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La enfermedad de Parkinson (EP) es el segundo trastorno neurodegenerativo más 

frecuente con una prevalencia global estimada de 6,1 millones de casos. La EP es causada por una 

degeneración gradual de las neuronas dopaminérgicas de la sustancia negra pars compacta 

(SNpc) y la consecuente depleción de dopamina en el estriado. Dicha disminución dopaminérgica 

da lugar a alteraciones en la fisiología de los ganglios basales, contribuyendo a la aparición de 

trastornos relacionados con el control del movimiento. Las manifestaciones clínicas más 

características de la EP son principalmente motoras, tales como el temblor de reposo, la rigidez y 

la bradicinesia. Histopatológicamente la EP se caracteriza por el depósito cerebral de cuerpos de 

Lewy y neuritas de Lewy, que son inclusiones intracelulares eosinofílicas que se encuentran en el 

citoplasma de las neuronas y neuritas, respectivamente. Estas inclusiones contienen agregados 

proteicos, siendo su principal componente la proteína α-sinucleina (α-syn). La agregación 

patológica de α-syn se ha descrito como uno de los mecanismos que contribuyen a la patogénesis 

de la EP, ya que una expresión elevada de α-syn por duplicaciones o triplicaciones del gen o 

diferentes mutaciones se han relacionado con la aparición y progresión de la enfermedad.   

En este sentido, los depósitos anormales de α-syn junto con la pérdida neuronal asociada 

afectan a muchas otras regiones del cerebro, así como a otros sistemas de neurotransmisión como 

la acetilcolina, la noradrenalina o la serotonina, dando lugar a la aparición de manifestaciones 

cognitivas y conductuales de la EP o síntomas no-motores. Algunos de estos síntomas no 

motores, como por ejemplo la hiposmia o alteraciones del sueño entre otras, preceden en muchas 

ocasiones en años o incluso décadas a los signos motores (fase prodrómica o premotora). A lo 

largo de la progresión de la enfermedad, otros síntomas no-motores como el deterioro cognitivo 

leve o la demencia son bastante frecuentes, afectando negativamente a la vida diaria y 

contribuyendo al deterioro de la calidad de vida de los pacientes con EP.  

El tratamiento farmacológico actual es sintomático y se centra en la reposición de 

dopamina mediante la administración del precursor de dopamina (L-DOPA) y/o agonistas 

dopaminérgicos como el pramipexol (PPX), actuando principalmente en los signos motores. Sin 

embargo, el uso prolongado de estos medicamentos se relaciona con la aparición de efectos 

secundarios como las discinesias (motor) o el trastorno de control de impulsos (TCI; no-motor).  

El hipocampo es una estructura del sistema límbico ampliamente relacionada con los 

procesos de memoria y aprendizaje. Este núcleo también participa en el procesamiento de 

emociones, la toma de decisiones o el sistema de la recompensa mediante sus conexiones con 

otras estructuras del sistema límbico como la amígdala, la corteza prefrontal o el núcleo 

accumbens, respectivamente. En el hipocampo, la dopamina procedente de la vía mesolímbica 



 

 
 

desde el área tegmental ventral (VTA) facilita los procesos de plasticidad sináptica promoviendo 

el almacenamiento de la memoria a largo plazo. Diversos estudios de imagen funcionales y 

estructurales han relacionado la disfunción y atrofia del hipocampo con problemas de memoria y 

progresión a demencia en pacientes con EP. Además, un incremento o una disminución de los 

niveles de dopamina en el hipocampo se ha asociado a la aparición de síntomas relacionados con 

la motivación en la EP tales como el TCI o la depresión, respectivamente. Sin embargo, los 

mecanismos subyacentes a la disfunción sináptica y la secuencia de los eventos patológicos, 

especialmente en el sistema límbico, continúa siendo una incógnita.  

Por otro lado, la disfunción sináptica está emergiendo como uno de los eventos 

neurobiológicos tempranos y principales en el desarrollo de EP, apuntando a la sinapsis como 

clave en el inicio de la patología. Esto es debido a que la acumulación de la α-syn se produce 

principalmente en los terminales presinápticos, interfiriendo de manera directa en la maquinaria 

molecular a nivel sináptico y produciendo un malfuncionamiento en la liberación de 

neurotransmisores así como una pérdida de la conexión sináptica que darían lugar a la disfunción 

neuronal y la consecuente neurodegeneración, principalmente en las neuronas dopaminérgicas.  

Es por ello que nuestra hipótesis plantea que la aparición de alteraciones cognitivas y 

conductuales en la EP está relacionada con una disfunción sináptica en el hipocampo causada por 

la acumulación de α-syn en las terminales presinápticas dopaminérgicas. Este fallo podría 

progresar hacia una degeneración de la vía mesolímbica dopaminérgica, que hasta cierto punto 

podría ser compensada por el tratamiento dopaminérgico. Así, las intervenciones terapéuticas 

tempranas centradas a revertir el fallo sináptico podrían prevenir o retrasar la degeneración 

dopaminérgica y evitar o aliviar los signos cognitivos y conductuales de la EP.  

El objetivo general de esta tesis doctoral es estudiar la secuencia temporal de eventos 

sinápticos que tienen lugar en el hipocampo en un modelo experimental de parkinsonismo 

progresivo mediante la inoculación bilateral en la SNpc de un vector viral adenoasociado (AAV) 

que sobreexpresa la proteína α-syn humana (hα-syn) con la mutación A53T. Para ello, se ha 

realizado un estudio histológico de la vía mesolímbica donde se han caracterizado la SNpc y el 

VTA, así como el hipocampo a distintos puntos temporales post-inoculación (p.i.) de los AAVs: 1, 

2, 4 y 16 semanas p.i. Además, se ha estudiado la evolución del comportamiento motor y cognitivo 

en los mismos puntos temporales. También se ha caracterizado la plasticidad sináptica 

(potenciación a largo plazo o LTP), y el efecto de dos tratamientos dopaminérgicos en la 

restauración de esa plasticidad en sinaptosomas aislados de hipocampo, en los estadios más 

tempranos de la expresión de hα-syn del modelo animal, antes de la aparición de manifestaciones 



  

 

 
 

motoras. Asimismo, se ha llevado a cabo un el estudio proteómico mediante SWATH-MS en 

sinaptosomas aislados de hipocampo que nos ha permitido obtener una secuencia de procesos 

biológicos afectados a nivel sináptico. Finalmente, se ha realizado un estudio in vivo mediante 

tomografía por emisión de positrones (PET) para estudiar el metabolismo de la glucosa cerebral 

en el modelo de parkinsonismo con tratamiento crónico de PPX. El metabolismo de la glucosa es 

indicativo de la función sináptica debido a que la sinapsis es el compartimento celular 

fisiológicamente más activo de las neuronas.  

Hasta la fecha, pocos estudios han analizado la degeneración dopaminérgica y la 

patología Lewy en el VTA y las consecuentes anomalías sinápticas que tienen lugar en el 

hipocampo. La mayoría de los estudios en modelos animales de parkinsonismo se han realizado 

utilizando modelos tradicionales mediante el uso de neurotoxinas que inducen una pérdida 

extensiva de las neuronas dopaminérgicas y carecen de un fenotipo progresivo, descartando su 

validez para estudiar la secuencia de eventos patológicos previos a la degeneración 

dopaminérgica. También se han realizado varios estudios en modelos animales transgénicos de 

genes asociados a la EP, particularmente, mediante la sobreexpresión de α-syn nativa o mutada. 

Sin embargo, la mayoría de los estudios se han centrado en la caracterización de la degeneración 

en la vía nigroestriatal, mientras que los pocos estudios centrados en el sistema límbico se han 

centrado exclusivamente en la caracterización cognitivo o conductual, así como en las alteraciones 

a nivel de plasticidad sináptica generalmente en estadios avanzados de la neurodegeneración 

dopaminérgica y/o expresión de la α-syn. Por tanto, falta una caracterización combinada tanto a 

nivel de VTA como del hipocampo desde el inicio de la expresión de α-syn y de la degeneración 

neuronal. 

Los resultados del presente trabajo muestran que la inoculación bilateral del AAV-hα-syn 

en la SNpc produce una expresión progresiva de hα-syn en la SNpc y en el VTA desde la 1ª semana 

p.i., aumentando significativamente a la 4ª semana p.i. y manteniéndose a las 16ª semana p.i. 

Además, se observa una pérdida leve de neuronas dopaminérgicas del VTA desde la 1ª semana 

p.i. que se mantiene a lo largo del tiempo y precede a la pérdida observada en la SNpc, que no 

es significativa hasta la 4ª semana p.i. El VTA contiene principalmente neuronas dopaminérgicas, 

pero también otras poblaciones como neuronas GABAérgicas y glutamatérgicas. En el modelo 

animal AAV-hα-syn, hemos observado que la hα-syn se expresa no solo en las neuronas 

dopaminérgicas del VTA, sino también en neuronas glutamatérgicas del VTA que regulan la 

actividad local de las neuronas dopaminérgicas y también proyectan a regiones límbicas incluido 

el hipocampo donde modulan la plasticidad sináptica y la adquisición de memoria.  



 

 
 

La hα-syn expresada en los somas neuronales de la SNpc y VTA se expande hacia las 

terminales axonales del hipocampo, observando hα-syn en el hipocampo desde la 1ª semana p.i., 

aumentando significativamente en la 4ª semana p.i. y manteniendo los niveles de expresión hasta 

la 16ª semana p.i. Dicha expresión se localiza principalmente en el giro dentado y en la región 

CA1 del hipocampo (las regiones de entrada y salida de la información del circuito interno del 

hipocampo) desde las etapas iniciales, expandiéndose hacia la región CA3 a partir de la 4ª semana 

p.i. Además, la hα-syn se encuentra dentro de las principales aferencias del VTA, colocalizando 

con las fibras dopaminérgicas principalmente en el hilio del giro dentado y la región CA1, con las 

fibras GABAérgicas en el hilio y la capa de células granulares del giro dentado, y ampliamente con 

las fibras glutamatérgicas a lo largo de todas las regiones del hipocampo.  

Los animales AAV-hα-syn desarrollan una pérdida motora leve y una tendencia hacia un 

déficit cognitivo específicamente dependiente de hipocampo a la 4ª semana p.i. Asimismo, estos 

mismos animales muestran una inhibición de LTP en sinaptosomas del hipocampo desde la 1ª 

semana p.i., manteniéndose hasta la 4ª semana p.i. Por tanto, el fallo sináptico funcional es 

concomitante al inicio de la expresión de hα-syn en el hipocampo y a la degeneración 

dopaminérgica significativa en el VTA, precediendo el inicio de las manifestaciones motoras y 

cognitivas. La inhibición de LTP se asocia a una hiperexcitabilidad basal debida a un aumento de 

la expresión de los receptores postsinápticos AMPA. El agonista dopaminérgico PPX recupera 

parcialmente LTP a la 1ª y 4ª semana p.i. en los animales parkinsonianos, pero de manera 

interesante disminuye LTP en los animales controles. Por otro lado, la L-DOPA, precursor de la 

dopamina, recupera totalmente LTP a la 4ª semana p.i., pero no a la 1ª semana p.i., sin ejercer 

ningún efecto en los animales controles. El estudio de proteómica en la sinapsis hipocampal, 

muestra que en los puntos temporales más tempranos de la expresión de hα-syn en el hipocampo 

(1ª y 2ª semana p.i.), existe una desregulación significativa de los procesos de transporte 

intracelular asociados al citoesqueleto de actina y microtúbulos, además de alteraciones en el 

ciclo de las vesículas sinápticas, lo que en su conjunto podría alterar la liberación de 

neurotransmisores desde la terminal presináptica impidiendo una correcta comunicación 

neuronal y consecuentemente afectando a los procesos de plasticidad sináptica. En el punto 

temporal más avanzado (semana 16 p.i.), tras una prolongada expresión de hα-syn y una 

degeneración dopaminérgica leve y estable, se observa una desregulación de la homeostasis 

sináptica con alteraciones principalmente en la regulación del calcio, en la señalización a partir de 

receptores de membrana (especialmente receptores acoplados a proteína G inhibitoria), y 

alteraciones en la síntesis de proteínas, procesos biológicos clave para la función sináptica y el 

mantenimiento de los procesos de plasticidad sináptica a largo plazo.  



  

 

 
 

Por último, el estudio in vivo del metabolismo de glucosa mediante PET en animales con 

tratamiento crónico con PPX muestra una reducción del metabolismo en el hipocampo 

anterodorsal únicamente en los animales con lesión dopaminérgica, aunque estén bajo el 

tratamiento dopaminérgico. Por tanto, los resultados obtenidos apoyan la relevancia que ejerce 

el deterioro de la función sináptica en el hipocampo, sugiriendo un posible papel en el desarrollo 

de signos cognitivos y conductuales asociados a la EP.  

En su conjunto, los resultados de esta tesis doctoral muestran la importancia de la vía 

mesolímbica desde el VTA al hipocampo, destacando el fallo sináptico funcional temprano en el 

hipocampo y la afectación tanto de la vía dopaminérgica como la glutamatérgica en un modelo 

de parkinsonismo progresivo, lo que contribuye a la aparición de las alteraciones cognitivas. Los 

resultados de esta tesis doctoral abren la puerta a nuevas investigaciones que ahonden en su 

estudio para una posible intervención terapéutica temprana dirigida a dianas sinápticas a nivel 

funcional que podrían ralentizar y/o modificar el curso de las alteraciones cognitivas y 

conductuales desde las primeras etapas (antes de la lesión dopaminérgica clínicamente relevante). 
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[18F]-FDG   2-Deoxy-2-[18F]-fluoroglucose 

6-OHDA  6-hydroxydopamine 

α-syn   α-synuclein  

AADC    Aromatic amino acid decarboxylase 

AAV   Adeno-associated viral vector 

AMPAR   α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor 

AP   Anterior-posterior 

APP   Amyloid precursor protein  

ATP   Adenosine triphosphate 

a.u.   Arbitrary units  

BPF    Bandpass filter 

CA1-3   Cornu Ammonis 1-3 

CAM    Cell-adhesion molecule 

CaMKII   Calcium/calmodulin-dependent protein kinase II 

cAMP    Cyclic adenosine monophosphate 

CMV   Cytomegalovirus 

CNS    Central nervous system 

cLTP   Chemical long-term potentiation 

COMT    Catechol-o-methyl transferase 

CREB   Cyclic AMP-responsive element-binding protein 

CSF    Cerebrospinal fluid 

CT    Computed tomography 

D1-5R   Dopamine receptors, subunits 1-5 

DA   Dopamine 

DAPI    4',6-diamidino-2-fenilindol 

DAT   Dopamine transporter 

DG    Dentate gyrus 

DLB   Dementia with Lewy Bodies 

DOPAC   3,4-Dihydroxyphenylacetic acid 

DV    Dorsoventral 

EPSC    Excitatory postsynaptic current 

ER    Endoplasmic reticulum 

EVV   Empty viral vector 

FASS-LTP  Fluorescence analysis of single-synapse long term potentiation 

FBS   Fetal Bovine Serum 

FDR    False discovery rate 

FL   Familiar location 

FSC   Forward scatter 

GABA   γ-aminobutiric acid 

GAPDH   Glyceraldehyde-3-phosphate dehydrogenase 

GluA1-4 AMPARs, subunits 1-4 

GluN1   NMDAR, subunit 1 

GluN2A-D  NMDARs, subunits 2A-D 

GluN3A-B  NMDARs, subunits 3A-B 

GPCR   G-protein coupled receptor  



 

 
 

GPe   External globus pallidus 

GPi   Internal globus pallidus 

GWAS   Genome-wide association study 

hα-syn   Human α-synuclein  

HVA    Homovanillic acid 

I/O    Input-output 

ICD   Impulse control disorder 

ICV    Intracerebroventricular 

LB    Lewy body 

L-DOPA   L-3,4 dihydroxyphenylalanine 

LN    Lewy neurite 

LPF    Long-pass filter 

LRRK2   Leucine-rich repeat kinase 2 

LTD   Long-term depression 

LTP   Long-term potentiation  

MAGUK   Membrane-associated guanylate kinases 

MAO-B   Monoamine oxidase type B 

MAPK    Mitogen-activated protein kinase 

MCI    Mild cognitive impairment  

mEPSC    Miniature excitatory postsynaptic current 

mGluR1-8  Metabotropic glutamate receptors, subunits 1-8 

ML    Mediolateral 

MPTP   1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine  

MRI    Magnetic resonance imaging  

n.a.    Not available 

n.s.   Not significant  

NAcc   Nucleus Accumbens  

NAC    Non-amyloid component  

NGS    Normal goat serum 

NHS   Normal horse serum 

NRS    Normal rabbit serum 

Nrx    Neurexin 

NL    Novel location 

NMDAR  N-Methyl-D-aspartic acid receptor 

OLT   Object location task 

p.i.   Post-inoculation 

PB Phosphate buffer 

PBS Phosphate buffer saline 

PBS-T  PBS with Triton X-100 

PD Parkinson’s Disease 

PDD Parkinson’s Disease dementia  

PET Positron emission tomography 

PFA  Paraformaldehyde 

PFC Prefrontal cortex 

PINK1  PTEN-induced putative kinase 1 



  

