the pro-inflammatory cytokine IL-

6. Conditioned medium from PD astrocytes induced neurotoxicity to surrounding 

dopaminergic neurons, and this effect was partially blocked by the IL-6 inactivating 

antibody.  We confirmed higher IL-6R in PD patients, highlighting the potential role of 

astrocyte-mediated inflammatory signaling in PD neuropathology. 
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Results 

hiPSC-derived L2-PD astrocytes are morphologically reactive and display an 
increase in pro-inflammatory markers 
We have previously described the generation of astrocytes from human iPSCs following 

a protocol that efficiently allows propagating, expanding, freezing and thawing 

proliferating glial intermediates (16, 22). Using this method, astrocytes from three L2-PD 

patients carrying the G2019S mutation (L2-PD), three healthy donors (CTL), and one 

isogenic iPSC patient line with the LRRK2 G2019S missense mutation corrected (L2-

PDcorr) (Supplemental Table 1), were generated and cultured them for two weeks. 

Interestingly, we observed that L2-PD astrocytes adopted a hypertrophic morphology 

with thin and retracted processes as shown by GFAP staining (Figure 1, A-C and 

Supplemental Figure 1A; GFAP intensity p<0.05; Form Factor p<0.001), similarly to 

CTL astrocytes when stimulated with a cocktail of cytokines (C1q, TNFα and IL-1α) (6) 

(Figure 1, A-C; GFAP intensity p<0.01; Form Factor p<0.05). Immunocytochemistry 

(ICC) and quantitative real time PCR (qRT-PCR) of canonical markers of reactive 

astrocytes (“pan reactive”), such as Vimentin and AQP4 (Figure 1, D and F p<0.05), as 

well as A1-specific proteins such as C3 (Figure 1, D-E p<0.05) confirmed an 

overexpression of those markers indicating that L2-PD astrocytes are reactive.   

 

To evaluate if L2-PD astrocytes have an altered inflammation-driven signaling that may 

play a role in early stage of L2-PD, we pursued an unbiased transcriptional analysis 

using next generation deep RNA sequencing (RNA-seq) to identify altered signaling 

pathways in PD-astrocytes. We detected 656 differentially expressed genes (DEG) out 

of 19383 genes with False Discovery Rate (FDR) <0.05 and |Fold change| > 2 (Figure 
1G and Supplemental Figure 1, B-C). Gene Set Enrichment Analysis (GSEA), 

conducted based on gene sets derived from the Gene Ontology (GO) Biological Process 

ontology, revealed a total of 2874 out of 4721 gene sets upregulated (259 FDR <25%; 

212 p<0.01) and 1847 out of 4721 gene sets downregulated (19 FDR <25%; 57 p<0.01) 

in L2-PD astrocytes compared to CTL astrocytes (Supplemental Table 2). This 

functional enrichment analysis showed significant upregulation of gene sets in L2-PD 

astrocytes related with the regulation of chromosome separation (GO:1905818; 2.17 

NES; p=0; FDR<0.001), DNA replication (GO:0006260; 1.87 NES; p=0; FDR<0.001) and 

inflammation-related GO terms such as antigen assembly with MHC protein complex 

(GO:0002501; 1.83 NES; p=0; FDR<0.01), humoral immune response (GO:0002455; 
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1.80 NES; p=0; FDR<0.02), complement activation (GO:0006958; 1.69 NES; p=0; 

FDR<0.05) and response to IL-6 (GO:0070741; 1.67 NES; p=0; FDR <0.07) (Figure 1H).  

Given the relevance of altered cytokine and immune response-related genes in L2-PD, 

we next examined their secretome cytokine profile. We found that while most secreted 

cytokines were at comparable levels between CTL and L2-PD, IL-6 was significantly 

higher in L2-PD astrocytes similar to CTL cytokine-activated astrocytes (Figure 2A and 

Supplemental Figure 1D; p<0.01), suggesting that L2-PD astrocyte-specific effects 

might lie downstream of IL-6. Importantly, IL-6 was significantly reduced to CTL levels in 

L2-PDcorr astrocytes (Figure 2A; p<0.05), indicating that specific neuroinflammatory 

alterations associated with the LRRK2 G2019S mutation is directly related to astrocyte 

immune function. In line with our cytokine profiling data, we found that L2-PDcorr 

astrocytes did not show an altered morphology, nor and increase in GFAP, AQP4 or C3 

overstaining through ICC analysis (Figure 2, B-E and Supplemental Figure 1E).  

 

To test whether LRRK2-kinase activity is involved in astrocyte’s reactivity, we treated L2-

PD astrocytes with a LRRK2 kinase inhibitor for one week. We found that inhibition of 

LRRK2 kinase activity in L2-PD astrocytes prevented astrocyte’s reactivity, as shown by 

reduced GFAP and C3 intensity (Figure 2, F-G and I; p<0.001), and increased form 

factor (Figure 2H; p<0.01). Importantly, inhibition of LRRK2 kinase activity significantly 

downregulated IL-6 expression (Supplemental Figure 1G; p<0.01) along with Toll like 

receptors (TLR2 and TLR4) and inflammasome (NLRP1) as compared to non-treated 

conditions (Supplemental Figure 1F). In contrast, overexpression of LRRK2 G2019S 

(pDEST51-LRRK2 G2019S) in CTL astrocytes significantly increased IL-6 mRNA levels 

(Supplemental Figure 1G; p<0.01). These results suggested that the induction of IL-6 

expression and neuroinflammatory alterations in human L2-PD astrocytes is mediated 

through the LRRK2 G2019S kinase activity.  
 
