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Parkinson disease overview 

Parkinson disease (PD) is a complex and progressive neurodegenerative 

disorder characterized by both motor and non-motor symptoms. It represents the 

second most common neurodegenerative disease and affects mainly older persons, 

been a rare disease in those under 50 years. Prevalence varies among the different 

reports but there is certain consensus that set it between 1 and 2 per 10,000 in the 

general population. The prevalence in the group over 60 years is estimated around 

1% and it increases with age, reaching 4% in the older group of age (Tysnes & 

Storstein, 2017). 

Pathologically, PD is characterized by massive loss or degeneration of 

dopaminergic neurons in the substantia nigra of the midbrain and the presence of 

Lewy bodies and Lewy neurites which are intracellular inclusions of different 

proteins, mainly insoluble aggregates of α-synuclein.  

The clinical features of PD include motor and non-motor symptoms such as 

cognitive impairment, behavioural or neuropsychiatry alterations and symptoms 

related to autonomic nervous system failures (Beitz, 2014) (Figure 1). There is 

strong evidence supporting the idea that many of the non-motor symptoms of PD 

may occur several years before the first motor signs appear, this stage is known as 

Prodromal Parkinson disease (Mahlknecht, et al., 2015). Regarding the motor 

dysfunction, there are four classic features that serve also as diagnosis criteria for 

PD: resting tremor, bradykinesia, muscular rigidity and postural instability. Resting 

tremor most commonly affects hands but it also can involve lips, chin, jaw and legs. 

It usually manifests unilaterally first and overtime it progress to bilateral. 

Bradykinesia or slowness of movement is considered the main feature of PD and 

traduces in difficulties with planning, initiating and executing movement and with 

performing sequential and simultaneous tasks. Difficulties performing tasks that 

require fine motor control, loss of spontaneous movement or facial expression, 

among other, can be produced as a consequence of bradykinesia. Muscular rigidity 

may affect proximally or distally and is associated with the “cogwheel” 
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phenomenon. Postural instability usually manifests later on the course of PD and 

produces an increased risk for fallings. Apart from the described classic motor 

symptoms, others such as freezing or postural deformities have been associated to 

PD (Jankovic, 2008). On the other hand, non-motor features of PD include a 

variety of symptoms that can be as disabling as the motor ones and frequently 

appear earlier than the motor symptoms. Cognitive decline appears in a high 

percentage of PD patients and specially manifests at the late stages of the disease. 

Neurobehavioral alterations associated with PD include depression, apathy, anxiety 

and hallucinations. Sleep disorders such as rapid eye movement sleep behaviour 

disorder both occur in PD patients and has been described as a risk factor for PD, 

thus it is now considered a pre-parkinsonian state. Olfactory dysfunction or 

hyposmia is diagnosed in a high percentage of PD patients and also has been 

reported as a risk factor for PD. The autonomic disorders manifest in a wide variety 

of alterations that may include orthostasis, constipation, dysphagia, urinary 

difficulties, sexual dysfunction, faecal incontinence and excessive salivation (Beitz, 

2014; Jankovic, 2008). Additionally, gastrointestinal dysfunction and alterations in 

the microbiota have been associated as a key early event in the development of PD 

(Mukherjee et al., 2016). 

Attending to the familiar history, PD cases may be considered as sporadic, 

when there are not first degree relatives affected, or familiar when those are present. 

Familiar cases represent around 15% of total and only 5% to 10% are linked to 

mutations in genes related to PD and present a Mendelian inheritance patterns. 

Sporadic PD with no genetic mutations associated represent the vast majority of 

cases (Bandres-Ciga et al., 2020). 

More than 200 years after the first description of PD (Parkinson, 1817) no 

biomarkers are available for diagnosis and precise causes underlying the disorder 

remain elusive. Evidence available points to a multifactorial origin for PD, with 

genetic, environmental and behavioural factors that may increase the susceptibility 

to the disease or prevent it. However, aging remains as the main risk factor for the 

development of the disease (Figure 1). Familiar PD has been found associated to a 
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wide variety of mutations in a number of genes encoding proteins such as α-

synuclein, LRRK2, PINK1, PARKIN, DJ-1, VPS35 and GBA1. Remarkably, 

around 50% of early onset PD cases were affected with any of these mutations, 

while genetic cases account for 2-3% of late development PD cases (Zeng et al., 

2018). To a greater or lesser extent, the discovery of these mutations has improved 

the understanding of the molecular pathogenesis associated with them and so with 

the development of PD.  

 

Figure 1. Illustration showing the main risk factors associated to Parkinson disease 
development and the most characteristic symptoms. A variety of genetic and 

environmental factors have been associated to increased risk of developing Parkinson 
disease, however aging remain as the main conditioning factor. Thus, as population ages 

the prevalence for PD increases. PD courses with a variety of symptoms that include 
motor and non-motor features.  
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Other risk factors have been associated with PD. Among those, exposure to 

pesticides shows a strong association with higher risk for PD. Brain injury history 

also shows a positive correlation with PD, however it is not clear whether it is a 

cause leading to increased risk or is a consequence of early stages of the disease. 

There are also many studies regarding the protective role of smoking and caffeine 

consumption. While the inverse relationship between smoking and PD remains 

controversial, strong evidence supports the decreased risk of PD related to caffeine 

intake (Elbaz et al., 2016).  

The elevated prevalence observed in the older persons together with the 

progressive aging of population indicates that in the next 2 decades the number of 

PD cases may duplicate and reach 12 million as estimated by the Global Burden of 

disease Study (GBD 2016 Neurology Collaborators, 2019). This projection sets PD 

as an important cause of disability with a high burden for caregiving systems and 

patients. Therefore, a better understanding on the aetiology of the disorder that 

could lead to effective treatments or preventive strategies reveals urgent.  

 

Alpha-synuclein in Parkinson disease 

α-Synuclein (α-syn) is small protein that plays a central role in Parkinson 

disease. It is found as the main constituent of Lewy bodies and Lewy neurites and 

several mutations affecting the SNCA gene, which codifies for this protein, have 

been associated to familiar cases of PD. These two discoveries set the necessary 

implication of α-syn in the development of PD. Although the general consensus 

points to a neurotoxic role of α-syn aggregates, a clear picture of the mechanism by 

which this aggregates induce PD is still not available. Remarkably, aggregation of α-

syn not only occurs in PD, but other neurodegenerative disorders such as dementia 

with Lewy bodies (DLB), multiple systems atrophy (MSA) or even Alzheimer’s 

disease present aggregates of α-syn in different structures. This fact stress the 

relevance of α-syn in neuropathological processes.  
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α-Synuclein is mainly found as a 14 kDa protein, composed by 140 amino 

acids encoded by the SNCA gene (Chen et al., 1995). Alternative splicing may 

generate shorter isoforms of the protein but the 14 kDa is the predominant form in 

neurons. The protein structure may be divided into three different domains. The N-

terminus is a basic domain composed by amino acids 1-60 which present seven 

imperfect repeats containing the KTKEGV consensus sequence (Jakes et al., 1994). 

The central domain, known as the non-amyloidogenic component or NAC region, 

comprises the amino acids 61-95, is highly hydrophobic and is thought to be 

responsible of the aggregative properties of the protein (Ueda et al., 1993). Finally, 

an acidic C-terminal domain comprises the amino acids 96-140. This domain is 

frequent subject of post-translational modifications, a reason by which may be 

considered a relevant domain for the regulation of the protein conformation and 

function (Benskey et al., 2016; Oueslati et al., 2010; Surguchov, 2008). The 

monomeric protein is highly soluble and presents a natively unfolded structure that 

may progress to insoluble aggregated forms. In contact with membrane lipids, the 

N-terminus domain adopt an α-helix configuration that allows its interaction with 

the membrane (Shi et al., 2015). 

α-Synuclein was firstly described localising in the presynaptic terminals in 

neurons, although it can be found at a lower frequency at the nucleus, cytosol and in 

the mitochondria-associated membrane in the endoplasmic reticulum (Guardia-

Laguarta et al., 2014; Maroteaux et al., 1988). Apparently, α-syn preferentially binds 

to membranes with high curvature like those in the synaptic vesicles (Sulzer & 

Edwards, 2019). The physiological role of α-syn still is not completely clear, 

however, due to the predominant location in the presynaptic terminals it has been 

proposed to play a role in the endocytosis and exocytosis of the synaptic vesicles 

(Shi et al., 2015). Other physiological functions have been associated to α-syn such 

as calcium regulation, mitochondrial homeostasis, gene expression, protein 

phosphorylation or fatty acid binding. However the stronger evidence points to a 

role as a negative regulator of synaptic transmission, with special implication in 

dopamine (DA) release (Benskey et al., 2016; Sulzer & Edwards, 2019). This idea is 
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supported by findings in models producing overexpression of α-syn where a 

reduction in neurotransmitter release occurs and by evidence showing that mice 

lacking α-syn present decreased DA levels in the presynaptic terminal, increased DA 

release as well as decreased synaptic vesicle endocytosis (Abeliovich et al., 2000; 

Larsen et al., 2006; Vargas et al., 2014). Although initially α-syn was found to 

localize in the presynaptic terminal, more recently, it has been demonstrated that the 

protein exhibits a high mobility within this structure, presenting high concentrations 

in the synapsis in resting conditions and dispersing quickly in response to action 

potentials (Fortin et al., 2005). This mobility may explain the action mechanism of 

α-syn in down regulation of dopamine release. In resting conditions presence of α-

syn in the presynaptic terminal exerts a series of interactions that overall reduce 

dopamine neurotransmission. This includes inhibition of DA synthesis and 

prevention of trafficking and docking of synaptic vesicles. In response to action 

potential α-syn disperses from the synaptic terminal and therefore its inhibitory role 

stops, allowing the release of neurotransmitters. Immediately after, α-syn returns to 

the previous location where it also contributes to enhanced DA recycling by 

endocytosis and packaging into vesicles (Benskey et al., 2016). 

Several evidences point to the pathological character of aggregated α-syn. 

First, aggregates are found as major components of Lewy bodies and Lewy neurites, 

which represent the neuropathological hallmark of PD (Spillantini et al., 1997). 

Secondly, several mutations (A30P, E46K, H50Q, G51D or A53T) in the SNCA 

gene which are associated to early development of PD have been reported to 

promote the aggregation of the protein (Alam et al., 2019). Additionally, in PD, the 

progression of the disease have been reported to be accompanied by progression in 

the areas affected by aggregation of α-syn and such areas can be related to the 

symptomatology observed at the different stages (Braak et al., 2003). Finally, the 

pathological character of α-syn aggregates gets support from their involvement in 

other disorders, known collectively as synucleinopathies. Among these diseases, the 

locations affected by the deposits of aggregated α-syn differ and are correlated to 

the characteristics of the disorder (Brás et al., 2020). Altogether, this reinforces the 
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idea that aggregation of α-syn is at the base of PD development. However, the 

precise mechanism by which they produce the neurotoxic effect remains 

inconclusive. Two opposite hypothesis have been proposed to explain the toxicity 

produced by aggregated α-syn. On the one hand, a gain of toxic function 

mechanism, by which the aggregated forms will represent by itself a toxic species 

(D. van Rooijen et al., 2010). On the other hand, the hypothesis of a toxic loss of 

necessary function claims that α-syn in the non-aggregated forms plays a crucial role 

for the correct functioning of cell and that its aggregation will impede those 

functions (Benskey et al., 2016).  

As previously mentioned, α-syn may occur in monomeric or aggregated 

forms, been the last the ones associated to neurotoxicity. However there are several 

configurations and aggregation states among these two forms and the toxicity level 

and pathological role of each form remains elusive. Also, the mechanism leading to 

aggregation of the protein is not clear although there are several factors and 

conditions that have been proved to promote α-syn aggregation. Some of those are 

point mutations or duplications and triplications in the SNCA gene, overexpression 

of α-syn, post-translational modifications, low pH or oxidative stress. Interestingly, 

the phosphorylation at serine 129 reveals of remarkable importance for aggregation 

since an elevated percentage of the α-syn found in LB and LN presents this post-

translational modification (Fujiwara et al., 2002). The variety of forms in which α-

syn may exist is wide, probably due to the multiple conformations that the unfolded 

nature of the protein confers, allowing to adopt different configurations depending 

on the previously mentioned conditions. To simplify these forms may classify into 

monomers, oligomers, proto-fibrils and mature fibrils. Even when the aggregation 

process is still not fully understood, it seem that oligomers and proto-fibrils may act 

as a seed in the aggregation process that would follow a feed-forward mechanism 

(Wood et al., 1999). Additionally, the pathological role of the different aggregated 

species (oligomers, proto-fibrils and fibrils) remains elusive. Evidence suggests that 

some oligomeric forms would prevent from further pathological aggregation. This 

“protective” forms would be an helically folded tetramer which would be less prone 
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to suffer aggregation than the monomeric forms (Bartels et al., 2011). On the 

contrary numerous evidence point to a toxic role of such oligomers (Ingelsson, 

2016). The great variety of aggregated forms that rely on the term α-syn oligomers 

may explain the differences observed in the literature. Similarly, whether the 

oligomeric or fibrillary forms represent to most toxic species have been widely 

discussed. However, numerous evidence points to the toxic role of oligomers while 

fibrils may be mainly responsible for disease progression by propagation of 

aggregated forms (Alam et al., 2019; Benskey et al., 2016).  

Despite the poor understanding of the pathological mechanisms exerted by 

the different forms of aggregated α-syn, it is clear that those forms correlate with the 

progression of PD. An interesting characteristic of those aggregates is that they are 

able to spread from cell to cell, invading different brain areas in what has been called 

a “prion-like” manner. This idea emerged from work showing that during the 

different stages of PD occurs a progression of the lesions that sequentially invades 

new brain structures (Braak et al., 2003). According to this, LB and LN appears in 

caudal brain during the first stages of the disease and progress to frontal cortex on 

the late stage. Additional support for this idea are findings that point to the 

possibility for α-syn segregation (Emmanouilidou et al., 2010) and internalization in 

neurons (Volpicelli-Daley et al., 2011). Further confirmation of the spreading 

process has been found in studies were injections of pathological α-syn in healthy 

mouse brains were easily able to reproduce the characteristic lesions found in PD 

(Luk et al., 2012). Moreover, inverse experiments in which healthy tissue was grafted 

into mouse brains overexpressing α-syn, and therefore prone to higher aggregation, 

demonstrated the transmission of aggregated α-syn (Hansen et al., 2011; Recasens & 

Dehay, 2014). More recently, it has been proposed that such spreading of α-

synuclein may not only occur within the brain but even start in other nerve tissue 

and then propagate into the areas that are typically affected during the progression 

of Parkinson disease. According to this hypothesis the pathological aggregation of 

α-syn might start in the olfactory bulb or the enteric nervous system (ENS). From 

the ENS it would propagate retrogradely until it would reach the caudal part of the 
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central nervous system. From there the progression would occur as previously 

described in a caudal to rostral manner (Del Tredici & Braak, 2016). 

 

Mitochondrial dysfunction in PD 

An enormous body of evidence has found links between mitochondrial 

dysfunction and Parkinson disease. This evidence covers areas related to 

environmental factors involved in the development of PD, genetic mutations 

associated to familiar cases and even combined effects of genetic and environmental 

factors (Bose & Beal, 2016).  

The role of mitochondrial dysfunction in PD started to be evaluated after the 

discovery of MPTP as a causative agent of several cases of parkinsonism among 

young patients (Langston et al., 1983). This neurotoxin produces the inhibition of 

Complex I of the mitochondrial electron respiratory chain and therefore impairs the 

mitochondrial activity and causes severe loss of dopaminergic neurons in the 

substantia nigra. After that, MPTP was successfully employed to generate animal 

models that reproduce Parkinson-like phenotype in non-human primates and mice, 

however not all the models reproduced the neuropathological hallmark of PD that 

represent the inclusions containing α-syn aggregates. Following this finding, other 

pesticides and chemicals like rotenone, paraquat, pyridaben, trichloroethylene and 

fenpyroximate were identified to produce a similar blockade of the mitochondria 

and an effect in the induction of dopaminergic degeneration in different animal 

models (Bose & Beal, 2016; Chaturvedi & Beal, 2008). Some of the animal models 

generated with these pesticides, for example mice and rats treated with rotenone, are 

also able to produce Lewy body-like inclusions and develop a robust PD phenotype 

(Betarbet et al., 2000; Grünewald et al., 2019; Jackson-Lewis et al., 2012).  

Importantly, studies conducted with PD patient’s samples, obtained either 

from post-mortem analysis of substantia nigra or from peripheral tissues (platelets and 

skeletal muscle), have found alterations in Complex I and IV consistent with a 
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decreased activity (Cardellach et al., 1993; Parker et al., 1989; Schapira et al., 1990). 

Related to this, links between elevated production of ROS has been found in PD 

brains also associated to α-syn aggregation (Bosco et al., 2006). In this line, it is very 

interesting that mouse models that overexpress α-synuclein show an increase in the 

neurotoxic effects observed after administration of MPTP. Meanwhile, α-syn KO 

mouse models are insensitive to this neurotoxic agent (Dauer et al., 2002). 

A wide diversity of cellular and animal models has been used to evaluate the 

involvement of genes linked to PD in mitochondrial dysfunction. These models 

have incorporated some of the mutations that previously have been found in 

familiar cases of PD such as SNCA, Parkin, PTEN-induced kinase 1 (PINK1), DJ-

1, LRRK2 and HtrA2. With these studies, numerous connections between these 

mutations and mitochondrial alterations, such as reduced activity of complex I and 

complex IV, decreased integrity of mitochondria, lower respiratory capacity, 

decreased ATP production and morphological alterations have been reported (Bose 

& Beal, 2016).  

Remarkably, genes related to PD affected by mutations do not present 

always the same one, but on the contrary, for each gene a variety of mutations has 

been found. Therefore, it is not surprising the variety of pathological mechanisms 

proposed for the implication of such genes in the development of PD. In this sense, 

LRRK2 mutations associated to PD frequently increase its kinase activity leading to 

diverse alterations in a wide variety of cellular processes. The specific contribution 

of LRRRK2 mutations to mitochondrial dysfunction is not clear but several reports 

indicate that it may play a role in increasing oxidative stress, impairing mitochondria 

membrane potential and decreasing ATP production, damaging mitochondria 

DNA, inducing mitochondrial fragmentation and mitophagy (Singh et al., 2019). 

PINK1 and Parkin are involved in mitochondrial quality control by regulation of 

mitophagy, which is the removal of damaged mitochondria by autophagy. Thus 

mutations in either genes are associated to accumulation of dysfunctional 

mitochondria (Zeng et al., 2018). DJ-1 physiological functions appear to be related 

with a neuroprotective role against oxidative stress damage, taking this into account, 



37 / 165

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3229178				Código de verificación: +qvDRZgB

Firmado por: Ana Canerina Luis Amaro Fecha: 19/02/2021 15:50:53
UNIVERSIDAD DE LA LAGUNA

Raquel Marín Cruzado 19/02/2021 15:58:12
UNIVERSIDAD DE LA LAGUNA

ALFREDO GIMENEZ-CASSINA SENDON 19/02/2021 15:59:34
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/13292

Nº reg. oficina:  OF002/2021/13113
Fecha:  19/02/2021 16:08:33

Introduction  

 

13 

 

mutations in this gene occurring in PD patients will compromise neuronal response 

in such conditions (Biosa et al., 2017). In the SNCA gene, encoding for α-synuclein, 

the A53T mutation has been associated to mitochondrial fragmentation, elevated 

oxidative stress and mitochondrial dysfunction (Bido et al., 2017). The convergence 

of such a number genetic modifications associated to PD involved in mitochondrial 

functioning reinforces the role of mitochondria dysfunction as an important event 

in PD development.  