 

 
 

PKA Protein kinase A 

PKC Protein kinase C 

PMT  Photomultiplier tube 

PPF    Paired-pulse facilitation 

PPX   Pramipexole 

PSD    Postsynaptic density 

RBD   REM sleep behavior disorder  

REM   Rapid eye movement 

ROD    Relative optical density 

RT   Room temperature 

SEM    Standard error of the mean 

SDS   Sodium dodecyl sulfate 

SLM    Stratum lacunosum-moleculare 

SN    Substantia nigra  

SNpc    Substantia nigra pars compacta 

SNpr   Substantia nigra pars reticulata 

SPN   Spiny projection neuron 

SSC   Side scatter 

STN   Subthalamic nucleus  

SV    Synaptic vesicle 

SWASH-MS  Sequential window acquisition of all theoretical mass spectra mass 

spectrometry 

TARP  Transmembrane AMPAR regulatory protein 

TBS   Tris buffer saline 

TBS-T    TBS with Tween-20 

TH    Tyrosine hydroxylase  

vGlut2    Vesicular glutamate transporter 2 

VMAT2   Vesicular monoamine transporter 2 

VP    Ventral pallidum 

VPS35    Vacuolar protein sorting 35 

VTA   Ventral tegmental area 

w   Week 

WPRE    Woodchuck hepatitis post-transcriptional regulatory element 

WT    Wild-type 
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1. Parkinson’s Disease 

1.1. Epidemiology  

Parkinson´s disease (PD) is the second most common neurodegenerative disorder with an 

estimated worldwide prevalence of 6.1 million individuals in 2016 (GBD 2016 Parkinson's Disease 

Collaborators, 2018), and an overall incidence of 40 new cases per 100,000 person-years (Hirsch 

et al., 2016). In Spain, the estimated prevalence of PD was 92,971 individuals in 2016 (GBD 2016 

Parkinson's Disease Collaborators, 2018), and the incidence rate was 10 new cases every 100,000 

person-year between 65 and 85 years (García-Ramos et al., 2016). PD is an age-related disease, 

with steadily increasing prevalence and incidence with age. The number of patients with PD 

worldwide has increased 2.4 times since 1990, which is partially explained by an increase in the 

number of older individuals (GBD 2016 Parkinson's Disease Collaborators, 2018). The number of 

cases with PD is expected to double by 2030, due to the increment in the current life expectancy 

of our society. This will lead to a high health system burden and socioeconomic repercussion, 

becoming this disorder a serious public health problem (Dorsey et al., 2007). 

Numbers vary with sex, being the prevalence of PD 1.4 times higher in men than women 

(GBD 2016 Parkinson's Disease Collaborators, 2018). A protective effect of female sex hormones, 

a sex-associated genetic mechanism, or sex-specific differences in exposure to environmental risk 

factors might explain this male preponderance, although disparities in health care could also 

contribute (Cerri et al., 2019). 

 

1.2. Neuropathology of Parkinson’s Disease 

1.2.1. Neurodegeneration of nigrostriatal dopaminergic system 

The major pathological hallmark of PD is the selective and progressive neurodegeneration 

of the nigrostriatal dopaminergic neurons projecting to the striatum. Dopaminergic neurons 

located in the ventrolateral and caudal part of the substantia nigra pars compacta (SNpc; A9 area; 

Figure 1a) project their axons to the motor part of the striatum (rostral and dorsal areas of the 

caudate and putamen) (Björklund & Dunnett, 2007; Dickson et al., 2009). The progressive loss of 

dopaminergic neurons of the SNpc (Figure 1a-d) and the subsequent reduction of striatal 

dopaminergic innervation in PD patients causes a decrease in striatal dopamine (DA) 

concentration, which leads to a dysregulation of the basal ganglia circuitry and consequently, to 

the appearance of the cardinal motor signs of the disease (Dickson et al., 2009; Rodriguez-Oroz 

et al., 2009). 
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Figure 1. Neuropathological hallmarks of Parkinson´s Disease. A) Macroscopical and transverse sections 

of the midbrain upon immunohistochemical staining for tyrosine hydroxylase from a healthy control (left 

panel) and a PD patient (right panel). Selective loss of the ventrolateral parts of the SN is evident in the 

histological section of a PD patient. B-D) Hematoxylin and eosin staining of the ventrolateral region of the 

SNpc showing normal distribution of pigmented neurons in B) a healthy control, and diagnostically 

significant C) moderate or D) severe pigmented cell loss in PD. E-G) Immunohistochemical staining of α-syn 

shows the round, intracytoplasmic Lewy bodies (arrow in e), more diffuse, granular deposits of α-syn (E-F), 

deposits in neuronal cell processes (f), extracellular dot-like α-syn structures (f) and α-syn spheroids in axons 

(g). H) The Braak theorized progression of α-syn aggregation in PD. α-syn inclusions occur in cholinergic 

and monoaminergic lower brainstem neurons in asymptomatic cases (Braak stage I and stage II), infiltrate 

similar neurons in the midbrain and basal forebrain in those with the motor symptoms of PD (Braak stage III 

and stage IV), and then are found later in limbic and neocortical brain regions with disease progression 

(Braak stage V and stage VI). From Poewe and coworkers (Poewe et al., 2017). 
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1.2.2. Lewy pathology 

The other pathological hallmark of PD is the presence of concentric eosinophilic hyaline 

intracytoplasmic inclusions known as Lewy bodies (LBs) and Lewy neurites (LNs) that are found in 

the neuronal cell soma and processes, respectively (Lewy, 1912) (Figure 1e-g). The LBs are 

morphologically characterized for representing spherical cytoplasmic inclusions that show three 

different eosinophilic layers (nucleus, core, and halo). They are composed of misfolded or 

aggregated proteins that cellular degradation and reparation systems are not able to eliminate. 

The main component of these inclusions is the protein α-synuclein (α-syn), although other 

proteins such as ubiquitin and proteins of the neurofilament including TAU protein are also 

present (Irizarry et al., 1998; Spillantini et al., 1998). Interestingly, in a recent study LBs were found 

to wrap and encase vesicles, lysosomes, dysmorphic mitochondria, and disrupted cytoskeletal 

elements (Shahmoradian et al., 2019). LBs are mainly located in the dopaminergic neurons of the 

SNpc and the locus coeruleus, although they have also been observed in other brain structures 

like the basal nucleus of Meynert, hypothalamus, the dorsal raphe nucleus, the dorsal motor 

nucleus of the vagus, and pedunculopontine nucleus and even in limbic and neocortical brain 

regions (Braak et al., 2003; Sulzer & Surmeier, 2013). Thus, apart from nigrostriatal dopaminergic 

system pathology, extensive extranigral pathology is also observed in PD that leads to the 

dysregulation of other neurotransmitter systems such as noradrenergic, serotonergic, cholinergic, 

or glutamatergic systems (Barone, 2010; Sanjari Moghaddam et al., 2017), which may play a 

significant role in some of the non-motor symptoms of PD (Postuma et al., 2012; Schapira et al., 

2017). 

Lewy pathology has been hypothesized to progress in a stereotyped pattern throughout 

PD (Braak et al., 2003) (Figure 1h). Braak and coworkers performed α-syn immunohistochemistry 

in a large number of autopsy cases and suggested that toxic species of α-syn progressively reach 

different brain regions in a caudal-to-rostral direction that would explain the clinical-pathological 

progression of the disease. Based essentially on Lewy pathology, they suggested a six-stage 

scheme in which the pathology begins first at the olfactory bulb and the dorsal vagal nucleus and 

gradually follows an ascending course through the central brainstem that reaches the SNpc, 

culminating in widespread α-syn pathology at later stages and involving associative cortical 

regions. 

However, Braak’s hypothesis holds up for the majority, but not all the cases. On the one 

hand, it does not always correlate with the clinical severity or the neuronal loss (Jellinger, 2009). 

In addition, there are genetic forms of PD with clinical signs of the disease but no α-syn pathology 

(Schneider & Alcalay, 2017) and subjects with no signs of clinical PD but widespread α-syn 



Introduction 

 

6 

pathology (incidental PD) (van de Berg et al., 2012). On the other hand, aggregation of α-syn is 

not exclusive of PD, as it can be observed in other neurodegenerative synucleinopathies such as 

Dementia with Lewy bodies (DLB) and multiple system atrophy (Peelaerts et al., 2018). 

 

1.3. Etiology 

The mechanisms leading to neuronal degeneration in PD remain largely unknown. It is 

currently considered that the etiology of PD is likely to be a complex interplay among aging, 

environmental factors, and genetic predisposition (Pang et al., 2019; Simon et al., 2020).  

 

1.3.1. Aging 

Age is considered to be the main risk factor for developing PD. The prevalence and 

incidence of PD increase nearly exponentially with age and peak after 80 years (GBD 2016 

Parkinson's Disease Collaborators, 2018; Hirsch et al., 2016). In addition, aging and PD share 

similar biological pathways. Dysregulation of oxidative stress, mitochondrial function, Ca2+ 

homeostasis, proteostasis, and neuroinflammation are involved in the natural course of aging, as 

well as in neurodegenerative processes such as PD (Hou et al., 2019; Vanni et al., 2020). During 

aging, the reduction in protein clearance systems is consistent with observations of increased 

levels of α-syn within nigral dopaminergic neurons (Chu & Kordower, 2007). Moreover, the 

vulnerability of dopaminergic neurons increases with age, making them more susceptible to silent 

toxics (Surmeier et al., 2017; Vila, 2019). Thus, the combination of aging and the pathological 

mechanisms associated with PD could lead to cellular stress and the onset of the disease. 

 

1.3.2. Environmental factors  

Environmental exposure to several factors also represents a risk factor for the 

development of PD (Ball et al., 2019). Neurotoxins such as 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) and pesticides like paraquat and rotenone have been associated with 

PD. Epidemiological studies show a 2.5-3 times higher risk of developing PD after exposure to 

pesticides (Pang et al., 2019). Moreover, these toxins have classically been used to model 

parkinsonism in animals, as they lead to dopaminergic neuronal cell death possibly by impairing 

mitochondrial functionality and increasing oxidative stress (Bové et al., 2005). Long-term exposure 

to several heavy metals such as iron, manganese, lead, and copper, have also been associated 

with an increased risk of developing PD. Heavy metals are essential cofactors for a variety of 
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biological processes, however, abnormally high levels can lead to oxidative stress, mitochondrial 

dysfunction, or protein misfolding, contributing to PD pathogenesis (Raj et al., 2021).  

Interestingly, other environmental factors were associated with a decreased risk for 

developing PD. An inverse association has been suggested for cigarette smoking and coffee 

consumption, probably due to the effect of nicotine and caffeine on the central nervous system 

(CNS) (Noyce et al., 2012). Physical activity and vitamin E showed a protective effect on 

epidemiological and animal studies, as well as some drugs such as the non-steroidal anti-

inflammatory ibuprofen or β2-adrenoreceptor agonists (Belvisi et al., 2020).  

 

1.3.3. Genetic factors  

Over the past 20 years, several causative genes and genetic risk variants have been 

associated with PD. To date, a total number of 23 loci and 19 causative genes have been identified, 

yet with a certain degree of heterogeneity regarding phenotypes, age-onset, and inheritance 

mode. It is estimated that about 5-10% of all PD cases are inherited, while the majority are 

idiopathic PD cases with unknown causes (Del Rey et al., 2018). Genetic studies have helped not 

only to identify genetic risk factors for PD development but also to elucidate the pathogenesis of 

the disease.  

The first gene identified to be associated with inherited PD was SNCA (PARK1/4), which 

encodes the protein α-syn. Polymeropoulos and colleagues described for the first time a point 

mutation in the SNCA gene in a few families with adult-onset autosomal-dominant PD 

(Polymeropoulos et al., 1997). This finding led to the identification of α-syn as the main 

component of LBs (Spillantini et al., 1998). Since then, six pathogenic point mutations A53T, A30P, 

E46K, H50Q, G51D, and A53E have been associated with PD, all of which occur in the N-terminal 

amphipathic region (Cherian & Divya, 2020). Duplications (Chartier-Harlin et al., 2004) and 

triplication (Singleton et al., 2003) of the gene have also been described, with more severe clinical 

phenotype in patients with SNCA triplication than duplication, suggesting a dose-dependent 

association between disease severity and SNCA gene dosage (Chartier-Harlin et al., 2004). 

Moreover, genome-wide association studies (GWAS) have shown that single nucleotide 

polymorphisms in this gene increase the risk of developing sporadic PD (Campêlo & Silva, 2017), 

thus strengthening the role of α-syn in PD pathogenesis in both familial and sporadic cases of the 

disease.  

Other PD-causative genes with an autosomal dominant inheritance include LRRK2 

(PARK8) and VPS35 (PARK17). Mutations in LRRK2 are the most common form of familial PD, 
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accounting for 1-2% of all PD cases. Several gain-of-function mutations have been identified to 

cause PD such as G2019S, N1437H, R1441C/G/H, Y1699C, and I2020T, with incomplete penetrance 

and dependent on age and specific mutation (Alessi & Sammler, 2018; Tolosa et al., 2020). Some 

of these mutations are highly prevalent in specific populations, such as the G2019S in the 

Ashkenazi Jews (Ozelius et al., 2006) and North African Berbers (Lesage et al., 2006), or the R1441G 

in the Basque Country where it accounts for 46% of all inherited PD cases (Ruiz-Martínez et al., 

2010). LRRK2 encodes the leucine-rich repeat kinase 2, a large multi-domain protein with GTPase 

and protein kinase activity involved in multiple cellular processes, including neurite outgrowth 

and synaptic morphogenesis, membrane trafficking, autophagy, and protein synthesis and 

phosphorylation (Rosenbusch & Kortholt, 2016). Recently, LRRK2 kinase activity has also been 

described to play a role in synaptic vesicle (SV) endocytosis (Arranz et al., 2015). In addition, VPS35 

encodes for vacuolar protein sorting 35 of the retromer complex involved in the retrograde 

transport from endosomes to the trans-Golgi network and recycling of cargo proteins such as 

membrane-bound receptors like glutamate α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 

acid receptors (AMPARs) or DA D1 receptors (D1Rs). Other cargo proteins of the retromer complex 

include degradative enzymes with lysosomal function, amyloid precursor protein (APP), and α-syn 

proteins (Rahman & Morrison, 2019).  

Autosomal-recessive forms of PD include homozygous and heterozygous loss-of-

function mutations in genes such as PRKN (PARK2), PINK1 (PARK6), and DJ-1 (PARK7). Although 

relatively rare among general PD populations, they account for a large proportion of early-onset 

PD (Cherian & Divya, 2020). PRKN encodes for the protein parkin, an E3 ubiquitin ligase, whereas 

PINK1 encodes for PTEN-induced putative kinase 1, a serine-threonine protein kinase, both 

proteins involved in the elimination of damaged mitochondria through mitophagy (Ge et al., 

2020). DJ-1 is an oxidative stress sensor and antioxidant protein also suggested to act as a 

chaperone to prevent α-syn fibrillation through the chaperone-mediated autophagy (Dolgacheva 

et al., 2019). Furthermore, pathogenic mutations in other genes such as ATP13A2, PLA2G6, FBXO7, 

VPS13C, DNAJC6, and SYNJ1, have also been linked to autosomal recessive early-onset atypical 

parkinsonism. ATP13A2 and PLA2G6 have a lysosomal function (Bras et al., 2012; Lin et al., 2018), 

while FBXO7 participates in the ubiquitin-proteasome system and mitophagy (Joseph et al., 2018). 

VPS13C is a protein involved in vesicular transport and mitochondrial maintenance (Lesage et al., 

2016), and DNAJC6 and SYNJ1 code for auxilin and synaptojanin1, respectively, proteins involved 

in SV endocytosis (Nguyen et al., 2019). 