L2-PD astrocytes induce DA neurodegeneration by IL-6/IL-6R signaling 
We have recently described that astrocyte-induced neurotoxicity in healthy DAn was not 

only observed through direct cell contact, but also through indirect mechanisms using 

L2-PD astrocyte conditioned medium (ACM) (16). This opened the possibility that some 

factors might be secreted from astrocytes in addition to α-syn contributing to DAn 

neurodegeneration. Recently, it was shown that A1 reactive astrocytes in rodents are 

highly neurotoxic and rapidly kill neurons through the release of saturated lipids. Yet, 

reducing these lipids does not eliminate neurotoxicity, thus suggesting the presence of 

other unknown neurotoxins that may contribute to neurodegeneration (6, 14, 23). 
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To test whether IL-6 released by L2-PD astrocytes could be involved in DAn 

neurodegeneration, we added Tocilizumab (a humanized monoclonal antibody against 

IL-6R FDA-approved, clinically used in rheumatoid arthritis) to L2-PD-ACM and treated 

hiPSC-derived CTL or L2-PD neurons for one week (Figure 3A). In concordance with a 

putative IL-6 signaling, LRRK2-PD-ACM significantly increased phosphorylated Signal 

Transducer and Activator of Transcription 3 (p-STAT3) nuclear levels in neurons 

(Supplemental Figure 2, A-C; p<0.05) and Suppressor Of Cytokine Signaling 3 

(SOCS3, a STAT-induced STAT inhibitor) mRNA levels (Figure S2D; p<0.001), whereas 

treatment with Tocilizumab reduced nuclear P-STAT3 and SOCS3 mRNA levels to CTL-

ACM levels (Supplemental Figure 2, A-D). Moreover, the chronic addition of IL-6 in 

CTL-ACM to CTL DAn induced neurodegeneration in a concentration dependent manner 

as shown by reduced survival of Tyrosine Hydroxilase (TH) positive neurons 

(Supplemental Figure 2, F-H; p<0.05) and neurite arborization (Supplemental Figure 
2, I-J; p<0.001), whereas blockage of IL-6 signaling prevented these alterations in DAn 

(Supplemental Figure 2, G-J). These results highlight the role of IL-6/IL-6R signaling in 

astrocyte-neuron communication in PD.  

Addition of L2-PD-ACM to DAn significantly affected DAn survival as revealed by a 

reduced number of TH positive cells (Figure 3, B-C; CTL neurons p<0.05; L2-PD 

neurons p<0.01) and increased expression of Caspase 3 mRNA levels (Supplemental 

Figure 2E, p<0.05). Moreover, surviving TH+ cells displayed morphological alterations, 

including fewer and shortened neurites (Figure 3, D-F). Remarkably, Tocilizumab 

treatment for one week promoted DAn survival and prevented neurodegeneration 

induced by L2-PD-ACM (Figure 3, B-F and Supplemental Figure 2E) to both CTL and 

L2-PD neurons. However, the effect was significantly more pronounced in L2-PD 

neurons as compared to CTL ones as shown by higher percentage of TH+ neurons 

(Figure 3, B-C; CTL neurons p<0.05; L2-PD neurons p<0.01) and increased neurite 

complexity (Figure 3, D-F; CTL neurons p<0.05; L2-PD neurons p<0.001). These results 

shed light on the putative use of specific IL-6 blockers to significantly prevent DAn 

neurodegeneration in PD. 

 
L2-PD neurons are vulnerable to IL-6 signaling 
We have consistently observed that L2-PD neurons are more sensitive to anti-IL6R 

treatment compared to CTL neurons, even completely reversing neuronal abnormalities. 

In order to investigate the molecular mechanisms responsible, we first examined the 

expression of IL-6 receptor (IL-6R) in both CTL and L2-PD iPSC-derived DAn by ICC 

and qRT-PCR expression analysis. We found that TH+ neurons express IL-6R (Figure 
3, G-H), however that L2-PD DAn harbor an increased expression of IL-6R both at an 
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mRNA and protein levels compared to CTL DAn (Figure 3, I-K and Supplemental 
Figure 2K; p<0.05). Moreover, L2-PD neurons significantly induced higher IL-6R 

downstream signaling effectors as shown by the nuclear translocation of p-STAT3 along 

with increased STAT3 protein expression after the addition of L2-PD ACM, compared to 

CTL DAn (Supplemental Figure 2, L-N; p<0.05). These results suggest that increased 

expression of IL6R in PD DAn may explain specific neuronal vulnerability to IL-6 and 

therefore, to IL-6 secreted by PD-derived astrocytes, who are the main producers of IL-

6. Notably, prevention of PD astrocyte-mediated neuronal degeneration through specific 

blockage of IL-6R points toward new potential immunotherapeutic approaches for PD.  

 
IL-6/IL-6R mediates neuronal degeneration in idiopathic PD patients both in vitro 
and in vivo 
To understand the impact of IL-6/IL-6R signaling in PD pathophysiology, we examined 

whether idiopathic PD (ID-PD) astrocytes harbored similar pathology to familial L2-PD 

astrocytes. To investigate this, we generated astrocytes from three different ID-PD 

patients with no familiar history of PD (Supplemental Table 1). We obtained ~95% of 

astrocyte purity as shown by the expression of GFAP, S100b and CD44, and the 

absence of TUJ1, MAP2 and NG2 (neuronal and oligodendrocyte markers, respectively) 

(Supplemental Figure 3, A-B). Similar to familial L2-PD, ID-PD-derived astrocytes 

display a hypertrophic and ramified morphology (Figure 4, A-B), overexpress GFAP and 

C3 at protein levels (Figure 4, C-D) comparable to CTL astrocytes stimulated with 

cytokines, and upregulated inflammatory-related genes (Supplemental Figure 3C), 

suggesting a reactive phenotype. Moreover, we found that ID-PD-astrocytes consistently 

release higher levels of IL-6 compared to unstimulated CTL astrocytes (Figure 4E; 

p<0.01). To examine whether IL-6 could also be involved in astrocyte-dependent 

neurotoxicity in ID-PD, we added Tocilizumab to idiopathic ACM and treated CTL and 

PD neurons for one week. Addition of ID-PD ACM significantly reduced the number of 

TH+ cells (Figure 4, F-G; p<0.05), as well as their neurite complexity (Figure 4, H-I; 

p<0.001). Importantly, blocking IL-6 signaling prevented signs of neurodegeneration 

(Figure 4, F-I), thus reinforcing the idea that IL-6 is one of the main astrocyte-dependent 

neurotoxic factors mediators found in the pathogenesis of PD.  