 

Lipid rafts 

Lipid rafts (LR) are membrane microdomains associated to signal 

transduction that present distinct composition and physicochemical properties. The 

concept was first established in 1997 as an explanation of the lateral heterogeneity 

widely observed in cell membranes (Simons & Ikonen, 1997). A consensual 

definition was adopted in the 2006 “Keystone Symposium on Lipid Rafts and Cell 

Function” establishing that “Membrane rafts are small (10-200 nm), heterogeneous, 

highly dynamic, sterol- and sphingolipid-enriched domains that compartmentalize 

cellular processes. Small rafts can sometimes be stabilized to form larger platforms 

through protein-protein and protein-lipid interactions” (Pike, 2006) 

The distinct composition between LR and other non-raft membranes 

includes both their lipid and protein content. Rafts microdomains are enriched in 

cholesterol, sphingomyelin, gangliosides, sulphatides and cerebrosides, as well as 

saturated fatty acids (Fabelo et al., 2014) (Figure 2). Regarding the protein 

composition LR represent structures where certain proteins are enriched and others 

are excluded, in other words, LR present specific subsets of proteins. Caveolin, 

flotillin and GPI-linked proteins, are among those particularly frequent in these 

structures. However, not all lipid rafts present the same protein composition, this is, 

there are different types of LR regarding their protein content and related to their 

function (Pike, 2003). This distinct composition previously described leads to a 
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series of physicochemical properties such as lower density, less fluidity and 

insolubility in non-ionic detergents. The decreased fluidity of the membrane domain 

is also referred as a liquid-ordered phase (Lo) in contraposition with a liquid-

disordered (Ld) phase with higher fluidity in the non-raft membranes. The 

insolubility in non-ionic detergents together with their lower density are key for the 

isolation of lipid rafts.   

 

 

Figure 2. Schematic representation of lipid raft microdomains composition. 
Phospholipids with unsaturated fatty acids are represented with blue heads and those with 

saturated fatty acids with yellow heads. Lipid rafts are enriched in proteins involved in 
signalling pathways including transmembrane proteins or channels, among them.  

 

The formation of LR structures have been explained in the basis of the self-

aggregating properties of two of their main constituents, glycosphingolipids and 

cholesterol (Simons & Ikonen, 1997). Nonetheless, numerous explanations have 

been proposed for the selective distribution of proteins observed in LR. One of the 

most evident is the post-transcriptional lipid modifications, such as 

glycosylphosphatidylinositol (GPI) anchors and palmitoylation, that drive proteins 

into raft microdomains, while others like unsaturated, short and branched lipidic 
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moieties favours the non-raft localization (Levental et al., 2010). However, not all 

raft proteins hold this kind of post-transcriptional modifications. In this respect, 

other hypothesis such as the diffusion-driven, entropy and line tension-driven and 

affinity-driven lipid raft formation propose possible mechanisms for this sorting of 

proteins (Bieberich, 2018). It is noteworthy that certain proteins can be included or 

excluded from LR in response to a signalling cascade, remarking this fact the 

dynamic character of LR domains (Sonnino et al., 2015).  

It is widely accepted that LR are involved in the regulation of signalling 

pathways. Since their first description, these membrane microdomains were thought 

to participate in signal transduction working as platforms where receptors localize 

and interact with ligands and effectors providing a sort of isolated platform from 

the rest of the membrane and therefore, avoiding inappropriate crosstalk between 

pathways. The proximity between receptors and ligands in LR would also improve 

their interaction accelerating the process (Simons & Ikonen, 1997). This idea has 

received support from the subsequent reports showing numerous signalling proteins 

that localize mainly in LR (Pike, 2003). LR are dynamic structures in which 

continuous lipid-lipid, lipid-protein and protein-protein interactions take place 

contributing to raft stabilization and activation of different signalling cascades 

(Marín, 2011).  

Taking into account the elevated content in lipids in the brain, remarkably 

cholesterol and complex sphingolipids, is not surprising the abundance of LR in this 

tissue. Therefore, the role in signalling of LR gains special importance in brain cells, 

both neurons and glial cells. LR has been found involved in numerous and crucial 

functions and processes such as neuronal and glial survival (apoptosis and 

proliferation), differentiation, neurite outgrowth, synapse formation, synaptic 

transmission, neural cell adhesion (axon guidance, migration and neuron-glia 

interactions) and regulation of inflammation (Aureli et al., 2015).  
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Gangliosides 

Gangliosides are important components of LR microdomains. This type of 

glycosphingolipid is present in the glycocalix of the majority of vertebrate cell types 

in a wide variety that can account for hundreds of different molecules. In the 

nervous system, gangliosides turn into the main component of the glycocalix and 

the variety among the structures represented sharply decreases. In the mammal 

brains only four complex gangliosides constitute the vast majority of this 

glycosphingolipids: GM1, GD1a, GD1b and GT1b. These gangliosides are 

synthetized stepwise by a series of enzymatic reactions that convert simpler 

gangliosides into more complex ones (Figure 3).  

 

Figure 3. Schematic representation of the biosynthetic pathway of brain main 
gangliosides. Steps previous to the synthesis of GM3 have been omitted to simplify. 

Yellow box indicates the brain major gangliosides. Genes codifying for the enzymes that 
catalyse the different steps are indicated in red.  

 

It is important to note that specific enzymes mediate the conversion at each 

step and that mutations occurring at any of them would truncate the biosynthetic 

pathway in the corresponding step leading to a different composition of 

gangliosides in the affected tissue. (Schnaar, 2016). For instance mouse models with 

deletion in the B4galnt1 gene produce the depletion of all complex gangliosides that 

in WT mice are the major brain constituents (GM1, GD1a, GD1b and GT1b) 

which would be compensated by an increase in GM3 and GD3. The ST8Sia1 KO 

express only GM1 and GD1a and the double KO ST8Sia1/B4Galnt1 express GM3 

as the main brain ganglioside (Schnaar et al., 2014).  
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As well as other sphingolipids, gangliosides present self-aggregating 

properties that have been associated to LR formation. Indeed, gangliosides and 

more specifically GM1, are considered as LR molecular markers, being the cholera 

toxin that specifically binds GM1 a frequent tool to identify these microdomains. In 

such structures, gangliosides not only play a structural role but also participate in the 

regulation of cellular functions. It has been proposed that gangliosides exert their 

regulative functions in two different ways. First, via lateral interactions with proteins 

on the same cell membrane and secondly by binding to proteins from different cells 

(Schnaar, 2016).  

Understanding on the functions of gangliosides in the nervous system has 

been improved by the study of animal models in which ganglioside metabolism have 

been altered. Also, few cases on human subjects have identified mutations in genes 

involved in the gangliosides metabolism associated to severe motor and cognitive 

disabilities. Studies performed in mice lacking all complex brain gangliosides, 

completely (B4galnt1-/-) or partially (B4galnt1+/-), found the characteristic 

symptomatology of PD. These symptoms included motor impairment, loss of TH-

positive neurons, depletion of striatal dopamine and detection of α-syn aggregates. 

Symptoms were more pronounced in the KO and, interestingly, were alleviated with 

the administration of L-dopa (G. Wu et al., 2012; G. Wu et al., 2011). Additional 

studies using this KO model reported that with aging the animals presented whole-

body tremor and hyperactivity (Pan et al., 2005). 

 

Lipid rafts in neurodegeneration 

Considering the important role of lipid rafts as signalling platforms involved 

in crucial brain functions, it is reasonable to expect that alterations in the brain lipid 

composition that affect lipid raft formation may have profound effects in the 

signalling processes mediated by these microdomains (Sonnino et al., 2015). In fact, 

several studies have found connections between the main neurodegenerative 
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diseases such as Alzheimer’s disease (AD) and Parkinson disease, amyotrophic 

lateral sclerosis (ALS), Huntington’s and prion diseases and lipid raft 

disarrangements (Botto et al., 2014; Boussicault et al., 2018; Díaz et al., 2012; Fabelo 

et al., 2014, 2011; Martín et al., 2010; Zhai et al., 2009).  

It is well known that aging is the main risk factor for neurodegenerative 

pathologies like AD or PD. Hence, analysis of the brain changes occurring during 

non-pathological aging may give some information that could help in the 

understanding of neurodegenerative diseases. Profound lipid changes have been 

widely observed in brain occurring parallel with aging. In the first instance a general 

reduction in total lipids content was observed (Svennerholm et al., 1994). 

Specifically, some lipid species such as cholesterol, gangliosides, sphingosine, 

ceramide, sphingomyelin, phosphoinositides and polyunsaturated fatty acids 

(PUFA) show characteristic alterations with aging (Ledesma et al., 2012). Some of 

the previously mentioned lipids have a significant role in the structure of LR and 

alterations of those would lead to disarrangements in LR maintenance. In this line, 

previous studies from our group have conducted to the hypothesis of “lipid raft 

aging” in which lipid rafts slowly suffer age-dependent modifications that 

compromise their integrity and affect their biophysical properties. Lipid raft aging 

has been found to be accelerated in a mouse model of Alzheimer’s disease (AD) and 

correlated to changes observed in AD patients (Díaz et al., 2014, 2012; Fabelo et al., 

2014, 2012).  

The role of changes in ganglioside and cholesterol content in LR and its 

potential relation to neurodegeneration and dementia have been reviewed 

(Schengrund, 2010), finding that those alterations may lead in many cases to changes 

in cell function. More specifically, in PD association between certain forms of α-

synuclein and GM1 has been found indicating a possible role of GM1-raft 

association with the regulation of α-syn toxicity. Related to this, some trials have 

found improvement in PD patients treated with GM1. In other line of evidence, it is 

worth to note that exposure to certain drugs such as alcohol or cocaine have been 

reported to induce marked changes in gangliosides composition in brain. Therefore 
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certain environmental factors such as exposure to drugs may induce alterations in 

LR that could be implicated in the development of neurodegenerative diseases. 

Taking into account that Parkinson disease aetiology has been related to numerous 

environmental factors, this evidence may support the role of LR alterations in the 

development of this pathology (Schengrund, 2010). Additionally to this, parkin, 

PINK1, α-synuclein and DJ-1 have been found located in LR microdomains. As 

previously mentioned, mutations in all these four proteins have been associated to 

genetic cases of PD (Grassi et al., 2020).  

Analysis of LR from human frontal cortex have shown important alterations 

in the lipid composition of these structures related to PD (Fabelo et al., 2011). In 

that study, LR were isolated from frontal cortex of early motor stages of PD (PD), 

incidental PD (iPD) and healthy subjects with non-significant lesions (NSL). iPD 

subjects are those in which post-mortem study revealed Lewy body pathology in the 

brain stem but did not exhibited any motor symptoms, although some controversies 

remain around these cases, they could be considered as a previous stage of PD. The 

results showed important changes in the fatty acids composition of LR, with an 

increase of saturates and diminished levels of unsaturated fatty acids both in PD and 

iPD compared to controls. Therefore the unsaturation index was significantly 

decreased in the pathologic groups. More specifically, a great reduction was 

observed in docosahexaenoic acid (DHA), arachidonic acid (AA), docosapentaenoic 

acid (DPA) and linolenic acid in PD and iPD groups. Also the lipid classes in the 

PD group but especially in iPD group exhibited alterations compared to controls. In 

this regard, the ratio phospholipids to cholesterol was significantly increased. 

Remarkably, the authors performed a discriminant analysis on lipid raft composition 

in which the combination of the first and second canonical functions allowed a clear 

separation between the study groups (Figure 4). As it can be seen in the figure, fatty 

acid composition of LR, among other lipids, is key to discriminate between healthy 

and pathological cases. These results highlight the importance of LR alterations 

since early stages of development in PD and their potential involvement in the 

cognitive decline observed in PD patients. 
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Figure 4. Discriminant function analyses of groups NSL, PD and iPD showing a 
clear separation between NSL, PD and iPD groups. Reproduced from (Fabelo et al., 

2011). 

 

  

The MPTP mouse model of Parkinson disease 

In 1982 a number of patients with ages ranging from 26 to 42 years old 

started to exhibit a marked pattern of parkinsonism, which matched most of the 

motor and some of the non-motor features of PD and that responded to L-dopa. 

The age of the affected patients together with the suddenly initiation of the 

symptoms made unfeasible the diagnosis of PD. In all the cases identified only one 

factor was common: the symptoms had appeared shortly after they have self-

administered intravenously with an abuse drug. The analysis of the substances 

injected revealed the presence of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

(MPTP) which ends up being a by-product of the synthesis of MPPP, a meperidine 

analogue used as a drug of abuse. These findings were published a year after and 

although further confirmation was still necessary, the authors accurately identified 
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the MPTP as the causative agent. (J. Langston et al., 1983). The idea was supported 

by a previous case reported 3 years earlier in which a graduate student who was 

synthetizing his own drugs exhibited similar symptoms. The post-mortem analysis 

of this patient showed a profound degeneration in the dopaminergic neurons of the 

substantia nigra (Davis et al., 1979). 

MPTP is a lipophilic molecule that can cross easily the blood-brain barrier 

when administered systemically. Once in the brain, it is transformed in the 

neurotoxic metabolite 1-methyl-4-phenylpyridinium (MPP+), which in contrary is 

not permeable to this barrier (J.W. Langston et al., 1984; Markey et al., 1984). The 

transformation of MPTP into MPP+ is mediated by astrocytes, more precisely the 

monoamine oxidase B (MAO B) (Heikkila et al., 1984). Astrocytes do not 

concentrate MPP+, instead, it is released and specifically incorporated by 

dopaminergic neurons in the substantia nigra mediated by the dopamine transporter 

(DAT) (Shen et al., 1985). MPP+ is then concentrated into the mitochondrial matrix 

by the electrochemical gradient of the inner membrane where it is able to inhibit the 

Complex I of the mitochondrial respiratory chain (Ramsay et al., 1986; Richardson 

et al., 2007). This inhibition leads to ATP depletion and finally neuronal death.  

The discovery of MPTP ability to reproduce PD features in humans and its 

specific action over the dopaminergic neurons opened a completely new line of 

study in PD, making possible the creation of new animal models. The first animal 

models of PD using MPTP were produced in monkeys, which have been extensively 

used for study treatments against PD symptoms. However, the advantages of using 

mice as animal models have led to the majoritarian use of these rodents as PD 

model. The extraordinary impact of the MPTP animal models resides in the fact that 

prior to the development of the animal model there was a precise knowledge of the 

MPTP-induced parkinsonism in humans, therefore rendering a powerful model 

(J.W. Langston, 2017). Moreover, concepts such as the environmental factors as 

causative agent of PD and the involvement of mitochondrial dysfunction in its 

pathogenesis have emerged from studies using MPTP animal models. 
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In order to produce a valid MPTP mouse model there are certain factors that 

must be taken into account. In the first instance, the mouse strain is of remarkable 

importance since there are great differences in the susceptibility to MPTP between 

different ones. The origin of these differences is yet not completely clear. One of 

the factors that play a role in MPTP susceptibility is the MAO B expression, but 

others such as tolerance to oxidative stress have also been considered (Meredith & 

Rademacher, 2011). The C5BL/6 is the mouse strain that exhibits the highest 

sensitivity to this neurotoxic showing a marked loss in nigrostriatal neurons and 

therefore is the one that has been extensively used. The second parameter that must 

be considered is the regimen of administration of MPTP. Different approaches have 

been used in this respect ranging from the acute regimens to the chronic ones. 

Initially, models employed repeated injections (1 or 2 hours intervals) over a short 

period of time (1-2 days) accumulating a total amount of 80 mg/kg. This acute 

regimen produced a severe loss of dopaminergic neurons in a short period of time, 

but was accompanied by high mortality rates (Sonsalla & Heikkila, 1986). 

Subchronic administration regimen use lower doses that are injected daily over a 

period of 5 to 10 days depending on the precise model. This schedule of 

administrations produces a progressive but less severe loss of dopaminergic neurons 

that can better resemble the progression of PD (Bezard et al., 1997). It has been 

reported that in this model the cell loss is produced by apoptosis while in the acute 

regimen the death mechanisms are different (Tatton & Kish, 1997). Furthermore, 

chronic intoxication models require longer treatment periods (4 to 5 weeks) in 

which the dosage may vary as well as the frequency of injection. This models exhibit 

a higher cell loss that remain long periods after the treatments. In some cases, 

chronically intoxicated mice exhibit α-synuclein inclusions in the remaining 

dopaminergic neurons, while this feature is absent in acute or subacute regimens 

(Meredith & Rademacher, 2011). 
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Lipid alterations in MPTP mouse model 

A recent study from our group has analysed the alterations in the lipid 

composition of LR and NR membrane fractions from the same MPTP mouse 

model that will be further analysed in the present work (Canerina-Amaro et al., 

2019). The study analysed cerebellum, midbrain and cortex from mice aged until 6 

or 14 months and treated with MPTP following a subchronic administration 

regimen aimed to evoke the progressive development of PD. Age-matched controls 

were included in the analysis constituting two additional experimental groups. The 

results indicated several variations in the aged or MPTP-treated groups in the lipid 

composition of both LR and NR fractions that remarkably differed between the 

analysed areas. In midbrain, but not in cortex or cerebellum, cholesterol in LR 

fractions increased upon aging and exposure to MPTP. In all the areas analysed LR 

from the pathological-like groups exhibited a significant decrease in PUFA, DHA 

and AA that overall contributed to a decrease in the unsaturation index. These data, 

were in concordance with previous findings in human cortical LR from PD and 

dementia with Lewy body cases (Fabelo et al., 2011; Marín et al., 2017). When 

analysing the NR lipid profiles, it was noticeable that the variations observed 

opposed those in LR. This is, there were a decrease in cholesterol and an increase in 

PUFA in the aged or treated animals. Moreover, total phospholipids content was 

increased in aged treated mice. With these changes certain ratios of interest were 

subsequently altered. For all the analysed areas, the NR fractions from the aged mice 

exhibited increased ratios of PUFA/cholesterol, total phospholipids/PUFA and 

total phospholipids/cholesterol.  

Altogether, the alterations observed in LR and NR fractions from the MPTP 

mouse model indicate that aging and the neurotoxic treatment, but especially the 

combination of both factors has an effect on the LR integrity in important brain 

areas related to PD (midbrain) and the cognitive decline (cortex) observed in late 

course of the pathology. Moreover, the altered lipid composition of LR structures 

may have an effect on their physicochemical properties. 



48 / 165

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3229178				Código de verificación: +qvDRZgB

Firmado por: Ana Canerina Luis Amaro Fecha: 19/02/2021 15:50:53
UNIVERSIDAD DE LA LAGUNA

Raquel Marín Cruzado 19/02/2021 15:58:12
UNIVERSIDAD DE LA LAGUNA

ALFREDO GIMENEZ-CASSINA SENDON 19/02/2021 15:59:34
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/13292

Nº reg. oficina:  OF002/2021/13113
Fecha:  19/02/2021 16:08:33

 

24 

 

 

 

 

 



49 / 165

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3229178				Código de verificación: +qvDRZgB

Firmado por: Ana Canerina Luis Amaro Fecha: 19/02/2021 15:50:53
UNIVERSIDAD DE LA LAGUNA

Raquel Marín Cruzado 19/02/2021 15:58:12
UNIVERSIDAD DE LA LAGUNA

ALFREDO GIMENEZ-CASSINA SENDON 19/02/2021 15:59:34
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/13292

Nº reg. oficina:  OF002/2021/13113
Fecha:  19/02/2021 16:08:33

 

 

 

Hypothesis and 

objectives 

 

 

 

 

 

 

 



50 / 165

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3229178				Código de verificación: +qvDRZgB

Firmado por: Ana Canerina Luis Amaro Fecha: 19/02/2021 15:50:53
UNIVERSIDAD DE LA LAGUNA

Raquel Marín Cruzado 19/02/2021 15:58:12
UNIVERSIDAD DE LA LAGUNA

ALFREDO GIMENEZ-CASSINA SENDON 19/02/2021 15:59:34
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/13292

Nº reg. oficina:  OF002/2021/13113
Fecha:  19/02/2021 16:08:33

 

 

 

 

 

 

 

 

  



51 / 165

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3229178				Código de verificación: +qvDRZgB

Firmado por: Ana Canerina Luis Amaro Fecha: 19/02/2021 15:50:53
UNIVERSIDAD DE LA LAGUNA

Raquel Marín Cruzado 19/02/2021 15:58:12
UNIVERSIDAD DE LA LAGUNA

ALFREDO GIMENEZ-CASSINA SENDON 19/02/2021 15:59:34
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/13292

Nº reg. oficina:  OF002/2021/13113
Fecha:  19/02/2021 16:08:33

Hypothesis and objectives  

27 

 

Hypothesis 

Lipid rafts from neuronal membrane are particularly interesting structures 

since they constitute the gathering site for many membrane proteins and 

receptors. These platforms trigger signalling pathways related to neuronal 

preservation and brain functioning. A number of previous studies have shown 

altered lipid raft-mediated signalling pathways related to Parkinson disease. These 

alterations may be explained by modifications in the physicochemical properties 

of lipid rafts due to previously observed changes in their lipid composition, 

particularly in polyunsaturated fatty acid (PUFA), associated with the 

neuropathology.  