In addition to PD-causative mutations, common genetic variants in several genes have 

been identified to increase PD susceptibility. In recent years, a high worldwide prevalence of 
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mutations in the gene GBA, encoding the lysosomal enzyme β-glucocerebrosidase, have been 

described in PD patients, ranging from 2% to 30% (Sidransky & Lopez, 2012). In homozygosis, 

GBA mutations cause recessive Gaucher’s disease, a lysosomal storage disorder. GBA variant 

carriers exhibit a 5- or 10-fold greater risk of developing PD in heterozygosis or homozygosis, 

respectively, supporting the importance of protein clearance mechanisms in PD pathogenies (Behl 

et al., 2021). Other genes related to increased risk for PD include MAPT and SH3GL2, involved in 

microtubule formation (Cherian & Divya, 2020), and SV endocytosis (Nguyen et al., 2019), 

respectively. 

Recently, epigenetic alterations have also been suggested to play a role in PD 

pathogenesis. Apart from genetic mutations, abnormal changes in epigenetic mechanisms such 

as DNA methylation, post-translational modifications of histones, chromatin remodeling, and 

small and long non-coding RNAs have been linked to PD (Rathore et al., 2021).  

 

1.4. Pathogenesis 

Despite the great progress in the understanding of the molecular basis of 

neurodegeneration in PD of the past years, the pathogenesis of the disease is not completely 

understood yet. PD is currently considered to be due to a combination of aging and abnormalities 

in several highly interconnected cellular mechanisms such as protein homeostasis, aggregation, 

degradation via ubiquitin-proteasome and lysosomal autophagy systems, mitochondrial function, 

oxidative stress, Ca2+ homeostasis, glutamate receptor-mediated neuronal excitotoxicity, synaptic 

dysfunction, and neuroinflammation. Epidemiological findings, pathological observations, and 

genetic discoveries have helped elucidate the role of these biological pathways in PD 

pathogenesis.  

Genetic studies have established a direct link between PD and synaptic function, with 

some of the PD-causative and risk factor genes such as SNCA, LRRK2, DNAJC6, SYNJ1, and 

SH3GL2, involved in SVs trafficking and neurotransmitter release (Nguyen et al., 2019; Soukup et 

al., 2018). Furthermore, DA itself can contribute to PD pathogenesis. In normal physiological 

conditions, DA in the synapse is rapidly pumped into SVs through the vesicular monoamine 

transporter 2 (VMAT2) in order to prevent its cytoplasmatic oxidation into highly toxic quinones 

and reactive oxygen species production (Meiser et al., 2013). In PD patients, the activity of the 

VMAT2 is reduced (Pifl et al., 2014), which together with defective SV endocytosis can lead to 

cytosolic DA accumulation, oxidative stress, and mitochondrial and lysosomal dysfunction, 

contributing to neuronal toxicity (Blesa et al., 2015). Moreover, functional and structural studies in 
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humans and rodent animal models have shown that synapse loss and axonal degeneration 

precedes the death of the soma of dopaminergic neurons in the SNpc (Kordower et al., 2013; 

Wong et al., 2019). Thus, the synapse may be a key cellular compartment in early PD pathogenesis. 

Advances in the understanding of synaptic dysfunction in PD will be further detailed in the 

following sections of this doctoral thesis.  

 

1.5. Clinical features and diagnosis 

The first description of the disease was made by James Parkinson in 1817 in an essay 

entitled “An essay on the Shaking Palsy” (Parkinson, 1817). In this essay he observed a handful of 

people who showed resting tremor and gait disturbances in his daily walks in London, describing 

for the first time the motor signs of the disease. Currently, PD is clinically characterized by the 

presence of motor signs, such as resting tremor, rigidity, and bradykinesia (Jankovic, 2008; 

Postuma et al., 2015), also known as the cardinal signs of the disease. These signs appear due to 

the progressive loss of the dopaminergic neurons of the SNpc leading to dopaminergic 

denervation of the striatum (Dickson et al., 2009; Rodriguez-Oroz et al., 2009). It is estimated that 

these cardinal motor signs appear when there is about 30–60% of dopaminergic neuron loss 

together with a 70–80% loss of dopaminergic terminals and 50–75% neurite degeneration (Cheng 

et al., 2010). Since the original descriptions, the conceptualization and clinical spectrum of the 

disease continue to evolve, and nowadays, in addition to the motor signs, numerous non-motor 

manifestations are also recognized to be related to the neurodegenerative process of the disease 

(Postuma & Berg, 2019).  

Classical diagnosis of PD occurs with the onset of motor signs (early-stage PD). However, 

the diagnosis is preceded in most cases by a prodromal phase of years or even decades 

characterized by specific non-motor signs (D. Berg et al., 2015; Postuma et al., 2012) (Figure 2). In 

this sense, several studies point that the neurodegenerative process of the SNpc could antedate 

in 12-14 years the occurrence of parkinsonian motor signs (Postuma et al., 2012; Postuma & Berg, 

2019). Thus, this prodromal period could provide a potential temporal window to study 

pathological events leading to massive dopaminergic degeneration. In addition, during this 

period, a disease-modifying therapy, once it becomes available, could be administered to prevent 

or delay the neuronal degeneration and the development of the disease (Siderowf & Lang, 2012). 

Besides, over the course of the illness (mild and late-stage PD), there is an emergence of 

complications related to the progression of the neurodegeneration and the long-term 

dopaminergic treatment, including both motor and non-motor manifestations (Hely et al., 2005) 

(Figure 2). 
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Figure 2. Clinical symptoms and time course of Parkinson’s disease progression. Diagnosis of PD occurs 

with the onset of motor signs such as bradykinesia, rigidity, and tremor (early-stage PD). Diagnosis can be 

preceded by a prodromal phase of years or even decades, which is characterized by specific non-motor 

symptoms like REM sleep behavior disorder, constipation, depression, anxiety, hyposmia, and excessive 

daytime sleepiness (prodromal PD). Progression of the disease is driven by a combination of motor (postural 

instability and gait disorders, dysphagia, and frequent falls) and non-motor features (fatigue, pain, apathy, 

mild cognitive impairment, urinary symptoms, orthostatic hypotension, and dementia), along with long-term 

complications of the dopaminergic therapy (fluctuations, dyskinesia, impulsivity, and psychosis), causing 

clinically significant disability. From Poewe and coworkers (Poewe et al., 2017). 

 

1.5.1. Motor signs 

PD is clinically characterized by the presence of motor signs, such as resting tremor, 

rigidity, and bradykinesia (Jankovic, 2008; Postuma et al., 2015). The disease has usually an 

asymmetric onset, with unilateral signs in one limb. As the neurodegeneration progresses, they 

spread to the other ipsilateral limb, and, subsequently, the contralateral hemibody is affected. In 

addition, since the onset of the disease, axial involvement occurs in the form of facial hypomimia, 

decreased blinking, or hypophonia (abnormal weakness of the volume or timbre of voice) 

(DeMaagd & Philip, 2015; Postuma et al., 2015).  

Resting tremor is present in about 70% of PD patients at the time of diagnosis, although 

most patients will develop this motor sign during the progression of the disease (Rajput et al., 

1991). This tremor in PD occurs at rest when the majority of patients show a typical movement of 
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the fingers known as “pill-rolling” that consists of a tendency to join the thumb and index and 

perform semi-circular movements. Tremor increases with distraction maneuvers and disappears 

with the execution of voluntary movements with the affected limb or during sleep (Jankovic, 2008).  

Rigidity is the persistent resistance and difficulty for passive movement of the joints of 

limbs, caused by an increased muscular tone or an excessive and continuous muscular contraction. 

The rigidity of limbs can be uniform or show increased or decreased tone and it increases when 

other body parts are moved or when talking (Jankovic, 2008).  

Bradykinesia (slow execution of movements) and hypokinesia (reduction of movements) 

are the motor signs that mostly impair PD patients, as they interfere with the activities that require 

precise movement control. These motor signs consist of a difficulty to perform the whole 

movement process, from planning to execution, and encompass the loss of facial expressiveness, 

decreased arm swing when walking, or reduction of voluntary or automatic movements (Berardelli 

et al., 2001; Rodriguez-Oroz et al., 2009).  

Other motor aspects that stand out in these patients not at the diagnosis, but later in the 

progression, are the gait disturbances and postural instability, which leads to impaired balance 

and frequent falls. PD patients present failure of postural reflexes, they walk with short steps, 

shuffling and with difficulty in the initiation, turning around, or approaching a destination (freezing 

of gait), being the latter a manifestation of more advanced stages of the disease. Other signs also 

frequent in the evolution of the disease are difficulty to swallow food (dysphagia) and speech 

disorders (dysarthria), which can be very disabling (Jankovic, 2008). 

 

1.5.2. Non-motor signs 

During the past decade, non-motor signs have gained importance. They are present to a 

variable degree throughout all stages of PD, some of them even before the onset of the cardinal 

motor signs (Postuma et al., 2012; Schapira et al., 2017) (Figure 2). During the prodromal phase, 

these symptoms can be characterized by impaired olfaction (hyposmia) (Doty, 2012), constipation 

(Fasano et al., 2015), neuropsychiatric disturbances such as depression, apathy, and hallucinations 

(Aarsland et al., 2009; Pagonabarraga et al., 2016), sleep-wake cycle disorders (Chahine et al., 2017) 

and rapid eye movement (REM) sleep behavior disorder (RBD) (Postuma et al., 2012). In the early 

stages of PD, it is frequent the presence of fatigue, and mild cognitive impairment (MCI) affecting 

early executive functions and working memory (Chahine et al., 2016; Delgado-Alvarado et al., 

2016), apathy, and pain (Conte et al., 2013). As the disease advances, non-motor symptoms 

become increasingly prevalent and represent a substantial challenge in the clinical management 
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of these patients (Hely et al., 2005). Autonomic dysfunction, such as urinary incontinence, 

constipation, orthostatic hypotension (Pfeiffer, 2020), hallucinations, and other psychotic 

manifestations are common non-motor features in the late stages of PD (Ffytche et al., 2017). 

Dementia is also particularly prevalent, occurring in 83% of patients with PD at 8-12 years of 

disease evolution (Aarsland et al., 2017; Hely et al., 2005). In contrast to MCI, cognitive deficits in 

dementia are severe enough to impair daily life, such as social and occupational functioning, and 

personal care, independently of the motor and autonomic signs. Parkinson’s disease dementia 

(PDD) is characterized by visual-spatial constructional deficits and recognition, semantic and 

episodic memory loss (Kehagia et al., 2010; Schapira et al., 2017). These non-motor symptoms 

directly contribute to the deterioration of the quality of life of PD patients. In fact, 28% of patients 

indicated in one study that non-motor abnormalities were more disabling than motor signs 

(Barone et al., 2009). 

 

1.6. Pharmacological treatment 

Lack of preventive or neuroprotective treatments makes the progression of the disorder 

unavoidable. Current clinical management is focused on the replacement of DA in order to 

alleviate the motor signs and improve the quality of life of PD patients (Schapira, 2009).  

The DA precursor L-3,4-dihydroxyphenylalanine (L-DOPA) has been the gold standard 

treatment for PD since its discovery more than 50 years ago (LeWitt & Fahn, 2016). However, after 

prolonged periods of use, it is known to cause motor complications such as wearing off 

(reappearance of motor signs) and dyskinesia (involuntary movements) (Bastide et al., 2015; de 

Bie et al., 2020). Although these complications are still not completely understood, they are 

suggested to be related to non-physiological short-duration pulsatile stimulation of DA receptors 

due to the short half-life of L-DOPA. Several strategies have been developed to achieve 

dopaminergic stimulation in a more physiological manner, such as the addition of aromatic amino 

acid decarboxylase (AADC) as well as catechol-o-methyl transferase (COMT) inhibitors that 

prevent peripheral metabolism of L-DOPA, monoamine oxidase type B (MAO-B) inhibitors to 

prolong and increase synaptic DA concentrations, continuous drug delivery systems, or drugs with 

longer half-life such as dopaminergic agonists (Poewe et al., 2017; Schapira, 2009). 

Dopaminergic agonists directly stimulate pre- and postsynaptic DA receptors, mainly 

targeting the DA D2 receptor (D2R) family, including D2R/D3R/D4R (Gerlach et al., 2003). With a 

longer half-life than L-DOPA, dopaminergic agonists induce a less pulsatile stimulation of DA 

receptors, markedly reducing the risk of inducing motor complications. However, the 
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improvement is usually partial and transient, and their long-term use is associated with the 

appearance of neuropsychiatric and behavioral side-effects such as impulse control disorders 

(ICDs) (Voon et al., 2017). In particular, dopaminergic agonists with high affinity for D3Rs, such as 

pramipexole (PPX), have been associated with ICDs (Voon et al., 2011a; Weintraub et al., 2010), 

probably through the abnormal activation of these receptors in the ventral striatum, 

overstimulating the brain reward system (Steeves et al., 2009). ICDs encompass a heterogeneous 

group of disorders and are described as the failure to resist a temptation, urge, or impulse that 

may be harmful to oneself or others. Classic ICDs include pathological gambling, compulsive 

shopping, hypersexuality, and binge eating among others (Weintraub & Claassen, 2017). These 

severe complications of the dopaminergic treatment can have a great impact on the personal, 

familial, psychosocial, financial, and quality of life of PD patients and their families.  

Apart from pharmacological therapy, surgical options such as deep brain stimulation of 

the subthalamic nucleus also have an important role for a subset of patients with PD and help to 

reduce some motor signs such as stiffness, tremor, and slowness of movement, as well as motor 

complications (Rodriguez-Oroz, 2010). Recently, exciting cutting-edge approaches with less 

invasive technologies such as magnetic resonance-guided focused ultrasound for the treatment 

of motor signs in PD have been advanced (Martínez-Fernández et al., 2018). 

Despite remarkable advances in the symptomatic treatment of motor signs of the disease, 

two major therapeutic challenges remain to be addressed. First, disease-modifying treatments to 

slow down or prevent the progression of neurodegeneration, and second, development of 

effective treatments for non-motor features of the disease as well as treatment-related 

complications.  
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2. Basal Ganglia and the Limbic System 

2.1. Basal Ganglia 

The basal ganglia are an interconnected group of grey matter nuclei located in the deep 

encephalon, comprising the striatum, globus pallidus with its external (GPe) and internal (GPi) 

segments, subthalamic nucleus (STN), substantia nigra (SN) with its pars compacta (SNpc) and 

pars reticulata (SNpr) portions, and the ventral tegmental area (VTA).  

Anatomical and functional studies performed in the 1980s helped understand the 

organization of basal ganglia. Initially, five parallel circuits were described considering their 

cortical origin, including motor, oculomotor, dorsolateral prefrontal, lateral orbitofrontal, and 

anterior cingulate circuits (Albin et al., 1989; Alexander et al., 1986). All circuits share a similar 

structure as they originate in a cortical area that projects to the striatum, which in turn, connects 

to the output nuclei (GPi and SNpr) that project to the thalamus. Finally, the thalamus encloses 

the circuit projecting back to the cortical areas. According to their functions, these anatomic loops 

can be clustered into motor (motor and oculomotor circuits), associative (dorsolateral prefrontal 

and orbitofrontal circuits) and limbic (anterior cingulate circuit) circuits (Figure 3). The motor 

circuit connects primary motor and premotor cortices with the dorsal striatum, while the 

associative circuit connects the dorsolateral prefrontal cortex (PFC) and lateral orbitofrontal cortex 

with the striatum, and the limbic circuit connects the ventral striatum, also known as the nucleus 

accumbens (NAcc), with ventromedial PFC, medial orbitofrontal cortex, anterior cingulate cortex, 

amygdala, and hippocampus (Groenewegen, 2003; Groenewegen & Uylings, 2010). Importantly, 

the segregation of circuits is maintained within each nucleus of the basal ganglia, with dorsolateral 

areas implicated in motor functions, medial zones in associative processes, and the ventral ones 

in limbic functions (Figure 3). The motor circuit is implied in the refinement of motor functions, 

the associative circuit is involved in cognitive functions such as executive function and procedural 

learning, and the limbic circuit is involved in emotional processing (Rodriguez-Oroz et al., 2009).  
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Figure 3. Anatomic and functional organization of the basal ganglia. The basal ganglia are divided into 

A) motor, B) associative, and C) limbic subregions, which are topographically segregated, as indicated by 

colored areas in red, green, and blue, respectively. Abbreviations: GPe, external globus pallidus; GPi, internal 

globus pallidus; STN, subthalamic nucleus. From Rodriguez-Oroz and coworkers (Rodriguez-Oroz et al., 

2009). 