In accordance, we evaluated the presence of IL-6 and IL-6R by ICC in the SNc from CTL 

and ID-PD post-mortem brain tissue at stages 2 (early) and 4 (late) (Figure 5A). We 

found that IL-6R is mainly localized in larger shaped neurons in CTL brains, and 

interestingly, expression was found to be highly elevated in PD tissue already in early 

stages of the disease (Figure 5B), confirming our findings in our hiPSC-derived neuronal 

model. In contrast, IL-6 expression was higher in astrocytes from PD post-mortem brain 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 25, 2022. ; https://doi.org/10.1101/2022.08.23.504918doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.23.504918


 
9	

tissue compared to CTL (Figure 5C). Importantly, although IL-6 immunoreactivity in 

astrocytes was high at early stages, it significantly increased at later stages of PD, 

suggesting a progressive increase throughout the pathogenesis of the disease. Taking 

into account that IL-6R neuronal immunoreactivity was already present at high levels at 

early stages of PD, our results suggest that PD neurons may be vulnerable to IL-6, which 

is being massively produced by PD-astrocytes, hence resulting in a loss of DAn. Our 

findings shed light on the discovery of new immunomodulators targeting IL-6 signaling 

in the pathophysiology of PD.  
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Discussion 
 

In this study, we identified pro-inflammatory cytokine IL-6 as an essential modulator by 

which PD astrocytes induce neurotoxicity in DAn in humans both in vitro and in vivo. We 

found that the LRRK2 G2019S mutation induces astrocyte reactivity and alters 

inflammatory-dependent pathways leading to a specific overproduction and release of 

IL-6. This is mediated by hyperactive LRRK2 kinase activity. Once released into the 

extracellular space, IL-6 induces STAT3 pathway activation in neurons, impairing 

neuronal survival and neurite complexity. Thus, our study provides evidence of a novel 

mechanism for the emerging notion of reactive astrocytes as neurotoxic promoters of 

neurodegeneration in L2-PD and ID-PD.  

 

Studies investigating PD pathogenesis have been mostly focused on intrinsic 

mechanisms underlying DAn degeneration and death. However, there is growing 

evidence that indeed other cell types, apart from DAn, especially glial cells, may exhibit 

their own specific regulatory features and therefore, could be contributing to PD 

pathology (24-26). Our previously published results demonstrated a novel, non-cell 

autonomous astrocytic-role of neurodegeneration in PD, elicited by dysfunctional protein 

degradation pathways in astrocytes that lead to the accumulation and propagation of 

endogenously produced α-syn, which was then transferred to healthy DAn in a co-culture 

model causing neurodegeneration (16). After rescuing Chaperone Mediated Autophagy 

with an activator compound, lysosomal function was restored and α-syn was cleared 

from the PD-astrocytes. However, under these conditions, healthy neurons only partially 

rescued their neurite arborization, therefore the notion that astrocytes are releasing other 

neurotoxic factors contributing to PD pathology remained to be discovered.  

 

It is well established that innate and adaptive immune cells play a crucial role on 

inflammation-dependent neurodegeneration in PD (5, 27, 28). Associated with the 

immune system, the presence of reactive astrocytes (A1) in post-mortem brain tissue 

from PD patients has been described (6). Reactive astrocytes have also been found in 

the α-syn preformed fibril (α-syn PFF) mouse model of ID-PD, in which the authors 

identified the microglial glucagon-like peptide-1 receptor (GLP-1R) necessary to prevent 

the microglial-mediated conversion of astrocytes into A1 neurotoxic phenotype (15). 

However, it remains unknown whether they hinder or support CNS recovery, since 
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recently the presence of a subtype of A1 astrocytes overexpressing C3 has been key to 

prevent prion like disease progression (29). The fact that this reaction is observed not 

only in PD, but present in other neurodegenerative diseases such as Alzheimer disease 

and amyotrophic lateral sclerosis, stroke and traumatic brain injury, suggests that glial 

involvement is secondary to neuronal death. However, recent hypotheses suggest that 

astrocyte-mediated reactivity could be neuroprotective and have a positive effect locally 

at the initial phases of disease (e.g. removal of aberrantly firing neurons), while over 

extended periods of time, become neurotoxic and detrimental (e.g. glia hyper-clearing 

and killing of too many neurons). Moreover, the presence of specific mutations in certain 

genes may promote the switch of glial cells to a hyper-reactive phenotype that never 

turns off, which accelerates neurodegeneration.  

We found that IL-6 is present in reactive astrocytes both at early and late stages of PD 

through the analysis of post-mortem brain tissue. Although we could not rule out whether 

reactive astrocytes appear as a secondary response to DAn degeneration in vivo, using 

an iPSC-based model we found that familial L2-PD astrocytes are reactive, defined by 

the transcriptomic signature, morphology and C3 upregulation (typical marker of A1 

neurotoxic astrocytes) (6, 30), as well as the increased release of cytokine IL-6 without 

being in contact with PD neurons. These results suggest that these altered reactive cell 

responses might be influenced by the presence of specific genetic mutations significantly 

linked to PD, such as LRRK2 G2019S. Indeed, L2-PDcorr astrocytes with the LRRK2 

G2019S missense mutation corrected, as well as the use of a LRRK2 kinase inhibitor, 

significantly restored inflammatory-dependent phenotypes to unstimulated CTL levels. 

