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ABSTRACT  

Although α-synucleinopathy is a hallmark of sporadic and familial Parkinson’s disease 

(PD), it is not known how α-synuclein (α-SYN) contributes to early events in PD 

pathogenesis. Here we demonstrate that α-SYN overexpression and Nrf2 deficiency 

cooperate to worsen protein aggregation, neuronal death and inflammation in a new 

animal model of PD based on stereotaxic delivery of an adeno-associated viral vector 

(rAAV) for expression of human α-SYN in ventral midbrain of Nrf2 knockout mice 

(Nrf2-/-). Two months after surgery Nrf2-/- mice exhibited exacerbated degeneration of 

nigral dopaminergic neurons, increased dystrophic dendrites, reminiscent of Lewy 

neurites, and impaired proteasome gene expression and proteasome activity. 

Dopaminergic neuron loss correlated with an increase in neuroinflammation and gliosis 

and Nrf2-deficiency intensified reactive gliosis at the ventral midbrain. In response to α-

SYN, Nrf2-/- microglia failed to activate the expression of two anti-inflammatory genes 

heme oxygenase-1 (HO-1) and NADPH quinone oxidorreductase-1 (NQO1). The 

impairment in Nrf2 response correlated with a shift in the microglial activation pattern, 

towards increased production of pro-inflammatory markers, IL-6, IL-1β and iNOS, 

reduced phagocytic capacity of fluorescent beads and lower messenger RNA levels for 

TAM receptors Axl and Mer. Postmortem brain tissue samples from patients in early to 

middle-stage progression of PD showed increased HO-1 expression in astrocytes and 

microglia suggesting an attempt of the diseased brain to compensate excessive 

production of reactive oxygen species and inflammation. This study demonstrates that 

α-SYN and Nrf2 deficiency cooperate on protein aggregation, neuroinflammation and 

neuronal death, and provide a bi-factorial animal model to study early-stage Parkinson’s 

disease.  
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INTRODUCTION 

The causes that lead to Parkinson’s disease (PD) remain largely unknown but a 

strong correlation exists between the extent of the neurodegeneration and the amount, 

structure, subcellular location and function of α-synuclein (α-SYN). In idiopathic PD, α-

SYN accumulates in Lewy bodies and dystrophic neurites, which are thought to be the 

underlying pathology leading to neurodegeneration and are related to the onset and 

progression of clinical symptoms (1). Three point mutations (A53T, A30P and E46K) in 

the α-SYN gene as well as duplication and triplication of the wild type gene have been 

found to cause a familial form of PD (2, 3). Although its exact role in neuron 

physiology and pathology is ill defined, evidence suggests that overexpression of wild 

type or the above mentioned point mutations of α-SYN might lead to a toxic gain of 

function related to alterations in axonal transport, oxidative stress (4-6) and 

neuroinflammation  (7-10).  

Unfortunately, most animal models used to study PD, such as MPTP and other 

toxin-based models, do not faithfully reproduce the α-synucleinopathy of PD and 

therefore they have a limited value to understand the human pathology and to develop 

disease modifying therapies (11). As a result, some observations made in these 

neurotoxin models might be misleading. For example, GDNF administered either as 

recombinant protein or via viral vectors has been found to be highly efficient in 

protecting nigral DA neurons from neurodegeneration induced by MPTP or 6-OHDA 

(12-14), while it has failed to provide any protection against α-SYN overexpression (15, 

16). 

In recent years, new PD models have been developed which are based on 

overexpressing human α-SYN in the rodent midbrain by means of stereotaxic delivery 

of an adeno-associated viral expression vector (rAAV), serotype 6 in our case (17, 18). 
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These models reproduce important aspects of human PD such as axonal pathology and 

inflammatory changes, they develop slowly and progressively and lead to α-SYN-

positive cytoplasmic inclusions (19). The morphology of α-SYN-containing dystrophic 

axons is remarkably similar to those observed in brains from PD patients (20, 21). The 

rAAV6-α-SYN model is characterized by a mild loss of tyrosine hydroxylase (TH)-

positive neurons in the SN in the range of 50% in rats (18) and 20-25% in mice as 

observed at 2-3 months after injection, (22). Therefore, this slow and progressive model 

suggests that α-SYN overexpression may require at least one additional hit to enhance 

α-synucleinopathy and induce more robust neuroanatomical alterations. Such hit may 

include the induction of a more prominent or long-lasting inflammatory response. 

We and others have demonstrated that Nrf2 modulates microglial activation to 

prevent an excessive anti-inflammatory response in the MPTP mouse paradigm (23-25). 

Nrf2 regulates the cell response against oxidative and inflammatory stress and controls 

the expression of more than 100 genes involved in antioxidant and detoxification 

reactions including those coding for heme oxigenase-1 (HO-1), NAD(P)H quinone 

reductase 1 (NQO1) and enzymes related to glutathione metabolism such as glutathione 

S-transferase, γ-glutamil cystein ligase, glutathione peroxidase, glutathione reductase, 

etc (26). Therefore, in this study we have built on the hypothesis that Nrf2-deficiency 

might sensitize mice to proteinopathy and provide the “second hit” for enhanced 

neuroinflammation. Indeed, several evidences suggest a very relevant role of this 

transcription factor or its target phase 2 genes in the development of PD. Thus, Nrf2 

was strongly expressed in the nucleus of the surviving nigral neurons in PD (27), 

indicating that Nrf2 was induced, but maybe it was insufficient to protect neurons from 

degeneration. More recently, an association was found between an haplotype in the 

Nrf2-codifying NFE2L2 gen, including the promoter, and risk to develop of PD (28, 
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29). Overall, these data demonstrate that there is a strong relationship between PD and 

Nrf2, although it remains to be determined if impairment of Nrf2 cooperates with α-

SYN pathology overexpression and Nrf2 implication in the progression of the disease. 

Therefore, in this study we have analyzed the main hallmarks of human PD in 

Nrf2-knokcout mice submitted to stereotaxic delivery of AAV6-α-SYN in the ventral 

midbrain. We report that α-SYN overexpression as primary insult and Nrf2 deficiency 

as sensitive background cooperate to worsen protein aggregation, neuronal death and 

neuroinflammation.  

 

RESULTS 

Genetic deletion of the transcription factor Nrf2 aggravates nigral dopaminergic cell 

death elicited by α-SYN over-expression. 

 First we developed a PD mouse model based on combination of α-SYN 

overexpression and impaired Nrf2 response, achieved by stereotaxic delivery of a 

recombinant adeno-associated vector for expression of human α-SYN (rAAV6-α-SYN) 

in the ventral midbrain of Nrf2 knockout mice.  Two µl of viral vector (at 4.0 x 1012  

GC/ml) were injected into the right ventral midbrain, just dorsal to the location of SN in 

either Nrf2-/- or Nrf2+/+ littermates. Mice of both genotypes selected for this study 

expressed the rAAV6-encoded transgene with somewhat similar efficiency in the 

striatum and ventral midbrain as determined with an antibody against human α-SYN. 

However, there was a tendency to see fewer α-SYN-stained neurons in Nrf2-/-, already 

anticipating higher neuron loss in this genetic background as a result of α-SYN toxicity 

(Fig. 1A). Double-immunofluorescence staining indicated that most cells expressing 

human α-SYN were also labelled with anti-TH antibodies, therefore confirming the 

expression of this rAAV6-α-SYN vector in nigral DAergic neurons (Fig. 1B). 



 

 6 

Moreover, human α-SYN was anterogradely transported to the striatum along the 

nigrostriatal fiber projections in both mouse groups (Fig. 1C). Similar results were 

obtained with a rAAV6 vector expressing green fluorescence protein (GFP) (data not 

shown). These results are in agreement with previous work published using these 

vectors (30-32) and validate these genotypes as a model to compare the role of Nrf2 in 

α-synucleinopathy. 

 We evaluated DAergic neuron death in those animals at 8 weeks after injection, 

which corresponds to the time point when neuropathological findings in this model of 

slow PD progression are intense (15, 17, 18). At this dose, injection of rAAV6-α-SYN 

induced a small reduction of nigral DAergic neurons in the injected right side in 

comparison with the non-injected left side in Nrf2+/+ mice as determined by 

immunohistochemical staining of TH+ neurons (Fig. 2A). By contrast, in Nrf2-/- mice 

we observed exacerbated loss of TH+ neurons (Fig. 2B), which was accompanied by 

increased loss of dendritic fibers at the ventral side of SN (Fig. 2C and 2D). 