 

2.1.1. Dopaminergic pathway: regulation of the basal ganglia 

The SNpc and VTA are the major sources of DA in the brain. Based on connectivity and 

morphological studies, midbrain dopaminergic neurons are separated into dorsal and ventral 

tiers. Cells located in the dorsal part of the SNpc and VTA (dorsal tier) project to limbic and cortical 

areas as well as to some parts of the striatum, while neurons in the ventral part of the SNpc/VTA 

(ventral tier) innervate preferentially to the striatum (Bentivoglio & Morelli, 2005; Björklund & 

Dunnett, 2007).  

According to the target efferent nuclei, midbrain dopaminergic neurons give rise to three 

main dopaminergic pathways: nigrostriatal, mesolimbic, and mesocortical pathways. The 

nigrostriatal pathway originates from the ventral tier neurons in the SNpc, and projects to the 

striatum. It is engaged in voluntary and automatic motor control and associative learning (dorsal 

striatum), and reward-related processes (ventral striatum). Dopaminergic neurons from the dorsal 

tier in the VTA project to the ventral striatum, septum, amygdala, and hippocampus through the 

mesolimbic pathway and participate in the regulation of reward-related processes. The 

mesocortical pathway also arises from the dorsal tier and innervates PFC, cingulate and perirhinal 

cortices involved in the regulation of executive functions such as working memory and attention 
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control (Arias-Carrión et al., 2010; Björklund & Dunnett, 2007). Because of the overlap between 

the mesolimbic and mesocortical pathways, they are often collectively referred to as the 

mesocorticolimbic system. 

The SNpc contains dopaminergic neurons, which are enriched in neuromelanin, a 

byproduct of DA auto-oxidation and a natural pigment that gives the characteristic black color to 

this nucleus. The VTA contains not only dopaminergic neurons but also GABAergic and 

glutamatergic neurons. Dopaminergic neurons account for 60-70% of VTA neurons, while 

GABAergic and glutamatergic neurons account for 22% and 16%, respectively (H. J. Kim et al., 

2019). The latter two neuronal populations send local projections to regulate the activity of 

dopaminergic neurons as well as long-range connections in parallel to dopaminergic neurons to 

cortical and limbic regions including NAcc, lateral habenula, PFC, amygdala, and hippocampus, 

most of which project back to the VTA (Adeniyi et al., 2020; Morales & Margolis, 2017; Ntamati & 

Lüscher, 2016; Taylor et al., 2014). 

 

2.1.2. Motor circuit 

The major input nucleus of the basal ganglia is the striatum. It receives glutamatergic 

projections from cortical and thalamic regions, and dopaminergic inputs from the SNpc and VTA 

(Joel & Weiner, 2000; Lanciego et al., 2012). Thus, the striatum acts as an integrative hub for 

glutamatergic and dopaminergic inputs assisting in the selection of appropriate behaviors 

through its outputs to downstream basal ganglia structures (Redgrave et al., 1999). GABAergic 

spiny projection neurons (SPNs), which comprise over 95% of total striatal neurons, are classically 

divided into two populations based on their output projection patterns and DA receptor 

expression profile, giving rise to the two main output projections of the striatum, the direct and 

indirect pathways (Burke et al., 2017; Gerfen et al., 1990). SPNs expressing mainly D1Rs represent 

approximately half of the SPN population and send dense projections to the GPi and SNpr, 

forming the direct pathway of the basal ganglia. By contrast, SPNs expressing mainly D2Rs project 

to the GPe, which sends inhibitory projections to the STN, constituting the indirect pathway. The 

STN sends glutamatergic excitatory projections to the GPi/SNpr, which are considered the main 

output nuclei of the basal ganglia, mainly projecting inhibitory inputs to the lateral region of the 

thalamus. Finally, the thalamus encloses the circuit projecting back glutamatergic excitatory inputs 

to the cortical areas. Thus, activation of the direct pathway disinhibits principal thalamic neurons 

leading to the activation of the motor cortex, facilitating motor action. By contrast, the activation 

of the indirect pathway ultimately inhibits thalamic neurons that lead to a lack of activation of the 
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motor cortex and consequently suppress motor behavior (Albin et al., 1989; Obeso et al., 2002) 

(Figure 4A). 

The dopaminergic system plays a major role in the regulation of basal ganglia circuits. 

The release of DA at the striatum from nigrostriatal neurons plays a differential modulatory effect 

on the SPNs at the origin of both direct and indirect pathways (Gerfen, 2000). DA exerts its effects 

by binding to dopaminergic receptors, which belong to the G-protein-coupled receptor (GPCR) 

superfamily, specifically, D1Rs are coupled to stimulatory Gs and Golf G-proteins while D2Rs are 

coupled to inhibitory Gi/o subunits. Activation of D1Rs on the SPNs of the direct pathway exerts 

a facilitatory effect by increasing intrinsic excitability. On the other hand, activation of D2Rs 

decreases intrinsic excitability leading to an inhibition of the SPNs of the indirect pathway. Thus, 

the net effect of the dopaminergic innervation is a decreased inhibition of thalamic neurons and 

facilitation of inputs to the cortex (Gerfen & Surmeier, 2011; Obeso et al., 2002) (Figure 4A). 

 

 

Figure 4. Basal ganglia circuitry. A) In a healthy state, dopamine modulates the basal ganglia motor circuit 

by activating the direct pathway through the D1Rs and decreasing the activity of the indirect pathway via 

D2Rs, ultimately disinhibiting thalamic neurons and favoring motor behavior. B) The degeneration of the 

nigrostriatal pathway in Parkinson’s Disease leads to a potentiation of the indirect pathway coupled to a 

decreased activity of the direct pathway, ultimately inhibiting thalamic neurons and thus, suppressing motor 

activity. Green arrows represent excitatory glutamatergic projections, red arrows inhibitory GABAergic 

projections, and blue arrows modulatory dopaminergic projections. Abbreviations: GPe, external globus 

pallidus; GPi, internal globus pallidus; SNpc, substantia nigra pars compacta; SNpr, substantia nigra pars 

reticulata; STN, subthalamic nucleus.  
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2.1.3. Dysregulation of the motor circuit in Parkinson’s Disease 

The degeneration of the nigrostriatal pathway leads to an imbalance of the direct and 

indirect pathways of the motor circuit (Gerfen, 2000; Gerfen et al., 1990). Thus, it causes a decrease 

of the inhibition of the indirect pathway, reducing the activity of GPe and increasing the activity 

of STN, which in turn hyperexcites the GPi and SNpr. In addition, the direct pathway is 

hypoactivated increasing the activity of both GPi and SNpr. The hyperactivity of these nuclei leads 

to increased inhibition of the thalamus, reducing the stimulation of the motor cortex (Albin et al., 

1989; Kravitz et al., 2010; Obeso et al., 2002) (Figure 4B).  

 

Beyond the motor circuit, the anatomo-functional organization of the basal ganglia is 

particularly important to understand the pathophysiological mechanisms underlying the 

expression of clinical signs of PD. The initial loss of neurons in the ventral tier of SNpc, which leads 

to striatal dopaminergic denervation predominantly in the dorsolateral striatum (motor area), 

spreads progressively so the dopaminergic denervation reaches more medial and ventral areas 

(associative and limbic areas) (Figure 3). For this reason, motor deficits are the first signs of the 

disease, but executive dysfunctions or some neuropsychiatric disorders found in PD patients at 

different disease stages can be explained, at least partially, by the progressive dopaminergic 

deficit gradually altering both associative and limbic loops (Rodriguez-Oroz et al., 2009). 

Moreover, both the functional organization of basal ganglia nuclei and the gradual loss of the 

dopaminergic projections are also crucial when trying to understand the mechanisms underlying 

the side effects caused by dopaminergic drugs used for the treatment of motor signs in PD. 

 

2.2. Limbic system 

The limbic system is comprised of several interconnected cortical and subcortical 

structures. The circuit originally described by Papez in 1937 includes the hippocampus, fornix, 

mammillary bodies (hypothalamus), anterior nuclei of the thalamus, and cingulate cortex. Later 

on, in 1948, Yakovlev proposed that the amygdala, orbital and medial PFC, insula, and anterior 

temporal lobe play a crucial role in emotion and motivation. It was not until a few years later that 

MacLean proposed an integrative model for the limbic system based on Papez’s and Yakovlev’s 

previous work (Catani et al., 2013; Rolls, 2015) (Figure 5). Thus, two networks comprise the limbic 

system, one involved in the regulation of learning and memory processes based on the 

hippocampus and related structures, and another regulating emotion and motivation based on 

the amygdala and related structures. It has been suggested that memory and emotional systems 

comprise separate networks, as they involve largely different brain structures and connections 
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(Rolls, 2015). However, emotions are often part of episodic memories, and positive or negative 

events are better remembered than neutral events, supporting the interconnection between both 

systems. Furthermore, the amygdala and hippocampus are both anatomically and functionally 

connected (Fastenrath et al., 2014; Phelps, 2004; Y. Yang & Wang, 2017). Interestingly, both the 

hippocampus and the amygdala as well as cortical regions such as the PFC project to the NAcc, 

which is nowadays also considered part of the limbic system, linking basal ganglia to the limbic 

system (Rolls, 2015; Sesack & Grace, 2010).  

 

 

Figure 5. Limbic system networks. Blue areas show brain nuclei involved in learning and memory processes 

and green areas show brain nuclei participating in emotion and motivation processing. Adapted from Purves 

et al., 2004. 
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2.2.1. The hippocampus 

The hippocampus has classically been related to learning and memory processes, as it is 

critical for the acquisition and long-term establishment of memories. It is particularly important 

for episodic memories, a type of declarative memory that is rapidly acquired and references to 

events in a specific time and place (Lisman et al., 2011; Squire et al., 2004). It has been suggested 

that declarative memory may participate in decision-making processes that require information 

processing, updating, and integration, allowing us to blend past experiences with future goals to 

drive appropriate behaviors and decisions. Thus, the hippocampus may participate together with 

the PFC, in behavior processing as well as executive functions such as the ability to switch between 

goals, planning, organizing, or decision-making (Gupta et al., 2009; Rubin et al., 2014). 

Furthermore, in the last years, the hippocampus has also been described to participate in reward-

related processes and goal-directed behaviors, through its connections with the NAcc (Gauthier 

& Tank, 2018; LeGates et al., 2018), supporting the role of the hippocampus not only in memory 

and learning process but also in behavior.   

The hippocampal formation consists of the dentate gyrus (DG), Ammon’s horn, which is 

further divided into Cornu Ammonis 1 (CA1), 2 (CA2), and 3 (CA3), and the subiculum (Figure 6). 

These structures participate in the intrinsic circuit of the hippocampus, which is also known as the 

trisynaptic pathway. Afferent excitatory inputs enter the hippocampus through the perforant path 

and synapse with granule cells of the DG. The axons of these neurons give rise to the mossy fibers, 

which extend to the hilus of the DG and the CA3 region. When mossy fibers reach the CA3 region, 

make excitatory synapses with pyramidal neurons, which in turn project their axons through the 

Schaffer collaterals to the CA1 region. Finally, pyramidal neurons in the CA1 send efferent outputs 

to the subiculum and the entorhinal cortex, closing the hippocampal loop (Avchalumov & 

Mandyam, 2021; C. Schultz & Engelhardt, 2014). This hippocampal network was recently 

suggested to be regulated by the pyramidal neurons of the CA2 region through their broad 

connections with the CA3 and CA1 regions, although the exact mechanisms remain elusive (Lehr 

et al., 2021).  

The main afferents to the hippocampus arrive through the perforant path and arise from 

the entorhinal cortex, which receives projections from association cortices, neocortex, olfactory 

bulb, and limbic cortex. Additionally, the hippocampus receives information from the mammillary 

bodies, thalamus, NAcc, medial PFC, septal nuclei, and basal forebrain through the fornix, while 

receives also direct afferents from the amygdala and contralateral hippocampus. Once the 

information has been processed in the hippocampus, efferent information projects back through 

the entorhinal cortex and fornix to the same areas that provided the initial input (Raslau et al., 
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2015; C. Schultz & Engelhardt, 2014). Additionally, the hippocampus also receives modulatory 

direct innervation from midbrain dopaminergic neurons, serotonergic neurons from the raphe 

nuclei, locus coeruleus noradrenergic neurons, and cholinergic neurons from the medial septal 

nuclei.  

Each subfield of the hippocampus is highly organized into different layers (Figure 6). The 

DG is divided into three layers: the molecular layer, granular cell layer, and hilus. The main 

excitatory neurons in the DG are granule cells, whose somas are densely packed in the granular 

cell layer. The dendrites of these neurons branch throughout the molecular layer where they make 

contact with afferent inputs from the perforant path, while the axons extend to the hilus and the 

CA3 region. The hilus contains inhibitory interneurons and excitatory mossy cells which project 

back to the molecular layer regulating granule cells drive towards the CA3 region. On the other 

hand, the three Ammon’s horn subfields share a similar structure. The pyramidal cell layer contains 

the somas of pyramidal neurons, which are the main excitatory neurons. The basal dendrites of 

these neurons branch in the stratum oriens, while the apical dendrites branch into the stratum 

lucidum, stratum radiatum, and stratum lacunosum-moleculare (SLM). The stratum lucidum is only 

present in the CA3 region and contains the dendrites of pyramidal neurons that synapse with 

mossy fibers. Synapses of Schaffer collaterals with CA1 pyramidal neurons are contained 

throughout the stratum radiatum and stratum oriens. Inhibitory interneurons are scattered 

throughout all subfields and regulate the activity of surrounding inputs. Additional inputs arising 

directly from the entorhinal cortex through the perforant path or the temporoammonic pathway 

reach the SLM of the CA3 or CA1, respectively, where they synapse to distal apical dendrites of 

pyramidal neurons (Scharfman & Myers, 2013; C. Schultz & Engelhardt, 2014). Dopaminergic 

inputs arrive mainly to the stratum oriens and stratum radiatum of the CA1, although some 

innervation can also be found in the hilus and subiculum (Adeniyi et al., 2020; Edelmann & 

Lessmann, 2018; Lisman & Grace, 2005), while noradrenergic, serotonergic, and cholinergic 

innervations are widespread throughout the whole hippocampus (Awasthi et al., 2020; Frotscher 

& Léránth, 1985; Takeuchi et al., 2016).  
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Figure 6. The hippocampus. Schematic representation of the main afferent and efferent pathways of the 

hippocampus as well as the intrinsic circuit of the hippocampus. The main projection neurons and their 

synaptic connections within the different layers are detailed for each hippocampal subfield.  

 

2.2.2. Dopamine regulation of the limbic system  

The mesocorticolimbic dopaminergic pathway projects to limbic and cortical structures 

including amygdala, cingulate gyrus, hippocampus, NAcc, olfactory bulb, and PFC, which in turn 

project back to the midbrain (Oades & Halliday, 1987). This system plays a key role in reward-

related processes, as well as in learning and memory processes.  

Inactivation of the VTA impairs memory acquisition and consolidation, as well as 

maintenance of long-term potentiation (LTP) in the hippocampus (Ghanbarian & Motamedi, 2013; 

Wisman et al., 2008), a process related to memory encoding that is modulated by DA (Jay, 2003; 

Lisman et al., 2011) (see section 3.2.2). It has been described that novel and reward stimuli activate 

dopaminergic neurons in the VTA (McNamara et al., 2014; Shohamy & Adcock, 2010). Indeed, the 

incorporation of new memories is facilitated by dopaminergic activity, enhancing learning 
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processes in animals (Lisman & Grace, 2005; McNamara et al., 2014) and humans (Knecht et al., 

2004). Moreover, the prospect of receiving a reward improves long-term episodic memory for 

novel stimuli, in association with a coactivation of SNpc/VTA, striatum, and hippocampus (Adcock 

et al., 2006; Wittmann et al., 2005).  

Lisman and Grace suggested that the VTA and hippocampus form a functional loop that 

detects novelty and uses this novelty signal to regulate the entry of behaviorally relevant 

information into the hippocampal long-term memory storage (Lisman & Grace, 2005). Novel 

stimuli reach the hippocampus, which compares the incoming information with stored memories 

to consider whether the stimulus is novel or not. A novel stimulus will drive an excitatory output 

from the hippocampus to the NAcc, sending inhibitory projection to the ventral pallidum (VP), 

and in turn, disinhibiting dopaminergic neurons of the VTA from the tonic inhibitory tone of VP 

GABAergic neurons. The activation of VTA neurons increases DA in the hippocampus, thus 

enhancing LTP in the CA1 region (Figure 7A). However, not all events may be sufficiently relevant 

to enter into long-term memory storage. Goal-directed motivation and salience information from 

other brain structures may regulate the entry of information into long-term memories, by 

reflecting the importance of the information. The combination of information may occur in the 

NAcc, where novelty information from hippocampal inputs converges with goal-dependent 

motivational signals from the PFC, activating VTA neurons when both signals coincide. What is 

more, dopaminergic neurons in the VTA could detect signal coincidence themselves, as they 

receive direct information from PFC, together with the aforementioned hippocampal-NAcc-VP 

inputs (Figure 7A). Thus, DA ensures that long-term memory only occurs for behaviorally relevant 

inputs. 