Alterations in lipid composition from LR importantly affect the structure, 

interactions and role of resident proteins. These macromolecular complexes are 

mainly constituted by proteins that initiate intracellular signalling pathways crucial 

for neurogenesis, neuroprotection and neuronal functionality. Therefore, the 

analysis of these signalling platforms including both lipids and proteins may help 

to elucidate circuits of metabolic damage in early stages of Parkinson disease and 

eventually to allow therapeutic approaches to reduce the progression of this 

neurodegenerative disease.  

This study may contribute to the development of new early diagnostic 

strategies and also the formulation of new therapeutic approaches. Consequently, 

the present research project focuses in the following objectives. 

       

Objectives 

1. Characterization of molecular alterations in lipid rafts from a 

toxicological murine model of Parkinson disease induced by MPTP. 

Brain regions involved in cognitive processes and motor control will be 
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analysed. This general objective comprises the following specific 

objectives: 

a. Study of protein composition of lipid raft microdomains in the 

murine model and the possible modifications after MPTP 

treatment.  

b. Study of possible interactions between α-synuclein and other 

proteins related to neurodegenerative processes in LR 

microdomains.  

c. Analysis of post-translational modifications in α-synuclein.  

d. Determination of ganglioside profile in lipid raft microdomains 

from the murine model.  

2. Study of energy metabolism in a cellular model of Parkinson disease:  

a. In resting conditions. 

b. In response to an excitatory event. 

3. Validation in LR samples from Parkinson disease patients of results 

obtained from the murine model of Parkinson disease (objective 1). This 

objective will focus mainly in distribution of proteins of interest. 

Altogether, the development of these objectives aims to progress in the 

understanding of early pathological events initiated in neuronal membrane 

microdomains which might act as a trigger for the development of Parkinson 

disease. Particularly, they will contribute to improving the knowledge about 

potential alterations both in the activity and interaction between lipid raft resident 

proteins that take part in several responses related to neuronal survival and brain 

function preservation. Additionally, the study of metabolic flux in cortical neurons 

will bring light to the effect of the neurotoxin MPTP, mediated by its metabolite 

MPP+. Therefore, the research here proposed would allow progressing in the 

understanding of neuroprotection mechanisms and neurotoxicity related to 

Parkinson disease and would provide new tools in the therapeutic approaches, both 

preventive and palliative ones.   
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1. Materials 

1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine hydrochloride (MPTP-HCl), 1-

Methyl-4-phenylpyridinium iodide (MPP+ iodide), Cholera toxin B subunit-

horseradish peroxidase (CTB-HRP), SIGMAFAST DAB with Metal Enhancer, 

trypsin, penicillin/streptomycin, poly-l-lysine, propidium iodide, 2-Deoxy-D-glucose 

(2DG) and sodium-L-lactate were purchased from Sigma. 4-15% Mini-PROTEAN 

TGX Precast Protein Gels, Precision Plus Protein Dual Color Standards, Trans-Blot 

Turbo Mini PVDF transfer packs, Blotting Grade Blocker, ReadyPrep 2-D Cleanup 

Kit, immobilized pH 3-10 gradient strips for two-dimensional gel electrophoresis 

and Clarity Wester ECL Substrate were from Bio-Rad. DeStreak rehydration 

solution was from GE Healthcare. Complete protease inhibitor cocktail and 

DNAseI were purchased from Roche Diagnostics. Hank's balanced salt solution 

(HBSS), Neurobasal medium, horse serum, B-27 Supplement and GlutaMAX 

Supplement were from Gibco. Calcein AM was from Molecular Probes. The 

Dynabeads Antibody Coupling Kit was from Invitrogen. CellTiter 96 AQueous One 

Solution Cell Proliferation Assay kit was from Promega and the Lactate Reagent 

from Beckman Coulter. Anti-tyrosine hydroxylase antibody (AB152) was from 

Millipore, antibodies used for immuno-detection or immuno-precipitation are listed 

in Table 3.  

 

2. Animal handling and treatment 

The PD animal model used for this study intends to resemble the slow 

progression of Parkinson disease. Administration of the neurotoxic MPTP in mouse 

has been extensively used as a well-accepted PD model. However the 

administration’s schedule has been pointed out as an important factor in the extent 

of nigral degeneration. For this reason a subacute regimen of administration was 

performed (Bezard et al., 1997).  
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C57BL/6J mice were chosen since this strain is the most appropriate one for 

the establishment of the MPTP mouse model. Mice were housed in enriched cages 

with food and water ad libitum under a 12-h light/dark cycle in the Animal Facilities 

at La Laguna University. All procedures were performed in accordance with the 

European Community Directive (86/609/UE) and Universidad de La Laguna 

Ethics Committee guidelines for the care of laboratory animals. 

Mice were aged until six or fourteen months and then treatments were 

performed. MPTP was dissolved in saline solution. Treated animals received daily 

injections of 4 mg MPTP/kg/day for 20 days. Littermates of these two groups were 

treated with saline following the same regimen. 43 days after finishing the 

treatments, mice were deeply anesthetized and sacrificed. Therefore, four 

experimental groups were established: W6 (control 6 month-old), M6 (MPTP 

treated 6 month-old), W14 (control 14 month-old), M14 (MPTP treated 14 month-

old). Two different sets of samples were acquired; one set comprised of 3 animals 

per experimental group was processed for IHC. Another set with 4 animals per 

group was used for lipid raft isolation.  

 

3. Human Brain Samples 

Human brain tissue was obtained from the Institute of Neuropathology 

HUB-ICO-IDIBELL Biobank and the Hospital Clinic-IDIBAPS Biobank. All legal 

and ethical guidelines for Biomedical Research involving human subjects 

(Declaration of Helsinki) were followed and procedures counted with the approval 

of the local Ethics Committee. In a frame of 3-12 hours post-mortem autopsies 

were conducted and immediately brains were collected and bisected into 

hemispheres. The hemisphere intended for molecular studies was stored at -80ºC 

until used. LR isolation was processed in the Institute of Neuropathology, by Dr. I. 

Ferrer’s group following the same protocol described in methods section 5. 

Fractions obtained were then delivered in dry-ice to our laboratory where they were 

further analysed.  
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LR isolation was preformed from frontal cortex tissue from clinically 

diagnosed and neuropathologically verified PD patients and the respective age-

matched controls. The post-mortem delay was between 2 hours 15 minutes and 11 

hours 45 minutes. Samples processed were from four cases of early PD stages 

(PD3-4; 3 male and 1 female, average age 70.1 ± 15.7 years), four cases of late stage 

(PD5-6; 3 male and 1 female, average age 78 ± 6.5 years) and another four cases of 

age-matched controls with no neurological symptoms and signs in which the 

neuropathological examination did not show abnormalities (2 male and 2 female, 

average age 70.5 ± 8.2 years).   

 

4. Immunohistochemistry 

In order to validate the effectiveness of MPTP treatments IHC stains to 

detect tyrosine hydroxylase (TH) were performed on brain slides containing the 

substantia nigra. Three individuals per animal group were analysed. For this analysis 

mice were anesthetized and perfused with 4% paraformaldehyde. Brains were 

extracted and post-fixed in 4% paraformaldehyde for 12 hours at room temperature 

followed by dehydration by immersion in graded ethanol:  

- ethanol 70% (10-15’) 

- ethanol 80% (10-15’) 

- ethanol 90% (10-15’) 

- ethanol 96% (10-15’) 

- ethanol 100% (10-15’) × 2 

Brains were then incubated in methyl benzoate until they sank and then 

incubated for 1 hour in benzol. Prior to paraffin inclusion, samples were washed 

twice in liquid paraffin at 65ºC for 1 hour followed by one overnight wash. Finally 

brains were embedded in in paraffin blocs. Coronal 10 µm sections were obtained 

with a paraffin microtome and mounted on glass slides pre-treated with APS (3-

Aminopropyl)-triethoxysilane.    
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Slides containing the substantia nigra were selected for TH IHC with help of a 

mouse brain atlas. Selected slides were deparaffinised by immersion in xylene and 

rehydrated using graded ethanol dilutions followed by washes with distilled water 

and phosphate-buffered saline (PBS): 

- xylene (15 minutes) × 2 

- ethanol 100% (10 minutes) × 2 

- ethanol 96% (10 minutes) 

- ethanol 90% (10 minutes) 

- ethanol 80% (10 minutes) 

- ethanol 70% (10 minutes) 

- water (10 minutes) × 2 

- TBS (10 minutes) × 2 

For antigen retrieval slides were boiled for 15 minutes in 20 mM citrate 

buffer (pH 6) followed by 3 washes in tris-buffered-saline (TBS). Anti-tyrosine 

hydroxylase antibody was diluted 1:500 in TBS and slides were incubated overnight 

at room temperature. After 3 washes in TBS, slides were incubated 2 hours at RT 

with anti-rabbit-HRP antibody diluted 1:200 in TBS. Slides were washed 3 times 

with TBS and signal was developed using SIGMAFAST DAB (3,3′-

Diaminobenzidine tetrahydrochloride) with metal enhancer. Before permanently 

mounting the slides with Eukitt, washing in distilled water and dehydration was 

performed: 

- TBS (10 minutes) × 2 

- water (10 minutes) × 2 

- ethanol 70% (10 minutes) 

- ethanol 80% (10 minutes) 

- ethanol 90% (10 minutes) 

- ethanol 96% (10 minutes) 

- ethanol 100% (10 minutes) × 2 

- xylene (15 minutes) × 2 
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Stained slides were photographed and TH-positive neurons were counted 

using ImageJ software. Total number of TH-positive neurons per animal was 

calculated as the sum of all TH-positive neurons in the sections analysed. To ensure 

no slides containing dopaminergic neurons from substantia nigra were omitted from 

analysis, slides surrounding this area were processed for IHC until no TH signal 

appeared.  

 

5. Lipid raft isolation 

Brain samples intended for lipid raft isolation were dissected, immediately 

frozen and stored at -80ºC until processed. Lipid rafts were obtained from Cortex 

(Co), midbrain (Md) and cerebellum (Cb) samples following a previously described 

method (Mukherjee et al., 2003). Basically, this protocol makes use of the physical 

properties of lipid raft microdomains. These structures are detergent resistant and 

exhibit a low density compared to the rest of the membrane. This allows its 

purification using a detergent-containing buffer and a sucrose gradient. All the 

procedure must be performed in cold to ensure that low temperature prevents from 

protein and lipid degradation. Samples were homogenized in 1 ml of 

homogenization buffer (Table 1).  

Homogenates were centrifuged at 500 g for 5 minutes at 4ºC. Supernatants 

were collected, transferred to clean 1.5 ml tubes and incubated at 4ºC for 1 hour 

using an orbital rotor. Buffer A described in Table 1 was used for dissolving sucrose 

at three different concentrations: 80%, 36% and 15%. 800 µL of homogenate were 

thoroughly mixed with an equal volume of 80% sucrose thus rendering a 40% of 

sucrose solution containing the sample. This sample was placed at the bottom of an 

ultracentrifuge tube and carefully overlaid with 8 mL of 36% sucrose solution 

followed with a third layer of 15% sucrose solution until the tube was completely 

filled (around 3.5 ml) (Figure 5A). Sucrose gradients were centrifuged at 150,000 g 

for 18 hours at 4ºC in a Beckman SW41Ti rotor. After centrifugation a cloudy layer 

is visible in the interphase between 15% and 36% sucrose solutions (Figure 5B). Six 
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fractions of 2 ml were carefully collected from the top to the bottom and the pellet 

was thoroughly mixed with the last 500 µL of the gradient and kept as a separate 

fraction for further analysis. Therefore from each sample 7 fraction were collected: 

F1-F6 and pellet (Figure 5C). 

Reagent Concentration 

Buffer A 

Tris-HCl, pH 8.0 50 mM 

MgCl2 10 mM 

NaCl 150 mM 

Triton X-100 1% 

Glycerol 5% 

NaF 20 mM 

Na3VO4 1 mM 

β-mercaptoethanol 5 mM 

PMSF 1 mM 

Complete protease inhibitor 1X 

Table 1. Composition of the homogenization buffer. 

 

Fractions F1 and F2 corresponded to lipid raft microdomains, whilst pellet 

comprised the non-raft fraction. Protein contents in each fraction were determined 

by the bicinchoninic acid (BCA) method and western blot assays were conducted in 

order to characterize the different fractions. 
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Figure 5. Representation of the sucrose gradient for lipid raft isolation. A) Scheme of 
the set up with sample and the discontinuous sucrose gradient before ultracentrifugation. 
B) Picture of the gradient after the ultracentrifugation. Notice the cloudy area (red arrow) 

that contains de lipid raft fraction. C) Scheme representing the fractions collected after 
ultracentrifugation separation.  

 

6. Slot Blot analysis  

Lipid rafts are characterized by a low content in proteins. This fact implies 

higher difficulties when trying to analyse the protein content in a detectable 

threshold by western blotting. For this reason we decided to analyse glutamate 

receptors by slot blot, which simplifies the procedure and improves the immuno-

detection, rendering a better signal compared to western blot. Moreover, the 

availability of specific primary antibodies against the main brain gangliosides 

provides a simple way to determine the profile of gangliosides in LR samples using 

the slot blot set-up.  

LR and NR samples were diluted in transference buffer (Table 2) using 

corresponding volumes for 2 µg of total protein in a final volume of 1 ml and 100 µl 

of diluted samples were spotted onto a nitrocellulose membrane sealed on a Slot-

blot set-up (Bio-Rad) using a vacuum pump. After the transference membranes 

were blocked in detergent free-TBS containing 3.5% (w/v) of bovine serum 

albumin (BSA) for 1 hour at room temperature. Due to the characteristics of the 
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procedure, it is not possible to perform re-blot to detect different gangliosides or 

proteins in the same membrane. Therefore, replicates of each membrane were 

prepared using equal amounts of the same sample dilution. Membranes were 

incubated overnight at 4ºC with the specific primary antibodies: mouse monoclonal 

antibodies against GD1a, GD1b and GT1b gangliosides, rabbit monoclonal anti-

mGluR5 and rabbit polyclonal anti-NMDAR2B. After 3 washes with TBS 

membranes were incubated with the corresponding secondary-HRP antibody. An 

additional membrane was incubated with cholera toxin B subunit-HRP diluted 

1/20,000 in blocking solution for 45 min at room temperature. In all cases, signal 

was developed with Clarity Western ECL Substrate. Detection was performed with 

Chemie-Doc MP Imaging System (Bio-Rad) and its optical density analysed using 

Image Lab software. 

Reagent Concentration 

Glycine 75 mM 

Tris 25 mM 

Methanol 20% 

Table 2. Composition of the transfer buffer.  

 

7. SDS-Page and Immunoblotting (Western Blot) 

For protein analysis samples were resuspended in 4X loading buffer (Table 

4) and heated at 95ºC for 5 minutes to linearize the proteins. Samples were then 

loaded in 15 or 10-well, 4-15% polyacrylamide precast gels (Mini-Protean-TGX gels, 

Bio-Rad) resolved by SDS-PAGE at 200 mV for approximately 30-35 minutes 

(Laemmli, 1970). Molecular weight marker ranging from 10 to 250 kDa was 

included in each gel for reference (Precision Plus Protein Dual Color Standards, 

Bio-Rad). Proteins were transferred to PVDF membranes using the Trans-Blot 

Turbo Transfer System and Mini PVDF Transfer Packs. Membranes were blocked 



63 / 165

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3229178				Código de verificación: +qvDRZgB

Firmado por: Ana Canerina Luis Amaro Fecha: 19/02/2021 15:50:53
UNIVERSIDAD DE LA LAGUNA

Raquel Marín Cruzado 19/02/2021 15:58:12
UNIVERSIDAD DE LA LAGUNA

ALFREDO GIMENEZ-CASSINA SENDON 19/02/2021 15:59:34
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/13292

Nº reg. oficina:  OF002/2021/13113
Fecha:  19/02/2021 16:08:33

Materials and methods 

39 

 

with BLOTTO (Bovine Lacto Transfer Technique Optimizer solution), which 

consisted of 5% non-fat milk in TBST, for 60 minutes and incubated with primary 

antibodies overnight at 4ºC with gentle agitation. Membranes were then washed 3 

times for 10 minutes with TBST and incubated 1 hour at RT with the 

corresponding secondary antibody. After 3 washes in TBST signal was developed 

with Clarity Western ECL Substrate. Detection and quantification was performed 

with Chemie-Doc MP Imaging System and Image Lab software both from Bio-Rad. 

Table 3 shows the list of primary antibodies used.  

Blots in which α-synuclein was analysed were subjected to mild fixation 

immediately before the blocking step. This fixation was intended to prevent α-

synuclein detachment from blotted membranes (Lee & Kamitani, 2011). 

Immediately after transfer step membranes were incubated with TBS + 0.4% para 

formaldehyde (PFA) for 30 minutes at room temperature.  

Antibody Type Dilution Supplier 

Anti-Alpha-synuclein [MJFR1] 
(ab138501) 

Rabbit 
monoclonal 

1:1,000 Abcam 

Anti-Alpha-synuclein [4D6] 
(ab1903) 

Mouse 
monoclonal 

1:1,000 Abcam 

Anti-Alpha-synuclein 
[EPR20535] (ab212184) 

Rabbit 
monoclonal 

1:5,000 Abcam 

Anti-Alpha-synuclein (phospho 
S129) (ab59264) 

Rabbit 
polyclonal 

1:1,000 Abcam 

Anti-Aggregated Alpha-
Synuclein, clone 5G4 
(MABN389) 

Mouse 
monoclonal 

1:1,000 Millipore 

Anti-Alpha-Synuclein filament 
[MJFR-14-6-4-2] (ab209538) 

Rabbit 
monoclonal 

1:1,000 Abcam 

Anti-Flotillin 1 (ab41927) 
Rabbit 
polyclonal 

1:1,000 Abcam 
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Anti-Na+/K+ ATPase α-1 (05-
369) 

Mouse 
monoclonal 

1:1,000 Millipore 

Anti-VDAC1 (ab14734) 
Mouse 
monoclonal 

1:1,000 Abcam 

Anti-PrP (5B2) (sc-47730) 
Mouse 
monoclonal 

1:500 
Santa Cruz 
Biotechnology 

Anti-Amyloid Precursor Protein 
[Y188] (ab32136) 

Rabbit 
monoclonal 

1:1,000 Abcam 

Anti-beta Amyloid (ab2539) 
Rabbit 
polyclonal 

1:1,000 Abcam 

Anti-β-Actin (a5441) 
Mouse 
monoclonal 

1:5,000 Sigma 

Anti-mGluR1a (ab183712) 
Rabbit 
monoclonal 

1:2,000  Abcam 

Anti-Metabotropic Glutamate 
Receptor 5 [EPR2425Y] 
(ab76316) 

Rabbit 
monoclonal 

1:5,000 Abcam 

Anti-Glutamate Receptor 1 
(AMPA subtype) [EPR5479] 
(ab109450) 

Rabbit 
monoclonal 

 1:2,000 Abcam 

Anti-NMDAR2B (ab65783) 
Rabbit 
polyclonal 

1:1,000  Abcam 

Anti-GD1a-1 Mouse   1:1,000 

From Ronald 
L. Schnaar 
laboratory 
(Schnaar et 
al., 2002) 

Anti-GD1b-1 Mouse   1:1,000 

Anti-GT1b-2b Mouse  1:2,000  

Table 3. Antibodies used for western blot, slot blot and 2-D electrophoresis. 
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Reagent Concentration 

Tris-HCl  125 mM 

SDS  4.6% 

Glycerol  20% 

ß-mercaptoethanol 10% 

Bromophenol blue  4 × 104 % 

Table 4. Loading buffer composition. 