Stereological analyses corroborated these observations indicating that Nrf2-/- mice 

showed 23% greater  nigral DAergic neuron loss then Nrf2+/+ mice (Figure 2I). 

We found similar striatal TH+ fiber staining at the injected and non-injected 

sides of both Nrf2+/+ and Nrf2-/- mice, as detected by immunohistochemistry (Fig. 2E, 

2F, 2G and 2H) and immunoblot of striatal protein lysates with anti-TH antibodies 

(Suppl. Fig. 1). These results were somewhat unexpected because there was α-SYN 

anterograde expression in the striatum (Fig. 1C). In addition, in Nrf2-/- mice striatal DA 

exhibited only a minor non-significant decrease in the lesioned side compared to the 

non-lesioned side (as shown in Fig. 2J). DOPAC, a major DA metabolite, and the ratio 

DOPAC/DA, indicative of DA turnover, did not show a statistically significant 

difference, although there was a trend of increase in the α-SYN overexpressing Nrf2-/- 



 

 7 

mice (Fig. 2K and 2L). Homovanillic acid levels did not show a significant difference 

either (data not shown). Consistent with these observations, we did not observe a 

behavioral motor asymmetry between lesioned and non-lesioned groups when they were 

submitted to the corridor test (33) or to the standard apomorphine test (data not shown). 

These results suggest that surviving DAergic neurons might sprout to maintain efferent 

fiber density at sufficiently high levels to compensate for the small neuronal loss (34). 

To determine if there are plasticity-related changes, we performed immunofluorescence 

staining for synapthophysin, as a synaptic marker, in the striatum (35). Animals showed 

increased expression of synaptophysin in the side injected with rAAV6-α-SYN, in 

comparison with the rAAV6-GFP injected controls (Suppl. Fig. 2). While these results 

suggest that this model is particularly useful to study early stages of parkinsonian 

neurodegeneration, where there is still limited neurondegeneration but at the same time, 

the fact that there was more sensibility to α-SYN toxicity in the SN of Nrf2-/- mice also 

suggests the importance of this transcription factor in protection against α-

synucleinopathy. 

  

Nrf2-/- mice exhibit an exacerbated aggregation of α-SYN in dendrites and mild 

reduction of proteasome subunits. 

 Overexpressed α-SYN accumulated densely in DAergic fibers of both 

genotypes. However, Nrf2-/- mice exhibited many thick dendrites that were heavily 

loaded with α-SYN (Fig. 3B) compared to Nrf2+/+ mice (Fig. 3A). This pathologic 

accumulation of α-SYN was similar to that observed in dystrophic Lewy neurites found 

in PD patients (Fig. 3C). These results are in line with the notion that α-SYN 

degradation is a limiting step in PD pathology but, more importantly, they highlight the 

relevance of Nrf2 in proteostasis.   
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One possible cause for α-SYN aggregation is impairment in the ubiquitin-

proteasome system. In an in silico analysis, we identified putative Nrf2-regulated 

Antioxidant Response Elements (AREs) in the promoters of several proteasome 

subunits (data not shown). This analysis was further supported by analysis of available 

data from published microarrays (data not shown). Therefore, to clearly determine if 

Nrf2 migth regulate the expression of proteasome genes we measured mRNA levels of 

some proteasome subunits in mouse embryofibroblasts (MEFs) obtained from Nrf2+/+ 

and Nrf2-/- mice. MEFs from Nrf2-/- mice exhibited lower basal mRNA levels of 

subunits PSM B7, C3 and C4 (Suppl. Fig. 4A) although the difference was too small to 

be detected by immunoblot (data not shown). In response to the proteasome inhibitor 

MG132, which stabilizes Nrf2 protein levels and also stimulates expression of 

protesome genes (36), we found that Nrf2-/--derived MEFs consistently showed an 

impaired increased in mRNA of those subunits compared to Nrf2+/+-derived MEFs 

(Suppl. Fig. 4A). Moreover, proteasome enzymatic chymiotrypsin and peptidylglutamyl 

peptide hydrolysing (PGPH) activities were lower in extracts from Nrf2-/- MEFs than in 

control ones (Suppl. Fig. 4B). 

Based on those observations, we analyzed the messenger RNA levels of PSMC3, 

PSMC4 and PSMB7 which are changed in PD patients (37-39).  The three mRNAs 

exhibited a lower basal abundance in Nrf2-/- compared to Nrf2+/+ mice although the 

difference did not reach statistical significance (Fig. 3D). To study more specifically the 

α-SYN-challenged neurons, we analyzed by immunohistochemistry the protein levels of 

PSMB7 (Fig. 3E). All neurons that over-expressed α-SYN presented positive puntacte 

expression of PSMB7, although not all cells that expressed PSMB7 were α-SYN 

positive. Interestingly, in Nrf2-/- mice the induction of PSMB7 was drastically impaired 

in comparison to Nrf2+/+ mice. These results suggest that proteasomal adaptation to 
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process high levels of α-SYN is impaired in Nrf2-/- mice, resulting in α-SYN 

accumulation in dystrophic neurites. When we looked at the basal expression of PSMB7 

in mice injected with rAAV6-GFP we observed that Nrf2-/- mice expressed less PSMB7 

in comparison to their wild-type littermates (Suppl. Fig 3).  

Interestengly, α-SYN is phosphorylated at S129 in neuropathological lesions. 

Moreover, this phospho-S129-α-SYN is preferentially distributed to swollen neurites and 

the nucleus (40). Although the exact role of phospho-S129-α-SYN remains unclear, the 

proteasome pathway may play a role in the accumulation of Ser129-phosphorylated α-

SYN, which is particularly abundant in PD brains (41). So, we further pursued the effect 

of proteasomal impairment by analyzing the phosphorylation state of α-SYN. 

Immunofluorescence analysis detected phospho-S129-α-SYN only at the side of the SN 

that had been injected with rAAV6-α-SYN. We did not find positive staining at either 

the rAAV6-GFP injected or the non-injected sides (data not shown). When we 

compared the phospho-S129-α-SYN staining between Nrf2+/+ and Nrf2-/- mice we 

detected significantly enhanced staining in Nrf2-/- neurons (Fig. 4). Taken together these 

results indicate that α-synucleinopathy is aggravated in Nrf2-/- mice due at least in part 

to impaired regulation of some proteasome genes. 

 

α-SYN overexpression worsens glial activation at the SN of Nrf2-/- mice. 

Next, we analyzed the effect of Nrf2 deficiency on the profiles of astroglial and 

microglial activation in response to α-SYN. Double immunofluorescence with anti-α-

SYN and anti-GFAP antibodies in 30 µm-thick coronal midbrain sections demonstrated 

astrocyte activation in both mouse genotypes. Nrf2-/- mice exhibited more astrocytes 

than Nrf2+/+ littermates in the area of α-SYN overexpression at the SN. These astrocytes 

displayed enlarged bodies and ramifications consistent with activation (Fig. 5A). 
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Quantification of these morphological changes showed that Nrf2-/- mice presented 

increased number of B-type astrocytes (Fig. 5B). Regarding microglia, double 

immunofluorescence with anti-α-SYN and anti-Iba1 antibodies indicated that Nrf2-/- 

microglia displayed enlarged bodies with pseudoameboid shape in the area of α-SYN 

overexpression at the SN in comparison to the Nrf2+/+ microglia (Fig. 5C). We 

differentiated four microglial states: type A: resting microglia; type B: initiation of 

microglial activation; type C: activated but non-phagocytic; type D: activated 

phagocytic (42). Quantification of the different activation states of microglial cells 

showed that in the Nrf2-/- mice there was an increased in type B and C states, indicating 

exacerbated microglial activation (Figure 5D). Glial changes were attributed to α-SYN 

expression because injection of a rAAV6-GFP control vector did not lead to reactive 

astrogliosis or microgliosis at the same area (Fig. 5A and 5B). Interestingly, we 

observed that Nrf2-/- mice presented increased baseline number of microglial cells, as 

previously reported (24) suggesting in agreement with pr.that these animals have 

already aincresed baselene leves of inflalmtion. Taken together these results indicate 

that Nrf2-deficiency aggravates the gliosis caused by α-SYN overexpression in the 

surrounding area of degeneration.  