Thus, suggesting that the presence of reactive astrocytes depends on LRRK2 kinase 

hyperactivation. Importantly, increased levels of IL-6 were also detected in ID-PD 

astrocytes, thus reinforcing the notion that neurotoxic levels of IL-6 could be a common 

mechanism in PD pathology. Although the mechanisms by which IL-6 is increased in ID-

PD astrocytes remains unknown, recent studies point to the presence of hyperactivated 

kinase LRRK2 in patient cells (31). 

Importantly, we found that IL-6/IL-6R signaling might be particularly susceptible in PD, 

since human PD neurons overexpress IL-6R both in vitro and in vivo in post-mortem 

brain tissue. This results in the downstream activation of STAT3 upon exposure to PD-

ACM. In accordance, previous studies found increased levels of nuclear pSTAT3 in the 

SNc of PD mouse models (32). Moreover, blocking IL-6 signaling in a purely PD context 

(PD-neurons/PD-astrocyte) with a specific antibody FDA-approved (Tocilizumab) 

prevented neuronal degeneration significantly more compared to CTL neurons treated 

with PD-ACM. These results elucidate a new potential immunotherapeutic approach to 

treat PD.  The mechanisms by which IL-6R is upregulated in PD remain unknown. 
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Preliminary results from our lab suggest very mild associations between IL-6R genetic 

variants present in the genome of PD patients that could confer increased IL-6R 

expression (data not shown). However, LRRK2 has been widely involved in vesicle 

trafficking and endocytosis thus it is possible to speculate that IL-6R membrane 

trafficking could be altered in PD leading to its accumulation.  

Altogether, our results demonstrate that astrocytes are key contributors to PD-related 

neurodegeneration, both in L2-PD and ID-PD, by releasing high amounts of pro-

inflammatory IL-6 that induce a hyperactivation of the STAT3 pathway in PD neurons 

leading to neurodegeneration.  Thus, we propose the inhibition of astrocyte-dependent 

neurotoxic factor IL-6 to prevent, slow down or possibly halt PD pathogenesis.  
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Methods 

iPSC-derived astrocyte generation and culture 
The parental iPSC lines used in our studies were previously generated and fully 

characterized (33). Specifically, we used iPSC generated from three patients harboring 

the G2019S mutation on the LRRK2 gene (L2-PD1: SP06, L2-PD 2: SP12, and L2-PD 

3: SP13), and from three healthy age-matched controls (CTL 1: SP09, CTL 2: SP17 and 

CTL 3: SP11-FLAG). The isogenic line (L2-PDcorr: SP13 wt/wt) was generated previously 

(16). The generation and/or use of human iPSCs in this work were approved by the 

Spanish competent authorities (Commission on Guarantees concerning the Donation 

and Use of Human Tissues and Cells of the Carlos III National Institute of Health). All 

procedures were done in accordance with institutional guidelines and the human iPSC 

lines have been (or are in the process of being) deposited at the Spanish National Stem 

Cell Bank, according to the Spanish legislation. Astrocytes were generated from patient-

derived iPSC as previously described (16, 22). Briefly, iPSCs were cultured and 

differentiated into spherical neural masses (SNMs) that were pushed towards an 

astrocytic lineage. First, SNMs were grown in suspension for 28 days with Induction 

Medium (DMEM/F12, 1% N2 supplement, 0.1% B27 supplement (Life, 17504-044), 1% 

nonessential amino acids (NEAA), 1% penicillin/streptomycin (PenStrep), 1% Glutamax) 

supplemented with 20 ng/mL LIF (Sigma) and 20 ng/mL EGF (R&D Systems), and then 

for further 21 days with Propagation Medium (DMEM/F12, 1% N2 supplement, 0.1% B27 

supplement, 1% NEAA, 1% PenStrep, 1% Glutamax) containing 20 ng/mL FGF-2 

(PeproTech) and 20 ng/mL EGF (R&D Systems). Finally, SNMs were dissociated into a 

monolayer, plated on matrigel-coated plates and cultured for 14 more days in 

Propagation Medium and then for 14 more days in CNTF medium (Neurobasal, 1% 

Glutamax, 1% PenStrep, 1% NEAA, 0.2% B27 supplement, 10 ng/mL CNTF (Prospec 

Cyt-272). Experiments were performed with astrocytes growing on Thermanox™ plastic 

coverslips (Thermofisher) coated with matrigel in 24-well plates, or in 6-well plates for 

RNA analysis.  
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Astrocyte conditioned medium (ACM) was obtained as follows: 2,5x105 astrocytes were 

plated per well on a matrigel coated 6-well plate in 2mL of CNTF medium. Each line was 

cultured for 14 days without changing the initial medium. At day 6, 1mL of fresh CNTF 

medium was added to each well. After the 14-day time-point, the medium was collected 

and frozen at -80ºC. 