Similarly, rewards and aversive stimuli may also activate VTA-hippocampal connections 

(Calabresi et al., 2013; Lisman et al., 2011; Shohamy & Adcock, 2010). During reward processing, 

the hippocampus and PFC compete for the activity of the NAcc (Goto & Grace, 2008), which in 

turn leads to increased activity of VTA neurons. The excitatory inputs from the hippocampus and 

PFC are modulated by different DA receptors in the SPNs of the NAcc, with postsynaptic D1Rs 

regulating hippocampal inputs and presynaptic D2Rs PFC inputs (Goto & Grace, 2005). Thus, 

rewards, by increasing DA release, facilitate hippocampal drives over PFC inputs helping to 

maintain behaviors that lead to that reward (Figure 7B). By contrast, the absence of reward 

decreases dopaminergic activity, facilitates PFC inputs, and reduces hippocampal inputs, which 

leads to increased flexibility to shift behavior towards better outcomes (Grace et al., 2007; W. 

Schultz, 2002). 
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Figure 7. VTA-hippocampus loop. A) On the one side of the loop, the hippocampus processes stimuli to 

consider novelty. Novel inputs send excitatory signals to the NAcc, where the information combines with 

goal-directed motivation and salience signals from the PFC. Activation of NAcc sends inhibitory signals to 

the VP, which in turn inhibits VTA neurons. On the other side of the loop, activation of VTA increases 

dopamine release in target nuclei, including the hippocampus where dopamine potentiates LTP in the CA1 

region, thus facilitating memory processing.  B) During reward and novel stimuli processing, dopamine 

facilitates hippocampal excitatory inputs over the PFC inputs, potentiating dopaminergic activity in the VTA. 

Green arrows represent excitatory glutamatergic projections, red arrow inhibitory GABAergic projections, 

and blue arrows modulatory dopaminergic projections. Abbreviations: NAcc, nucleus accumbens; PFC, 

prefrontal cortex; VP, ventral pallidum; VTA, ventral tegmental area.  

 

2.2.3. Dysregulation of the limbic system in Parkinson’s Disease 

Great effort has been made to understand the role of DA in limbic and cortical regions of 

the brain, as well as to unravel the pathophysiology behind the non-motor features of PD. 

Functional magnetic resonance imaging (MRI) studies have identified abnormal functional 

connectivity in PD patients since its earliest phase (Mishra et al., 2020; Sreenivasan et al., 2019). 

Recently, Caminiti and coworkers showed extensive axonal damage and loss of nigrostriatal 

pathway connectivity in early PD patients (Caminiti et al., 2017). Interestingly, in the same study, 

axonal damage was also reported in the mesolimbic system although to a lesser extent than in 

the nigrostriatal pathway. During this period, the dopaminergic treatment that restores DA in the 

denervated nigrostriatal circuit may overdose the mesocorticolimbic pathways (Cools et al., 2001). 

Indeed, functional and structural alterations in the mesocortical and limbic reward-related areas 

have been described in PD patients with ICD. Several positron emission tomography (PET) studies 

described reduced DA transporter (DAT) levels, indicative of dopaminergic degeneration, in the 
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ventral striatum of PD patients with ICD (Cilia et al., 2010; Navalpotro-Gomez et al., 2019; Voon et 

al., 2014) as well as reduced cortico-striatal connectivity (Carriere et al., 2015) and dynamic 

functional engagement of local connectivity involving the limbic circuit (Navalpotro-Gomez et al., 

2020). Moreover, ICDs in PD are considered hyperdopaminergic disorders, with increased release 

of DA in the ventral striatum (Steeves et al., 2009), as well as overall increased activity of the brain 

reward system including the hippocampus, orbitofrontal cortex, and amygdala (Cilia et al., 2008). 

According to reward processing within the VTA-hippocampus loop, hyperactivity of the loop 

could potentiate hippocampal and mesolimbic inputs and facilitate particular responses or 

behaviors over others, leading to impulsivity (Calabresi et al., 2013) (Figure 7B). Moreover, reversal 

learning and decision-making processes in PD patients are worsened by dopaminergic 

replacement therapy (Frank et al., 2004). By contrast, neuropsychiatric symptoms such as 

depression, anxiety, and apathy, are considered hypodopaminergic syndromes, where a decrease 

in DA transmission would reduce mesolimbic and hippocampal activity, thus reducing motivation 

(Calabresi et al., 2013). 

With the progression of PD, dopaminergic denervation gradually expands to limbic and 

cortical areas. Thus, an imbalance in DA transmission in the cortical and limbic systems may also 

be involved in cognitive impairment and dementia in PD. Structural MRI studies have described 

higher levels of atrophy in frontal, temporal, parietal, and occipital lobes as well as in the 

hippocampus, amygdala, caudate, putamen, and thalamus in PD patients with MCI and PDD 

compared to cognitively normal PD patients and control subjects (Martín-Bastida et al., 2021). 

Specifically, hippocampal atrophy has been associated with memory impairment and progression 

into dementia (Filippi et al., 2020; Jokinen et al., 2010; Kandiah et al., 2014; Mak et al., 2015; Pereira 

et al., 2013). Interestingly, other studies found hippocampal atrophy also in non-demented PD 

patients compared to healthy controls (Camicioli et al., 2003; Oh et al., 2021; Xu et al., 2020), even 

at early stages of PD without medication (Beyer et al., 2013; Brück et al., 2004). MCI in PD patients 

mainly affects executive functions, which depend on the connections between the dorsal striatum 

and the PFC, and are partially restored with DA replacement therapy (Kehagia et al., 2010; 

O’Callaghan & Lewis, 2017). On the other hand, PDD is associated with more severe deficits in 

executive function as well as visual-spatial constructional deficits and recognition, semantic, and 

episodic memory loss (Kehagia et al., 2010; Schapira et al., 2017). It has been described a greater 

loss of mesolimbic dopaminergic projecting neurons in PDD patients, as well as reduced gray 

matter in cortical regions, hippocampus, and striatum, and impaired connectivity between brain 

regions supporting executive function, attention, and memory (Gratwicke et al., 2015; Zarei et al., 

2013). However, the role of DA in cognitive impairment related to PD remains largely unknown, 

and other neurotransmitter systems such as the cholinergic, noradrenergic, and serotonergic 
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systems, have been proposed to participate in the pathophysiology of non-motor features of PD. 

Of note, the spreading of Lewy pathology along with neurofibrillary tangles and β-amyloid 

plaques is associated with cognitive decline and dementia (Irwin et al., 2013; C. Smith et al., 2019).  

 

 

3. Synapse and Synaptic Plasticity 

3.1. The synapse 

Santiago Ramón y Cajal proposed that neurons are not continuous throughout the body, 

they communicate with each other instead, an idea that contributed to the formulation of the 

Neuron Doctrine by Waldeyer in 1891 (Jones, 1999; Waldeyer, 1891). However, the term "synapse" 

was not introduced until 1897 by the neurophysiologists Foster and Sherrington (Foster & 

Sherrington, 1897). Synapses are now described as the intercellular junctions between a 

presynaptic neuron and a postsynaptic neuron (Südhof, 2012b). They are used to transmit signals 

between neurons in the CNS allowing an organized flux of information through the brain and are 

considered highly dynamic structures in terms of number, structure, molecular constituents, and 

functional properties (Lepeta et al., 2016).  

There are two fundamentally different types of synapses: electrical and chemical synapses. 

In an electrical synapse, the cytoplasm of the presynaptic and postsynaptic neurons is connected 

by gap junctions, clusters of intercellular channels capable of rapid transfer of electric current. 

However, these synapses are not prevalent in the mammalian CNS. Chemical synapses are 

composed of a presynaptic terminal, the synaptic cleft, and the postsynaptic terminal and are 

based on the release of neurotransmitters from the presynaptic terminal and its detection by 

postsynaptic receptors, a process that requires a complex and tight regulation (Alcamí & Pereda, 

2019; Purves et al., 2004) (Figure 8).  

 

3.1.1. The presynaptic terminal 

The presynaptic nerve terminal contains specialized secretory machinery that releases 

neurotransmitters by SV exocytosis in response to an action potential. By receiving an action 

potential, Ca2+ channels open, thereby allowing an influx of Ca2+ into the presynaptic terminal that 

promotes the assembly of the SNARE complex (Südhof, 2013). Ultimately, this molecular 

machinery will trigger SV trafficking from the closest pool, the readily releasable pool, to be 

tethered, docked, and fused to the presynaptic terminal called the active zone, for subsequent 
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release of neurotransmitters in the synaptic cleft (Südhof, 2012b; Südhof & Rizo, 2011). In addition 

to the SNARE complex, a subfamily of highly conserved small GTPases called Rab is implicated in 

intracellular trafficking of vesicles and the recruitment of SVs in the active zone (Binotti et al., 

2016). After exocytosis, the SV membrane is retrieved from the synaptic cleft by endocytosis, either 

via clathrin-dependent slow or via clathrin-independent fast modes of endocytosis (Saheki & De 

Camilli, 2012). The SVs are locally loaded with neurotransmitters, hence being recycled to allow 

another round of exo-endocytotic membrane cycle. This mechanism allows the neurons to sustain 

a high firing rate without depletion of the SV pools (Gross & von Gersdorff, 2016; Saheki & De 

Camilli, 2012) (Figure 8). According to the type of neurotransmitter released, chemical synapses 

can be further classified into glutamatergic, dopaminergic, GABAergic, cholinergic, etc. (Purves et 

al., 2004). Of note, α-syn maintains neurotransmitter homeostasis by regulating different steps of 

this exo-endocytic cycle (Bridi & Hirth, 2018), as will be detailed in section 4.2.  

 

3.1.2. The synaptic cleft  

The synaptic cleft is the space between the pre- and the postsynaptic compartments. It 

contains cell-adhesion molecules (CAMs) involved in trans-cellular signaling and cell adhesion 

functions important for synapse formation, alignment of the pre- and postsynaptic compartments, 

and regulation of synaptic transmission (Südhof, 2018). CAMs are tethered to the pre- or 

postsynaptic membrane by a transmembrane domain or a glycosylphosphatidylinositol anchor 

and extend their extracellular domains into the synaptic cleft to interact with protein partners of 

the same or different CAM families. Additionally, CAMs can interact with non-adhesion molecules 

such as receptors, channels, and secreted factors as well as intracellular proteins, integrating into 

the presynaptic and/or postsynaptic machinery and organizing synaptic protein networks 

(Rudenko, 2017) (Figure 8). Several families of CAMs have been described to play a role in 

synapses, of which the Neurexin (Nrx) family has been extensively characterized (Südhof, 2017). 

Nrxs are encoded by three different genes (Nrx1-3) and expressed as long (α) and short (β) 

isoforms driven by alternative promotors, giving rise to thousands of isoforms in the brain. Nrxs 

are presynaptic CAMs that dynamically interact with several postsynaptic ligands such as 

neuroligins and leucine-rich repeat transmembrane proteins, as well as presynaptic and soluble 

adaptor proteins. Moreover, different Nrx isoforms have been described to affect synaptic 

transmission by controlling glutamatergic postsynaptic receptors at excitatory synapses (Dai et 

al., 2019).  
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3.1.3. The postsynaptic terminal 

The postsynaptic terminal is specialized to receive the neurotransmitter signal and 

transduce it into electrical and biochemical changes in the postsynaptic cell, that may either excite 

or inhibit them, allowing further classification of synapses as excitatory and inhibitory synapses, 

respectively. The neurotransmitters bind to receptors that are concentrated at the postsynaptic 

membrane and are embedded in a dense and rich protein network known as the postsynaptic 

density (PSD). The PSD is a highly dynamic structure with varying molecular composition between 

different neuronal cell types and brain regions. Generally, it is comprised of anchoring and 

scaffolding molecules, cytoskeletal components, as well as receptors and enzymes involved in 

biochemical signaling pathways (Sheng & Kim, 2011) (Figure 8). Scaffolding molecules include 

membrane-associated guanylate kinases (MAGUKs), Shank and Homer protein families, which 

contain multiple protein-protein interaction domains (PDZ domains), while the most abundant 

protein is the enzyme Ca2+/calmodulin-dependent protein kinase II (CaMKII), which plays an 

important role in the response to neural activity (Dosemeci et al., 2016).  There are two major 

classes of neurotransmitter receptors in the PSD, metabotropic and ionotropic receptors. 

Metabotropic receptors are GPCRs, which upon binding of the neurotransmitter trigger a variety 

of downstream intracellular signaling pathways. Among others, DA receptors (D1-5), as well as 

metabotropic glutamate receptors (mGluR1-8), belong to this family. On the other hand, 

ionotropic receptors are ligand-gated ion channels involved in fast synaptic transmission. The 

binding of the neurotransmitter to the receptor triggers the opening of the channel, ultimately 

leading to changes in the membrane potential, which can be depolarizing (excitatory) or 

hyperpolarizing (inhibitory). In excitatory synapses, the most abundant ionotropic receptors are 

AMPARs and N-Methyl-D-aspartic acid receptors (NMDARs) (Beaulieu & Gainetdinov, 2011; 

Grubbs, 2008; Scheefhals & MacGillavry, 2018).  

AMPARs are glutamate-gated ion channels that mediate the majority of fast excitatory 

synaptic transmission in the brain. Four subunits (GluA1-4) encoded by different genes assemble 

into tetramers to form the functional ion channel. Different subunit combinations confer unique 

cellular trafficking and biophysical properties to AMPARs. As such, GluA2-containing AMPAR 

insertion is rapid and constitutively active while GluA1-containing AMPAR insertion is slower and 

stimulated by neuronal activity. GluA2 subunit also confers Ca2+ impermeability to AMPARs due 

to a conversion of a glutamine residue into arginine in the channel pore (Shepherd & Huganir, 

2007). In hippocampal CA1 neurons, GluA1/GluA2 and GluA2/GluA3 heteromers are the most 

common subunit combinations, with a small contribution of GluA1/GluA3 heteromers and GluA1 

homomers (W. Lu et al., 2009; Wenthold et al., 1996). Moreover, single-channel properties and 
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synaptic expression of AMPARs are highly regulated by posttranslational modifications such as 

phosphorylation and palmitoylation, as well as the interaction with additional proteins known as 

auxiliary subunits such as transmembrane AMPAR regulatory proteins (TARPs) and the cornichon-

like proteins CNIH2/CNIH3. These auxiliary proteins interact with scaffolding proteins of the PSD 

such as MAGUKs, stabilizing AMPARs to the cell membrane and targeting them to the PSD 

(Diering & Huganir, 2018). 

NMDARs are ligand- and voltage-gated ion channels with high permeability for Ca2+. They 

require the binding of glutamate, released from the presynaptic terminal, and the co-agonist 

glycine or D-serine, which are thought to be continuously present. Additionally, at resting 

membrane potential, NMDARs are blocked by Mg2+, which upon depolarization of the 

postsynaptic membrane dissociates, allowing the opening of the channel (Hansen et al., 2018).  

Thus, NMDARs contribute only slightly to the postsynaptic response during basal synaptic activity 

but are crucial for the induction of long-term forms of synaptic plasticity (Citri & Malenka, 2008). 