 

Impaired uptake of α-SYN and increased pro-inflammatory markers in Nrf2-/-deficient 

astrocytes 

To determine if glial changes might be a consequence of α-SYN stimulation 

rather than just a mere consequence of neuron damage, we analyzed the effect of 

recombinant α-SYN on glial cultures. Immunocytochemistry analysis demonstrated that 

neither Nrf2+/+ nor Nrf2-/- astrocytes expressed α-SYN at basal levels (Fig. 6). Most 

cultured astrocytes from both Nrf2+/+ and Nrf2-/- mice exhibited a flat polygonal or 
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spindle-like, morphology as expected (43). Upon treatment with 1 µM α-SYN for 8 h, 

both astrocyte types showed α-SYN+ inclusion bodies and some cells rounded and 

condensed (Fig. 6). These data indicate that α-SYN is somehow internalized by 

astrocytes in agreement with (44), but there is no clear difference between both 

genotypes. In order to determine if α-SYN could just adhere non-specifically to 

astrocytes, we compared the effect of adding monomeric and oligomeric α-SYN to 

astrocytes. Confocal microscopy showed that monomeric α-SYN was inside the 

astrocyte (Fig. 5), however oligomeric α-SYN was attached to the cell surface (Suppl. 

Fig. 5). Hence, we conclude that monomeric α-SYN is taken by astrocytes from both 

genotypes. In response to α-SYN, there was not induction of phase 2 enzymes like HO-

1 or NQO1 (Fig. 7A and 7B), and  Nrf2+/+ astrocytes released low levels of pro-

inflammatory cytokines IL-6, IL-1β and iNOS that were slightly higher in Nrf2-/- 

astrocytes (Fig. 7C, 7D and 7E, respectively). When we analyzed anti-inflammatory 

cytokines like IL-4, Nrf2-/- astrocytes exhibited about 50% less baseline expression than 

Nrf2+/+ astrocytes (Fig. 7F) and treatment with α-SYN decreased progressively its levels 

in the Nrf2+/+ astrocytes, indicating that α-SYN decreased the anti-inflammatory 

capacity of astrocytes. Taken together, these data indicate that, contrary to the in vivo 

model where Nrf2-/- mice exhibited enhanced astrogliosis, in culture α-SYN is taken up 

and activates astrocytes of both genotypes to a similar extent (see Discussion). 

 

α-SYN activates the NF-κB and Nrf2 pathways. 

To determine whether α-SYN induces microglial activation and the pathways 

implicated, we first used the microglial cell line BV2. We focused on the crosstalk 

between p65-NF-κB and Nrf2, which are master regulators of pro-inflammatory (iNOS, 

IL-1β, IL-6 and others) and anti-oxidant phase 2 (HO-1, NQO1 and others) genes, 
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respectively. α-SYN increased p65 protein levels in a time-dependent manner and 

reached a maximum after 30 min (Fig. 8A and 8B). Similarly, α-SYN also increased 

Nrf2 protein levels following 2 h after treatment (Fig. 8A and 8B). In addition, α-SYN 

treatment for 4 and 8 h induced the mRNA expression of HO-1, a prototype Nrf2-

regulated phase 2 gene, and IL-1β, IL-6 and iNOS, all targets of NF-κB (Fig. 8C). At 

the protein level, α-SYN required 8 h to increase HO-1, although iNOS and Iba-1 were 

already induced by 4 h (Fig. 8D and 8E). These data indicate that α-SYN activates the 

NF-κB pro-inflammatory pathway in the short-term and the Nrf2 anti-inflammatory 

pathway in a longer term. 

 

Nrf2-deficiency alters microglial morphology and pro-inflammatory cytokine 

production in response to α-SYN. 

In order to get more insight on the function of Nrf2 in the microgliosis caused by 

α-SYN overexpression, we analyzed the effect of α-SYN in primary microglia from 

Nrf2+/+ and Nrf2-/- mice. Immunofluorescence analysis demonstrated that at basal levels 

Nrf2+/+-derived microglia expressed α-SYN, which corroborates previous findings (10) 

and Nrf2-/- microglia did not present any apparent alteration in endogenous α-SYN 

expression (Fig. 9). When Nrf2+/+ microglia was exposed to α-SYN (1 µM, 8h) we 

observed a progressive transition from the rod-shaped to the ameboid morphology (Fig. 

9). Interestingly, Nrf2-/- microglia presented an ameboid shape and vacuolated 

cytoplasm with some spine-like structures and in some cells there was a tendency to 

become round and condensed. To determine the mechanism of interaction of α-SYN 

and microglial cells, we analysed in uptake of monomeric and oligomeric α-SYN. 

Confocal microscopy showed that monomeric α-SYN was inside the microglia (Fig. 9), 

while oligomeric α-SYN was just adhered to the cell surface (Suppl. Fig. 6).  
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To further define the modulatory role of Nrf2 in the microglial inflammatory 

response to α-SYN, we determined by qRT-PCR mRNA levels of HO-1 and NQO1, 

which are regulated by Nrf2. Untreated Nrf2-/- microglia expressed lower basal levels of 

both enzymes than Nrf2+/+ microglia, as expected (Fig. 10A and 10B). When Nrf2+/+ 

microglia was treated with α-SYN, there was an increase in mRNA levels of both HO-1 

and NQO1 after 8 h but not in Nrf2-/- microglia (Fig. 10A and 10B). Furthermore, we 

analyzed mRNA levels of pro-inflammatory cytokines IL-6 and IL-1β and iNOS. In 

Nrf2+/+ microglia, these factors  reached maximal levels at 4 h and were maintained for 

at least 8 h, but in the case of Nrf2-/- microglia, these pro-inflammatory factors 

continued to rise even after 8 h (Fig. 10C, 10D and 10E), indicating that Nrf2 modulates 

the pro-inflammatory response to α-SYN in microglia. 

To study the phagocytic response to α-SYN, microglia from Nrf2+/+ and Nrf2-/- 

mice were incubated for 2 h with fluorescent-labeled polystyrene beads in absence or 

presence of 1 µM α-SYN. Phagocytic activity was measured as a function of the amount 

of intracellular beads (Fig. 10F). At basal levels Nrf2-/- microglia showed impaired 

phagocytosis compared to Nrf2+/+ cells. α-SYN enhanced phagocytosis in Nrf2+/+ and 

Nrf2-/- microglia, although the Nrf2-/- microglia was less efficient (Fig. 10F). It has been 

reported that TAM receptor tyrosine kinases, Axl, Mer and Tyro3, are implicated in 

microglial phagocytosis and inflammatory gene expression (45). Interestingly at basal 

levels, Nrf2-deficiency significantly decreased mRNA levels of Axl (Fig. 10G) and Mer 

(Fig 10H) while the change on Tyro3 was not statistically significant (Fig. 10I). When 

microglial cells were treated with α-SYN, the Axl receptor showed a diminished 

induction in Nrf2-/- microglia, compared to Nrf2+/+. These results suggest that Nrf2 

deficiency impairs microglial phagocytosis and provide an explanation to the 
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observation reported in Fig. 9, indicating that Nrf2+/+ had greater α-SYN aggregates 

than Nrf2-/- microglia. 

Taken together, these data indicate that α-SYN induced the activation of the 

Nrf2 pathway in microglia, and that Nrf2 participates in the acquisition of both pro- and 

anti-inflammatory phenotypes of microglia, favoring its scavenging over its 

inflammatory role. 

 

Evidence for phase 2 induction at the SN pars compacta in human PD 

To determine the relevance of phase 2 enzymes in modulation of inflammation 

in Parkinson’s disease, we compared the levels of HO-1 in biopsies from asymptomatic 

subjects and patients with α-synucleinopathy in a medium stage of PD progression 

(Braak stages 4-5). In PD patients with α-synucleinopathy, demonstrated by formation 

of Lewy bodies and dystrophic Lewy dendrites (data not shown), we analyzed co-

expression of both HO-1 and either GFAP for astrocytes or Iba1 for microglia, 

compared to control asymptomatic patients. It was not possible to perform double 

labeling due to different retrieval requirements for each antigen, HO-1, GFAP and Iba-

1, but we circumvented this problem by analyzing two adjacent 4-µm thick sections that 

in many cases showed part of the same cells. As shown in Fig. 11B, PD tissue showed 

increased astro- and microgliosis compared to control tissue (Fig. 11A). At higher 

magnification, we observed that some activated astrocytes with thick bodies and 

branches evidenced by GFAP staining were also positive for HO-1 staining in PD tissue 

(Fig.11C and 11 D) . Similarly, some clusters of Iba1-stained microglia were also 

positive for HO-1 expression (Fig. 11E and 11F). We quantified these observations in 

inmunoblots of human tissue from the SN comparing control versus PD patients. 