 

8. Two-dimensional gel electrophoresis 

LR and NR samples were prepared for two-dimensional gel electrophoresis 

using the ReadyPrep 2-D cleanup Kit from Bio-Rad. Corresponding volumes for 

approximately 15 µg of total protein from each sample were submitted to the 

protocol described by the manufacturer and resuspended in 125 µL of DeStreak 

rehydration solution (GE Healthcare). At this point, samples were applied to 

immobilized pH gradient 7 cm-length strips pH 3-10 and processed for 

isoelectrofocusing (IEF) using a PROTEAN IEF cell from BioRad in a 2 steps 

programme. First step consisted in active rehydration performed at 5,000 V in a 

rapid slope for 14 hours. In a second step isoelectrofocusing was conducted up to 

20,000 V/h. The IEF was performed overnight at RT. IEF strips were then reduced 

in equilibration buffer containing 2% (w/v) dithiothreitol (DTT), followed by 

alkylation in the same buffer but containing 2.5% (w/v) iodoacetamide (IAA). Both 

reduction and alkylation were performed for 15 min at room temperature. After this 

procedure, strips were loaded on 12.5% homemade SDS-polyacrylamide gels for 

second dimension resolution. After loading the strips, the set up was covered with 

1% low-melting agarose solution and subjected to electrophoresis at a constant 

voltage of 100 mV for approximately 90 minutes. Resolved proteins were 

transferred to PVDF membranes. Fixation with PFA was performed as explained 
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previously. To detect phosphorylated proteins/epitopes, we blocked in TBST + 5% 

BSA instead of BLOTTO. 

 

9. Primary cultures 

Primary cultures were obtained from C57BL/6J mice E17 embryo brains 

(purchased from Janvier Laboratory) (Ref#: 31676432) (Bartlett & Banker, 1984). 

Pregnant mice were sacrificed in a CO2 chamber followed by cervical dislocation 

and embryos were collected by C-section. Cortices were dissected on Hanks' 

Balanced Salt Solution (HBSS,) supplemented with Ca2+ and Mg2+ (1.26 mM CaCl2, 

0.49 mM MgCl2 and 0.4 mM MgSO4). Tissue was minced with scalpel and washed 3 

times with HBSS without Ca2+/Mg2+ followed by digestion with trypsin/DNAse I 

solution (0.25% trypsin and 1 mg/ml DNAseI, in HBSS) for 15 minutes with 

agitation every 5 minutes. After digestion, 3 washes with HBSS without Ca2+/Mg2+ 

were performed to completely remove any Trypsin. Tissue was then dissociated by 

pipetting through horse serum pre-coated Pasteur pipette. Homogenate was 

transferred to a 15 ml tube on top of 8 ml of 1:1 mix of culture medium and horse 

serum and centrifuged for 5 minutes at 900 rpm. The pellet was resuspended in 5 ml 

of culture medium and thoroughly dissociated by pipetting. Cells were seeded on 

Poly-L-Lysine-coated culture vessels at a density of 1,500,000 cells/ml for 

“Seahorse” assays or 500,000 cells/ml for other assays. The culture medium was 

Neurobasal (Gibco) supplemented with B27 (Lifetech), 2 mM GlutaMax (Life 

Technologies) and 1% Penicillin/Streptomycin (Sigma).  
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10.  Viability assays 

Viability assays were performed using the calcein/propidium iodide uptake 

assay (Mattson et al., 1995). In live cells calcein AM is transformed into green 

fluorescent calcein dye by intracellular esterase activity and that is retained in the 

cytoplasm due to its ionic charge. Meanwhile, live cells are impermeable to 

propidium iodide (PI). Conversely, in dying cells, the compound can enter into the 

nucleus, as the integrity of the plasma membrane is compromised and it intercalates 

in nucleic acid, increasing its red fluorescence. Therefore, when added in 

combination calcein (Invitrogen) and PI to cell cultures it yields green fluorescent 

live cells and red fluorescent dead cells. Neurons were plated on a M24 well plate at 

a density of 250,000 cells/well in a volume of 500 µl. To assess the viability, calcein 

and PI were added to a final concentration of 1 µM and 2 µM respectively. Cells 

were then incubated for 20-30 min at 37ºC. Three random fields were chosen for 

each well and live and dead cells were counted manually using Zeiss Axiovert 40 

CFL fluorescence microscope (Zeiss, Overkochen, Germany). Viability was 

estimated as percentage (%) of alive cells/total cells.  

 

11.  Treatments 

11.1. MPP+ in primary cultures of cortical neurons 

In primary cultures of cortical neurons MPP+ (Sigma) was used instead of 

MPTP to assure its uptake and metabolic processing by the neurons in culture. To 

determine the optimal dose of MPP+, we conducted viability assays after 24 hour 

treatment with different concentrations of MPP+, with the aim of finding the higher 

concentration of the neurotoxic that produced a moderate reduction on viability. 

100 mM to 1 mM stock solutions of MPP+ in PBS were prepared fresh for every 

experiment. After testing a range of concentrations, we selected 50 µM MPP+ to 

treat neurons for either 24 hours or 4 hours followed by 20 hours of recovery with 
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the appropriated medium without MPP+. Control groups were treated with the 

same volume of PBS in each case. 

 

11.2. Glutamate in primary cultures of cortical neurons 

Treatments with glutamate (Sigma) were used to simulate the physiological 

challenges to what neurons are usually exposed. Viability assays where conducted to 

determine a dose that alone, would represent a non-toxic stimulus, but that in 

combination with MPP+ could increase the mortality. 1 M stock solution of 

glutamate was prepared in PBS and frozen at -20ºC. For the different assays 

neurons were exposed to different doses of glutamate ranging from 2 µM to 100 µM 

for a 20 minute period. For viability and lactate determination assays medium was 

replaced after exposure to eliminate the glutamate. Control neurons were treated 

with PBS and medium replacement at the same times that in treated neurons.  

 

12.  Mitochondrial respiration assays 

Measurements of oxygen consumption rate (OCR) constitute a good 

approach to mitochondrial functionality assessment. The Extracellular Flux 

Analyzer Instrument (XF24, Agilent/Seahorse Biosciences) allows the sequential 

injection of up to 4 compounds in between OCR measurements thus allowing 

estimations of bioenergetics parameters such as basal respiration, maximal 

respiratory capacity or increase in respiratory rate in response to certain compounds 

that, altogether, can give important information about mitochondrial fitness 

(Ribeiro et al., 2015; M. Wu et al., 2007). For each use one XF24 cell culture plate, 

one XF24 sensor cartridge and a utility plate are required. Neurons were plated into 

the XF24 cell culture microplate at a density of 150,000 cells/well in 100 µl of 

culture medium. Cells were allowed to differentiate for 4-5 days before the 

measurements. Wells A1 and D6 were left empty for background correction. The 
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day before the experiment the cartridge has to be hydrated with XF24 calibration 

solution and incubated at 37ºC overnight in a CO2-free incubator. On the day of the 

experiment the cartridge is loaded with appropriate concentration of the required 

drugs. Immediately before starting the experiment, culture medium was replaced 

with assay medium (DMEM without bicarbonate, supplemented with 10 mM 

glucose and 1 mM pyruvate). Cells were washed once with 300 µl of assay medium 

and finally brought to 600 µl of assay medium. After medium replacement cells were 

kept at 37ºC in a CO2-free incubator while establishing instrument settings and 

cartridge calibration.  

The basic assay involves OCR measurement followed by progressive 

injection of the ATP synthase inhibitor oligomycin, the uncoupling agent carbonyl 

cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) and the mitochondrial 

complex III inhibitor antimycin, with OCR measurements in between and at the 

end of the injections. This basic protocol would consist of the following steps:  

a) Calibrate probes 

b) Equilibrate  

c) Mix—2 min  

d) Wait—2 min  

e) Measure—3 min  

f) Repeat steps c–e , three times 

g) Inject oligomycin (Final concentration of 0.5 µM) 

h) Repeat steps c–e , three times  

i) Inject FCCP (Final concentration of 0.25 µM) 

j) Repeat steps c–e , three times  

k) Inject antimycin (Final concentration of 4 µM)  

l) Repeat steps c–e , three times  

m) End protocol. 

Using this protocol a series of parameters represented in Figure 6 can be 

estimated: 
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Figure 6. Schematic representation of a typical experiment for determination of the 
oxygen consumption rate (OCR) by extracellular flux analysis (Seahorse) and the 
derivation of different metabolic parameters. The sequential injection of oligomycin, 
FCCP and antimycin induces changes in the OCR that allow to determine key parameters 

in the characterization of mitochondrial fitness (Adapted from Simarro et al., 2010). 

 

- Basal respiration (BR): Total mitochondrial respiration in normal 

conditions.  

- ATP-Coupled Respiration (ATP-CR): Fraction of the respiration that is 

linked to ATP production. 

- Maximal respiration (MR): Maximal respiration that the mitochondria could 

achieve in case of increased metabolic demand.  

- Spare respiratory capacity (SRC): reserve in mitochondrial respiratory 

capacity to respond to a raise in energy demand.  

- Proton Leak (PL): fraction of the respiration that is not transformed into 

ATP, due to loss of protons. 
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- Non mitochondrial respiration: Oxygen consumed by other or oxygen-

consuming cellular systems, excluding the mitochondria. 

The compounds injected during the assay were modified to study the effect 

of glutamate. Two different assays were performed: 

- An injection of 10 µM glutamate followed by the previously described 

injections of oligomycin, FCCP and antimycin.  

- Progressive injections of glutamate for a final concentration of 10, 50 and 

100 µM, respectively and an injection of oligomycin for a final concentration of 0.5 

µM. Therefore only parameters that were possible to estimate following this 

experimental design were basal respiration and ATP-Coupled respiration at the 

different concentrations of glutamate.  

 

13.  Lactate determination 

Quantification of lactate production was performed as an indicator of the 

glycolytic pathway diverted away from oxidative phosphorylation. Quantification 

was performed with the Lactate Reagent kit (Beckman Coulter). This system is 

based on the development of two coupled reactions catalysed by Lactate oxidase (1) 

and Peroxidase (2) that finally renders a chromogen that can be quantified by its 

absorbance at 520 nm. The reactions are the following: 

1. Lactate + O2  Pyruvate + H2O2 

2. H2O2 + 4-Aminoantipyrine + H+ donor (TOOS)  Chromogen  

Primary cortical neurons were grown in M6 well plate at a density of 

1,000,000 cells/well in a volume of 2 ml. At the beginning of the experiment the 

culture medium was replaced for 1 ml of fresh Neurobasal supplemented with N2. 

Two type of controls were used; 2-Deoxy-D-glucose (2DG) 30 mM to inhibit 

glycolysis and assess lactate production by non-glycolytic processes and oligomycin 

1 µM as positive control that forces the maximal production of lactate by preventing 
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mitochondrial ATP production. 30 µl aliquots of medium were taken at 2, 4 and 6 

hours after medium replacement (Katsu-Jiménez et al., 2019). Immediately after the 

last aliquot was taken, the plates were washed with PBS and immediately frozen at -

80ºC for subsequent extraction of total proteins and normalization. To quantify 

lactate content in medium aliquots colorimetric assay using the Lactate Reagent 

(Beckman Coulter) was performed. Standard curve of lactate (Sodium-L-Lactate, 

Sigma) ranging from 0-5 mM was prepared and 5 µl of each value were transferred 

into a M96 well plate. 5 µl of each medium aliquot previously collected were also 

transferred to the plate. Components B and C of the Beckman Coulter Lactate 

Reagent were mixed in a ratio of 5:1 and 95 µl of the mixture were added to each 

sample or standard curve value. After 20-25 minutes of incubation at RT in the 

dark, absorbance at 520 nm was measured using the Infinite 200Pro plate reader. 

The values of lactate were normalized against total protein contain for each sample.  

 

14.  ATP assay 

For ATP quantification the CellTiter-Glo® Luminescent Cell Viability Assay 

(Promega) was used. This kit is based on the luciferin/luciferase pair. Luciferase has 

the ability to oxidise luciferin in the presence of ATP emitting light in the process. 

The limiting reagent in this reaction is ATP since both luciferin and luciferase are 

present in high abundance, therefore the amount of light emitted will be dependent 

on and proportional to the amount of ATP. 

Neurons were plated on M96 well plate, with transparent bottom and black 

walls, at a density of 50,000 cells/well in 100 µl. To quantify the ATP production 

over a period of time, the medium was replaced for fresh one and time was counted 

from that point. In each experiment 4 to 8 wells were left without cells but 

containing medium for background correction. At the moment of the assay the 

CellTiter-Glo Buffer was poured into the vial containing the lyophilized CellTiter-

Glo Substrate and mixed by gently inverting the vial. Using a multichannel pipette 

100 µl of the reagent were added into each well and plate was gently mixed for 2 
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minutes and let sit for 10 more minutes. Luminescence was measured with the 

Infinite 200Pro plate reader. 

 

15.  Total protein extracts 

Total protein extracts from primary cultures of cortical neurons were 

performed to normalize lactate production against total protein content. Neurons 

plated on M6 well plates were washed with PBS, after thoroughly aspirating PBS the 

plates were frozen at -80ºC. For the extraction, plates were brought to RT and 50 µl 

of lysis buffer (20 mM HEPES pH 7.4, 100 mM NaCl, 100 mM NaF, 5 mM EDTA, 

1% Triton X-100, Complete proteinase inhibitor and phosphatase inhibitor) were 

added into each well. Cells were harvested with a cell scraper and cell suspension 

was transferred to pre-cooled 1.5 ml centrifuge tubes and kept on ice for 15 

minutes. After 10 minutes centrifugation at 4ºC, 13.000 g, supernatant was collected 

and kept at -20ºC. Protein quantification was done by bicinchoninic acid assay in 

M96 (Pierce) plate format.  

 

16.  Statistical analysis  

Quantitative data were represented as mean ± statistical error (SEM). In 

some cases data were previously normalized to control group and expressed as 

percentage, assuming control (W6) as 100%. Statistical analysis has been carried out 

using GraphPad Prism 7.00 software. Kruskal-Wallis test with Dunn’s corrections 

for multiple comparisons was performed when comparing experimental groups. 

Two-way ANOVA with Sidak's multiple comparisons test was performed when 

analysing differences between experimental groups at different periods of time. 

Two-way ANOVA with Tukey’s multiple comparisons test was performed when 

analysing differences between experimental groups in the different brain areas. 

Sample size is detailed for each experiment in the results section but can be 
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summarized as follows. IHC experiments were conducted with 3 animals per group. 

LR isolation and the corresponding analysis were conducted with 4 animals per 

group. Experiments for the metabolic characterization of MPP+ exposure in 

primary cultures of cortical neurons were repeated 3 times from primary cultures 

obtained in independent culture sessions and from independent mice. Each 

experiment itself included repetitions up to 8 depending on the setup possibilities. 
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1. Characterization of lipid rafts from the MPTP Parkinson Disease 

murine model.  

1.1. Validation of the PD-like neurotoxic model 

The aim of this study is evaluating both the effect of aging and neurotoxicity 

caused by MPTP, thus establishing a PD-like mouse model. For this reason, we 

used six and fourteen month-old animals that were either treated with MPTP or 

saline and established four experimental mice groups. Treated mice (M6 and M14) 

received daily dose of 4 mg MPTP/kg/day for 20 days. Littermates (W6 and W14) 

received saline following the same regimen. W6 was considered the control group 

for comparisons. 

In the first instance, we wanted to verify the effectivity of the MPTP 

treatments conducted generating a valid Parkinson disease model. Therefore, 

immunohistochemistry assays against tyrosine hydroxylase (TH) were performed in 

mice brain sections comprising the substantia nigra. TH is a key enzyme in the 

synthesis of dopamine, so TH immunohistochemistry is extensively used as a 

marker for dopaminergic neurons. For each experimental group 3 animals were 

used.  

The total number of TH-positive neurons in the substantia nigra showed a 

significant decrease in those mice treated with MPTP, both at 6 and 14 month-old 

animals in comparison with W6 (p W6 vs M6: 0.0132; W6 vs M14: 0.0194, Dunnett's 

multiple comparisons test) (Figure 7). This result indicates that treatments with 

MPTP reduced the number of dopaminergic neurons in this brain area, generating a 

lesion comparable to the one found in brains from PD patients and successfully 

producing a valid mouse model for studying PD.  
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Figure 7. Tyrosine hydroxylase (TH) immunoreactivity in the substantia nigra. A) 
TH immunohistochemistry on brain slides from substantia nigra of the four experimental 
groups (W6: control 6 months, M6: MPTP treated 6 months; W14: control 14 months; 
M14: MPTP treated 14 months). Black bar = 100 µm. B) Quantification of TH-positive 
neurons in this area (* p<0.05, One-way ANOVA with Dunnett's multiple comparisons 

test. N= 3) Error bars represent SEM .Adapted from (Canerina-Amaro et al., 2019). 

 

1.2. Lipid raft isolation and characterization 

For lipid raft isolation mice brains of the different experimental groups were 

dissected and immediately frozen at -80ºC. The dissected structures that has been 

analysed in this study are three: cortex, midbrain and cerebellum. Cortex was 

selected based on previous studies that showed alteration in lipid rafts from this 
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brain area. Midbrain was selected for its implication in Parkinson disease since key 

areas in the development of the disease, such as substantia nigra and basal ganglia, are 

included in this region. Even when the isolation and lipid raft analysis of these areas 

would have been much more informative, it is not methodologically possible to 

perform the lipid raft isolation and analysis from such small structures. Therefore 

we opted for analysing midbrain. Cerebellum was used as control since no changes 

were expected. To the best of our knowledge, there are no reports showing 

cerebellar alterations in the mouse MPTP model of PD. Moreover, recent work 

from our group has found that lipid rafts in cerebellum are highly preserved in 

MPTP- treated mice (Díaz et al., 2019).  

After lipid raft isolation we obtained 6 different fractions (F1 to F6) and a 

pellet (Figure 5). Theoretically, lipid rafts fractions should be contained in the 

interphase between the 15% and the 35% sucrose solutions. Remarkably, in this 

interphase a cloudy layer comprising the lipid rafts is visible after the 

ultracentrifugation step (Figure 5B). This fact constitutes an easy way to confirm 

that the isolation protocol has worked correctly. This layer is completely recovered 

in fractions F1 and F2. These two fractions were collected, mixed and analysed 

together. Pellet and fractions close to it would contain all the non-raft membranes 

and cytoplasmic content.  

We quantified protein content of the fractions obtained by BCA. Results 

showed a remarkably low protein content in LR fractions, as expected, and higher 

content in the corresponding NR fractions. Then, we performed western blot 

analysis to evaluate the presence in the different fractions of proteins characteristic 

of both lipid raft and non-raft microdomains. Flotillin-1 is considered a scaffolding 

protein of lipid rafts and also PrPc has been shown to localize exclusively in lipid 

raft fractions. On the other hand, glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) and NeuN are characteristic proteins of non-raft fractions. The 

distribution of these proteins observed among the different fractions of our samples 

support the correct isolation of the lipid raft microdomains (Figure 8).  
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Figure 8. Immunoblotting of lipid raft fractions. Fractions 1 to 6 and pellet were 
separated by SDS-PAGE, transferred to PVDF membranes and incubated with the specific 
primary antibodies. Signal was developed by chemiluminescence. The localization of lipid 

raft resident proteins such as Flotillin-1 and Prion protein (PrPc) in fraction F1+F2 
confirms the correct isolation of these microdomains. Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) and NeuN are characteristic proteins of non-raft fractions. 
Illustration corresponds to fractions obtained from cortex of a W14 animal.  