 

iPSC-derived vmDAn generation  

Four different iPSC lines, three L2-PD (SP06, SP12 and SP13) and one CTL (SP11) 

were differentiated into dopaminergic neurons using the three-step system PSC 

Dopaminergic Neuron Differentiation Kit (GIBCO) according to the manufacturer’s 

protocol. Briefly, iPSCs were maintained in conditioned HES medium until they reached 

70% of confluence and then passaged with EDTA (InvitrogenTM) to Vitronectin-coated 

plates (10 µg/mL) with 3.0 x 104 viable cells/cm2 in conditioned HES medium with 10 µM 

ROCK inhibitor (Y27632; RI). The day after, step 1 was started with changing the 

medium to Complete Floor Plate Specification Medium (Neurobasal, 20x Floor Plate 

Specification Supplement, 1% PenStrep) for up to 10 days, with a complete medium 

change every two days to move iPSC into midbrain-specified floor plate progenitor (FP) 

cells. On day 10, the second step of vmDAn differentiation started with the expansion of 

FP cells as adherent cultures in Complete Floor Plate Cell Expansion Medium (Floor 

Plate Cell Expansion Base Medium, 50x Floor Plate Cell Expansion Supplement, 1% 

PenStrep) on laminin-coated plates (3 µg/mL) for two passages on day 12 and 16 (FPp1 

and FPp2 respectively) with Accutase (InvitrogenTM) to a 1:4-6 split ratio onto laminin-

coated plates with 5 µM of RI. Medium was fully changed every two days. On day 16, 

FPp2 can be either frozen with FP freezing media (90% Floor Plate Cell Expansion 

Medium and 10% DMSO) or expand the FP progenitors in sphere formation transferring 

cells to low-attachment plastic culture plates in Floor Plate Cell Expansion Medium, with 

a complete medium change every two days. Once the spheres are formed by day 21, 

they can be either frozen with FP freezing media or dissociated, following the Step 3 for 

vmDAn maturation. Dissociated cells were plated into Poly-D-lysine and Laminin double-

coated plates (100 µg/mL-3 µg/mL) in Complete Maturation Medium (Neurobasal, 50x 

Dopaminergic Neuron Maturation Supplement, 1% NEAA, 1% PenStrep, 1% Glutamax), 

with 5 µM of RI to a density of 1.0 x 105 cells/cm2. Medium was fully changed every two 

days until day 35, in which vmDAn were used for experiments.  

 

Cytokine Array 
The HCYTOMAG-60K-15 Human Cytokine/Chemokine Multiplex Assay (Merck 
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Millipore) was employed to simultaneously analyze TNF-α, IL-1β, IL-1a, IL-2, IL-4, IL-6, 

IL-10, Eotaxin, FLT-3L, GM-CSF, Rantes, MCP1, Fractalkine, and INFγ with Bead-

Based Multiplex Assay using the Luminex® technology. C3 and C1 were analyzed with 

HCMP2MAG-19K-02 Human Complement Magnetic Bead Panel 2 (Merck Millipore).  

Supernatants from non-stimulated CTL and L2-PD astrocytes cultured for 14 days were 

collected and stored at -80ºC for long storage. CTL astrocytes stimulated with C1q, TNFα 

and IL-1α served as positive controls. Quality Controls (QC) and Human Cytokine 

Standard (STD) were prepared with deionized water by serial dilutions according to 

manufacturer’s instructions. Briefly, wells were filled with 200 µL of Wash Buffer (WB), 

sealed and mixed at RT for 10 minutes on a Thermomixer Comfort plate shaker at 500-

800 rpm. The plate was firmly tap upside down on absorbent paper and 25 µL of each 

STD and QC with 25 µL of CNTF medium in duplicates. 25 µL of sample with 25 µL of 

Assay Buffer were added in duplicates. Finally, 25 µL of the mixed antibody-bead 

preparation was added to every well and incubated at 2-8ºC O/N in a plate shaker. The 

day after, well contents were gently removed by firmly attaching plate to a handheld 

magnet and washed with WB for 3 times. Then, 25 µL of Detection Antibodies were 

added into each well and incubated at RT for 1 hour on a plate shaker. After that, 25 µL 

of Streptavidin-Phycoerythrin were added into each well and incubated at RT for 30 

minutes on a plate shaker. Well contents were gently removed with a handheld magnet 

and washed with WB for 3 times. Antibody-beads were resuspended by adding 150 µL 

of Sheath Fluid to all wells and incubated at RT for 5 minutes on a plate shaker. Finally, 

plate was run on a multiplex system Luminex® 200TM (Invitrogen™). Probe heights of 

every antibody were adjusted according to Luminex® recommended protocols employing 

the xPONENT® software (Luminex®). Mean Fluorescent Intensity of every analyte was 

analyzed using a 5-parameter logistic or spline curve-fitting method for calculating 

analyte concentrations in samples.  

 

Cell culture treatments 
LRRK2-kinase inhibitor (1uM; Merck- Millipore, 438193) was added to astrocytes every 

48h and fixed after one week. Anti-IL6R antibody (Tocilizumab) was kindly provided by 

Dr. Manel Juan Otero (Hospital Clinic, Barcelona). Tocilizumab (10ug/ml) and IL-6 

(10ng/ml) was added to neurons together with ACM every 48h. Neurons were fixed after 

one week of treatment.  

 
Immunocytochemistry and Imaging analysis 
Samples were fixed using 4% PFA and then washed with PBS. Samples were blocked 

and permeabilized with blocking solution (1xTBS, 3% Normal Donkey Serum, 0.01% 
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Triton X-100) for 2 hours and subsequently incubated with the primary antibody for 48 

hours at 4ºC. Primary antibodies used include rabbit anti-AQP4 (Sigma, B104662), rabbit 

anti-C3 (Dako, A0063), guinea pig anti-GFAP (Synaptic Systems, 173 004), rabbit anti-

GFAP (Dako, Z0334), mouse anti-IL6 (R&D systems, MAB206-SP), mouse anti-IL-6R 

(R&D systems, MAB2271), sheep anti-TH (Pel-Freez, P60101-0), rabbit anti-TH (Santa 

Cruz, sc-14007), mouse anti-Vimentin (Iowa, 40E-C). Samples were then washed three 

times with TBS, and incubated with secondary antibodies (1:250) for 2 hours at RT: Alexa 