Enhanced HO-1 protein levels were observed in PD patients which correlate with 
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increased expression of GFAP and Iba1 (Fig. 12), indicating that reactive astrogliosis 

and microglial activation was accompanied by augmented levels of enzyme HO-1. 

These results suggest that some glial cells up-regulate the phase 2 response possibly in 

an attempt to modulate the oxidative stress and inflammation that result at least in part 

from α-SYN interaction with glia. 

 

DISCUSSION 

This study demonstrates that impairment of Nrf2 response cooperates with α-

SYN overexpression to aggravate the hallmarks of PD including proteinopathy, 

inflammation and nigrostriatal cell death, and provides a new more complete bifactorial 

mouse model based on α-SYN and Nrf2 paradigms to study early stages of PD and to 

develop new therapeutic strategies. The study of α-synucleinopathy and its contribution 

to PD ethiopathology has been hampered due to the lack of reliable animal models. The 

recent use of AAV vectors for α-SYN expression has provided a powerful new tool to 

reassess the contribution of proteinopathy, axonal dysfunction, neuron cell death, 

oxidative stress and neuroinflammation in PD. Moreover, the slow and progressive 

development of this animal model provides an excellent ground to analyze the 

cooperation of other factors that may participate in disease initiation and progression. In 

this study, we have analyzed the relevance of impaired Nrf2 transcriptional activity as 

an adjuvant factor in disease progression. We have found that Nrf2 deficiency 

aggravates α-SYN aggregation in neuronal bodies and dystrophic neurites, gliosis, 

inflammation and DAergic neuron death.  

Several preliminary studies including ours have demonstrated the importance of 

Nrf2 in protections against oxidative and inflammatory stress in mice treated with the 

parkinsonian toxin 1-methyl-1,2,3,4-tetrahydropyridine (MPTP) (24, 25, 46-48). 
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However, the MPTP model does not recapitulate the main hallmark of the human PD 

pathology which is α-synucleinopathy. Therefore, we undertook this study with two 

main goals: i) to generate a better mouse model that combines α-SYN pathology and 

predisposition to oxidative and inflammatory stress ii) to determine in this model how 

relevant Nrf2 might be to control proteostasis following α-SYN challenge. Here we 

have observed that Nrf2-deficieny aggravates neuronal death, gliosis and inflammation 

in this scenario but also proteinopathy associated with α-SYN accumulation in neuron 

bodies and dystrophic neurites. 

To our knowledge this is the first study where proteinopathy associated with PD 

is analyzed in connection with Nrf2-deficiency. Basal mRNA levels of several 

proteasome subunits like PSMB7, PSMC3 and PSMC4 were slightly decreased in 

ventral midbrain of Nrf2-/- mice compared to Nrf2+/+ mice. Moreover, Nrf2-/--derived 

MEFs treated with the proteasome inhibitor MG132, which stabilizes Nrf2 protein 

levels and also stimulates expression of protesome genes (36), showed impaired 

expression of proteasomal genes and proteasome catalytic activity compared to Nrf2+/+-

derived MEFs. The fact that Nrf2-/- mice exhibited impaired proteasome gene 

expression and activity provides an interpretation to the reported decrease of 

proteasome activity and low levels of 20S and 26S subunits in PD brains (49-51). 

Microarray studies (52, 53) indicate that several 20S and 26S protesomal subuntis might 

be transcriptionaly up-regulated by Nrf2 and Kensler’s group has reported a slight up-

regulation of some proteasome genes by chemical or genetic Nrf2 overexpression (54). 

Starting with an in silico analysis of evolutionally conserved regions in proteasome 

genes and an algorithms based on Wang’s publication of bases restrictions, we 

identified putative Antioxidant Response Elements in several proteasome subunits. 

More importantly, we found that some proteasome genes, including PSMB7, were 
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regulated by Nrf2 because in Nrf2-/- mice baseline levels of expression was slightly 

lowere. the most interecting observtiosn was that challenging the proteasloem bay a-

SYN overexpression lead to incres levesl of a PSM7 in Nrf2+/+ mice but not in Nrf2-/- 

mice. Accorting to these results the concept fo phase 2 regulated genes by Nrf2 must be 

expanded to consider the proteasome as part of antioxidant response elicited by Nrf2 

and may play a relevant role in protection against a-synucleinopathy. 

Gliosis and neuroinflammation are events associated with early PD that can be 

replicated in the rAAV6-α-SYN model. Here, we report that Nrf2-/- mice presented 

exhacerbared gliosis and pro-inflammatory manifestations in response to α-SYN. We 

found that both Nrf2+/+ and Nrf2-/- astrocytes took α-SYN a process resembling 

astrocyte α-synucleinopathy reported in sporadic PD (55) and diffuse Lewy body 

disease (56). Astrocytes from both genotypes increased expression of pro-inflammatory 

genes encoding for IL-6, IL-1β and iNOS. This essentially similar response in the two 

genotypes was consistent with the lack of phase 2 induction, suggesting that in this cell 

type α-SYN does not provoke a gross release of ROS and does not activate the Nrf2 

response. This observation appears to be different from the observed induction of HO-1 

in post-mortem PD brains (Fig. 10). We speculate that induction of the phase 2 response 

in the astrocytes is not a direct consequence of α-SYN signaling but most likely results 

from interaction with other molecules released to the brain parenchyma.  

The effect of α-SYN on microglial cultures was more noticeable than on 

astrocytes. Here, α-SYN enhanced microglial phagocytosis in Nrf2+/+ animals, in 

agreement with Park et al. (57) but phagocytosis in Nrf2-/- microglia was significantly 

reduced as determined by counting endocytosis of fluorescent beads. These results 

indicated that Nrf2 is also involved in the phagocytic process in concordance with the 

findings that macrophages from Nrf2-/- mice showed lower phagocytosis index (58). But 
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more importantly, we describe for the first time that, two of the three TAM receptors, 

Mer and Axl, were significantly down-regulated in Nrf2-/- mice, although only Axl 

exhibited altered response under α-SYN stimulation. The TAM family of receptor 

protein tyrosine kinases plays a pivotal role in phagocytosis. Particularly Mer, has been 

shown to be involved in clearance of the apoptotic cells by peripheral macrophages and 

dentritic cells (59). Although different cell types appear to require different 

combinations of TAM receptors, regarding microglia it has been described that Gas6 

(Growth arrest specific gene 6) induces Axl/Mer family to stimulate phagocytosis and 

repress transcriptional expression of pro-inflammatory cytokines, including iNOS and 

IL-1β (45). Therefore our results uncover an unexplored mechanism by which Nrf2 

participates in modulation of microglial activation, disfavoring classical pro-

inflammatory and supporting alternative pro-phagocytic phenotypes.  

 In Nrf2+/+ but not in Nrf2-/- microglia α-SYN stimulated the expression of phase 

2 genes such as those coding HO-1 and NQO1, indicating a novel mechanism pathway 

activated by α-SYN. Moreover, in Nrf2-/- microglia α-SYN exacerbated a pro-

inflammatory response as demonstrated by increased expression of IL-6, IL-1β and 

iNOS. These results indicate a role for Nrf2 in down-modulation of microglial pro-

inflammatory phenotype. To get more insight into the mechanistic connection we used 

the microglial cell line BV-2. Here, α-SYN induced both the NF-κB pro-inflammatory 

and Nrf2 anti-inflammatory responses but with different kinetics. Thus, while the 

protein levels of p65- NF-κB increased within 30 min, Nrf2 induction was delayed to 

about 2-3 h. Regarding gene expression, iNOS protein levels were increased at 4 h 

while HO-1 protein levels required 8 h. These different kinetics suggest that NF-κB 

activation is an early and direct event of α-SYN signaling, while Nrf2 is a secondary 

event that participates in a later negative loop regulation of NF-κB. We speculate that at 
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the same time that α-SYN activates the NF-κB signaling pathway, it induces assembling 

and up-regulation of NADPH oxidase, therefore promoting oxidative stress on the 

surrounding environment and in the microglia itself. Activation of NADPH oxidase 

would trigger a second wave of events that would lead to Nrf2 activation. Consistent 

with our hypothesis, it has been reported that α-SYN induces ROS production in 

microglia by NADPH oxidase activation which was linked to direct induction of 

macrophage antigen-1 (Mac-1) receptor (7, 60). 