 

1.3. Gangliosides modifications of lipid raft fractions in response to MPTP 

treatment 

Gangliosides are important part of the glycocalyx in nerve cells that 

preferentially reside in lipid rafts. There are just four types that comprise for the vast 

majority of gangliosides in mammal brains: GM1, GD1a, GD1b and GT1b. In 

general, gangliosides have self-aggregating properties and also tend to aggregate with 

other lipids and proteins. Particularly, some studies have reported association 

between GM1 and α-synuclein pointing to an inhibitory role in fibril formation 

(Martínez et al., 2007). Therefore, we have analysed the distribution of these 

glycolipids in lipid raft fractions previously isolated from cortex, midbrain and 

cerebellum in the four study cohorts: W6, M6, W14 and M14, four animals per 

group were used. Samples were analysed by slot-blot using cholera toxin subunit B 

to detect GM1 and specific antibodies directed against GD1a, GD1b and GT1b. 

Flotillin-1 was used as loading control for normalization. Normalized values were 

further referred as percentage of the control group (W6) for clarity.  
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In general, the content of the gangliosides in lipid raft fractions isolated from 

cerebellum and midbrain did not show any significant difference between the 

experimental cohorts. However, the in the cortical area some differences were 

detected in GT1b and also a certain tendency can be noticed in GM1. 

Content of GT1b ganglioside in cortical rafts exhibited variations between 

the experimental groups (p 0.0426, Kruskal-Wallis test). Comparisons between 

groups performed by Dunn's multiple comparisons test revealed that the cohort 

with a higher difference compared to the control group (W6) was the one 

comprised by old MPTP-treated animals (M14) (p= 0.1064) (Figure 9).  

No significant differences were observed in the relative amount of GM1 

between the study groups in any of the analysed areas, although a slight tendency to 

reduction after treatment was observed in cortex (p 0.0786, Kruskal-Wallis test) 

(Figure 9). The Dunn's multiple comparisons test pointed to the experimental group 

constituted by old MPTP-treated mice (M14) as the one with higher difference 

respect the control group (W6) (p= 0.1876), followed by young MPTP-treated 

animals (M6) (p= 0.2255 W6 vs M6).  

In order to have an approximate idea of total gangliosides and taking into 

account that the four gangliosides analysed constitute the vast majority of total 

gangliosides in brain, we added together the densitometric values of all of them and 

performed the same normalization previously done (Figure 10). Results showed a 

significant difference in total gangliosides in raft fractions from cortex between 

experimental groups (p= 0.0199, Kruskal-Wallis test). Further comparison between 

groups revealed a strong tendency to reduction in total gangliosides after treatment, 

especially in aged animals (Dunn's multiple comparisons test: W6 vs M14 p= 0.0856; 

W6 vs M6 p= 0.1554). Therefore, the main alterations in ganglioside composition of 

LR fractions were found in the cortical area of the old and MPTP-treated mice 

(M14). 
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Figure 9. Distribution of main brain gangliosides in brain areas from the mouse 
cohorts. Lipid raft samples were transferred to PVDF membranes by slot blot and 

incubated with specific primary antibodies to detect gangliosides. A) Chemiluminescent 
detection of GM1, GD1a, GD1b and GT1b and the scaffolding protein Flotillin-1 from 
LR fractions from cortex, midbrain and cerebellum. B) Quantification of the gangliosides 
analysed was normalized using Flotillin-1 and then referred as percentage of the control 
group (W6) and compared to that control (W6: control 6 months, M6: MPTP treated 6 
months; W14: control 14 months; M14: MPTP treated 14 months) (* p<0.05; Kruskal-

Wallis test with Dunn’s multiple comparison correction. N=4) Error bars represent SEM.  



83 / 165

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3229178				Código de verificación: +qvDRZgB

Firmado por: Ana Canerina Luis Amaro Fecha: 19/02/2021 15:50:53
UNIVERSIDAD DE LA LAGUNA

Raquel Marín Cruzado 19/02/2021 15:58:12
UNIVERSIDAD DE LA LAGUNA

ALFREDO GIMENEZ-CASSINA SENDON 19/02/2021 15:59:34
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/13292

Nº reg. oficina:  OF002/2021/13113
Fecha:  19/02/2021 16:08:33

Results 

59 

 

 

Figure 10. Total gangliosides from lipid raft fractions in cortex, midbrain and 
cerebellum. Densitometric values of the four gangliosides (GM1, GD1a, GD1b and 

GT1b) were added up and normalized against flotillin-1 and then referred as percentage of 
the control group (W6). Total gangliosides in lipid rafts from cortical area showed 

significant differences between the cohorts (W6: control 6 months, M6: MPTP treated 6 
months; W14: control 14 months; M14: MPTP treated 14 months) (*p <0.05, Kruskal-

Wallis test with Dunn’s multiple comparison correction. N=4). Error bars represent SEM. 

 

1.4. Protein alterations observed in lipid raft in response to MPTP 

treatment 

One of the main goals of this work was analysing the possible alterations in 

lipid raft protein composition in response to MPTP treatment and aging. Therefore, 

we performed western blot analysis of both lipid raft and non-raft fractions 

obtained from cortex, midbrain and cerebellum of the experimental groups (W6, 

M6, W14 and M14). Blotted membranes were fixed in PFA immediately before 

blocking to avoid α-synuclein detachment from membrane and improve its 

immunodetection. Proteins analysed were selected attending to their actual or 

potential implications in development of PD according to our hypothesis. Both 

aggregated and monomeric forms of α-synuclein were analysed since it constitutes a 

key protein in PD. We were especially interested in the possible rearrangements in 

its distribution between LR and NR fractions and changes in its aggregation, as a 

factor related to the degree of toxicity. Additionally, several studies have shown a 

complex interaction between glutamate receptors mGluR5 and NMDAR2B, prion 

protein (PrPc) and α-synuclein that appears to be involved in cognitive impairment 

associated to PD (Diógenes et al., 2012; Ferreira et al., 2017; Urrea et al., 2018). For 



84 / 165

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3229178				Código de verificación: +qvDRZgB

Firmado por: Ana Canerina Luis Amaro Fecha: 19/02/2021 15:50:53
UNIVERSIDAD DE LA LAGUNA

Raquel Marín Cruzado 19/02/2021 15:58:12
UNIVERSIDAD DE LA LAGUNA

ALFREDO GIMENEZ-CASSINA SENDON 19/02/2021 15:59:34
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/13292

Nº reg. oficina:  OF002/2021/13113
Fecha:  19/02/2021 16:08:33

Results  

60 

 

this reason, we wanted to analyse the distribution of PrPc and glutamate receptors 

mGluR5, NMDAR2B. The ionotropic glutamate receptor 1 AMPA subtype 

(AMPA) and the metabotropic glutamate receptor 1 (mGluR1) were included in the 

study for comparison. In other line, voltage dependent anion channel (VDAC) has 

been demonstrated to be involved in neurotoxicity by amyloid-β (Fernández-

Echevarría et al., 2014). Therefore, VDAC and APP distribution was also analysed 

as a relevant pathological comparison with other neurodegenerative proteinopathies 

in which “lipid raft aging” has been previously described (Fabelo et al., 2012).  

The described proteins of interest were analysed by western blot as described 

above. Due to difficulties in normalization of protein values in the LR and NR 

fractions observed during the current study we opted for a double normalization. 

Proteins detected in LR fractions were normalized by flotillin-1 while proteins from 

NR fractions were normalized either by actin or tubulin-β. We chose to assume the 

LR-scaffolding protein flotillin-1 as a housekeeper since actin or tubulin did not 

appear in most samples from LR where other proteins were indeed detected. After 

this normalization, protein values were referred as percentage of the control group 

(W6) for clarification.  

α-Synuclein was analysed using two different primary antibodies. Anti-α-

synuclein [4D6] antibody from Abcam predominantly detected monomeric forms of 

the protein, so we limited to analyse the 16 kDa band obtained with this antibody. 

Then, membranes were reblotted to detect aggregated forms of the protein by 

incubation with anti-aggregated α-synuclein clone 5G4 antibody from Millipore. 

This antibody detected several bands of high molecular weight. The most evident 

ones were between 100 and 150 kDa (Figure 11). Quantification of aggregated α-

synuclein included all the high molecular weight bands (Figure 11).  
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Figure 11. Representative image of α-synuclein detection by immunoblotting. 
Merged image between the colorimetric (visible) and chemiluminescent modes showing 

both the immunosignal and the molecular weight marker. Arrows indicate the most 
prominent high molecular weight bands and the red rectangle illustrates the quantified area. 
Notice that monomeric α-synuclein is saturated in this picture due to the effect of reblot to 

detect aggregated α-synuclein.  

 

Due to previous works showing interaction between α-synuclein and GM1 

ganglioside (Martínez et al., 2007), we expected to find this protein in LR fractions. 

However, our results showed a predominately distribution of α-synuclein in non-raft 

fractions across all areas and experimental groups in this study (Figure 12). A deeper 

analysis of this point will be cover in discussion section.  

Densitometric values of α-synuclein, both monomeric and aggregated forms, 

were normalized using actin and then referred as percentage of the control group 

(W6). Percentage of aggregated α-synuclein versus total α-synuclein was also 

estimated using densitometric values of aggregated and monomeric forms (prior to 

their normalization against control) using the following formula: 

% =
aggregated  

aggregated + monomeric
× 100 

 

Data were analysed by 2-way ANOVA establishing the area as one factor 

(cortex, midbrain and cerebellum) and the experimental groups (W6, M6, W14 and 
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M14) as the second factor. Results showed that, in general, there is an effect of the 

area in the content of α-synuclein. The multiple comparison test showed that for 

aggregated α-synuclein and the ratio of aggregated α-synuclein vs total α-synuclein, 

there was a significant higher content in cortex respect midbrain and cerebellum, 

while there were no differences between midbrain and cerebellum. Conversely, 

when analysing monomeric α-synuclein, there was no significant difference between 

cortex and the other areas investigated, although the midbrain was significantly 

higher than cerebellum. Table 5 summarises the p=s obtained after the Tukey's 

multiple comparison test between areas. Comparisons between areas were 

performed taking the mean values between the different experimental groups.  

 

Tukey's multiple comparisons test results 

 
Monomeric Aggregated Ratio aggregated vs total 

Cortex vs Midbrain ns <0.0001 <0.0001 

Cortex vs Cerebellum ns <0.0001 <0.0001 

Midbrain vs Cerebellum 0.0112 0.0669 ns 

Table 5. Summary of 2-way ANOVA p-values for multiple comparison test of α-
synuclein content between different areas.  

 

We did not find any statistical difference across the experimental groups in 

midbrain or cerebellum but cortical area exhibited a great increase in aggregated α-

synuclein in response to both MPTP treatment and aging. In young treated animals 

(M6) mean value of aggregated α-synuclein shows an increase of 5 times respect the 

control (W6). In old animals, both treated or control that increment gets to 8-10 

times higher (Figure 12B). In concordance with these data, estimation of the 

percentage of aggregated α-syn versus total α-syn shows similar increase after 

treatment and aging (Figure 12C). Content of the monomeric forms of α-synuclein 

were not significantly altered after treatment or aging.  
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Figure 12. Analysis of α-synuclein distribution in LR and NR fractions. Lipid raft 
(LR) and non-raft (NR) samples were separated by SDS-PAGE, transferred to PVDF 
membranes and incubated with the specific primary antibodies. A) Chemiluminescent 

detection of α-synuclein, actin and flotillin-1 in LR and NR samples from the four 
experimental groups (W6: control 6 months, M6: MPTP treated 6 months; W14: control 14 

months; M14: MPTP treated 14 months) in cortex, midbrain and cerebellum. Specific 
antibodies against both aggregated and monomeric α-synuclein were used to detect the 
different forms of this protein. NR fractions were normalised with actin and LR with 

flotillin-1. B) Quantification of monomeric (green) and aggregated (red) α-synuclein. C) 
Percentage of aggregated α-synuclein in comparison to total α-synuclein Data are referred 
to control group as 100% (*p <0.05, ***p<0.001, ****p <0.0001 Two-way ANOVA with 

Dunnett's multiple comparisons test. N=4). Error bars represent SEM. 

 

PrPc distribution in LR and NR was also analysed. Results showed that PrPc 

is exclusively located in LR fractions in all areas studied. In cortical area ANOVA 

analysis showed a significant decrease in aged experimental group (W14) compared 

to the control (p= = 0.0033, Kruskal-Wallis with Dunn's multiple comparisons test). 

The observed decrease seams to affect also the MPTP treated groups, although it is 

not significant. No changes can be assessed in PrPc content in midbrain or 

cerebellum (Figure 13). For comparison of PrPc content between the different areas 
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of study two-way ANOVA was conducted. PrPc content in LR fractions from 

cortex was significantly lower than in midbrain or cerebellum, while there were no 

differences between these two areas (Table 6).  

 

Figure 13. Analysis of prion protein (PrP) distribution in lipid raft (LR) fractions. 
Lipid raft samples were separated by SDS-PAGE, transferred to PVDF membranes and 

incubated with the specific primary antibodies. A) Chemiluminescent detection of PrPc and 
flotillin-1 from the mouse cohorts (W6: control 6 months, M6: MPTP treated 6 months; 

W14: control 14 months; M14: MPTP treated 14 months) in cortex, midbrain and 
cerebellum. B) Quantification of PrPc. Data are normalised by flotillin-1 and referred to 

control group (W6) as 100% Error bars show SEM. (*p <0.05, Kruskal-Wallis with Dunn's 
multiple comparisons test. N=4).  

 

Analysis of VDAC showed the expected location exclusive to LR fractions. 

When analysing the effect of aging or MPTP treatment we found a significant 

decrease in cortical VDAC in young treated and old not treated animals, but not in 
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those with both factors (M14) (Figure 14). No changes were detected between the 

experimental groups either in midbrain or cerebellum. No alterations were found 

when comparing the different areas of study (Table 6).  

 

Figure 14. Analysis of voltage dependent anion channel (VDAC) distribution in 
lipid raft (LR) fractions. Lipid raft samples were separated by SDS-PAGE, transferred to 

PVDF membranes and incubated with the specific primary antibodies. A) 
Chemiluminescent detection of VDAC and flortillin-1 from the four experimental groups 

(W6: control 6 months, M6: MPTP treated 6 months; W14: control 14 months; M14: 
MPTP treated 14 months) in cortex, midbrain and cerebellum. B) Quantification of VDAC 

normalized by flotillin-1 and referred to control group as 100% (*p <0.05, **p<0.01. 
Kruskal-Wallis with Dunn's multiple comparisons test. N=4). Error bars represent SEM. 

 

Amyloid precursor protein (APP) was predominately distributed in NR 

fractions. Even though some LR samples appeared to contain some APP, the 

content of this proteins was not significant enough for the analysis. Therefore, we 
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only quantified APP amount present in NR fractions for consistence. No changes 

were detected in APP values from NR samples between the experimental groups at 

any of the study areas (Figure 15). Comparison between areas showed a lower 

content of APP in cerebellum (Table 6). 

 

Figure 15. Analysis of amyloid precursor protein (APP) distribution in lipid raft 
(LR) and non-raft (NR) fractions. Samples were separated by SDS-PAGE, transferred 

to PVDF membranes and incubated with the specific primary antibodies. A) 
Chemiluminescent detection of APP in LR and NR fractions from the experimental groups 

(W6: control 6 months, M6: MPTP treated 6 months; W14: control 14 months; M14: 
MPTP treated 14 months) in cortex, midbrain and cerebellum. B) Quantification of APP in 

NR fractions. Data are normalised by actin and referred to control group as 100%. 
(Kruskal-Wallis with Dunn's multiple comparisons test. N=4). Error bars show SEM. 
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Tukey's multiple comparisons test results 

  PrPc VDAC APP 

Cortex vs Midbrain 0.0054 ns ns 

Cortex vs Cerebellum 0.0195 ns ns 

Midbrain vs Cerebellum ns ns 0.0020 

Table 6. Summary of 2-way ANOVA p-values for multiple comparison test of PrPc, 
VDAC and APP content between the different areas.  

 

Analysis of glutamate receptors by western blot presented several difficulties, 

mainly due to their high molecular weight (over 250 kDa for mGluR5 dimer). 

Therefore we opted for analysing samples by slot blot. LR and NR samples were 

diluted in transfer buffer and transferred to PVDF membranes. Six replicate 

membranes with the same volume of sample were loaded to minimize variations.  

 

 

Figure 16. Representative scheme on the setup of slot blot assay performed. Lipid 
raft (LR) and non-raft (NR) fractions of all areas analysed by slot blot were loaded by 

duplicate (N1 and N2) in the same membrane. Image corresponds to mGluR5 
chemiluminescent immunodetection.  
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Each replicate was incubated with a different primary antibody: mGluR1, 

mGluR5, AMPA, NMDAR2B, flotillin-1 and tubulin-β. The setup allowed analysing 

in the same membrane two samples for LR and NR fractions from the four mouse 

cohorts and the three areas analysed in this study (Figure 16). LR samples were 

normalised against flotillin-1, while tubulin-β was used in NR samples for the same 

purpose. Values are expressed as optical density per square millimetre (OD/mm2). 

In the first instance, we wanted to determine the distribution of the analysed 

receptors among the different areas of study. For this reason we made a simple 

estimation of total content for each glutamate receptor in each area by adding up 

the values obtained for LR and NR fractions in the control group (W6). This 

analysis indicated a different distribution of the receptors in the three brain regions. 

Noticeably, the receptors content in cerebellum changed widely in comparison to 

both cortex and midbrain. In contrast, no differences were found between cortex 

and midbrain for the different glutamate receptors. AMPA and mGluR1 presented a 

higher expression in cerebellum, while mGluR5 remained undetectable. For 

NMDAR2B no significant change was observed, but again, cerebellum presented a 

tendency to a lower content in comparison with other areas (Figure 17, Table 7).  

 

Figure 17. Comparison of total expression for glutamate receptors between cortex, 
midbrain and cerebellum analysed by slot blot. Graph was elaborated with the 

quantification from figures 18 to 21. Comparison was established using the control group 
(W6). Values were estimated as the sum of densitometric values of lipid raft and non-raft 

fractions and expressed as optical density per square millimetre (OD/mm2) (Two-way 
ANOVA with Tukey's multiple comparisons test. N=4). Error bars represent SEM. 
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Tukey's multiple comparisons test results 

  AMPA NMDAR2B mGluR1 mGluR5 

Cortex vs Midbrain 0.9985 0.4971 0.9998 0.4946 

Cortex vs Cerebellum <0.0001 0.0556 0.0497 0.0293 

Midbrain vs Cerebellum <0.0001 0.4511 0.0520 0.0010 

Table 7. Summary of 2-way ANOVA p-values for multiple comparison test of 
glutamate receptors distribution between areas in the control group.  

 

Once we have assessed the differences in glutamate receptors expression 

between areas we wanted to analyse their distribution in LR and NR fractions and 

the possible effects of aging and MPTP treatment. Using the densitometric values 

for LR and NR fractions two new parameters were estimated and compared 

between experimental groups in the study areas. Firstly, the total amount of the 

glutamatergic receptor was estimated by simply adding up values from LR and NR 

(Panel C in Figure 18 to Figure 21). In order to have a clear view of the 

predominant distribution of the receptors among the LR and NR and to facilitate 

the analysis of the possible changes in this distribution, we estimated the ratio 

LR/total, using the densitometric values for LR and the previously estimated sum of 

LR and NR. In the graphical representation a dotted line was included at the value 

of 50%, indicating that in the cases were the value is lower than that, the 

distribution is predominant to the NR fractions and in those higher than the 

indicated dotted line the distribution is of the receptor is mainly to the LR fraction 

(Panel D Figure 18 to Figure 21).  

In general, all the glutamate receptors analysed were mainly located at NR 

fractions. With little exceptions, LR content of glutamate receptors was significantly 

lower than NR content (p=<0.05, Mann Whitney test) and in many cases almost 

undetectable with the protocol performed. This lower distribution to LR fractions is 

clearly shown when the ratio of the corresponding receptor in LR versus the total 

content is estimated (Panel D, Figure 18 to Figure 21). In cerebellum, LR content of 
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AMPA shows a tendency contrary to the previously described, where LR content 

appears to be higher than NR, however this result is not statistically significant (p= 

= 0.1143, Mann Whitney test) (Figure 18D). The amount of the metabotropic 

glutamate receptor 5 (mGluR5) in LR fractions is more evident. In cortex still 

presents a significantly lower content than in NR, but in midbrain the abundance in 

LR and NR is similar (p = 0.4857, Mann Whitney test) (Figure 21).  