Fluor 488 anti-Mouse IgG (Jackson 715-545-150), Cy3 anti-rabbit IgG (Jackson 711-

165-152), DyLight 649 anti-Guinea pig IgG (Jackson 706-495-148), Alexa Fluor 647 anti-

Sheep (Jackson 713-605-147), Cy™2 AffiniPure Donkey Anti-Rabbit IgG (H+L) 

(Jackson 711-225-152), Cy™3 AffiniPure Donkey Anti-Mouse IgG (H+L) (Jackson 715-

165-151). Samples were washed with TBS followed with incubation with nuclear staining 

DAPI (Invitrogen, 1:5000) for 10 minutes, mounted with PVA:DABCO and stored at 4ºC 

until imaged. Samples were imaged using an SPE or SP5 confocal microscope (Leica) 

and analyzed with FIJI is Just ImageJTM using either the Cell Counter Plugin, Co-

localization Plugin or Simple Neurite Tracer Plugin. Neurite length and number of 

terminals were analyzed for TH+ cells from an average of 5 images and ten neurons per 

image.  

 
Cellular transfection 
2x104 astrocytes seeded in 24-well plates (or 2,5x105 in 6-well plates) were co-

transfected after 7 days in culture with 1 ug pDEST51-LRRK2-G2019S, which was a gift 

from Mark Cookson (Addgene plasmid # 29401) or 1 ug of GFP expression plasmid as 

transfection control and collected after 48h. Transfection was done using Lipofectamine 

Stem Reagent (Invitrogen) following manufacturer’s instructions. 

 

RNA extraction and gene expression analysis 

The isolation of total mRNA was performed with the RNeasy Micro Kit and treated with 

Rnase free Dnase I (Qiagen). 500ng were used to synthesize cDNA with the SuperScript 

III Reverse Transcriptase Synthesis Kit (Invitrogen). Quantitative RT-PCR analyzes were 

done in triplicate using 2ng/ul cDNA with Platinum SYBR Green qPCR Super Mix 

(Invitrogen) in an ABI Prism 7000 thermocycler (Applied Biosystems). All results were 

normalized to β-actin. Primers used are listed in Supplemental Table 3.  

 

Stranded mRNA library preparation and sequencing 

Total RNA was assayed for quantity and quality using Qubit® RNA HS Assay (Life 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 25, 2022. ; https://doi.org/10.1101/2022.08.23.504918doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.23.504918


 
17	

Technologies) and RNA 6000 Nano Assay on a Bioanalyzer 2100. The RNASeq libraries 

were prepared from total RNA using the TruSeq®Stranded mRNA LT Sample Prep Kit 

(Illumina Inc., Rev.E, October 2013). Briefly, 500ng of total RNA was used as the input 

material and was enriched for the mRNA fraction using oligo-dT magnetic beads. The 

mRNA was fragmented in the presence of divalent metal cations and at high temperature 

(resulting RNA fragment size was 80-250 nt, with the major peak at 130nt). The second 

strand cDNA synthesis was performed in the presence of dUTP instead of dTTP, this 

allowed to achieve the strand specificity. The blunt-ended double stranded cDNA was 

3´adenylated and Illumina indexed adapters were ligated. The ligation product was 

enriched with 15 PCR cycles and the final library was validated on an Agilent 2100 

Bioanalyzer with the DNA 7500 assay. The libraries were sequenced on HiSeq2000 

(Illumina, Inc) in paired-end mode with a read length of 2x76 bp using TruSeq SBS Kit 

v4. We generated over 30 million paired-end reads for each sample in a fraction of a 

sequencing v4 flow cell lane, following the manufacturer’s protocol. Image analysis, base 

calling and quality scoring of the run were processed using the manufacturer’s software 

Real Time Analysis (RTA 1.18.66.3) and followed by generation of FASTQ sequence 

files by CASAVA. The RNA-seq data have been deposited in Gene Expression Omnibus 

(GEO) of the National Center for Biotechnology Information and are accessible through 

GEO Series accession number GSE207713. 

 

Bioinformatics of RNA sequencing 

The FASTQ files were then examined using FastQC (v0.11.8). Illumina adapters were 

removed with Trimmomatic (v0.36), considering default parameters but requiring a 

minimum average quality of 20 (34). Trimmed paired-end reads were aligned to the 

human reference genome (GRCh38_primary) using STAR v2.7.1a (35) with ENCODE 

parameters for long RNA. Annotated gene (gencode version 30) were quantified using 

the feature Counts function from the Bioconductor package Rsubread (v1.34.7) (36). 

Differential expression analysis was conducted using with DESeq2 package v1.24.0 

(37). The method fits a generalized linear model (GLM) of the negative binomial 

distribution to estimate log2 Fold Change between groups. Then, it performs a Wald test 

to test the null hypothesis that there is no differential expression between L2-PD and 

CTL for each gene. Raw p-values were adjusted for multiple testing using the Benjamini 

and Hochberg False Discovery Rate (FDR). Any gene with an adjusted p-value lower 

than 0.05 and an absolute log2 Fold Change higher than 1 were considered to be 

differentially expressed. The Variance Stabilizing Transformation (VST) featured in 

DESeq2 package was applied to normalize the counts matrix. A Principal Component 

Analysis (PCA) was performed to explore characteristic patterns of samples and identify 
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potential undesired effects. 

Functional enrichment analysis was conducted using the Gene Set Enrichment Analysis 

(GSEA) approach. Genes considered for the analysis were pre-ranked by the -log10 (p-

value) multiplied by the sign of the log2-fold change and gene sets derived from the Gene 

Ontology Biological Processes were downloaded from the Broad institute’s Molecular 

Signatures Database (MsigDB v3.1). 