Seven genes encode for the NMDAR subunits, one GluN1, four GluN2A-D, and two GluN3A-B, 

which assemble into heterotetramers to form the functional ion channel. Typically, GluN1 

subunits, which are necessary for the proper assembly and surface delivery of NMDARs, associate 

with GluN2 subunits or a mixture of GluN2 and GluN3 subunits, which confer distinct biophysical 

properties. For example, GluN2A- and GluN2B-containing NMDARs have higher single-channel 

conductance and Ca2+ permeability, and are more sensitive to Mg2+ blockade than GluN2C- and 

GluN2D-containing receptors, while the incorporation of GluN3 subunits confers decreased Mg2+ 

blockade (Paoletti et al., 2013). In hippocampal CA1 neurons, GluN1/GluN2A and GluN1/GluN2B 

heteromers are the most common subunit combinations, with GluN2A-containing receptors 

being predominant during adulthood. Additionally, several posttranslational modifications such 

as phosphorylation at different subunits regulate functional properties and subcellular localization 

of NMDARs (Traynelis et al., 2010).  
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Figure 8. Structure of a chemical synapse. In the presynaptic terminal, the synaptic vesicle (SV) cycle 

regulates the release of the neurotransmitter. Upon an incoming action potential, voltage-gated Ca2+ 

channels open, allowing the entrance of Ca2+ into the presynaptic terminal. This activates molecular 

machinery including the SNARE complex proteins that recruit SVs from the proximal resting and recycling 

pools via trafficking and tethering to form the readily releasable pool. After docking and priming, the readily 

releasable pool of vesicles undergoes SNARE-mediated membrane fusion at the active zone, ultimately 

leading to neurotransmitter release into the synaptic cleft. After exocytosis, the SV membrane is retrieved to 

the presynaptic terminal via endocytosis, to be filled with neurotransmitter molecules and re-enter the exo-

endocytotic cycle. In the synaptic cleft, CAMs tethered to the pre- or postsynaptic membrane interact with 

protein partners for the proper alignment of the pre- and postsynaptic compartments and the regulation of 

synaptic transmission. In the postsynaptic spine, neurotransmitters bind to ionotropic and metabotropic 

receptors that are embedded at the postsynaptic density (PSD). The PSD also contains scaffolding proteins, 

actin cytoskeleton, and signaling proteins, of which CaMKII is the most abundant enzyme. Receptors in the 

post-synaptic membrane are recycled by exo- and endocytosis cycles in extrasynaptic sites and subsequent 

lateral diffusion into the PSD.     

 

3.2. Synaptic plasticity  

Activity-dependent remodeling of synaptic efficacy and neuronal connectivity is a 

remarkable property of synaptic transmission and a characteristic of plastic events in the CNS. 

Synapses are extremely dynamic structures that are constantly being formed, eliminated, and 

reshaped. In fact, adaptive reorganization of neuronal connectivity, which allows the acquisition 
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of new information, both during development and in the mature brain, is based upon the 

strengthening of existing synapses, the formation of new synapses, and the destabilization of 

previously established synaptic contacts (Holtmaat & Caroni, 2016). Thus, synaptic transmission 

can be either enhanced or depressed by activity, and these changes span temporal domains 

ranging from milliseconds to hours, days, and presumably even longer (Citri & Malenka, 2008). 

Short-term synaptic plasticity is the enhancement or depression of synaptic transmission 

lasting between a few milliseconds to several minutes. Observed in virtually all synapses, it is 

thought to play an important role in sensory input processing, transient behavioral changes, and 

short-lasting forms of memory (Citri & Malenka, 2008). Short-term synaptic plasticity depends on 

presynaptic mechanisms involving changes in the probability of neurotransmitter release after a 

transient increase of intracellular Ca2+ concentration in the presynaptic terminal (Zucker & Regehr, 

2002). 

Long-term synaptic plasticity is the activity-dependent modification of synaptic strength, 

lasting from hours to days. Excitatory synapses can be bidirectionally modified by different inputs, 

potentiating (LTP) or weakening (long-term depression, LTD) synaptic transmission (Citri & 

Malenka, 2008). These long-lasting forms of synaptic plasticity depend mainly on postsynaptic 

mechanisms with AMPAR insertion or removal from the synaptic membrane in LTP and LTD 

respectively, followed by new RNA and protein synthesis for long-term maintenance (Ho et al., 

2011).  

LTP was first described experimentally in the rabbit hippocampus by Bliss and Lomo in 

1973 after applying a high-frequency stimulation at the perforant path resulting in a long-lasting 

potentiation of synaptic transmission (Bliss & Lomo, 1973). Several decades of research in the field 

have helped understand the characteristics and molecular mechanisms underlying the long-

lasting strengthening of synapses confirming Hebb’s theoretical model (Hebb, 1949) and 

describing the following characteristics of LTP: 1) cooperativity, where even though LTP cannot be 

generated with a single weak excitatory stimulus, simultaneous stimulation of several afferent 

axons may reach the threshold required to induce LTP; 2) associativity, where a weak input can be 

potentiated when it is activated in association with a strong input; and finally, 3) input specificity, 

where LTP can only be elucidated at the activated synapses, but not at adjacent synapses (Baltaci 

et al., 2019; Citri & Malenka, 2008).  

Since the first description of LTP, several forms of long-lasting potentiation have been 

described at different brain regions and neuronal populations, trigged by different molecular 

mechanisms. The most extensively studied form of synaptic plasticity is NMDAR-dependent LTP 
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in excitatory synapses on the CA1 pyramidal neurons of the hippocampus, due to its relationship 

with long-term memory. This form of LTP depends on postsynaptic mechanisms, with the 

stimulation of NMDAR being a key step for LTP induction and subsequent AMPAR increase 

required for LTP expression. The activation of NMDAR has also been described to participate in 

the induction of LTP in other brain regions such as the striatum (Calabresi et al., 1992) and cortex 

(Liauw et al., 2005). On the other hand, presynaptic mechanisms have been described to 

participate in the induction and expression of LTP in other brain areas such as the synapses 

between the granule cells of the DG and the CA3 pyramidal neurons of the hippocampus (Nicoll 

& Schmitz, 2005). In these synapses, an overall increased influx of Ca2+ through different voltage-

gated Ca2+ channels into the presynaptic terminal triggers the enhancement of glutamate release, 

crucial for LTP expression (Castillo, 2012).  

 

3.2.1. NMDAR-dependent LTP 

Glutamate release from the presynaptic terminal trigged by a massive entrance of Ca2+ 

after an action potential activates postsynaptic AMPARs allowing the entrance of cations and 

generating a postsynaptic excitatory response. If the response reaches a certain threshold, the 

postsynaptic membrane depolarizes, removing the Mg2+ blockade and allowing the activation of 

NMDARs as well. The entrance of Ca2+ through NMDARs rises intracellular concentrations of this 

ion, triggering several molecular signaling cascades. Overall, Ca2+ signaling leads to an increase 

in AMPAR activity through a direct increase in single-channel conductance and the recruitment 

of additional AMPARs to the synaptic membrane (Baltaci et al., 2019; Citri & Malenka, 2008). One 

of the most important steps in LTP induction is the activation of CaMKII by autophosphorylation 

following the binding of the Ca2+/calmodulin complex. This step is sufficient and necessary for 

LTP induction as blockade or genetic deletions impair LTP, which are rescued by exogenous 

CaMKII enzymatic activity (Incontro et al., 2018; Lisman et al., 2012). CaMKII phosphorylates 

AMPARs increasing their single-channel conductance (Kristensen et al., 2011), and at the same 

time phosphorylates TARPs, enabling the exocytosis of AMPARs from endocytic reserve pools into 

the plasma membrane at extrasynaptic sites, and subsequent lateral movement of AMPARs within 

the plasma membrane to the PSD (Hayashi et al., 2000; Horak et al., 2014; W. Lu et al., 2010).  

During the last years, CAMs are emerging as important regulators of AMPAR and 

NMDARs trafficking, synaptic targeting, and conductivity. It has been suggested that CAMs 

anchoring NMDARs to the PSD participate in LTP induction, while CAMs interacting with AMPARs 

participate in LTP maintenance by promoting their stabilization in the synaptic membrane (Keable 
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et al., 2020). Moreover, neural activity increases cell surface and synaptic levels of CAMs such as 

Nrx1β, NLGN1, and NLGN3 (Rudenko, 2017).  

Activation of several kinases has also been described to participate in LTP maintenance 

and consolidation for hours or days during the so-called “late phase of LTP” (Baltaci et al., 2019). 

One of the key players in LTP maintenance is PKMζ, a constitutively active isoform of protein 

kinase C (PKC), which prevents AMPAR endocytosis and lateral diffusion away from the synapses 

(Sacktor, 2011). Additionally, activation of other kinases such as protein kinase A (PKA), CaMKIV, 

and mitogen-activated protein kinase (MAPK) is critical for the activation of key transcription 

factors such as cyclic AMP-responsive element-binding protein (CREB), and the signal 

transduction to the nucleus to sustain changes in gene expression for time periods extending 

beyond the initial stimulus (Ho et al., 2011). Indeed, this late phase of LTP depends on de novo 

protein and mRNA synthesis (Holt et al., 2019; Vickers et al., 2005). Moreover, several mRNAs can 

be found in dendrites, such as those coding for GluA1 and GluA2 subunits of AMPARs, and CaMKII, 

which are locally translated into proteins following LTP induction (Ju et al., 2004; Miller et al., 2002).  

This functional strengthening of the postsynaptic response is accompanied by structural 

changes after LTP induction. In the presynaptic terminal, the active zone is enlarged, accompanied 

by a remodeling of SV pools, increasing and positioning recycled vesicles closer to the active zone 

(Bell et al., 2014; Rey et al., 2020). In the postsynaptic compartment, rapid enlargement of the 

dendritic spine is triggered, based on actin polymerization and regulated by Rho GTPases (Bosch 

et al., 2014; Murakoshi et al., 2011). 

 

3.2.2. Dopamine: LTP modulator 

DA exerts its effects by stimulating five different DA receptors (D1-D5), all of them 

corresponding to the GPCR superfamily. Based on their structural, pharmacological, and 

biochemical properties, DA receptors have been classified into two types. D1-like DA receptors 

include D1R and D5R, which are exclusively expressed postsynaptically and stimulate Gs/olf, 

promoting cyclic adenosine monophosphate (cAMP) production by adenylyl cyclase and the 

consequent activation of PKA signaling. On the other hand, D2-like DA receptors include D2R, 

D3R, and D4R, which are expressed both pre- and postsynaptically and stimulate Gi/o, decreasing 

adenylyl cyclase activity, and thus, PKA signaling (Beaulieu & Gainetdinov, 2011).  

In the striatum, where the highest concentration of dopaminergic innervations exists, DA 

is required for the induction of both forms of long-term plasticity, LTP and LTD.  In this brain 

nucleus, LTP induction depends on the activation of NMDARs as well as D1Rs, whereas D2Rs 
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negatively modulate LTP. By contrast, LTD induction in the striatum depends on mGluRs and 

requires the synergistic activity of both D1Rs and D2Rs (Calabresi et al., 1992; Calabresi et al., 

2007). Interestingly, LTP and LTD require different levels of striatal DA. The injection of the 

neurotoxins 6-hydroxydopamine (6-OHDA) in rodents leads to a degeneration of dopaminergic 

neurons and the consequent depletion of DA in the striatum. Full depletion of DA completely 

abolished both LTP and LTD, however, partial DA denervation only impaired LTP maintenance 

without altering LTP induction or LTD induction and maintenance (Paille et al., 2010).   

In the hippocampus, there is also ample evidence of DA modulating long-term synaptic 

plasticity processes. DA is required for long-term maintenance of both LTP and LTD in 

hippocampal slice preparations (Edelmann & Lessmann, 2018) as well as in freely moving rats 

(Lemon & Manahan-Vaughan, 2006). DA depletion after the injection of neurotoxins such as 6-

OHDA and MPTP in rodents also affects the levels of this neurotransmitter in the hippocampus 

(Costa et al., 2012; Zhu et al., 2011). These animals present impairment in hippocampal LTP without 

deficits in basal synaptic transmission in electrophysiological in vivo recordings as well as in ex 

vivo hippocampal slices, which could be rescued with L-DOPA subchronic administration in vivo 

or bath application in ex vivo slices (Bonito-Oliva et al., 2014; Costa et al., 2012; Esmaeili-Mahani 

et al., 2021; Jalali et al., 2020; K.-W. Lu et al., 2017; Moriguchi et al., 2012; Pendolino et al., 2014; 

Zhu et al., 2011).  

The role of DA in the late phase of LTP is thought to be mediated by D1-like receptors, as 

D1R/D5R antagonists (Lisman et al., 2011; O’Carroll & Morris, 2004) as well as genetic deletions 

of the D1R (Granado et al., 2008) or D5R (Moraga-Amaro et al., 2016) block LTP in the CA1 region 

of the hippocampus. Moreover, D1/D5 antagonists block the effect of L-DOPA in LTP recovery in 

6-OHDA lesioned rats (Costa et al., 2012). Direct protein-protein interaction between NMDARs 

and D1Rs has been described, with D1Rs inhibiting NMDAR-mediated currents (Lee et al., 2002) 

and NMDARs enhancing surface expression and function of D1Rs in cultures hippocampal 

neurons (Pei et al., 2004). Activation of D1-like receptors has also been shown to increase AMPAR 

surface expression and synaptic transmission as well as local translation of the GluA1 subunit (W. 

B. Smith et al., 2005). Moreover, D1-like receptors activate adenylyl cyclase, rising cAMP levels and 

activating downstream signaling pathways including PKA and MAPK, which promote the 

expression of different genes related to synaptic plasticity (Granado et al., 2008; Huang & Kandel, 

1995; Sarantis et al., 2009). Thus, coactivation of NMDARs with D1R/D5R may result in a synergistic 

downstream signaling activation critical for LTP maintenance. Additionally, some studies suggest 

that DA may also play a role in LTP induction, as D1/D5R agonists and antagonists enhance and 
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decrease the early phase of LTP, respectively (Otmakhova & Lisman, 1996), and genetic deletion 

of D1R also impair the induction of LTP (Granado et al., 2008).  

Activation of D2-like receptors has also been implicated in LTP processes, as D2R 

antagonists and genetic deletions inhibit LTP in the CA1 region of the hippocampus (Frey et al., 

1990; Rocchetti et al., 2015). In this region, D2Rs are mainly expressed in GABAergic interneurons 

(Puighermanal et al., 2015; Q. Yu et al., 2019), thus, it has been suggested that activation of D2Rs 

reduces GABA synthesis in the hippocampus (Steulet et al., 1990) allowing for LTP to occur 

(Wigström & Gustafsson, 1983). Although less understood, the D3Rs and D4Rs may also play a 

role in hippocampal LTP. Stimulation of D3Rs in the hippocampus has been shown to decrease 

GABAergic interneuron activity and, thus, stimulate glutamatergic activity (Hammad & Wagner, 

2006; Swant et al., 2008), however, chronic treatment with the agonist PPX, which has greater 

selectivity for the D3Rs than D2Rs, has been described to inhibit LTP (Schepisi et al., 2016). The 

effect of D4Rs in hippocampal LTP is also controversial, with some studies showing facilitation of 

LTP (F. Guo et al., 2017), while others describe an inhibition (Navakkode et al., 2017).  

 

3.3. Synaptic dysfunction in Parkinson’s Disease 

Synaptic dysfunction is emerging as one of the early and major neurobiological events in 

PD and several lines of evidence suggest that accumulation of α‐syn in presynaptic terminals plays 

a central role in this process. In fact, numerous recent reports show aggregation of α-syn at 

synapses and, consequent alterations in synaptic function and structure confirm synaptic α-

synucleinopathy as a primary event in the pathogenesis of PD (Bridi & Hirth, 2018; Calo et al., 

2016; Ghiglieri et al., 2018). It has been proposed that the pathogenesis process underlying PD 

may feature a dying-back mechanism of cell degeneration, in which cell death is a consequence 

of early impairment of synaptic function and axon degeneration and retrograde progression of 

the pathology, as it has been described in other neurodegenerative diseases (Tagliaferro & Burke, 

2016).  

The first evidence that axons were affected in PD came from the study of Braak and 

coworkers. They demonstrated that α-syn inclusions were not only present in LB inclusions at the 

neuron soma, but also present in LNs and that the accumulation of α-syn at the axonal processes 

preceded that in cell bodies (Braak et al., 1999, 2003). Moreover, post-mortem studies have shown 

that nearly 90% of α-syn aggregates are located at synapses in the frontal cortex of other 

synucleinopathies (Kramer & Schulz-Schaeffer, 2007; Schulz-Schaeffer, 2010; Tanji et al., 2010) and 

significant synaptic pathology with almost complete loss of dendritic spines is observed at the 
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postsynaptic areas (Kramer & Schulz-Schaeffer, 2007; Zaja-Milatovic et al., 2005). These 

observations were confirmed by recent PET studies with the novel radiotracer [11C]-UCB-J showing 

decreased synaptic vesicle 2A (SV2A) distribution in the SN and striatum as well as in several 

cortical areas since the early stages of PD (Matuskey et al., 2020; Wilson et al., 2020). Interestingly, 

nigrostriatal dopaminergic neurons exhibit particularly extensive unmyelinated axon arborizations 

with a large synaptic tree, which requires a great amount of energy and places them close to their 

maximum capacity (Pacelli et al., 2015; Pissadaki & Bolam, 2013). It has been proposed that in the 

presence of PD-associated risk factors, the highly branched axonal domain may be particularly 

vulnerable, triggering synaptic and cellular dysfunction ultimately leading to neurodegeneration 

(Wong et al., 2019).   