To determine the relevance of Nrf2 and phase 2 genes in the human PD 

pathology, we analyzed HO-1 expression in postmortem biopsies of patients in a middle 

stage of PD progression. The immunodetection specificity was previously demonstrated 

by lack of signal staining in brain of HO-1-knockout mice (47). In control 

asymptomatic subjects, HO-1 expression was below the level of detection. However, in 

PD patients we observed a weak staining in DAergic neurons and astrocytes in 

agreement with a previous report (61), but not decorating Lewy bodies. More 

importantly for this study, we show for the first time that clusters of microglial cells are 

HO-1+ in PD patients in areas close to dystrophic dopaminergic neurons. The increase 

in HO-1 staining observed in these cell types suggests the presence of exacerbated 

oxidative and inflammatory stress. At the same time, the fact that phase 2 induction was 

not generalized among all cells in SN, either neurons, astrocytes or microglia, suggests 

that induction of the phase 2 defense was not sufficient to elicit an efficient protection. 

These results are consistent with reports indicating that Nrf2 activity declines with age 

(62, 63), which is the main risk factor for PD.  

 Several hallmarks of PD such as mitochondrial generation of oxidative stress, 

association with environmental toxins, proteinopathy and early inflammation are all 

targeted by Nrf2 through control of redox homeostasis, biotransformation, proteasome 
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regulation and inhibition of NF-kB, respectively. However, because Nrf2 has a 

tremendous impact on many aspects of cell and tissue homeostasis it may be anticipated 

that its effects are not specific for α-SYN-induced neuron damage, gliosis and 

inflammation. In this regard, Nrf2 might fall in the category of defensive transcription 

factors, such as HIF in hypoxia or ATF-4 in unfolded protein response, which 

participate in cell and tissue damage control. Therefore, the activation of Nrf2 should 

not necessarily provide a therapeutic benefit exclusively for PD but also for other 

diseases that show signs of oxidative stress and low-grade chronic inflammation such as 

Alzheimer’s disease or Huntington’s disease. At the same time, because of its relatively 

unspecific impact on brain protection, targeting Nrf2 might also contribute to 

amelioration of non-motor symptoms of PD by protecting non-dopaminergic pathways.  
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MATERIALS AND METHODS 

Animals and treatments 

Colonies of Nrf2 knockout (Nrf2-/-) mice as well as wild type (Nrf2+/+) littermates were 

established from funders provided by Dr. Masayuki Yamamoto (Tohoku University 

Graduate School of Medicine, Sendai, Japan) (64). All animal protocols were approved 

by the Ethical Committee for Research of the Universidad Autónoma de Madrid 

following institutional, Spanish and European guidelines (Boletín Oficial del Estado 

(BOE) of 18 March 1988; and 86/609/EEC, 2003/65/EC European Council Directives). 

 

Production of the viral vectors and surgical procedures.  

Transfer plasmids for pseudotyped rAAV6 vector production were prepared by cloning 

a human synapsin 1 promoter driving GFP or α-SYN into pTR-UF20 plasmid. 

Woodchuck hepatitis virus post-translational regulatory element (WPRE) and poly A 

signal were inserted downstream to the gene of interest. The protocol for viral vector 

production was previously described (15). Both GFP and α-SYN vector batches yielded 

4.0E13 genome copy/ml titers. The stock preparations were diluted 10 fold for in vivo 

injections. Viral vector injections were performed under ketamine/xylazine anesthesia 

(8 mg/kg ketamine and 1.2 mg/kg xylazine) of adult mice weighing 20-25 g. Surgery 

was performed using a stereotaxic frame (Stoelting, Wood Dale, IL, USA) and a 5 µl 

Hamilton syringe fitted with a pulled glass capillary (outer diameter of 60–80 µm). 

Animals received a single 2 µl injection into the right SN at the following coordinates: -

2.5 mm posterior and -1.4 mm lateral to bregma, and -4.5 mm ventral relative to dura, 

calculated according to the mouse atlas of Franklin and Paxinos (Franklin and Paxinos, 

2008). Vector stocks were injected at a rate of 0.4 µl ⁄ min and the needle was left in 
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position for an additional 5 min after the infusion was completed before being slowly 

retracted. Animals were then sutured and returned to their cage. 

 

HPLC determination of DA and DA metabolites 

The tissue content of dopamine (DA) and 3,4-dihydroxyphenylacetic acid 

(DOPAC) were assessed through HPLC. After decapitation, the brains were rapidly 

removed, and the striatum were dissected out. The dissected tissue was rapidly frozen 

on dry ice and kept at −80 °C until further processing. At the time of analysis, tissue 

samples were homogenized in 0.1 M perchloric acid and centrifuged at 10,000 rpm for 

10 min before being filtered through a PVDF filter (0.45μm; Uni-filter) and spun down 

for an additional 3 min at 10,000 rpm. 10 μL of the final filtrate of each sample was 

injected by a cooled Alexys AS 100 autosampler into Alexys Monoamine Analyzer 

(Antec Leyden, Netherlands) consisting of a DECADE II electrochemical detector and 

VT-3 electrochemical flow cell. The mobile phase (50 mM phosphoric acid, 50 mM 

citric acid, 8 mM NaCl, 0.1 mM EDTA, 12.5 % methanol, 600 mg/L octane sulfate; pH 

3.1) passed through a 1mm × 150mm column with 3-μm particle size (ALF-115) (Antec 

Leyden, Netherlands) at a flow rate of 100 μL/min for determination of DA and 

DOPAC. 

 

Immunohistochemistry of mouse and human tissues 

Animals were anesthetized with 8 mg/kg ketamine and 1.2 mg/kg xylazine i.p. 

and then perfused with 4% paraformaldehyde (PFA) dissolved in phosphate buffer pH 

7.4. Then, brains were dissected and immersed overnight in the same fixative. Coronal 

brain sections (30 µm) were obtained on a freezing microtome (Hyrax S 50, Madrid, 

Spain) and kept in anti-freezing solution at -20ºC until use. Immunostaining was carried 
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out on free-floating sections with a standard avidin-biotin immunohistochemical 

protocol previously described (24). The sections were incubated with specific primary 

antisera (Ab-I), a rabbit tyrosine hydroxylase antiserum (TH) (Chemicon Int., 

Temecula, CA) diluted 1:1.000; mouse anti α-SYN (BD Bioscience) diluted 1:1.000 and 

mouse anti green fluorescent protein (GFP) (Sigma Aldrich, St. Louis, USA) diluted 

1:1000, in PBST solutions containing normal goat serum. After careful washing, the 

sections were incubated with the secondary biotinylated secondary antisera (Vector 

Labs Inc, Burlingame, CA) at room temperature and developed using diaminobenzidine 

(DAB). 

Postmortem brain tissues were obtained from one control (age 58 years) and four 

PD patients (age range 62–75 years) within a 12 h postmortem interval, according to the 

standardized procedures of Banco de Tejidos de la Fundación CIEN (Madrid, Spain). 

The control subject had no background of neuropsychiatric disease and a full 

neuropathological examination on paraffin-embedded tissue excluded relevant brain 

pathology. PD diagnosis was confirmed by haematoxylin & eosin and α-SYN staining 

on paraffin-embedded tissue sections from the same cases used in the 

immunohistochemical studies. All PDs were categorized within Braak stages 4-5 for 

Lewy body pathology progression (1). 