 
Protein extraction 
Cytoplasm and nucleus fractions were separated using Buffer A (10mM HEPES, 1.5mM 

MgCl2, 10mM KCl, 0.5mM DTT, 0.05% NP40 pH 7.9) followed by centrifugation at 3000 

rpm for 10 min at 4ºC. Pellets were homogenized in Laemmli buffer (4% SDS, 10% beta-

mercaeptoethanol, 20% glycerol, 0.125M Tris-HCl pH 6.8, and 0.005% of bromophenol 

blue) and sonicated for 10 sec. Samples were then centrifuged at 15000 g for 20 min at 

4ºC. The resulting supernatant was normalized for protein using BCA kit (Pierce).  

 

Western blot (WB) 
Cell extracts were boiled at 95ºC for 5 minutes, followed by 10% SDS-PAGE, transferred 

to Nitrocellulose or PVDF membranes for 1.5 hours at 4ºC and blocked with 5% not-fat 

milk in 0.1M Tris-buffered saline (pH= 7.4) for 1 hour. Membranes were incubated O/N 

at 4ºC with primary antibodies diluted in TBS/ 3% BSA/ 0.1% TWEEN or TBS/ 5% milk/ 

0.1% TWEEN. After incubation with peroxidase-tagged secondary antibodies (1:2500), 

membranes were revealed with ECL-plus chemiluminescence western blot kit 

(Amershan-Pharmacia Biotech). The following antibodies were used: mouse anti-beta 

actin (Affinity, T0022), mouse anti-IL6R (R&D Systems, MAB2271), rabbit anti-P-STAT3 

(Tyr705) (Cell Signaling #9145, D3A7), rabbit anti-STAT3 (Cell Signaling #12640, 

D3Z2G), rabbit anti-a-tubulin (Sigma, T3526) and goat anti-LaminB (Santa Cruz, sc-

6217). Films were scanned at 2,400 x 2,400 dpi (i800 MICROTEK high quality film 

scanner), and the densitometric analysis was performed using FIJI is Just ImageJTM. 

Other membranes were imaged using the ChemiTouch machine under the ‘Optimal 

exposure’ setting.  

 
Statistical Analysis 
Box-and-whisker plots show median, 25th and 75th percentiles, minimum, and maximum 

values and were analyzed using GraphPad Prism 7.0 (Mac OS X). Statistical significance 

was assessed with a two-tailed unpaired t test or Mann-Whitney test for two experimental 

groups. For experiments with three or more groups, one-way ANOVA with Bonferroni’s 

multiple comparison test as post hoc was used. Results were considered significant 
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when p < 0.05. 
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Figures 

 

Figure 1. iPSC-derived L2-PD astrocytes are reactive. (A) Representative 
immunocytochemistry (ICC) images of CTL (SP09) and L2-PD astrocytes (SP13) 
expressing DAPI (blue) and GFAP (green) after 14 days in culture. Scale bar: 100 μm. 
CTL astrocytes (SP09) treated for 48h with C1q, TNFα and IL-1α were used as positive 
control. Images on the right show a magnification of the area boxed in the left images; 
scale bar: 10 μm. Yellow arrows indicate high GFAP staining in hypertrophic astrocytes. 
(B) Mean intensity of GFAP staining. (C) Form factor of GFAP positive cells calculated 
as: FF = 4pi(area/perimeter^2). (D) Representative ICC images of CTL, L2-PD and 
activated CTL astrocytes expressing Vimentin (CTL: SP09; L2-PD: SP13), AQP4 (CTL: 
SP17; L2-PD: SP06) and C3 (CTL: SP09; L2-PD: SP13). Scale bar: 100 μm. Images on 
the right show a magnification of the area boxed in the left images; scale bar: 10 μm. 
Yellow arrows indicate high expression of the specific marker shown in the images. (E) 
Mean intensity of C3 staining respect to CTL. (F) Relative mRNA expression of pan-
reactive, A1-specific and A2-specific transcripts in L2-PD astrocytes respect to CTL. 
Box-and-whisker plots show median, 25th and 75th percentiles, minimum, and maximum 
values (n=3 experiments; Form factor, Mean GFAP and C3 intensity was performed from 
30 astrocytes per experiment per condition). One-way ANOVA Bonferroni as post-hoc. 
*p<0.05; **p<0.01; ***p<0.001. (G) Heat map of differentially expressed genes (DEG) of 
CTL and L2-PD astrocytes. (H) Selected upregulated gene sets derived from the Gene 
Ontology (GO) biological processes between L2-PD and CTL astrocytes.  
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Figure 2. L2-PD astrocyte reactivity is mediated by LRRK2 G2019S-increased 
kinase activity. Schematic experimental set up to perform a cytokine array from 
astrocyte’s conditioned medium. (B) Cytokine IL-6 levels released by CTL, L2-PD and 
isogenic (L2-PDcorr) astrocyte conditioned medium (ACM) after 2 weeks in culture. CTL 
astrocytes were treated for 48h with C1q, TNFα and IL-1α as positive control. (C) 
Representative ICC images of L2-PD (SP13) and L2-PDcorr (SP13wt/wt) astrocytes 
staining positive for: top panels DAPI (blue), GFAP (white) and AQP4 (red); bottom 
panels DAPI (blue), GFAP (white) and C3 (red). Scale bar: 100 μm. Images on the right 
show a magnification of the area boxed in the left images; scale bar: 10 μm. (D) Mean 
intensity of GFAP staining. (E) Form factor of GFAP positive cells calculated as: FF = 
4pi(area/perimeter^2). (F) Mean intensity of C3 staining respect to L2-PD astrocytes. (G) 
Representative ICC images of L2-PD (SP13) treated with either DMSO or LRRK2-kinase 
inhibitor (1uM) astrocytes staining positive for: top panels DAPI (blue), GFAP (white); 
middle panels DAPI (blue) GFAP (white) and AQP4 (red); bottom panels DAPI (blue), 
GFAP (white) and C3 (red). Scale bar: 100 μm. Images on the right show a magnification 
of the area boxed in the left images; scale bar: 10 μm. (H) Mean intensity of GFAP 
staining. (I) Form factor of GFAP positive cells calculated as: FF = 4pi(area/perimeter^2). 
(J) Mean intensity of C3 staining respect to L2-PD astrocytes treated with DMSO. Box-
and-whisker plots show median, 25th and 75th percentiles, minimum, and maximum 
values (n=3 experiments; Form factor, Mean GFAP and C3 intensity was performed from 
30 astrocytes per experiment per condition). One-way ANOVA Bonferroni as post-hoc. 
Student t-test or Mann-Whitney test for non-parametric conditions were used when only 
two groups were compared. *p<0.05; **p<0.01; ***p<0.001. 
 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 25, 2022. ; https://doi.org/10.1101/2022.08.23.504918doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.23.504918