With the progression of the disease, Lewy pathology spreads to limbic and cortical areas 

correlating with dementia in PD patients (Halliday et al., 2014). In a combined 2-Deoxy-2-[18F]-

fluoroglucose ([18F]-FDG) PET and MRI study, cortical glucose hypometabolism was related to MCI 

in PD patients, which was replaced by atrophy or loss of volume of grey matter with surrounding 

areas of hypometabolism in patients with PDD (González-Redondo et al., 2014). These results 

suggest that hypometabolism in PD predates and is replaced by atrophy in a progressive and 

expanding manner as the cognitive state worsens. Since synapses are the physiologically most 

active compartments of neurons, hypometabolism would reflect a synaptic dysfunction that if it 

were maintained over time would lead to a loss of synaptic terminals and ultimately to neuronal 

degeneration, which would be detected as atrophy, representing two steps of the same process 

(González-Redondo et al., 2014).  

Several synaptic proteins were found altered in the cerebrospinal fluid (CSF) of PD 

patients. Increased levels of SNAP-25 were described (Bereczki et al., 2017), as well as decreased 

levels of proteins related to neurotransmitter secretion (CHGA, SCG2, and VGF), synaptic plasticity 

(NPTX1), and endolysosomal autophagy system (AP2B1 and ubiquitin) (Lerche et al., 2021). 

Decreased CSF levels of the postsynaptic protein neurogranin were recently proposed as a 

biomarker for parkinsonian disorders including PD and PDD (S. Hall et al., 2020), however, other 

studies have reported increased (Bereczki et al., 2017) or even unchanged (Wellington et al., 2016) 

levels of this synaptic protein in CSF.  

In addition, the expression levels of a range of proteins involved in synaptic transmission 

were found to be altered in post-mortem tissue from PD patients. A pathological study showed 

that in incidental PD brains (the presence of LBs without the clinical development of PD) there are 

already altered molecular events in the SN related to oxidative damage, suggesting that the 

pathological process precedes clinical diagnosis by years (Dalfó et al., 2005). In another study, 
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incidental PD brains at Braak stages I and II showed downregulation of Synapsin 2, complexin 2, 

and synphilin 1 gene expression and upregulation of synapsin 3, synaptophysin, synaptotagmin 2 

in the SN (Dijkstra et al., 2015). A proteomic study in the SN of PD patients showed overexpression 

of proteins associated with the cytoskeleton, and downregulation of proteins involved in energy 

metabolism, mitochondrial function, intracellular transport, synaptic activity, and translation 

(Licker et al., 2014), while another study showed downregulation of proteins involved in the 

regulation of neurotransmitters and signal release processes in the SN, and related to synapse 

organization in the striatum (Xicoy et al., 2020). Recently, the lysosomal enzyme asparagine 

endopeptidase was found highly activated in human PD brains, particularly in the SN, where it 

cleaves hα-syn giving rise to smaller fragments prone to aggregation, which are present in LBs 

(Zhentao Zhang et al., 2017). In addition, fragmentation of the presynaptic protein SYNJ1 has been 

related to presynaptic dysfunction and dopaminergic neuronal vulnerability in post mortem PD 

brains. These fragments lack the phosphoinositide phosphatase activity and the ability to interact 

with other proteins, disrupting clathrin-mediated SV endocytosis and inducing presynaptic 

dysfunction, abnormal synaptic protein clustering, and dendritic spine degeneration (Zou et al., 

2021). Apart from the nigrostriatal system, synaptic protein alterations have also been described 

in other brain regions of PD patients. In the hippocampus, a combined proteomic and 

stereological study showed altered synaptic proteins (CASKIN-1, TMEM163, REEP2, AHA-1, δ2-

catenin, PHYHIPL, and α-1-syntrophin) in PD patients without overt hippocampal 

neurodegeneration (Villar-Conde et al., 2021). Additionally, a proteomic and ELISA study in PFC 

tissue from PDD patients, reflecting a more advanced PD stage, showed downregulation of various 

synaptic proteins (SV2C, NRGN, CBLN4, BDNF, GAP43, SNAP47, LRNF2, SYT2) (Bereczki et al., 

2018). Together, these studies demonstrate synaptic impairment at the protein level in several 

brain regions across different stages of PD, suggesting that both motor and non-motor features 

are associated with impaired synaptic communication.  

To sum up, synaptic alterations have been found to precede cell loss, thus, pointing to 

synapses as the primary region in the onset of pathology in PD. Moreover, synaptic alterations 

extend to limbic and cortical regions apart from the nigrostriatal system, which may contribute to 

the progression of the disease as well as to the development of non-motor signs. Thus, 

understanding the mechanisms of synapse alterations in PD may help find treatments to prevent 

synaptic loss and restore synaptic function before neuronal death, delaying PD progression and 

the onset of non-motor features.  
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4. α-Synuclein 

4.1. Structure and location of α-synuclein 

α-Syn is a small (14 kDa) intrinsically disordered protein, encoded by the SNCA gene 

(located in the 4q21.3-q22 chromosome) and belonging to the synuclein superfamily together 

with β- and γ-synucleins. It contains 140 amino acids divided into three regions, the N-terminal 

region (residues 1-60), the central region (residues 61-95), and the C-terminal region (residues 

96-140) (Figure 9A). The N-terminal region is predicted to form amphipathic α-helices involved in 

membrane binding. These helices preferentially bind to lipids with acidic head groups, such as 

phosphatidylserine or phosphatidylinositol, and are stabilized by interactions with high-curvature 

membranes such as SVs. Several missense mutations (A53T, E46K, A30P) in this region have been 

found in familial PD, some of which affect membrane-binding properties. The central region is a 

hydrophobic non-amyloid β component (NAC) with a high propensity to form a β-rich 

conformation highly prone to aggregation. Transient intramolecular interactions between the N-

terminal and C-terminal regions shield the NAC from aggregation when α-syn is in its unfolded 

native state. The C-terminal region is highly enriched in negatively charged amino acids, and 

similar to other intrinsically disordered proteins, has no defined secondary structure, facilitating 

the solubility of the protein. This region is subjected to multiple posttranslational modifications, 

which change the charge and structure of α-syn, affecting its binding affinity to other proteins 

and lipids (Longhena et al., 2019; Rosborough et al., 2017).  

The expression and localization of α-syn are developmentally regulated. Although it is 

expressed in various peripheral tissues during human fetal development, in adults it is 

predominantly found in the nervous system and, for unclear reasons, in certain blood cells such 

as erythrocytes and platelets (Barbour et al., 2008). 

In neurons, α-syn expression is induced following determination of neuronal phenotype 

and establishment of synaptic connections and lags behind the induction of other presynaptic 

proteins. It is initially detected throughout the soma and neuronal processes, but it eventually 

becomes predominantly localized at presynaptic terminals in the postnatal brain at several 

neurotransmitter systems. In this sense, post-mortem studies have shown that α‐syn aggregates are 

located in synaptosomal protein extracts and that α‐syn pathology prominently involves the 

synaptic compartments (Schulz-Schaeffer, 2010). Despite its ubiquitous distribution through 

many brain areas, α-syn pathology does not impact all brain sites of expression but rather shows 

a prevalent effect on selectively vulnerable sites such as the nigrostriatal dopaminergic system 

(C. Wang et al., 2016). 
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Under physiological conditions, α-syn is thought to exist predominantly as an unfolded 

soluble protein in the cytosol. Some studies with multiple biophysical approaches characterized 

α-syn tetramers with α-helix structure in the cytoplasm, suggesting a significant conformational 

plasticity of α-syn, highly dependent on its surroundings and interactions with other proteins and 

lipids (C. Wang et al., 2016). Upon membrane binding, the amphipathic N-terminal region of α-

syn adopts an α-helix secondary structure, which is highly resistant to aggregation, and several α-

syn proteins combine to form higher-order multimers (Burré et al., 2014). Thus, under 

physiological conditions, α-syn exists in an equilibrium between soluble unfolded species and 

membrane-bound helical multimers (Figure 9B). 

 

 

Figure 9. α-Syn structure and conformations in physiological and pathological conditions. A) Structure 

of α-syn with its main three regions and functions: the N-terminal amphipathic region involved in membrane 

binding, the central non-amyloid β component (NAC) prone to aggregation, and the C-terminal acidic region 

which participates in protein binding. B) Physiological and pathological conformations of α-syn. Under 

physiological conditions, α-syn is a natively unfolded monomer in dynamic equilibrium with soluble 

tetramers with an α-helical secondary structure and a membrane-bound state. Upon binding to highly curved 

membranes, such as synaptic vesicles, α-syn adopts an amphipathic α-helical structure, which is associated 

with multimerization. Under pathological conditions, soluble α-syn undergoes a conformational change and 

adopts a β-sheet secondary structure prone to aggregation, giving rise to α-syn oligomers and protofibrils 

that progress to insoluble amyloid-like fibrils that ultimately accumulate and form Lewy Bodies and Lewy 

Neurites. 
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4.2. Physiological function of α-synuclein 

The function of α-syn in physiological conditions remains poorly understood. In light of 

its elevated morphological plasticity, α-syn has been proposed to behave like a hub protein, by 

interacting not only with the phospholipids of membranes but also with a variety of proteins 

(Burré et al., 2018; Longhena et al., 2019). α-Syn has been implicated in lipid homeostasis and 

membrane biogenesis, as well as in neurotransmission and synaptic plasticity, although the 

precise mechanisms remain unclear (Alza et al., 2019; Burré et al., 2018; Calo et al., 2016). On the 

one hand, both the absence and the overexpression of α-syn have been associated with disturbed 

lipid metabolism and aberrant lipid composition of membranes. Dysfunction of lipid signaling 

pathways has also been described, with decreased activity of enzymes such as phospholipase C, 

which is activated upon GPCR/Gq activation, and phospholipases D1 and D2, which play a role in 

neuronal cytoskeletal architecture and membrane receptor signaling, respectively (Alza et al., 

2019).  

On the other hand, α-syn increases the curvature of membranes (Varkey et al., 2010), and 

is preferentially localized to highly-curved small vesicles, such as ~40 nm SVs (Burré et al., 2018; 

Davidson et al., 1998). In line with these biochemical properties, it has been shown that α-syn 

participates in intracellular vesicle trafficking, probably by inhibiting the docking and/or fusion of 

vesicles to membranes, a process regulated by Rab proteins, a family of GTPases from the Ras 

superfamily (Gitler et al., 2008; M.-M. Shi et al., 2017). Furthermore, α-syn is thought to regulate 

neurotransmitter release by regulating the size, motility, and distribution of SV pools in the active 

zone of the presynaptic terminal (Scott & Roy, 2012; Vargas et al., 2017). In addition, α-syn can 

act as a chaperone molecule contributing to the assembly of the SNARE complex (Burré et al., 

2010), and the subsequent SNARE-dependent docking of SVs to the plasma membrane (Lou et 

al., 2017), which are necessary for neurotransmitter release. However, α-syn does not participate 

directly in the fusion of the SVs with the plasma membrane and the release of the neurotransmitter 

(Lai et al., 2014). α-Syn has been associated not only with exocytosis but also with clathrin-

mediated SV endocytosis (Vargas et al., 2014), supporting the role of α-syn in SV trafficking.  

Additionally, α-syn plays an important role particularly in dopaminergic neurons by 

modulating synaptic DA levels. Direct interaction between α-syn and several proteins involved in 

DA metabolism have been described, such as the inhibition of tyrosine hydroxylase (TH), the rate-

limiting enzyme of DA synthesis (Perez et al., 2002), as well as the VMAT-2 (J. T. Guo et al., 2008) 

and the DAT (Swant et al., 2011), involved in pumping cytosolic DA into SVs, and reuptake of DA 

from the synaptic cleft to the presynaptic terminal, respectively.  
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Together, these observations indicate that α-syn has an important role in maintaining 

neurotransmitter homeostasis by regulating SV fusion, clustering, and trafficking between the 

different SV pools, as well as in endocytosis and neurotransmitter reuptake and vesicle filling by 

interacting with neurotransmitter membrane transporters and other synaptic proteins. 

 

4.3. Pathological role of α-synuclein   

An increasing body of evidence from studies carried out in animal models and PD patients 

support the hypothesis that the processes underlying α-syn aggregation have a central role in the 

pathogenesis of PD (Calo et al., 2016; Ghiglieri et al., 2018). However, the molecular mechanism 

of α-syn structural transformation, the relation between different structural species and their 

functional and pathogenic roles in neuronal function and PD remains unknown. 

Under pathological conditions, α-syn adopts a β-sheet amyloid conformation in contrast 

to the α-helix conformation found in physiological conditions. The β-rich conformations have an 

increased tendency to self-assemble into amyloid oligomers and fibrils, eventually leading to 

larger aggregates up to the size of an inclusion body (Burré et al., 2018) (Figure 9B). It has been 

proposed that α-syn oligomers and small fibrils play a key role in the neurodegenerative process 

by impairing cell function and leading to neuronal death. These toxic α-syn species negatively 

impact critical cellular processes such as mitochondrial function, endoplasmic reticulum (ER) 

stress, protein folding, protein degradation, axonal transport, and presynaptic function 

(Rosborough et al., 2017). The underlying triggers of α-syn accumulation and aggregation are 

unclear. A relative overproduction of the protein, mutations that increase misfolding or 

aggregation, as well as impairment of the ubiquitin-proteasome system and the lysosomal 

autophagy system involved in protein degradation, have been proposed as initial events in α-syn 

pathology (Poewe et al., 2017).  

Moreover, α-syn oligomers and small fibrils not only cause cytotoxicity but may also 

propagate the neurodegenerative process from cell to cell. According to the prion-like hypothesis, 

toxic α-syn species can be transported intra-axonally to other brain regions and be released into 

the extracellular space, where they can be taken up by neighboring neurons. Those α-syn 

aggregates can have a seeding effect by recruiting endogenous unfolded α-syn proteins in the 

host cell and turning it into misfolded forms that will aggregate. Thus, initial α‐syn misfolding in 

a small number of cells could progressively lead to the spread of α‐syn aggregates to multiple 

brain regions over years or decades following the initial insult (Angot et al., 2010; Brundin et al., 
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2010). This is consistent with Braak’s hypothesis that α‐syn pathology gradually engages more 

brain regions as the disease progresses (Braak et al., 2003).  

 

 

5. Animal Models of Parkinsonism 

Animal models are very useful tools to study the molecular pathogenesis of PD and 

provide valuable insight into potential new targets for disease intervention. The ideal animal 

model should be progressive and reproduce the histopathological, biochemical, and 

pathophysiological features associated with PD. However, as it occurs with other 

neurodegenerative diseases, PD has not been observed spontaneously in animals. Consequently, 

the main characteristic features of the disease have been imitated in experimental animals through 

the administration of different neurotoxic agents or drugs that disrupt dopaminergic 

neurotransmission or cause similar histopathological changes associated with PD (Van Kampen & 

Robertson, 2017). 

The most commonly used animal models for the study of experimental PD are those 

resulting from exposure to neurotoxins such as 6-OHDA, MPTP, rotenone, and paraquat in rodents 

and primates. The PD toxin-based models cause an acute and rapid death of dopaminergic 

neurons and produce a DA loss phenotype without any progressing evolution of the pathology 

(Bezard et al., 2013). Of note, the administration of these toxins does not result in α-syn pathology. 

Although these traditional toxin-based models of PD have proved extremely useful in developing 

treatments for PD signs and in investigating side effects associated with DA replacement 

therapies, they do not model the molecular pathology of PD and consequently, have not 

succeeded in deepening into the neurobiological basis of the disease (Koprich et al., 2017). 

Animal models based on PD-related genes have proven useful to unravel the function of 

specific proteins as well as to understand the neurobiology of the disease (Imbriani et al., 2018). 

Of note, because of the prominent role that α-syn plays in the pathology of PD, it represents a 

particularly appealing basis for animal models development (Benskey et al., 2016). These animal 

models based on PD-related genes, specifically α-syn, represent an ideal condition to explore 

subtle alteration of synaptic activity before neuronal degeneration occurs as they offer the 

possibility to follow the synaptic events at different time points along with the disease 

progression. To date, the vast majority of work on these animal models has been performed in 

rodents, although some research has also been performed in invertebrates (Drosophila and 

Caenorhabditis elegans; Surguchov, 2021) as well as in larger mammals such as non-human 
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primates, especially with α-syn-based models (Marmion & Kordower, 2018). These animal models 

can be subdivided into transgenic models of α-syn and other PD-related genes, models of 

exogenous α-syn by inoculation of fibrils or oligomers, and by viral vector-based overexpression 

of α-syn (Gómez-Benito et al., 2020; Imbriani et al., 2018; Koprich et al., 2017). The most relevant 

PD models in the studies of synaptic dysfunction will be described in the following section. 