Analysis of the effect of aging or MPTP treatment over glutamate receptors 

revealed very little variations. NMDAR2B or mGluR1 did not exhibit any difference 

at all after aging or treatment (Figure 19, Figure 20). For AMPA, we found a severe 

diminution in cerebellar LR fractions in the old treated experimental group, M14 

(Figure 18). Midbrain mGluR5 content in NR fractions shows a decrease in all 

treated or aged mice in comparison with the control group (Figure 21).  
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Figure 18. Analysis of ionotropic glutamate receptor AMPA subtype. Lipid raft (LR) 
and non-raft (NR) samples were transferred to PVDF membranes by slot blot and 

incubated with specific primary antibody. A) Chemiluminescent detection of AMPA, 
flotillin-1 and tubulin analysed in LR and NR fractions from cortex, midbrain and 

cerebellum of the four experimental groups (W6: control 6 months, M6: MPTP treated 6 
months; W14: control 14 months; M14: MPTP treated 14 months). B) Quantification of 

AMPA normalised against flotillin-1 in LR samples and tubulin in NR samples. C) 
Estimations of total AMPA calculated as the addition of values from LR and NR. D) Ratio 

of AMPA found in LR fractions vs total AMPA (**p <0.01, ****p <0.0001 Two-way 
ANOVA with Dunnett's multiple comparisons test. N=4). Error bars represent SEM. 
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Figure 19. Analysis of ionotropic glutamate receptor NMDAR2B subtype. Lipid raft 
(LR) and non-raft (NR) samples were transferred to PVDF membranes by slot blot and 

incubated with specific primary antibody. A) Chemiluminescent detection of NMDAR2B, 
flotillin-1 and tubulin analysed in LR and NR fractions from cortex, midbrain and 

cerebellum of the mouse cohorts (W6: control 6 months, M6: MPTP treated 6 months; 
W14: control 14 months; M14: MPTP treated 14 months). B) Quantification of 

NMDAR2B normalised against flotillin-1 in LR samples and tubulin in NR samples. C) 
Estimations of total NMDAR2B calculated as the addition of values from LR and NR. D) 
Ratio of NMDAR2B found in LR fractions vs total NMDAR2B. (No statistical differences 

are found between experimental groups. Two-way ANOVA with Dunnett's multiple 
comparisons test. N=4). Error bars represent SEM. 
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Figure 20. Analysis of metabotropic glutamate receptor 1. Lipid raft (LR) and non-raft 
(NR) samples were transferred to PVDF membranes by slot blot and incubated with 
specific primary antibody. A) Chemiluminescent detection of mGluR1, flotillin-1 and 
tubulin analysed in LR and NR fractions from cortex, midbrain and cerebellum of the 

experimental groups (W6: control 6 months, M6: MPTP treated 6 months; W14: control 14 
months; M14: MPTP treated 14 months). B) Quantification of mGluR1 normalised against 

flotillin-1 in LR samples and against tubulin in NR samples. C) Estimations of total 
mGluR1 calculated as the addition of values from LR and NR. D) Ratio of mGluR1 found 
in LR fractions vs total mGluR1 (No statistical differences are found between experimental 

groups. Two-way ANOVA with Dunnett's multiple comparisons test. N=4). Error bars 
represent SEM. 
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Figure 21. Analysis of metabotropic glutamate receptor 5. Lipid raft (LR) and non-raft 
(NR) samples were transferred to PVDF membranes by slot blot and incubated with 
specific primary antibody. A) Chemiluminescent detection of mGluR5, flotillin-1 and 

tubulin analysed in LR and NR fractions from cortex, midbrain and cerebellum of the four 
experimental groups (W6: control 6 months, M6: MPTP treated 6 months; W14: control 14 
months; M14: MPTP treated 14 months). B) Quantification of mGluR5 normalised against 

flotillin-1 in LR samples and against tubulin in NR samples. C) Estimations of total 
mGluR5 calculated as the addition of values from LR and NR. D) Ratio of mGluR5 found 

in LR fractions vs total mGluR5 (*p < 0.05 Two-way ANOVA with Dunnett's multiple 
comparisons test. N=4). Error bars represent SEM. 
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Remarkably, no significant differences were found in the ratio LR vs Total 

for any of the receptors analysed in any area as a consequence of aging or treatment. 

This indicates that the experimental conditions did not induce a shift in the 

distribution among LR and NR fractions.  

 

1.5. Post-translational modifications of α-synuclein 

One of the most relevant post-translational modification observed in α-

synuclein is the phosphorylation at Ser129 (Barrett & Greenamyre, 2015). This 

seems to be the most pathologically relevant form of α-synuclein since it has been 

highly associated with aggregation and Lewy body generation. Considering the 

abundance of aggregated forms of α-synuclein found, especially in cortical area, of 

aged and MPTP treated mice, we decided to analyse the phosphorylation of α-

synuclein at Ser129. Non-raft fractions from cortex, midbrain and cerebellum of the 

mouse cohorts (W6, M6, W14 and M14) were analysed by two-dimensional 

electrophoresis using immobilized pH gradient strips pH 3-10 for the first 

dimension and 12.5% SDS-polyacrylamide gels for the second dimension resolution. 

Membranes were fixed in PFA and blocked with 5% BSA in TBST. Membranes 

were first incubated with anti-pSer129 α-synuclein antibody to detect only the 

phosphorylated α-synuclein at Ser129 and then reblotted with anti α-synuclein (4D6 

clone) antibody to detect other forms of α-synuclein, including both monomeric and 

high molecular weight forms.  
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Figure 22. 2-D immunoblotting of non-raft (NR) fractions showing the pattern of 
isoforms of α-synuclein in cortex, midbrain and cerebellum. Samples were separated 

by isoelectrofucusing followed by SDS-PAGE. Proteins were transferred to PVDF 
membranes and incubated first with phosphorylated α-syn at Ser129 (pSer α-syn, upper 
panels) and then with anti α-syn 4D6 clone antibody (lower panels). Arrows indicate the 

predominant non-phosphorylated forms of α-syn, monomeric (solid arrow) or aggregated 
(hollow arrows). Arrowheads indicate phosphorylated high molecular weight forms. Values 

in abscissa indicates the estimated isoelectric point for the different isoforms of α-syn.   
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Almost no signal was detected in NR fractions from cerebellum at any of the 

experimental groups (Figure 22, bottom). In the control group (W6) from cortex 

and midbrain, total α-synuclein was resolved in 4 predominant isoforms with 

estimated isoelectric points (pI) of 5.0, 6.7, 7.2 and 8.4 (Figure 22, left). The most 

abundant corresponds to the pI of 5.0 (solid arrow), which represents the native 

monomeric isoform. This isoform was attenuated in the aged and MPTP treated 

cohorts, in parallel with the increased accumulation of higher MW α-syn isoforms 

(arrowheads). Phosphorylated α-syn appears as high MW forms, especially in the 

midbrain of M14 cohort (Figure 22, middle right). 
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2. Study of energy metabolism in a cellular model of Parkinson disease  

After analysing the effects of MPTP in a mouse model of PD, we wanted to 

get further understanding of the effect on the energy metabolism of this neurotoxic 

compound. With that aim and taking into account that the cortical area is key in this 

study, we produced primary cultures of cortical neurons which provide a feasible 

approach for the metabolic analysis using different experimental procedures. 

Although there is wide evidence that demonstrates that MPTP selectively blocks the 

complex I in the respiratory chain of the mitochondria, to the best of our 

knowledge, the characterization of MPTP effect on energy metabolism in cortical 

neurons have not been performed yet. Since primary cultures do not contain the 

glial cells that in primates and rodents transform MPTP into the toxic metabolite 

MPP+, we opted for directly using the metabolite in the following assays instead of 

MPTP. We perform this metabolic characterization in two different conditions. 

First in resting conditions, in the absence of any stimulus and then simulating the 

physiological conditions developed by the excitatory neurotransmitter glutamate.  

In both conditions, the metabolic characterization was focused on three 

main studies. First of all, the mitochondrial respiration and all the parameters 

derived from the oxygen consumption rate (OCR) that can be measured with the 

Extracellular Flux Analyzer Instrument (XF24, Agilent/Seahorse Biosciences). For 

simplicity, we will refer to this study as “Seahorse assay”. The second study 

consisted on measurement of the lactate production as an indicator of glycolytic 

pathway diverted away from oxidative phosphorylation. Finally, the determination 

of total ATP production by CellTiter-Glo® Luminescent Cell Viability Assay 

(Promega). All these studies were conducted using three experimental groups of 

primary cortical neurons:  

- Neurons treated with MPP+ for 24 hours (MPP+ 24h) to evaluate the 

effects on the long term. 
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- Neurons treated during 4 hours followed by 20 hours of recovery 

without the presence of the neurotoxic (MPP+ 4h) to evaluate whether 

the neurons were able to recover of neurotoxicity. 

- A control group treated with saline.  

In order to characterize the effect of MPP+ on energy metabolism, we first 

search for a non-lethal dose that allowed producing the effect while neurons stay 

alive. This determination is of great importance since the following assays require 

neurons to be alive in a high percentage for obtaining accurate results.  

 

Figure 23. Effect of MPP+ on neuronal viability. Cultured neurons were treated with 
different doses of MPP+ and after 24 hours viability rate was estimated as percentage of 

alive neurons/total. A) Graph showing the reduction on viability rate as the concentration 
of MPP+ increases. Error bars show SEM (* p<0.05, *** p<0.001, **** p<0.0001; Kruskal-
Wallis test with Dunn’s correction for multiple comparisons. N=3). B) Photomicrograph in 
light field of control and MPP+ treated neurons. No major morphological differences are 

observed between control neurons and those treated with 50 µM MPP+ for 24 hours. 
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Viability assays were conducted after 24 hour treatment at different doses of 

MPP+ ranging from 50 µM to 10 mM. For each MPP+ dose 3 replicate wells were 

analysed and for each well at least 3 fields were counted. As expected, higher 

reduction on viability rate was observed at the higher concentrations, obtaining 

results consistent with a dose dependent mortality. At 50 µM MPP+ the viability rate 

was 87% and neurons morphology remain not visibly altered (Figure 23). This 

significant but not severe decrease in viability provides an optimal dose to perform 

the following metabolic characterization. Thus, we selected that dose of 50 µM 

MPP+ for the following experiments.    

 

2.1. MPP+ effect in resting/standard conditions  

In the first instance, we performed the characterization of energy metabolism 

in the different experimental groups of primary neurons in the absence of any 

physiological perturbation. Seahorse assay to measure the mitochondrial respiration 

consisted on the basic assay in which OCR measurements alternated with 

progressive injections of oligomycin, FCCP and antimycin. Assays were repeated 

three times and each one included 7-8 wells for each experimental condition 

(control, MPP+ 24h and MPP+ 4h). 

A severe impairment on mitochondrial respiration was found in neurons 

treated with MPP+ for 24 hours, while those treated only for 4 hours appeared less 

severely affected (Figure 24). Basal respiration and ATP coupled respiration were 

dramatically reduced and almost completely blocked in response to long exposure to 

the neurotoxic. Also, the maximal respiration was greatly reduced in that group. For 

the neurons with the shorter exposure to MPP+, reduction in these parameters, 

although significant, was less pronounced and showed intermediate values between 

neurons treated for 24 hours and controls. The spare respiratory capacity was also 

decreased in response to MPP+ treatments. However, in contrast with the 

previously described parameters, the reduction was more marked in those treated 

for the shorter period.  
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Figure 24. Effect on the mitochondrial respiration of MPP+ exposure. Neurons were 
seeded on XF24 cell culture microplates and MPP+ treatments performed. A) 

Oxygen consumption rate (OCR) measures in real time in response to sequential injections 
of oligomycin, FCCP and antimycin. B) Metabolic parameters derived from OCR 

measurements; basal respiration (BR), ATP- coupled respiration (ATP-CR), maximal 
respiration (MR) and spare respiratory capacity (SRC). Error bars show SEM (* p<0.05, *** 

p<0.001, **** p<0.0001; Kruskal-Wallis test with Dunn’s correction for multiple 
comparisons N=3). 

 

Since we found such severe impairment in the mitochondrial respiration of 

MPP+-treated neurons, we searched for alternative energy sources. The lactate 

production and release to the medium was assessed as an indicator of glycolytic flux. 

MPP+ treatments were performed for either 4 or 24 hours. Each experiment 

included two replicated wells for each experimental group. Immediately before 
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starting the lactate assay media was replaced and following that point, aliquots of 

media were recovered every two hours. As expected, the lactate concentration in the 

medium increased with time of exposure in all experimental groups. Neurons 

treated with MPP+ for 24 hours showed a dramatic increase in lactate production 

compared to control neurons or those treated for shorter time (Figure 25). This 

result indicates a marked shift in to the glycolytic pathway in the neurons when the 

mitochondria are blocked.  

 

 

Figure 25. Lactate concentration in medium from neurons exposed to MPP+. 
Neurons were seeded on M6 plates and treatments with MPP+ performed. At the moment 
of the assay media was replaced with fresh one and aliquots were recovered after 2, 4 and 6 

hours. A higher lactate production is observed in response to longer exposure to MPP+. 

Error bars show SEM (* p<0.05; Kruskal-Wallis test with Dunn’s correction for multiple 
comparisons. N=3). 

 

Finally, in order to get a general view of the energetic status of the cultured 

neurons in response to MPP+, quantification of total ATP production was 

performed. Each assay included 8 wells for each experimental group and the 

additional controls. Results showed a drastic reduction on ATP levels of neurons 

treated with MPP+ as compared to controls, being more pronounced on those with 

the longer exposures (Figure 26).  
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Figure 26. ATP levels on the different study groups. Cells were seeded on M96 plates 
and MPP+ treatments were performed as corresponding. For ATP quantification media was 

replaced by the CellTiter-Glo® reagent and luminescence was measured. Values are 
expressed in relative luminescence units (RLU) and normalized against control. Error bars 
show SEM (*** p<0.001, **** p<0.0001; Kruskal-Wallis test with Dunn’s correction for 

multiple comparisons N=3). 

 

Overall, the characterization of energy metabolism in neurons treated with 

the neurotoxic metabolite MPP+ indicates that the blockade of mitochondria is 

compensated with an increase in the glycolytic pathway, but this compensation is 

not enough to maintain the normal ATP levels.  

 

2.2. MPP+ effect under excitatory conditions 

The severe impairment in mitochondrial respiration previously demonstrated 

in response to MPP+ exposure contrasts with the low mortality observed in these 

neurons. However, in vivo MPP+ is known to produce a very different result, with 

significant depletion of neurons affected. A possible explanation for this difference 

may reside in the physiological challenges that neurons experience in vivo. To 

evaluate this possibility we tried to reproduce such conditions. Glutamate 

constitutes the main excitatory neurotransmitter in brain (Zhou & Danbolt, 2014). 

Combined treatments of MPP+ and glutamate were performed on primary cortical 
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neurons to determine whether a physiological challenge may exacerbate the 

neurotoxic effect of MPP+ previously demonstrated. 

First of all, viability assays to determine a suitable dose of glutamate were 

performed. We wanted to know the relative effect on viability at the different doses 

of glutamate for further comparison when combined treatments with MPP+ would 

be performed. After 20 minute treatment with the different doses of glutamate, 

media was replaced to eliminate the neurotransmitter. Viability rates decreased 

rapidly at concentrations between 1 and 10 µM. Higher concentrations did not 

longer reduce viability (Figure 27).  

 

Figure 27. Viability rates in response to different doses of glutamate. Cells were 
seeded on M96 plates. After 24 hours glutamate treatments were performed for 20 

minutes. Viability was determined by calcein/propidium iodide uptake assay and viability 
rates were normalized to control without glutamate. Error bars show SEM (** p<0.01, *** 

p<0.001, **** p<0.0001; Kruskal-Wallis test with Dunn’s correction for multiple 
comparisons N=3). 

 

Mitochondrial respiration in response to glutamate treatment was evaluated. 

The first series of experiments consisted on a single glutamate injection for a final 

concentration of 10 µM followed by injections of oligomycin, FCCP and antimycin. 

This experimental design allowed determining the main respiratory parameters in 

response to a moderate dose of glutamate and comparing those between the 
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different MPP+ treatments. Control neurons showed a higher basal respiration. 

Therefore, cell respiration linked with ATP production was also higher compared to 

treated neurons. This difference was also higher in the neurons treated for the 

longer period. However, the increase in the respiration in response to glutamate 

injection was not different between the neurons treated with MPP+ for 24 hours or 

controls (Figure 28).  

  

Figure 28. Mitochondrial respiration in response to glutamate and MPP+. Arrows 
indicate glutamate injections. Oligomycin, FCCP and antimycin injections were performed 

as explained in Figure 24. A) Respiration in real time after 10 µM glutamate. Values are 
normalized to basal respiration of control. B) Metabolic parameters derived from oxygen 

consumption rate (OCR) quantification. Δ OCR represents OCR increase in response to 
glutamate. Error bars show SEM (***p<0.001, **** p<0.0001; Kruskal-Wallis test with 

Dunn’s correction for multiple comparisons N=3). 
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In a second series of experiments consecutive injections of glutamate 

accounting for 10, 50 and 100 µM were realized followed by oligomycin injection. 

With this design, we aimed to evaluate the ability to increase the respiration in 

response to an accumulated physiological challenge. Again, control neurons 

exhibited a higher basal respiration (Figure 29A) and the values of ATP coupled 

respiration were always higher in the control neurons, independently of the dose of 

glutamate. The MPP+ treated neurons showed a reduction in the respiration linked 

to ATP production that was higher in those neurons treated for the longer period of 

time (Figure 29B). None of the experimental groups showed an increase in the 

respiratory rate after exposure to 100 µM glutamate. Interestingly, the ability to 

increase the oxygen consumption in response to the glutamate administration was 

lower in the neurons treated for 24 hours, which were able to increase their 

respiration only in response to the first glutamate injection at a concentration of 10 

µM but not in the following ones. In contrast, control or 4 hours treated neurons 

were able to increase it also when the glutamate increased up to 50 µM (Figure 29C).  
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Figure 29. Mitochondrial respiration in response to glutamate injections of 
increasing concentration: 10, 50 and 100 µM in combination with MPP+. Oxygen 

consumption rate (OCR) of cultured neurons from the different experimental groups was 
measured after the sequential injection of growing glutamate concentrations. Arrows 

indicate glutamate injections. After glutamate injections only oligomycin was injected. A) 
Respiration in real time after successive glutamate injections. B) ATP coupled respiration at 

the different concentrations of glutamate, derived from the OCR quantification in A. C) 
OCR increment in response to each glutamate injection. Error bars show SEM (*p<0.05, 

** p<0.01, ***p<0.001, **** p<0.0001; Kruskal-Wallis test with Dunn’s correction for 
multiple comparisons N=3). 
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Similarly to the characterization performed in resting conditions, lactate 

quantification was performed for the combined treatments of MPP+ and glutamate 

to evaluate the role of the physiological challenge in the damaged neurons and their 

ability to shift for an alternative energy source. Treatments with MPP+ were 

performed for the corresponding period right before the assay. At the beginning of 

the experiment the medium was replaced and the first set of aliquots was collected 

after 1 hour. Immediately after collecting this first aliquot, glutamate was added in a 

concentration of 50 µM and further aliquots were collected at 2, 4 and 6 hours. A 

higher lactate production was observed in neurons treated with MPP+ for 24 hours 

compared the other experimental groups similarly to the results obtained in resting 

conditions. An interesting result is observed when analysing the effect of glutamate 

on lactate production in the different experimental groups. Neurons increase their 

lactate production in response to the physiological challenge exerted by glutamate 

and this capacity to respond decreases in response to the MPP+ damage. This 

phenomenon can be observed as in intact control neurons lactate production was 

increased in response to glutamate. The mild damage produced by 4 hours MPP+ 

treatment results in a non-statistically significant tendency to increase such 

production. Finally, the 24 hours treated group showed an opposite effect, 

presenting a decrease in lactate after the glutamate exposure (Figure 30).  