 
26	

Figure 3. L2-PD astrocytes induce iPSC-derived DA neuronal degeneration 
through IL-6/IL-6R signaling. (A) Schematic representation of the experimental 
procedure to analyze the effect of astrocyte conditioned medium (ACM) and IL-6 
involvement on neuronal survival and degeneration. ACM was collected after 14 days in 
culture and added to iPSC-derived dopaminergic (DA) neurons from both CTL and L2-
PD patients for one week. Anti-IL6R antibody Tocilizumab (10ug/ml) was added to ACM. 
(B) Representative ICC images of iPSC-derived CTL (SP11) and L2-PD neurons (SP12) 
expressing tyrosine hydroxylase (TH, black) treated for one week with CTL ACM, L2-PD 
ACM and L2-PD ACM + anti-IL6R antibody. Scale bars: 100 μm. CTL neurons are 
derived from SP11 iPSC line. LRRK2-PD neurons are derived from SP12, SP06 and 
SP13 iPSC lines. (C) Percentage of TH+ cells respect to DAPI. (D) Representative ICC 
images of iPSC-derived CTL and LK2-PD neurons staining for TH (black). Scale bars: 
20 μm. (E) Number of branches and (F) neurite length of CTL and L2-PD TH+ neurons 
treated for one week with ACM. (G) Representative ICC images of DAn (TH+, red) 
expressing IL-6R (green) from CTL (SP11) and L2-PD (SP13) iPSC-derived DAn after 
35 days of differentiation (Scale bar:  20 μm). (H) Orthogonal views show colocalization 
between IL6R and TH in L2-PD (SP13) DAn. (I) Representative western blot for IL6R of 
iPSC-derived CTL neurons (SP11) and L2-PD neurons (SP12). (J) Quantification of 
protein IL6R respect to Actin. (K) Relative IL6R mRNA expression from iPSC-derived 
CTL neurons (SP11 and SP17) and L2-PD neurons (SP12 and SP13). Box-and-whisker 
plots show median, 25th and 75th percentiles, minimum, and maximum values (n=3 
experiments; 30 neurons per experiment per condition for each line). One-way ANOVA 
Bonferroni as post-hoc. Student t-test or Mann-Whitney test for non-parametric 
conditions were when only two groups were compared. *p<0.05; **p<0.01; ***p<0.001. 
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Figure 4. IL-6 signaling mediates neuronal degeneration in idiopathic PD patients. 
(A) Representative ICC images of CTL (SP09) or idiopathic PD (ID-PD1: SP04; ID-PD2: 
SP08; ID-PD3: SP16) astrocytes staining positive for: top panels DAPI (blue) and GFAP 
(green); bottom panels DAPI (blue) and C3 (red). CTL astrocytes treated for 48h with 
cytokines were used as positive control. Scale bar: 100 μm. (B) Form factor of GFAP 
positive cells calculated as: FF = 4pi(area/perimeter^2). (C) Mean intensity of GFAP 
staining. (D) Mean intensity of C3 staining respect to CTL. (E) IL-6 protein levels released 
by CTL and ID-PD ACM after 2 weeks in culture. Box-and-whisker plots show median, 
25th and 75th percentiles, minimum, and maximum values (n=3 experiments; Form 
factor, Mean GFAP and C3 intensity was performed from 30 astrocytes per experiment 
per condition). (F) Representative ICC images of iPSC-derived CTL (SP11) and L2-PD 
(SP12) neurons expressing tyrosine hydroxylase (TH, black) treated for one week with 
CTL astrocyte conditioned medium (ACM), idiopathic (ID-PD) ACM and ID-PD ACM + 
anti-IL6R Tocilizumab (10ug/ml). Scale bar: 100 μm. (G) Percentage of TH+ cells respect 
to DAPI. (H) Number of branches and (I) neurite length of TH+ neurons cultured with 
ACM for one week. Box-and-whisker plots show median, 25th and 75th percentiles, 
minimum, and maximum values (n=3 experiments; 30 neurons per experiment per 
condition for each line). One-way ANOVA Bonferroni as post-hoc: *p<0.05; **p<0.01; 
***p<0.001.  
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Figure 5. IL-6/IL-6R signaling is increased in postmortem brains during early PD 
stages. (A) Postmortem samples from the substantia nigra were obtained from healthy 
individuals and PD patients both at early and late stages of the disease. (B-C) 
Immunoreactivity of IL-6R (B) and IL-6 (C) in the substantia nigra pars compacta in 
control and sporadic PD postmortem brain samples at early (2) and late (4) Braak stages. 
IL-6R is localized in large neurons (asterisk) whereas IL-6 is present in astrocytes (yellow 
arrows). Scale bars (B) images = 40μm; (C) images: 25μm. 
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