After paraffin embedding, mesencephalon consecutive sections of 4 µm were 

stained with antibodies for tyrosine hydroxylase (TH) and heme oxygenase (HO-1), α-

SYN and HO-1, GFAP and HO-1, Iba-1 and HO-1. To obtain a more efficient 

immunostaining, tissue sections were subjected to different antigen retrieval procedures, 

depending on the antibody requirement. Primary antibody were incubated with Dako 

REAL antibody diluents (Dako Diagnostics, Spain) for 1 h at RT; TH (1:200, clone 

LNC1), α-synuclein (1:2000), GFAP (1:1000) and HO-1 (1:200) all from Millipore 
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Iberica, Spain; and Iba-1 (1:500, Wako Chemicals, Neuss, Germany). After washing, 

the sections were incubated with the secondary biotinylated antisera (Vector) at room 

temperature and then with the ABC kit system, and developed using DAB. In the case 

of HO-1 immunohistochemistry, the secondary antibody was EnVision+ System-HRP 

(Dako Diagnostics). The images were captured using Axiophot microscope (Carl Zeiss 

MicroImaging, LLC, United States) at 20X or 40X. 

 

Stereological analysis 

The total number of TH+ neurons in the SN were estimated using an unbiased 

stereological quantification method by employing the optical fractionator principle (65, 

66) in the light microscopy facility at the DZNE. All quantifications were done after 

blinding the identity of the sections by a coding system and then excluding the samples 

that had lower than 60% transgene transduction in the SN. For the analysis every forth 

section throughout SN was used and the borders for the region of interest were defined 

by using a 4x objective. Cell counting was performed as previously described by (15). 

Coefficient of error attributable to the sampling was calculated according to Gundersen 

and Jensen (67), and values ≤0.10 were accepted. 

 

Immunofluorescence 

Sections were rinsed in TBS and the protocol followed was previously described 

by Rojo et al. (24). The sections were incubated 24 h at RT in the following primary 

antibodies: rabbit anti-Iba1 (1:100, Wako Chemicals), rabbit anti-GFAP (1:500, Dako 

Diagnostics), mouse anti α-SYN (1:1000, BD Bioscience), mouse anti-TH (1:250, 

Chemicon International, Inc.), rabbit anti-synaptophysin (1:250, Synaptic Systems 

GmbH), rabbit anti- α-SYN (phospho S129) (1:150, Abcam, Cambridge, UK), mouse 
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anti-beta 2 subunit, 20S proteasoma (PSMB7) (1:500, Enzo Life Sciences) and mouse 

anti-GFP (1:1.000, Sigma Aldrich). Sections were rinsed in TBS and washed three 

times and then incubated with secondary antibodies for 45 min: Alexa Fluor 546 goat 

anti-mouse, Alexa 546 goat anti-rabbit or Alexa Fluor 488 goat anti-mouse at a 1:500 

dilution (Invitrogen), respectively. Control sections were run following identical 

protocols but omitting the primary antibody. The fluorescence images were captured 

using appropriate filters in a Leica DMIRE2TCS SP2 confocal microscope (Nussloch, 

Germany). The lasers used were Ar 488 nm for green fluorescence and Ar/HeNe 543 

nm for red fluorescence and Ar 351 nm and 364 nm for UV fluorescence. 

 

Cell culture 

For primary mouse microglial and astroglial cell cultures, mixed glial cultures 

were established. Neonatal (P0-P2) mouse cortex from Nrf2+/+ and Nrf2-/- were 

mechanically dissociated and the cells were seeded onto 75 cm2 flasks in DMEM, 

supplemented with 10% FCS and penicillin/streptomycin. Cells were cultured in a 

humidified atmosphere of 5% CO2 at 37°C and the medium was changed the day after 

seeding and once a week thereafter. Following 2 weeks in culture, flasks were 

trypsinized and separated using CD11b MicroBeads for magnetic cell sorting (MACS 

Miltenyi Biotec, Germany), cells were pelleted separately and seeded onto plates in 

medium. The cultures were at least 99% pure, as judged by immunocytochemical 

criteria. 24 hours before treatment, medium was changed to DMEM serum-free without 

antibiotics. Microglia and astrocytes were treated with 1 µM α-SYN (Sigma-Aldrich, 

Spain) for 4 and 8 h, respectively. α-SYN was aged in PBS at 37ºC for 7 days to obtain 

oligomeric α-SYN, which was used at a final concentration of 1 µM.  
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BV2 microglial cells were cultured in RPMI 1640 medium supplemented with 

10% FCS and 80 µg/ml gentamicin in a humidified atmosphere of 5% CO2 at 37°C with 

medium changed every 3–4 days. 24h before the experiments, medium was changed to 

RPMI serum-free without antibiotics. Cells were treated with 1 µM α-SYN for 4 and 8 

h, respectively. 

Embryonic skin fibroblasts from mice (MEFs) from Nrf2+/+ and Nrf2-/- mice 

were isolated around embryonal day 13.5. Skin pieces were minced in 3 cm Petri dishes 

and underwent enzymatic digestion at 37°C for 30 min in Falcon tubes with 1 ml 

HyQTase (Hyclone, Fisher Scientific España). The digested tissue was passed through a 

160 µm Nitex filter into 3 cm Petri dishes, and the enzymes neutralised with DMEM + 

15% bovine growth serum (Hyclone). The resulting suspension was centrifuged at 450 

× g for 5 min, and the cells were plated at a density of 1 × 106 cells/cm2 in culture 

flasks. The fibroblasts were placed in an incubator at 37º C supplemented with 5% CO2, 

and medium was changed daily for the first three days. 

 

Human brain extracts 

Forzen postmortem brain tissues were obtained from two control (age 58 and ??? years) 

and three PD patients (age range 73–85 years) within a 5 h postmortem interval, 

according to the standardized procedures of Banco de Tejidos de la Fundación CIEN 

(Madrid, Spain). SN lysates were prepared in RIPA-Buffer (25 mM Tris-HCl pH 7.6, 

150 mM NaCl, 1 mM EGTA, 1% Igepal, 1% sodium deoxycholate, 0.1 % SDS, 1 mM 

PSMF, 1 mM Na3VO4, 1 mM NaF, 1 μg/ml aprotinin, 1 μg/ml leupeptin and 1 μg/ml 

pepstatin). 50 μg of protein were loaded for SDS-PAGE electrophoresis. 

 

Immunoblotting  



 

 27 

The primary antibodies used were anti-p65 (1:2000, Calbiochem, Merck 

Chemicals International), anti-Nrf2 (1:2000, generous gift of Dr. John Hayes, 

Biomedical Research Institute, Ninewells Hospital and Medical School,University of 

Dundee, Scotland, United Kingdom), anti-HO1 (1:1000, Millipore Iberica), anti-iNOS 

and anti-Iba1 (1:1000, Abcam, Cambridge, UK), anti-GFAP (1:10.000, Sigma-Aldrich) 

and anti-β-actin (1:2000, Santa Cruz Biotechnology, Santa Cruz, CA). Cell lysates were 

resolved in SDS-PAGE and transferred to Immobilon-P membranes (Millipore Iberica). 

These membranes were analyzed using the primary antibodies indicated above and 

appropriate peroxidase-conjugated secondary antibodies. Proteins were detected by 

enhanced chemiluminescence (Amersham). 

 

Proteasome activity assays 

Proteasome activity was assessed in MEFs extracts using fluorogenic peptides. Briefly, 

cells were sonicated in ice-cold buffer (50 mM Hepes pH 7.54, 150 mM NaCl, 5 mM 

EDTA, 0.1 mM leupeptin, 1 μg/ml pepstatin A and 1 mM PSMF) and extracts prepared 

by centrifugation for 15 min at 3,000g. Proteasome-specific peptidase activities were 

assayed by monitoring the production of 7-amino-4-methylcoumarin (AMC) from the 

following fluorogenic peptides (Bachem, CH): 100 μM Suc-LLVY-AMC (for 

chymotrypsin-like), 100 μM Boc-LLR-AMC (for trypsin-like) and 100 μM Z-LLE-

AMC (for PGPH or caspase-like activity) in 20 mM Hepes pH 7.4. Reactions were 

started by adding an aliquot of cellular extract and the fluorescence of released AMC 

(excitation, 380 nm; emission, 460 nm) was monitored continuously at 37°C in a 

standard microtiter plate fluorometer (Synergy™ HT, Bio-Tek Instruments. GmbH, 

Friedrichshall, Germany). Background activity (caused by nonproteasomal degradation) 

was determined by addition of the proteasome inhibitor MG132 at a final concentration 
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of 100 μM. Assays were calibrated using standard solutions of free fluorophores. 

Substrate consumption at the end of incubation never exceeded 1%. 