Finally, determination of ATP levels was performed to obtain a general 

scenario of the energy state. Quantification was conducted immediately after 20 

minute treatment with glutamate at the different concentrations previously used, 

this is, control without glutamate, 10 µM and 50 µM. A decrease in ATP levels was 

observed in response to both MPP+ and glutamate (Figure 31). Some differences 

were detected at the two glutamate doses in the presence of the neurotoxic. 

However, the results are not fully conclusive taking into account the higher demand 

of ATP triggered by glutamate, thus partially masking the real ATP production. The 

methodology used reports the end-point ATP levels, not allowing to detect the real 

time changes in response to glutamate stimulation.  
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Overall, these results demonstrate that neurons are able to activate other 

metabolic pathways in response to the MPP+ insult, thus ensuing cell survival. 

However, in conditions that require a higher activation of metabolism to produce an 

adequate response, like in glutamate stimulation, cortical neurons damaged by MPP+ 

are not able to exhibit a response according to the requirements. 

 

Figure 30. Lactate production in response to glutamate. Neurons were seeded on M6 
plates and MPP+ treatments were performed. Then, neurons were treated with glutamate or 

saline for 20 minutes and media was replaced with fresh one. Medium aliquots were 
recovered after 2, 4 and 6 hours for lactate concentration determination. Error bars show 

SEM (*p<0.05, ***p<0.001; Two-way ANOVA with Sidak's multiple comparisons test 
N=3). 

 

Figure 31. ATP quantification after treatment with MPP+ and glutamate. Neurons 
treated with MPP + for 4 or 24 hours and controls were further treated with 10 or 50 µM of 

glutamate for 20 minutes and ATP was immediately quantified. Error bars show SEM      
(* p<0.05, ** p<0.01, ***p<0.001, **** p<0.0001; Kruskal-Wallis test with Dunn’s 

correction for multiple comparisons N=3).   
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3. Analysis of lipid rafts from Parkinson disease patients 

The previous study of lipid raft and non-raft microdomains conducted on 

the PD mouse model revealed that the cortical area was the one that exhibited the 

most relevant alterations after MPTP treatment or aging. These results match 

reports of altered lipid composition from PD and iPD brains specifically in lipid 

rafts from frontal cortex (Fabelo et al., 2011). Therefore, we focused on the analysis 

of LR protein alterations in frontal cortex from PD brains. Additionally, aggregation 

of α-synuclein in the aged MPTP treated mice was one of the most interesting 

alterations observed in cortical area. For this reason, we focused on the study of this 

protein, paying especial attention to its different aggregation stages.  

Lipid rafts were isolated from human post-mortem brain tissue collected from 

clinically diagnosed and neuropathologically verified PD patients and the respective 

controls. Two pathological groups were establish attending to the development of 

the disease; a group of early development (PD 3-4, Braak classification) and a group 

of late development (PD 5-6). Control group was comprised by samples from age-

matched individuals with no neurological symptoms. Four cases were included in 

each group.  

Fractions obtained were processed by western blot in order to verify the 

distribution of LR microdomains among the fractions. Distribution of flotillin-1 was 

used as an indicator of the presence of lipid raft microdomains and APP and PrPc 

were included for comparison with other neurodegenerative diseases. For a deeper 

analysis of α-syn distribution, several primary antibodies directed against different 

aggregation and phosphorylation states of the protein were selected. The anti-α-syn 

[MJFR1] from Abcam was chosen since it mainly detects monomeric forms of the 

protein. The anti-aggregated α-syn (clone 5G4) from Millipore and the anti-α-syn 

(phospho-S129) were selected to detect the corresponding high molecular weight 

and phosphorylated forms of the protein respectively. Finally, the anti-α-syn 

filament [MJFR-14-6-4-2] - conformation-Specific antibody was especially intended 

to detect the fibrillary forms of the protein. Not all the antibodies were suitable for 
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western blot analysis due to the characteristics of the target. Therefore, we opted for 

performing the immunoblotting detection of α-synuclein by slot blot, a technique 

that allows the detection of protein in their native configuration. In this assay, we 

also included the analysis of GM1 ganglioside by incubation with cholera toxin B 

subunit. All forms of α-synuclein and GM1 were normalized using β-tubulin. 

Western blot analysis was conducted in order to assess the distribution of 

certain proteins of interest among the LR and NR fractions. Fractions F1 to F6 

from each sample were resolved by SDS-PAGE and transferred to PVDF 

membranes. Due to limited volume sample availability, analysis by western blot was 

performed with a reduced number of samples that did not allow quantification and 

adequate statistical comparisons between groups. However, this analysis allowed to 

verify that LR microdomains were located, as usual, at fractions 1 and 2 and that the 

non-raft membranes were located at fractions 5-6. Flotillin-1 was distributed 

exclusively in fractions 1 and 2 in all cases, confirming LR localization. Similarly, 

PrPc was found in those fractions corresponding to LR microdomains, reproducing 

the previous findings in the mouse model. 

 

Figure 32. Immunoblot of fractions obtained from human brains. Fractions 1 to 6 
obtained from the three experimental groups (control, PD stages 3-4 and PD stages 5-6) 
were separated by SDS-PAGE, transferred to PVDF membranes and incubated with the 

specific primary antibodies. Chemiluminescent detection is shown. Lipid raft resident 
proteins such as Flotillin-1 and PrPc appeared in fractions 1 or 2 thus confirming the 

correct isolation of fractions. Tubulin was present among all the collected fractions and 
therefore it serves as a housekeeper protein. No statistical analysis was performed due to 

restricted number of samples.  
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In the case of APP, the distribution appears to be predominantly to the NR 

with only a very subtle distribution in LR fractions. Further assays may be required 

to establish the potential modifications in the amount of APP with the progress of 

the disease. Tubulin-β was located both in LR and NR fractions in all cases (Figure 

32). Therefore tubulin-β was further used to normalise densitometric values in all 

fractions.  

Analysis of GM1 revealed an increase of this glycolipid in LR from late stage 

of PD. Additionally, this ganglioside is even detectable in the NR fraction of this 

same group (Figure 33). Although it is not expected to find GM1 out of the LR 

fractions, this fact may be indicative of an increased synthesis in response to the 

pathologic disruption of LR microdomains.  

 

Figure 33. Analysis of GM1 ganglioside in lipid rafts from frontal cortex of PD 
patients. Lipid raft (LR) and non-raft (NR) samples from the three experimental groups 

(control, PD stages 3-4 and PD stages 5-6) were analysed by slot blot using cholera toxin to 
detect GM1. A) Quantification of slot blot immunodetection of GM1 normalised against 

β-tubulin. B) Image from slot blot showing GM1 and β-tubulin immunoblot. (** p= < 0.01 
Two-way ANOVA with Dunnett's multiple comparisons test. N=4). Error bars represent 

SEM.  
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Contrary to the previously observed in the mouse PD model, α-synuclein 

appears both in LR and NR fractions from human frontal cortex samples. This 

distribution among the membrane microdomains varies for the different states of 

aggregation and phosphorylation of the protein. For an easier interpretation of the 

distribution of α-syn among the membrane microdomains, we estimated the ratio 

between α-syn detected in LR vs total α-syn, being the total α-syn the sum of 

densitometric values obtained from LR and NR. In this sense, a values lower than 

50% indicates a predominantly NR distribution, while values over 50% indicate that 

α-syn mainly appears in LR membranes.  

Monomeric α-syn locates predominantly at NR fractions (Table 8, Figure 

34). Multiple t-test comparing LR vs NR content of monomeric α-syn shows that, 

except in the cases of advanced PD (stages 5-6), the NR content is significantly 

higher than the corresponding in LR fractions. In NR fractions, advanced PD cases 

present a significant increase in the monomeric forms of α-syn (Figure 34).  

Aggregated α-synuclein appears in similar abundance both in LR and NR 

fractions for all the pathological and control cases. However, in the NR fractions 

the advanced PD cases shown a significant increase of this aggregated α-syn, similar 

to the observed for the monomeric form (Figure 34).  

 

Comparison between LR and NR content for the different forms of          
α-synuclein 

 Monomeric Aggregated Fibrillary pSer129 

Control 0.0123 ns 0.04185 1.9×104 

PD 3-4 2×105 ns 0.06658 0.00845 

PD 5-6 ns ns 0.04185 0.00227 

Table 8. Summary of p-values obtained from the multiple t-tests with Holm-Sidak 
correction performed comparing LR and NR content for the different forms of       

α-synuclein.  
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Figure 34. Analysis of α-synuclein in lipid raft and non-raft fractions from frontal 
cortex of PD brains. Lipid raft (LR) and non-raft (NR) samples from the three 

experimental groups (control, PD stages 3-4 and PD stages 5-6) were analysed by slot blot 
using different primary antibodies directed against α-synuclein. A-D) Quantification of 
different forms of α-synuclein detected in LR and NR fractions and the corresponding 

ratio LR vs NR; monomeric (A), aggregated (B), fibrillary (C) and phosphorylated at serine 
129 (D). E) Immunoblot of the different forms of α-synuclein analysed. Statistical 

significance is shown for the comparison between pathological cases respect the control 
group in both LR and NR fractions (*p <0.05, **p<0.01, ****p <0.0001 Two-way ANOVA 

with Dunnett's multiple comparisons test. N=4). Error bars represent SEM. 

 

Fibrillary and phosphorylated α-synuclein forms show a trend to distribute 

predominantly to LR fractions (Table 8, Figure 34). There is a decrease of both 

fibrillary and phosphorylated α-syn at early stages of the pathology (PD 3-4) 
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compared to the control cases. This reduction is less evident in advanced PD, 

suggesting that the main redistribution in the post-translational forms of -syn take 

place mainly at the first stages of PD. This phenomenon may be related to the early 

changes in the lipid environment within membrane microstructures occurring 

during asymptomatic stages of the pathology that may affect the lipid interactions of 

-syn within the lipid microenvironment (Fabelo et al., 2011). 
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Parkinson disease represents a severe disabling pathology that affects 

millions of people worldwide. The impact of this disorder is only expected to grow 

even more in the near future due to the aging of population. Present therapies are 

still uncomplete, focused only on treating the symptoms but do not provide a cure. 

Moreover, diagnosis is frequently established in advanced stages of the disease 

further reducing treatment possibilities. Therefore, early detection is a key goal in 

the research of PD that would open the possibility for the development of more 

effective treatments. Lipid raft impairment has been found as an early condition in 

the development of PD and other neurodegenerative disorders. In this study, we 

have focused on LR anomalies occurring with the progression of the disease that 

may correlate with the acceleration of the pathological events.  

 

MPTP mouse model characterization 

The MPTP mouse model has been one of the most used in PD research 

since the discovery of the neurotoxic effects of this meperidine analogue 

reproducing a Parkinson-like phenotype. The different regimens of administration 

that have been performed conduce to different levels of affectation that may serve 

to reproduce different characteristics of the disorder (Bezard et al., 1997; Jackson-

Lewis & Przedborski, 2007; Schlachetzki et al., 2016). In this study, we used low 

doses of MPTP sustained over a prolonged period of time which intended to 

resemble the slow progression of the disease better than other acute intoxication 

regimens. We further combined the MPTP intoxication with aging of mice in an 

attempt to reproduce a model that would also enable to study the lipid raft aging 

process (Díaz et al., 2018; Fabelo et al., 2012).  

Diagnosis of PD is still mainly based on motor symptoms (Armstrong & 

Okun, 2020) although there is strong evidence that points to the development of 

non-motor symptoms prior to the motor ones. These motor symptoms of PD have 

been estimated to appear when at least 50-70% of dopaminergic neurons in the 
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substantia nigra are lost (Mahlknecht et al., 2015; Schapira et al., 2017). This fact has a 

clear implication in the irreversibility of the disease at the moment of diagnosis and 

emphasises the need for an earlier diagnosis and a better knowledge of the events 

that occur at the onset of PD (Noyce & Bandopadhyay, 2017). In this study, we 

wanted to focus on the early stages of development of the pathology. In our model, 

the dopaminergic loss observed represented less than the 50 % (Figure 7) in the 

aged and MPTP-treated mice (M14) compared to control mice. Indeed, the aged-

untreated animals (W14) exhibited a subtle loss of dopaminergic neurons that was 

not significantly different from controls (W6) or the aged-treated (M14) mice, in line 

with previous observations (Credle et al., 2015; Gao et al., 2013). This fact highlights 

the mild effect of the intoxication and the importance of aging in the proposed 

model. Therefore, these animals would represent an early stage of the PD 

phenotype. Since the implications of lipid raft alterations occurs in these early stages 

(Marín et al., 2013), this model would be appropriate for the desired analysis.  

Since the main interest of this study is analysing the changes in cortical LR 

related to the Parkinson-like phenotype in the mouse model, we wanted to better 

characterise the effects of MPTP on cortical neurons. It is widely accepted that 

MPTP administration selectively affects dopaminergic neurons from the substantia 

nigra due to the high affinity of MPP+ (the actual toxic metabolite of MPTP) for the 

dopamine transporter (DAT), which is highly expressed on those neurons (J. W. 

Langston, 2017; Shen et al., 1985).  

Previous work from our group found the alteration of cortical LR at stages 

previous to severe nigrostriatal depletion (Fabelo et al., 2011). Hence, the effects 

found cannot be a consequence of such depletion but may represent an independent 

phenomenon. Following this rationale, the changes found in cortical LR from the 

mouse model may not represent a consequence of the depletion of dopaminergic 

neurons, but on the contrary, serve as an early indicator of the future dopaminergic 

degeneration (Marín et al., 2013; Marín, 2011). This would necessary require a direct 

effect of MPTP (or MPP+) in the cortical area of mice. Therefore we wanted to 

assess whether MPTP would have an effect or not on this brain area.  



125 / 165

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3229178				Código de verificación: +qvDRZgB

Firmado por: Ana Canerina Luis Amaro Fecha: 19/02/2021 15:50:53
UNIVERSIDAD DE LA LAGUNA

Raquel Marín Cruzado 19/02/2021 15:58:12
UNIVERSIDAD DE LA LAGUNA

ALFREDO GIMENEZ-CASSINA SENDON 19/02/2021 15:59:34
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/13292

Nº reg. oficina:  OF002/2021/13113
Fecha:  19/02/2021 16:08:33

Discussion 

 

101 

 

The available assays to determine energy metabolism fitness based on cell 

cultures provide a powerful tool (Ferrick et al., 2008). Therefore, we used primary 

cultures obtained from mouse cortex since this model facilitates the execution of the 

required assays to characterise energy metabolism (Katsu-Jiménez & Giménez-

Cassina, 2019). This model also represents the closest approach to our study system. 

In vivo, the MPTP action mechanism comprises its conversion into MPP+ mediated 

by monoamine oxidase B (MAO B) from astrocytes (Heikkila et al., 1984).  

We performed a series of experiments to better characterise the effects of 

MPP+ on energy metabolism of mouse cortical neurons. The results obtained 

demonstrated that at relatively low doses of MPP+, cortical neurons remain alive 

(Figure 23), even when they present a severe impairment of mitochondrial 

respiration (Figure 24). This is possible due to the switch to an alternative source of 

energy provided by the anaerobic glycolytic pathway (Figure 25)(Hui et al., 2008; 

Katsu-Jiménez et al., 2019). However, it was also observed that the ability to 

respond to physiological challenges that require a higher energy production would 

be severely affected after MPP+ exposure (Figure 26).  

The metabolic parameters obtained from the analysis of oxygen 

consumption rate (OCR) reveals the severe impairment of mitochondria in response 

to MPP+. Firstly, the drastic reduction in the basal respiration (BR) and the ATP 

coupled respiration (ATP-CR) indicates an important blockade of the electron 

transport chain and an almost null production of ATP by this pathway (Smolina et 

al., 2017). Secondly, the maximal respiration (MR) and the spare respiratory capacity 

(SRC) are also significantly reduced in comparison with controls. This indicates that, 

in the case that an extra energy supply is required, neurons would not have the 

possibility to comply with it (Figure 24). This idea is supported by results obtained 

in experiments that included the administration of a low dose of glutamate, which 

acting as an excitatory neurotransmitter will demand an increase in the ATP 

production by mitochondria (Jekabsons & Nicholls, 2004; Yadava & Nicholls, 2007; 

Zhou & Danbolt, 2014). Indeed control neurons responded to glutamate increasing 
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their OCR, with the corresponding increase in the ATP production while MPP+-

treated neurons were not able to exhibit such increase (Figure 28 and Figure 29).  

 In general, the reduction of all these parameters was less pronounced in the 

neurons that were treated with MPP+ for only four hours and then were allowed to 

recovery in the absence of MPP+. However, in all the cases the reduction in 

comparison with control neurons was statistically significant. This may indicate that 

a shorter period of exposure produces a less severe affectation but the effects 

produced are permanent.  

As previously mentioned, the impairment in mitochondrial respiration is 

somehow compensated by an increase in the ATP production by anaerobic 

pathways. This can be noticed as an increment in the lactate production by those 

neurons exposed to MPP+ (Figure 25) (Rosa et al., 2005). However combined 

treatments of MPP+ and glutamate, demonstrate that the neurotoxic effect leads the 

neurons to an exhausted state in which the additional requirement of energy caused 

by glutamate stimulation cannot be accomplished (Figure 30) (Jekabsons & 

Nicholls, 2004). Nonetheless, this switch to the anaerobic pathway does not allow in 

any circumstance to maintain the normal neuronal activity regarding to energy 

production (Figure 26 and Figure 31).  

Therefore, low doses of MPTP produce a severe impair in the energetic 

metabolism but do not directly lead to neuronal death in the cortical neurons. This 

impairment may traduce in further cellular alterations like those observed in the 

cortical area of the MPTP-treated mice.  

These results demonstrate that, in mice, cortical neurons may be affected by 

MPTP administration, even when those effects are not translated into a clear 

neuronal death, comparable to that seen in the dopaminergic neurons from the 

substantia nigra. Therefore, they support the suitability of the MPTP mouse model to 

analyse the early events occurring during the development of the PD phenotype in 

cortical brain areas.  
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Lipid alterations in LR from the murine model 

After ensuring the suitability of our murine model, we firstly focused on a 

deep lipidomic analysis of both LR and NR fractions obtained from different brain 

regions. Analysis of ganglioside composition of lipid raft fractions from the 

different brain regions analysed showed changes in the cortical area. Gangliosides 

have been reported as regulators in neurodegeneration associated to α-syn pathology 

(Ariga, 2014; Schnaar, 2016). Particularly, in vitro studies have demonstrated the 

binding of GM1 ganglioside to α-syn and reported this binding to promote the α-

helical structure of the protein and inhibit the fibril formation (Martínez et al., 

2007). Here, we did not observe differences in LR GM1 content related to the 

pathological conditions at any of the brain areas analysed. However, GT1b exhibited 

a significant decrease in the cortical LR of aged animals exposed to MPTP. A similar 

result was observed when analysing the total ganglioside content in these 

microdomains. The total ganglioside content was estimated as the addition of the 

different ganglioside analysed (GM1, GD1a, GD1b and GT1b). Therefore, the 

observed differences may be explained mainly by the marked decrease of GT1b. 

Indeed, the descendant trend observed in the other gangliosides also contributed to 

this observation (Figure 9 and Figure 10). The effects of alterations in other 

ganglioside apart from GM1 on α-syn membrane regulation and neurodegeneration 

have been little explored (Badawy et al., 2018). However, our results may indicate 

that any of the main brain ganglioside species may play a role in the lipid raft 

modifications related to neuropathological events. For instance, misfolding and 

aggregation of α-syn is enhanced by distinct gangliosides in a specific manner 

(Gaspar et al., 2018). It is also important to note that, according to the biosynthetic 

pathway (Figure 3), GT1b ganglioside is the most complex one among those four 

that are present in the mouse brain (Schnaar, 2016). Therefore the reduction in this 

ganglioside species together with the similar tendency observed in the rest of 

gangliosides may indicate a general propensity to ganglioside decline in response to 

the pathological conditions recreated in this model (Huebecker et al., 2019).  
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Although not directly analysed in this study, it is important to mention the 

previously observed differences of other lipid classes in this PD model since they 

constitute the vast majority of lipid alterations that could potentially lead to the 

signalling unbalances in which this work focuses. The most significant variations 

observed in the murine model membrane microdomains analysed affected PUFA, 

cholesterol (Cho), saturated fatty acids (SFAs) and phospholipids. Those changes 

were more evident when analysing different ratios of interest like Cho/PUFA, 

PL/PUFA, SFA/PUFA and unsaturation index (UI). Both LR and NR fractions 

were evaluated and the effects of aging and MPTP treatment detected at them were 

in many cases opposite indicating a sort of shift of certain lipids from LR to NR 

microdomains or vice versa (Canerina-Amaro et al., 2019).  