 

Immunocytochemistry 

Astrocytes and microglia were seeded in 24-well plates. After 24 h cells were 

shifted to serum-free medium without antibiotics. After treatment with 1 µM α-SYN for 

8h, cells were washed with cold PBS and fixed with 4% PFA for 10 min. Cells were 

permeabilized with 0.25% Nonidet P-40 (Sigma-Aldrich) for 10 min and incubated with 

primary antibodies for 1.5 h at 37°C in a humidified box. Secondary antibodies were 

incubated for 45 min at 37°C in the same conditions. To visualize the nuclei, cells were 

stained with 4′,6′-diamino-2-phenylindole (Molecular Probes, Leiden, The 

Netherlands). Fluorescent images were captured using appropriate filters in a Leica 

DMIRE2TCS SP2 confocal microscope (Leica, Nussloch, Germany). Primary 

antibodies used in immunocytochemistry were rabbit anti-GFAP (1:500, Dako, 

Millipore), rabbit anti-Iba1 (1:100, Wako Chemicals, Neuss, Germany) and anti- α-SYN 

(1:1000, BD Bioscience). Secondary antibodies were goat anti-mouse Alexa Fluor 488-

conjugated IgG and goat anti-rabbit Alexa Fluor 546-conjugated IgG (Molecular 

Probes). 

 

Phagocytosis assay 

Microglial cells from Nrf2+/+ and Nrf2-/- mice were collected as described above 

and 150.000 cells were plated in coverslips overnight. The medium was removed and 

replaced with serum-free DMEM without antibiotics for 24 h before the start of the 

experiment. Fluorescent microspheres (FluoSpheres polystyrene microspheres, 

Invitrogen) were added (150 microspheres per cell) and incubated for 2 h. Then, cells 
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were washed with PBS, fixed with 4% PFA, and stained with DAPI. The images were 

captured using 90i Nikon microscope (Nikon, Montreal, QC, Canada) at 40X. 

 

Analysis of mRNA levels by quantitative real-time PCR 

Total RNA from microglial and astroglial primary cultures and BV2 cells was 

extracted using TRIzol reagent according to the manufacturer´s instructions 

(Invitrogen). One microgram of RNA from the different treatments were treated with 

DNase (Invitrogen) and reverse-transcribed using 4 µl of High capacity RNA-to-cDNA 

Master Mix (Applied Biosystem, Foster City, CA). For Real-Time PCR analysis we 

performed the method previously described by Rojo et al (24). Primer sequences are 

shown in Table 1. To ensure that equal amounts of cDNA were added to the PCR, the β-

actin housekeeping gene was amplified. Data analysis is based on the ∆∆Ct method with 

normalization of the raw data to housekeeping genes as described in the manusfacturer´s 

manual (Applied Biosystem). All PCRs were performed in triplicates. 

 

Statistical analyses 

Data are presented as mean ± SEM. One and two-way analysis of variance with 

post hoc Newman-Keuls test and Bonferroni’s test respectively were used, as 

appropriate. A Student’s t test was used to assess differences between groups. 
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FIGURE LEGENDS 
 

Figure 1: Human α-SYN expression at the SN and striatum of Nrf2+/+ and Nrf2-/- mice 

injected with rAAV-α-SYN. A, Immunohistochemistry for human α-SYN. Midbrain of 

right side was injected with  rAAV-α-SYN expression vector.  Left non-injected side is 

shown as negative control. Upper panel, Nrf2+/+ mice; Lower panel, Nrf2-/- mice. B, 

Double-immunofluorescence for α-SYN (green) and TH (red) showing colocalization of 

both antigens in nigral DAergic neurons. C,  Immunohistochemistry for human α-SYN 

at the  right striatum of Nrf2+/+ mice (upper panel) and Nrf2-/- mice (lower panel). 

Figure 2: Nrf2-deficiency exacerbates TH+ neuronal loss induced by α-SYN 

overexpression at the SN. Immunohistochemistry for TH+ neurons following 8 weeks 

after injection of rAAV-α-SYN. A, ventral midbrain from Nrf2+/+ mice. B, ventral 

midbrain from Nrf2-/- mice. C and D, high magnification of the right side of SN injected 

with rAAV-α-SYN in Nrf2+/+ and Nrf2-/-, respectively. Asterisks indicate regions with 

loss of TH+ neurons; arrows indicate regions with loss of TH+ fibers. E-H, 

Immunohistochemistry for TH at the striatum. E and F, left and right sides in Nrf2+/+ 

mice. G and H, left and right sides in Nrf2-/- mice. I, Stereological counting of nigral 

TH+ neurons (n=3 animals per group). Two-way ANOVA followed by Bonferroni’s test 

was applied to determine the significance of biochemical differences among groups. 

Asterisk denotes significant differences between treatments with *p<0.05. J-L, 

Neurotransmitter levels measured at the striatum following 8 weeks after rAAV-α-SYN 

injections. J, DA levels (% of control side); K, DOPAC levels (% of control side); L, 

DOPAC/DA ratio shown as an estimate of DA catabolism rate (n=5-6 animals per 

group).  
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Figure 3.  Proteasomal deficiencies in Nrf2- /- mice increased aggregation of α-SYN in 

neuron bodies and dendrites. Immunohistochemical detection of dystrophic neurites 

with α-SYN antibody in Nrf2+/+ (A), Nrf2-/- mice (B) and PD patient (C). Arrow heads 

indicate the presence of dystrophic neuritis both in Nrf2-/- mice and PD patient. Scale 

bar indicates 20 μm. D, Quantification of the mRNA levels, by qRT-PCR of PSMB7, 

PSMC3 and PSMC4 (n= 5-6 samples per group). A Student’s t test was used to assess 

significant differences among groups and in all cases the p=0.06, nearly statistically 

significant. Specific mean values + SEM were: for PSMB7: Nrf2+/+, 1.024 + 0.113 and 

Nrf2-/-, 0.830 + 0.013; PSMC3: Nrf2+/+, 1.012 + 0.115 and Nrf2-/-, 0.832 + 0.015; 

Nrf2+/+, 1.028 + 0.120 and Nrf2-/-, 0.808 + 0.019. E, Photographs show double 

immunofluorescence staining of 30 µm-thick sections of SN areas from Nrf2+/+ and 

Nrf2-/- injected with rAAV-α-SYN vector with antibodies against α-SYN (green) and 

PSMB7 (red). Right panels are an amplification of the white squares from the left 

panels. Scale bars indicate 20 μm. 

Figure 4: Enhanced phospho-S129-α-SYN at the SN of Nrf2-/- mice. 

Immunofluorescence detection of phospho-S129-α-SYNat the injected side with 

rAAV6-α-SYN in Nrf2+/+ and Nrf2-/- mice. Scale bar indicate 25 μm. Quantification of 

the fluorescence intensity related to Nrf2+/+ mice (n= 4 samples per group). A Student’s 

t test was used to assess significant differences among groups. Asterisk denote 

significant difference *p< 0.05. 

Figure 5: Nrf2-/- mice exhibit increased astrogliosis and microgliosis at the SN in the 

tissue area expressing human α-SYN but not GFP. Photographs show double 

immunofluorescence staining of 30 µm-thick sections of SN areas from Nrf2+/+ and 

Nrf2-/- mice following 8 weeks from injection with rAAV-α-SYN or rAAV-GFP vector. 

A, to analyze astroglia, sections were stained with antibodies against GFAP (red) and 
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either α-SYN or GFP (both in green). B, quantification of the morphological astrocyte 

changes. Astrocyte morphology was evaluated as resting (type A) or reactive (typeB). 

Values were represented as % of total number referred to the ipsilateral side. C, to 

analyse microglia, sections were stained with antibodies against Iba1 (red) and either α-

SYN or GFP (both in green). Scale bars indicate 20 μm. D, quantification of the 

morphological microglial changes. Microglia morphology was evaluated as resting 

(type A), initiation of microglial activation (type B), activated but non-phagocytic (type 

C) and activated phagocytic (type D). Values were represented as % of total number 

referred to the ipsilateral side.  

Figure 6: Effect of human α-SYN on morphology of astrocytes. A, Primary astrocyte 

cultures from Nrf2+/+ or Nrf2-/- mice were treated with 1µM α-SYN for 8 h. Doble-

immunofluorescence analysis was performed using anti-GFAP (green) as astrocyte 

marker and anti α-SYN (red). Scale bar indicates 15 μm.   

Figure 7: Effect of human α-SYN on pro-inflammatory markers of astrocytes.  

Quantification of the mRNA levels, measured by qRT-PCR, of HO-1 (A) and NQO1 

(B), as well as pro-inflammatoty markers IL-6 (C), IL-1β (D) and iNOS (E) and anti-

inflammatory marker IL-4 (F) (n=5 samples per group). One-way ANOVA followed by 

Newman-Keuls test was used to assess significant differences among groups. Asterisks 

denote significant differences *p< 0.05, **p<0.01 comparing the indicated groups. 

Figure 8: α-SYN activates NF-κB and Nrf2 pathways in the microglial cell line BV2. A, 

immunoblots from microglia submitted to 1µM α-SYN for the indicated times. Upper 

panel, anti-Nrf2 antibody; middle panel, anti-p65 NF-κB antibody; lower panel, anti-β-

actin antibody showing similar amount of protein per lane. B, quantification of 

immunoblots from three independent experiments for Nrf2 and p65. C, mRNA levels, 



 

 39 

measured by qRT-PCR, for HO-1, IL-1β, IL-6 and iNOS, after 4 and 8 h of exposure to 

1µM α-SYN. (n=4 samples per group). One-way ANOVA followed by Newman-Keuls 

test was used to assess significant differences among groups. Asterisks denote 

significant differences *p< 0.05, **p<0.01 comparing the indicated groups. D, protein 

levels for HO-1, iNOS and Iba1 after 4 and 8 h of treatment with 1µM α-SYN. E, 

quantification of immunoblots for HO-1, iNOS and Iba1. Asterisks denote significant 

difference *p< 0.05 compared to the basal level. 

Figure 9: Effect of human α-SYN on microglial morphology. Primary microglial cell 

cultures from Nrf2+/+ or Nrf2-/- mice were treated with 1µM α-SYN for 8 h. Double-

immunofluorescence analysis was performed using anti-Iba1antibody (green) as 

microglial marker and anti-α-SYN (red). Scale bar indicates 15 μm.  

Figure 10: Effect of human α-SYN on phagocytosis and production of pro-inflammatory 

markers in microglia. Quantification of the mRNA levels, by qRT-PCR, of Nrf2 

inducible markers HO-1 (A), NQO1 (B) and pro-inflammatory markers IL-6 (C), IL-1β 

(D) and iNOS (E) (n=4 samples per group).  Statistically significant differences are 

shown with *p< 0.05, **p<0.01 comparing the untreated Nrf2+/+ group with the 

indicated groups or between the indicated groups. F, Effect of α-SYN on the phagocytic 

response.  Microglia from Nrf2+/+ or Nrf2-/- mice were incubated with fluorescent 

microspheres in the absence or presence of 1µM α-SYN for 2 h. Phagocytosis efficiency 

was calculated as number of microspheres per cell. One-way ANOVA followed by 

Newman-Keuls test was used to assess significant differences among groups. Asterisks 

denote significant differences *p< 0.05, **p<0.01, ***p<0.001 comparing the indicated 

groups. G, H, I, Quantification of mRNA levels by qRT-PCR of the three TAM 

receptors : Axl (G), Mer (H) and Tyro3 (I) (n= 4-5 samples per group). A Student’s t 
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test was used to assess significant differences among groups. Asterisk denotes 

significant differences *p< 0.05 comparing the indicated groups. 

Figure 11: Expression of the phase 2 enzyme HO-1 in microglia and astroglia at the 

SNpc of PD patients.  Immunohistochemistry of GFAP and HO-1 in two adjacent  4-µm 

thick sections from in control asymptomatic subject (A) and PD patient with mild 

degeneration (B). Scale bar indicates 100 μm. C and D, two adjacent 4-µm thick 

sections from a PD patient stained for HO-1 and GFAP, respectively. The rectangle 

indicates an astrocyte that in both consecutive sections is doubly labelled for HO-1 and 

GFAP. Arrows point to the same neuromelanin-containig neuron with a Lewy body. E 

and F, two adjacent 4-µm thick sections from a PD patient stained for HO-1 and Iba1, 

respectively. The rectangle indicates microglia that in both consecutive sections is 

doubly labelled for Iba1 and HO-1. Asterisks show the same neuromelanin-containig 

neurons in both consecutive sections. Scale bar indicates 50 μm. 

Figure 12: SN from PD patients exhibit increased expression of HO-1 correlated with 

astro- and microgliosis. Western-blot analysis of HO-1, GFAP and Iba1 in human brain 

extracts from SN show enhanced protein expression of phase 2 protein HO-1, astrocyte 

marker GFAP and microglial marker Iba1 in PD patients. The relative optical density of 

the immunoblot band is also represented (Control n=2; PD n=3). A Student’s t test was 

used to assess significant differences among groups. Asterisk denote significant 

difference *p< 0.05 and **p<0.01. 

Table 1: Genes and primers used for quantitative PCR amplification 
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Supplementary Figure 1: Immunoblotting for TH at the striatum. A, upper panel, TH 

levels in the striatum from injected (right) versus non-injected side (left) from Nrf2+/+ 

and Nrf2-/- mice with AAV-GFP versus AAV-α-SYN (n=6 per group). The results 

showed no significant differences between the injected with AAV-α-SYN versus non-

injected sides in both genotypes. B, unilateral injection of 1 μl of 6-OHDA (4 μg/μl) 

into the striatum of Nrf2+/+ and Nrf2-/- mice. One month after lesion mice were 

sacrificed and TH levels were measured in the striatum. In this case we could observe a 

decreased at the TH levels in the lesioned side which correlated with an increased in 

GFAP levels. 

 

Supplementary Figure 2: Determination of DAergic axonal sprouting at the striatum 

after rAAV6 injection in the SN. Synaptophysin immunofluorescence staining of 30 µm-

thick sections of the striatum from Nrf2+/+ and Nrf2-/- injected either with rAAV6-GFP 

or with rAAV6-α-SYN. Scale bars indicate 250 μm. Quantification of the 

synpatophysin immunoreactivity as particles was performed using Image J. A Student’s 

t test was used to assess significant differences among groups. Asterisks denote 

significant differences **p<0.01, ***p<0.001 comparing the indicated groups. 

 

Supplementary Figure 3: Control photographs. Double immunofluorescence staining 

of 30 µm-thick sections of SN areas from Nrf2+/+ and Nrf2-/- injected with rAAV-GFP 
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vector with antibodies against α-SYN (green) and PSMB7 (red). Scale bars indicate 20 

μm. 

 

Supplementary Figure 4: Analysis of the proteasome system in mouse embryonic 

fribroblast (MEFs) from Nrf2+/+ and Nrf2-/- mice. A, quantification of the mRNA levels 

in MEFs from Nrf2+/+ and Nrf2-/- mice, by qRT-PCR of PSMB7, PSMC3 and PSMC4, 

at basal levels and after 6h treatment with the proteasome inhibitor MG132 (15 µM) 

(n=4 samples per group). Two-way ANOVA followed by Bonferroni post-test was used 

to assess significant differences among groups. Asterisks denote significant differences 

*p< 0.05, **p<0.01 comparing the indicated groups and ##p<0.01 and ###p<0.001 

respect to the basal Nrf2+/+ group. B, measurement of the proteasomal enzymatic 

activities chymiotrypsin, PGPH and trypsin. The absence of Nrf2 leads to the reduction 

of the chymiotrypsin and PGPH enzymatic activities while trypsin activity remains 

unchanged.  

 

Supplementary Figure 5: Effect of human oligomeric α-SYN on morphology of 

astrocytes. A, Primary astrocyte cultures from Nrf2+/+ or Nrf2-/- mice were treated with 

1µM oligomeric α-SYN for 8 h. Doble-immunofluorescence analysis was performed 

using anti-GFAP (green) as astrocyte marker and anti α-SYN (red). Scale bar indicates 

15 μm.   

 

Supplementary Figure 6: Effect of human oligomeric α-SYN on microglial 

morphology. Primary microglial cell cultures from Nrf2+/+ or Nrf2-/- mice were treated 
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with 1µM oligomeric α-SYN for 8 h. Double-immunofluorescence analysis was 

performed using anti-Iba1antibody (green) as microglial marker and anti-α-SYN (red). 

Scale bar indicates 15 μm.  
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