One of the most remarkable variations observed in response to aging and 

MPTP exposure occurred in the cortical and midbrain raft fractions and included 

PUFA such as DHA and AA. This result correlates with those observed in previous 

works from our group performed in human LR from PD patients (Fabelo et al., 

2011). These two fatty acids have been demonstrated to be involved in α-synuclein 

binding to membrane and aggregation. More specifically, the binding of α-syn to 

lipid microdomains requires the combination of PUFA (AA or DHA), oleic acid 

and phosphatidylserine (PS) (Kubo et al., 2005). AA and DHA in phospholipid 

vesicles can induce aggregation of α -syn (Perrin et al., 2001). In this sense, it is 

important to note that PS has also been found altered in the LR fractions from our 

murine model. In relation to PUFA variations, the UI in LR showed a diminution in 

response to both age and treatment. This indicator is related to the ability of 

membrane to deal with oxidative stress and the physicochemical properties of the 

membrane, regarding their flexibility (Krishna & Periasamy, 1999). With the 

decrease in UI membranes present more viscous and liquid-ordered lipid rafts in 

comparison with controls. Overall, the observed modifications in lipid composition 

may affect the interactions with LR resident proteins and dynamics of α-synuclein 

may be profoundly affected by the changes observed in lipid content of LR in 

cortex and midbrain. 
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Cholesterol represents a key molecule in lipid rafts structures and plays an 

important role in the stability of these microdomains. Alterations of Cho were 

observed both in LR (only in midbrain) and in NR, exhibiting converse tendencies 

in each membrane microdomain. Despite this fact, alterations in this component do 

not appear to be a crucial factor in α-syn dynamics in relation to membrane LR 

(Kubo et al., 2005). Although we have focused on lipid alterations that lead to 

changes in protein signalling, the reverse interactions have also been proposed, with 

α-syn enhancing altered lipid conformations that exerts a neurotoxic effect 

(Hellstrand et al., 2013; Zhu & Fink, 2003). Supporting this idea, the α-syn 

genetically depleted mouse model shows increased content of PUFA (Sharon et al., 

2003).  

It is especially remarkable that the described lipid modifications in response 

to MPTP exposure are similar to those previously reported by our group in other 

neurodegenerative scenarios that include both mouse models and human brain 

samples from AD and PD patients. The Cho and PUFA imbalances together with 

the lower unsaturation index are a common characteristic observed in the cortex of 

the APP/PS1 mouse model (Fabelo et al., 2012), in frontal cortex of human PD 

brains (Fabelo et al., 2011), in frontal cortex of DLB patients (Marín et al., 2017) 

and in early stages of AD in human frontal cortex (Díaz et al., 2018). Therefore, the 

PD-like lesion exerted by MPTP accelerates the normal aging process of LR 

microdomains in cognitive and motor mice brain areas, producing an earlier 

development of neuropathological features.  

All the above mentioned LR alterations are in agreement with the hypothesis 

of “lipid raft aging”, according to which the LR microdomains undergo a normal 

process of aging characterized by modifications in lipid classes’ distribution and 

proportions. These normal lipid raft aging is exacerbated during the progression of 

pathological neurodegenerative processes. Importantly, cortical alterations of LR 

appear at very early developmental stages both in PD and AD, when the 

neuropathology still remains mainly asymptomatic. In this sense, such LR 
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aberrations may act as a predictor of risk for further development of 

neuropathologies (Marín et al., 2016).  

 

Protein alterations in LR from the murine model 

The lipid analysis of lipid raft fractions performed revealed severe alterations 

in the PD-like model obtained by combination of aging and MPTP intoxication. 

Therefore, we further wanted to determine whether these alterations in the lipid 

matrix of LR microstructures conditioned the distribution and interactions of the 

proteins embedded in this signalling platforms, as well as others that have been 

shown relevant for the development of PD phenotype. Since α-syn is a key protein 

in the pathogenesis of PD our analysis has focused on its distribution among the 

membrane domains, its aggregation state and the posttranslational modifications 

that may be associated to the course of the PD phenotype (Mehra et al., 2019; 

Oueslati, 2016; Villar-Piqué et al., 2016).  

 α-Syn was vastly found in NR fractions across all the brain regions analysed 

in the different mouse cohorts studied. In general, an important accumulation of 

high molecular weight (Mw) forms was observed but specifically the cortical area 

showed a significant increase in those aggregated α-syn species in response to both 

aging and neurotoxic insult by MPTP. A similar accumulation of high Mw α-syn 

forms has been reported in the transgenic mice producing an altered mutant form of 

α-syn, E57K (Rockenstein et al., 2014). Despite the fact that the precise identity and 

pathological character of this aggregates is difficult to stablish due to the exceedingly 

complex and not well-known nature of α-syn biochemistry (Benskey et al., 2016; 

Mor et al., 2016), there is a certain concern about the association between this kind 

of high Mw α-syn species with neuropathological states. Additionally, monomeric 

(14kDa) forms of the protein were found in NR fractions. These monomeric forms 

have been widely reported in different cell types, including nerve cells and represent 

α-syn native, physiological forms (Bartels et al., 2011; Dettmer et al., 2016). 
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Remarkably, in raft fractions α-syn was negligible with only a faint and 

inconsistent amount of the monomeric forms in some young healthy controls. This 

finding does not fit with previous works showing interaction between this protein 

and GM1 which is located exclusively in LR (Martínez et al., 2007). Indeed, our slot 

blot analysis demonstrated that GM1 was exclusively distributed in LR. Therefore, 

in our samples, there is no interaction between α-synuclein and GM1. We mostly 

attribute this difference between our results and previous works to the different 

model in which the study was performed (tissue vs in vitro) and to the fact that 

gangliosides have self-aggregating properties that in vitro may lead to the artificial 

formation of aggregates with α-syn that is not found in our tissue samples. 

Alternatively, it might respond to a poor detection capability due to the low amount 

of protein present in this microdomains and the inherent difficult detection of α-syn 

(Lee & Kamitani, 2011). 

Together with aggregation, phosphorylation of α-syn has been widely 

implicated in PD associated neurotoxicity. Particularly, phosphorylation at Serine 

129 (pS129) has been reported to be an important component of Lewy bodies 

present in different synucleinopathies (Fujiwara et al., 2002). Analysis by 2-D 

immunoblotting in our mouse cohorts revealed that pS129 α-syn was mainly present 

in NR from midbrain of aged mice, where it appeared in the form of high Mw 

aggregates. The accumulation of high Mw phosphorylated α-syn in the PD-like 

cohort concurs with the reduction in the isoform corresponding to the unmodified 

α-syn monomer that was present in the control animals (Gould et al., 2014; Luth et 

al., 2015). Thus, a certain correlation between pS129 α-syn enhancement and 

aggregation could be established, reflecting that α-syn phosphorylation is age-

dependent and relates to local micro-environmental changes. Also, pS129 α-syn 

appears to correlate with lipid modifications related to MPTP insult, further 

evidencing the relation of α-syn processing with neuronal membrane lipid 

homeostasis (Samuel et al., 2016).  

The self-aggregation of certain proteins is a phenomenon shared by several 

neurodegenerative diseases commonly known as proteinopathies. It has been 
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proposed that amyloid-β (Aβ), prion protein (PrPc) and α-syn (the proteins that 

aggregate in such pathologies) may share similar biophysical and biochemical 

properties that affect the aggregation process and their interaction with membranes 

(Goedert, 2015; Goedert et al., 2017; Ugalde et al., 2016). In this sense, it has been 

also proposed that α-syn exhibits prion-like propagation that account for the 

progressive affectation within the nervous system (Angot et al., 2010). LR 

microdomains are considered key platforms for the regulation of prion-like seeding 

of several neurodegenerative diseases, including PD (Arbor et al., 2016; Kazlauskaite 

et al., 2003). Due to this common mechanism we further wanted to evaluate 

whether the lipid alterations previously described also influenced the behaviour of 

such related proteins including PrPc and APP.  

Here, we have found a decrease of PrPc in the PD-like mice that was also 

affected by aging. This data correlates with previous reports of decreasing PrPc 

related to human aging and AD-related neurodegeneration (Whitehouse et al., 

2010). Nonetheless, other studies have shown a different behaviour of PrPc in 

response to aging in mouse hippocampus, suggesting that PrPc trafficking may be 

region-dependent (Agostini et al., 2013). Moreover, the interaction between α-syn 

and PrPc in the membrane have been reported to be involved in cognitive decline 

(Ferreira et al., 2017). However, we did not find such interaction in our mouse 

cohorts and, indeed, both proteins were localized to different membrane fractions. 

This may be due to the small amount of protein content represented in the lipid raft 

fractions that did not allow to precisely detect possible low amounts of α-syn. 

Despite the fact that we could not find such interaction, we observed a correlation 

between the decrease of these two proteins in response to aging and MPTP 

neurotoxicity, suggesting that lipid unbalances may affect the interrelation of these 

markers. In this line, we suggest that GM1 might be a key lipid involved in the 

modulation of pathological behaviour and interaction of α-syn and PrPc. Supporting 

this idea, previous studies have set binding of PrPc to GM1 as a required condition 

for PrPc-related neurodegeneration (Botto et al., 2014). Moreover, clustering of 

amyloidogenic proteins in structures like LR may promote toxic cross-seeding. An 



133 / 165

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3229178				Código de verificación: +qvDRZgB

Firmado por: Ana Canerina Luis Amaro Fecha: 19/02/2021 15:50:53
UNIVERSIDAD DE LA LAGUNA

Raquel Marín Cruzado 19/02/2021 15:58:12
UNIVERSIDAD DE LA LAGUNA

ALFREDO GIMENEZ-CASSINA SENDON 19/02/2021 15:59:34
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/13292

Nº reg. oficina:  OF002/2021/13113
Fecha:  19/02/2021 16:08:33

Discussion 

 

109 

 

example of this is the finding that the formation of cytosolic aggregates of α-syn is 

promoted by scrapie PrP and Aβ (Morales et al., 2010; Mougenot et al., 2011). 

When analysing APP, we found a predominant distribution in NR fractions that did 

not appear to be affected by the PD-like phenotype.  

Overall, our data indicate that alterations in the lipid matrix of membrane 

microdomains occurring during aging and PD-like toxicity may promote α-syn 

trafficking, enhancement of toxic conformational rearrangements and increased 

phosphorylation that lead to pathological aggregation. The abnormal lipid 

composition of rafts may promote the rearrangement of other pathologically 

relevant protein species, such as PrPc, that may contribute to neurodegeneration. 

 

Alterations in LR from frontal cortex of PD brains 

After analysing the lipid and protein modifications exhibited by lipid raft 

microdomains in our murine PD model, we further evaluated whether such 

aberrations, especially in α-syn distribution and aggregation pattern, were conserved 

in the frontal cortex of human brains affected by PD. Remarkably, the lipid matrix 

of raft membranes in the murine MPTP model showed similar changes to those 

previously observed in human brains since early stages of PD. As previously 

mentioned, those lipid modifications consisted on a great reduction in PUFA, 

especially DHA, AA, DPA and linolenic acid, with an increase in saturated fatty 

acids. Consequently, the unsaturation index was significantly decreased in the 

pathologic subjects. Also phospholipids were more abundant in LR fractions at early 

stages of PD compared to healthy controls (Fabelo et al., 2011).  

We performed a ganglioside analysis in those LR and NR fractions obtained 

from frontal cortex of early stages of PD (PD 3-4) and PD at stages 5-6. This 

analysis was limited to GM1 and determined that, as expected, GM1 localises to LR 

fractions. A significant increase in this lipid species was observed in the samples 

from late stages of PD. In this case the LR from early stages of PD did not appear 
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to be affected contrary to the previous observations in which the early stages 

showed the most important alterations in the lipid matrix of LR. Indeed, in mice, 

GM1 was not affected and only GT1b, a more complex ganglioside, exhibited a 

decrease in response to PD-like conditions. In this sense, the increase in GM1 

observed here might be a sort of late compensation to other ganglioside alterations 

(Schnaar et al., 2014).  

Regarding α-syn distribution and aggregation pattern we found a main 

difference when comparing to results obtained in mice. In this case, samples from 

human frontal cortex exhibited a generalised presence of α-syn in LR membrane 

fractions and even some forms of this protein were more abundant in those 

microdomains than in NR fractions. This finding reinforces the idea that, in mice, 

the absence of α-syn in LR shown in this work might be due to a deficiency in 

detection associated to the lower amount of the protein and the inherent difficulties 

for detecting this protein (Newman et al., 2013). In order to get a more precise 

picture of α-syn behaviour in PD brains we analysed different forms of the protein 

by using specific primary antibodies directed against monomeric, aggregated, 

fibrillary and phosphorylated (S129) -syn. We found that the distribution among 

the LR and NR fractions for each form as well as their changes in the pathological 

cases were different. Here, it is important to note that while LR fractions represent 

specific membrane microdomains, the NR includes both the non-raft membranes as 

well as cytosolic components (Fabelo et al., 2012). In this sense, the methodological 

approach used here does not allow to completely distinguish whether the α-syn 

species detected in the NR fractions are attached to other non-raft membranes or 

belong to possible intracytoplasmic aggregates, for instance. Related to this, several 

reports have suggested that binding of α-syn to membranes prevents cytotoxicity 

(Davidson et al., 1998; Martínez et al., 2007). The precise pathological character of 

the different α-syn forms analysed remains controversial (Alam et al., 2019). In this 

sense, it is widely accepted that the monomeric forms represent the native non-

pathological forms of the protein. However, other studies have pointed to those 

forms as potentially cytotoxic since they are prone to pathological aggregation while 
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only the α-syn tetramer represents the physiological form of the protein (Bartels et 

al., 2011). According to this idea, the increase in monomeric α-syn observed in the 

NR fraction of late stage PD brains compared to healthy controls would be 

representative of the pathological character of those forms. Indeed, a similar 

increment of aggregated α-syn is observed in those same fractions. Together, this 

would indicate that cortical NR fractions of PD brains in late stages would 

accumulate not only toxic high Mw aggregates of α-syn but also the monomeric 

forms that would promote further aggregation. However, the results obtained from 

the analysis of fibrillary and phosphorylated α-syn forms are difficult to interpret. 

Although both forms are generally considered as pathological ones (Alam et al., 

2019), they are more abundant in the LR fractions of the healthy controls compared 

both to the early and late stage of PD. Remarkably in all cases, these α-syn forms are 

more abundant in LR fractions than in NR. A possible explanation for this 

observation may be related to a lower detection in NR fractions that might 

accumulate higher amounts of this species in insoluble intracytoplasmic inclusions 

characteristics of the PD pathology (Newman et al., 2013). Considering this option 

and the inherent difficulty for α-syn detection, an infra-estimation of such 

pathological α-synuclein forms appears reasonable.  

Interestingly, α-syn aggregation is a common event in different 

synucleopathies. For example, in the frontal cortex of cases with DLB α-syn 

aggregates were also detected (Marín et al., 2017). DLB is a synucleinopathy 

characterized by widespread α-syn accumulation in different brain areas, including 

cortex (Jellinger, 2018; Jellinger & Korczyn, 2018; McKeith et al., 2004). Although 

stronger evidence is still required, α-syn aggregation in DLB may follow a similar 

mechanism to the one proposed here, being a consequence of the detachment form 

LR caused by lipid aberrations in such structures (Marín et al., 2017). Overall, these 

data indicate that rearrangements of α-syn leading to its NR location are closely 

related to synucleinopathies, most probably due to the lipid impairment proved in 

membrane microdomains (Fabelo et al., 2011; Marín et al., 2017). To support this 

idea, previous studies have shown that specific lipid association is relevant in the 
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initiation of α-syn aggregation, enabling the core seed for further aggregation (Cole 

et al., 2002).  

In order to summarise the molecular modifications of lipid raft 

microdomains observed in this work, we have depicted a schematic representation 

of the most relevant alterations occurring during the neurodegenerative process 

related to PD pathology (Figure 35).  

Overall, the molecular aberrations here presented in lipid rafts microdomains 

represent an early event in the neuropathological development of PD. The proteins 

analysed have been selected on the basis of previous knowledge about the course of 

the pathology. This work would benefit from a systematic proteomic analysis that 

allowed the determination of other alterations in proteins. This possibility has not 

been explored here due to the limitations of the methodological approach available 

for threshold detection of protein amounts.  

In the course of PD, the cardinal symptoms that allow accurate diagnosis 

appear very late, when the neurodegeneration has already achieved an irreversible 

condition (Noyce & Bandopadhyay, 2017). Thus, the development of early 

diagnosis biomarkers is key to open the possibility of treatments that effectively 

restrain the progression of the pathology. Currently, there are not accurate well-

established early diagnosis biomarkers available (Lotankar et al., 2017; Parnetti et al., 

2019). Over the last years, intensive research has been performed with the aim of 

finding accurate cerebrospinal fluid (CSF) or blood biomarkers. In these sense, CFS 

may provide a good pathway for exploring central nervous system events and it 

might reflect the aggregation of α-syn observed during the development of PD 

(Sierks et al., 2011). An analogue strategy might be used to explore the possible CSF 

or blood representation of the early molecular aberrations described in this work.  
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Figure 35. Schematic representation of hypothetical model of lipid raft alterations 
and their functional and structural consequences. Healthy lipid raft microdomains (up) 

may be affected by several stimuli that would alter their strictly regulated chemical 
composition and therefore their physicochemical properties. Such alterations would 

facilitate pathological changes in proteins including glutamate receptors, PrPc and APP and 
induce aberrations in the aggregation and phosphorylation of α-synuclein associated with 

PD pathology (down). Reproduced from (Canerina-Amaro et al., 2019). 
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1. Lipid rafts from the MPTP mouse model exhibited important alterations 

that affected both the lipid matrix and the proteins related to those 

microdomains. Among the different brain areas analysed, the cortex was 

the one that showed a more prominent affectation regarding the protein 

modifications. 

2. Pathological aging in the mouse model is associated with ganglioside 

alterations in cortex, being the more complex gangliosides those that 

exhibit a higher alteration.  

3. In the Parkinson disease mouse model, α-synuclein localises exclusively 

to non-raft fractions. This protein accumulation is increased during brain 

aging and enhanced in correlation with the pathological progression. 

4. The α-synuclein forms that have been associated with higher toxicity, 

this is the high molecular weight aggregates and those phosphorylated at 

the serine 129, are especially increased in aged pathological mice.  

5. The glutamatergic receptors analysed in this study did not show any 

remarkable variation in their distribution among the membrane 

microdomains or their expression. 

6. MPP+ at the dose of 50 µM for 24 hours impairs energy metabolism in 

primary cortical neurons leading to reduced levels of ATP, even though 

the cells are still viable.  

7. Impairment in energy metabolism induced by MPP+ reduces the capacity 

of cortical neurons to respond to a physiological challenge.  

8. In cortical human brain samples from advanced stages of Parkinson 

disease GM1 profile is altered.  

9. Contrary to observed in the mice model, in human samples α-synuclein 

appears both in lipid raft and non-raft fractions, but its relative 
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abundance in both compartments depends on the aggregation and 

phosphorylation state.  

10. The cortical area of human brains affected by Parkinson disease shows 

variations in the different forms of α-synuclein. These changes depend 

on the form and the membrane microdomain analysed. In general, those 

forms associated with a higher toxicity were increased in the non-raft 

fractions of samples at late stages of Parkinson disease.   
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