 

5.1. Transgenic models 

Many transgenic mouse lines overexpressing wildtype (WT) or mutant human α-syn (hα-

syn) have been generated to try to model SNCA missense mutations or multiplications described 

in PD. The majority of transgenic lines overexpressing mutant α-syn encode either A53T or A30P 

familial mutation. However, there are also double mutant transgenic lines that express both 

mutations, and a few express α-syn with modifications such as the C-terminal truncation of the 

last 20 residues (α-syn 1-120) (Koprich et al., 2017). One major difference between existing α-syn 

transgenic mice is the promoter used to control transgene expression, which includes mouse 

thymus cell antigen 1 (Thy1) promoter, human platelet-derived growth factor subunit B (PDGF) 

promoter, TH promoter, and the prion promoter (Prnp) (Garcia-Reitböck et al., 2010; Giasson et 

al., 2002; Masliah et al., 2000; Nemani et al., 2010; Tozzi et al., 2016; van der Putten et al., 2000). 

Bacterial artificial chromosome (BAC) models with upstream promoter elements have also been 

developed, often on a mouse SNCA-/- background, to drive expression of human SNCA at 

endogenous levels and to avoid potential confounding interactions with endogenous mouse α-

syn (Janezic et al., 2013). The type of promoter used will determine the type of cells where α-syn 

transgene will be expressed.  

Studies using these transgenic models have provided important insight into the synaptic 

alterations induced by α-syn. Experimental data show that the accumulation of toxic α-syn species 

causes a synaptic neurotransmitter deficiency that precedes cell death, pointing to synapses as 

the region of primary α-syn pathology in the cell. The release of DA from synaptic terminals is 

progressively impaired and is accompanied by defects in SV recycling and redistribution of SNARE 

proteins in synaptic terminals without changes in total DA content (Garcia-Reitböck et al., 2010; 

Janezic et al., 2013; Nemani et al., 2010). Thus, these studies suggest that dopaminergic 

dysfunction is not initially a direct effect of cell death or reduction of DA content, but is rather 

caused by functional impairment of neurotransmitter release at the synapse. Nevertheless, it 

remains unclear whether these functional disturbances lead eventually to anatomical 

degeneration as its temporal pattern has not been often studied.  
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Electrophysiological studies have shown altered synaptic plasticity in the striatum (Tozzi 

et al., 2012, 2016) as well as in the hippocampus (Costa et al., 2012; Nemani et al., 2010; Paumier 

et al., 2013; Singh et al., 2019; Teravskis et al., 2018) of several transgenic α-syn mice models (Table 

1). Focusing on the hippocampus, the truncated hα-syn 1-120 transgenic model showed impaired 

LTP in the CA1 region in the absence of changes in basal synaptic transmission or DA content, 

although DA metabolite homovanillic acid (HVA) and noradrenaline levels were decreased (Costa 

et al., 2012). In the same animals, spontaneous DA release from synaptic terminals was unchanged 

while evoked DA release was decreased, in line with the studies suggesting impairment of activity-

dependent neurotransmitter release. Furthermore, those animals showed hippocampal-

dependent memory deficits before the onset of motor dysfunctions, which was rescued by 

subchronic treatment with L-DOPA. More recently, it was found a different degree of synaptic 

dysfunction depending on the α-syn form, with the A53T mutation leading to a more severe 

synaptic impairment than WT or A30P α-syn forms (Singh et al., 2019; Teravskis et al., 2018). 

Transgenic mice with the A53T mutation develop a progressive synaptic dysfunction with only 

decreased probability of neurotransmitter release (decreased frequency of miniature excitatory 

postsynaptic currents -mEPSCs-) at 3 months of age, that progressed into reduced synaptic 

strength (decreased AMPAR to NMADAR currents ratio), reduced postsynaptic AMPAR function 

(decreased amplitude of mEPSCs), and inhibition of LTP at 6 months of age. These synaptic deficits 

are accompanied by behavioral deficits, with impaired cognitive functions at 6 and 12 months but 

not at 3 months (Singh et al., 2019). WT and A30P α-syn only showed presynaptic impairment 

with decreased probability of neurotransmitter release, without postsynaptic or LTP deficits 

(Teravskis et al., 2018). Spatial memory was also unaffected by the expression of WT and A30P α-

syn forms at 12 months of age (Singh et al., 2019). Thus, these results suggest that presynaptic 

dysfunction is a common feature among different α-syn forms, but the A53T mutation progresses 

to postsynaptic alteration as well, which is associated with hippocampal-dependent memory 

deficits. However, these studies were exclusively focused on the role of α-syn, and the integrity of 

the dopaminergic pathway nor the DA content were assessed.  

Some studies also suggest that α-syn may decrease basal synaptic transmission. A 

transgenic hα-syn WT model showed a rightwards shift in the input-output (I/O) relationship 

within a range of stimulus intensities, which reflects a decrease in the efficacy of neurotransmitter 

release, as well as a decrease in the paired-pulse facilitation (PPF) (Nemani et al., 2010). Another 

study with the hα-syn A53T model found the same rightwards shift in the I/O relationship but 

increased PPF. These synaptic dysfunctions preceded the onset of memory deficits although were 

not associated with LTP impairment (Paumier et al., 2013). Additionally, a transgenic mice model 
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expressing the A30P mutation showed increased LTP in the CA3 region, where LTP depends on 

presynaptic mechanisms (Gureviciene et al., 2007), and enhanced basal synaptic transmission and 

impaired LTP in the DG, where LTP depends on the activation of NMDARs (Gureviciene et al., 

2009).  

Animal models based on other PD-related genetic mutations have also proven crucial for 

an improved understanding of disease mechanisms. Most common forms of familial PD are 

associated with gain-of-function mutations in the LRRK2 gene. Several rodent transgenic models 

have been generated to overexpress WT or pathogenic variants of this gene (Seegobin et al., 

2020). Transgenic mice expressing the G2019S mutation in the LRRK2 gene show loss of 

bidirectional striatal synaptic plasticity with impaired LTP and LTD, which was associated with a 

change in AMPAR subunit composition with increased contribution of Ca2+ impermeable GluA2-

containing AMPARs (Chou et al., 2014; Matikainen-Ankney et al., 2018). G2019S LRRK2 animals 

also show impaired LTD in the hippocampus (Sweet et al., 2015) as well as cognitive deficits with 

impaired long-term recognition memory together with motor impairment (Volta et al., 2015). 

Loss-of-function mutations in PRKN, PINK1, and DJ-1 genes have been related to early-onset PD. 

Deletion of PRKN or PINK1 genes has been associated with impairments in evoked DA release as 

well as LTP and LTD in the striatum (Kitada et al., 2007, 2009; Madeo et al., 2014). PRKN-/- animals 

showed memory deficits associated with hippocampal LTP impairment and increased basal levels 

of DA but no alteration in spontaneous or evoked release of neurotransmitters (Rial et al., 2014). 

By contrast, LTP was not impaired in the hippocampus of PINK1-/- animals, but there was an 

enhancement of presynaptic glutamate release (Feligioni et al., 2016). Genetic deletion of DJ-1 

also reduced LTP and completely abolished LTD in the hippocampus (Y. Wang et al., 2008).  

Despite the valuable insight into the synaptic dysfunction induced by different forms and 

mutations of α-syn as well as other PD-related genes, most of the functional electrophysiological 

studies in transgenic mice models lack a proper characterization of the nigrostriatal system. 

Moreover, studies focused on histological characterization show that these animal models require 

prolonged periods of time for the development of pathological features. In α-syn transgenic 

models, α-syn pathology takes more than 6 months to develop, showing variability in the 

anatomical distribution of α-syn inclusions among different mice strains or gene promotors 

(Garcia-Reitböck et al., 2010; Janezic et al., 2013; Tozzi et al., 2016). In addition, dopaminergic 

neuronal cell loss is generally absent (Garcia-Reitböck et al., 2010; Giasson et al., 2002; Jagmag et 

al., 2016; Masliah et al., 2000; Seegobin et al., 2020; van der Putten et al., 2000) or takes more than 

15 months to develop a mild 20-30% degeneration (Janezic et al., 2013; Xiong et al., 2018).  
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To sum up, transgenic mouse models possess strong construct validity, as they are based 

on human genetic data implicating mutations associated with PD. These models collectively 

exhibit some key features of PD, including α-syn inclusions, synaptic dysfunction in the 

nigrostriatal as well as in limbic and cortical regions, and non-motor symptoms, but show limited 

and inconsistent neurodegeneration on the SNpc, questionable motor signs, and prolonged time-

course to develop pathology. 
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Table 1. Behavioral and electrophysiological studies performed in α-syn transgenic animal models. 

Reference 

Animal model Behavior Electrophysiology* 
Biochemical and histological 

studies Species 
Transgenic  

hα-syn 

Time 

point 
Motor Non-motor Region 

Basal transmission and synaptic 

plasticity 

Singh et al., 

2019 

& 

Teravskis et 

al., 2018 

Mice 

WT 
3-6 m - - CA1 mEPSCs frequency ↓ Hα-syn n.s. 

12 m - Spatial memory n.s. - - - 

A30P 
3-6 m - - CA1 mEPSCs frequency ↓ Hα-syn ↑ 

12 m - Spatial memory n.s. - - - 

A53T 

3 m - Fear conditioning n.s. CA1 mEPSCs frequency ↓ 
GluN1 n.s., GluN2A n.s., GluA1 n.s., 

GluA2/3, n.s. 

6 m 
Locomotor 

hyperactivity 

Impaired spatial memory 

and fear conditioning 
CA1 

AMPA/NMDA current ↓, mEPSCs 

amplitude, and frequency ↓, LTP ↓ 

Hα-syn ↑, GluN1 n.s., GluN2A n.s., 

GluA1 ↓, GluA2/3 ↓ 

12 m 
Locomotor 

hyperactivity 
Impaired spatial memory - - 

Hα-syn ↑, GluN1 ↑, GluN2A n.s., 

GluA1 ↓, GluA2/3 ↓ 

Paumier et 

al., 2013 

 

Mice 

 

A53T 

 

2 m n.s. 
Anxiety and spatial 

memory n.s. 
CA1 

I/O curve shifted rightwards, PPF ↑, 

impaired LTD 
Hα-syn ↑ 

6 m 
Locomotor 

hyperactivity 

Anxiety n.s., impaired 

spatial memory 
- - Hα-syn ↑↑ 

9 m - - CA1 I/O curve shifted rightwards; PPF ↑ - 

12 m 
Locomotor 

hyperactivity 

Decreased anxiety, 

impaired spatial memory 
- - Hα-syn ↑↑ 

Costa et al., 

2012 
Mice hα-syn 1-120 3-4 m n.s. 

Impaired context memory 

(rescued with L-DOPA) 
CA1 

LTP ↓, rescued with L-DOPA and D1-

like agonist, but not with D2-like 

agonist 

GluN2A ↓; [HVA] ↓, [NA] ↓; 

spontaneous DA release n.s., evoked 

DA release ↓ 

Nemani et 

al., 2010 
Mice WT 24-36 d - - CA1 

I/O curve shifted rightwards; PPF ↓; 

mEPSCs frequency ↓ 

Synapse density and SV density n.s.; 

SV clustering in the active zone ↓; 

PSD length ↑ 

Gureviciene 

et al., 2009 
Mice A30P 

10 m 
Exploratory 

activity n.s. 
Spatial memory n.s. DG I/O curve shifted leftwards; LTP n.s. Hα-syn ↑ 

24 m 
Exploratory 

activity ↓ 
Spatial memory n.s. DG I/O curve shifted leftwards; LTP ↓ Hα-syn ↑ 

Gureviciene 

et al., 2007 
Mice 

WT 4-5 m - - CA3 PPF ↓; LTP ↑ Hα-syn ↑ 

A30P 4-5 m - - CA3 PPF ↓; LTP ↑ Hα-syn ↑↑ 

D: days; m: months; NA: noradrenaline; n.s.: not significant. *All electrophysiological studies were performed in ex vivo hippocampal slices from transgenic animals.  
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5.2. Models of inoculation of exogenous α-syn preformed fibrils/oligomers or 

LB containing tissue 

Following the description of Braak, the hypothesis that α-syn spreads between 

interconnected anatomical areas have become an interesting way of modeling PD progression. 

Several models of α-syn spread that lead to degeneration have been developed, including 

intracerebral injection with LB containing tissue from post-mortem human brains or the injection 

with synthetic preformed fibrils or oligomers. 

Recombinant α-syn fibrils induce the formation of inclusions that resemble LBs and LNs 

when added to primary neuron cultures or injected into different brain regions in vivo (Volpicelli-

Daley et al., 2016). The inoculation of fibrils into the striatum induces a spatial and temporal 

pattern of neurotoxicity similar to the one observed in PD patients, with the presence of 

aggregated α-syn throughout the brain preceding loss of dopaminergic terminals and striatal DA, 

the subsequent death of SNpc neurons, and the corresponding motor impairment (Luk et al., 

2012a, 2012b; Patterson et al., 2019; Paumier et al., 2015). By contrast, inoculation of fibrils in the 

SN was not associated with dopaminergic neuronal loss and motor dysfunction despite the 

widespread α-syn pathology (Masuda-Suzukake et al., 2013). Interestingly, α-syn inclusion 

formation occurs in brain areas distant from the injection site; when injected in the striatum they 

also appear in the hippocampus, cortex, midbrain, and other regions (Luk et al., 2012a; Paumier 

et al., 2015), which allows examining the impact of these aggregates on diverse neuronal 

populations. Thus, the potential to study the effects of α-syn pathology in multiple neurochemical 

systems and to model non-motor symptoms is an advantage of this model. This model has also 

been translated into non-human primates, providing a model of α-syn spread in an anatomical 

system closer to that of humans (Arotcarena et al., 2020; Chu et al., 2019; Recasens et al., 2014). 

In this sense, most studies have been centered on the trans-synaptic propagation of α-

syn and very few studies have been performed regarding synaptic alterations after the injection 

of these exogenous pathological α-syn forms. A study showed impaired DA release by in vivo 

amperometry recordings 10 days after the inoculation of hα-syn fibrils into the rat SN in 

combination with viral vector-mediated overexpression of hα-syn. These animals exhibited a 

reduction in DA release and reuptake rates in the striatum that was accompanied by progressive 

degeneration of dopaminergic neurons in the SN and impaired motor behavior over time (Thakur 

et al., 2017). Recently, electrophysiology recordings in slices from mice injected with fibrils in the 

striatum revealed dysfunction in synaptic transmission and plasticity. These animals exhibited LTP 

impairment in both populations of striatal SPNs by selectively targeting the GluN2A-NMDARs, 

with no detrimental effect on LTD (Durante et al., 2019). In line with these findings, incubation of 
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hippocampal slices with α-syn oligomers also showed increased neuronal excitability and 

impaired LTP (Diógenes et al., 2012; Ferreira et al., 2017; La Vitola et al., 2018; Martin et al., 2012; 

van Diggelen et al., 2019) (Table 2). The enhancement of basal transmission was shown to be 

mediated by the activation of NMDARs and the subsequent change in AMPAR subunit 

composition with an increased contribution of Ca2+ permeable GluA2-lacking AMPARs. Moreover, 

changes in basal transmission and synaptic plasticity were specifically associated with oligomeric 

species of α-syn, while monomers and fibrils did not impair LTP (Diógenes et al., 2012). 

Furthermore, intracerebroventricular (ICV) injection of α-syn oligomers, but not monomers or 

fibrils, impaired hippocampal-dependent memory in mice (La Vitola et al., 2018; Martin et al., 

2012). Working memory was also impaired after the inoculation of WT-hα-syn fibrils or A53T-hα-

syn fibrils directly in the hippocampus (Hu et al., 2016; Kasongo et al., 2020). Additionally, hα-syn 

fibril inoculation in the olfactory bulb of A53T transgenic mice but not WT mice induced a 

widespread α-syn pathology including limbic regions such as the hippocampus with hippocampal 

atrophy, neuronal loss and inflammation, which was accompanied by hyposmia, anxiety-like 

behavior, and memory impairment without motor dysfunction (Uemura et al., 2021).  

One of the major drawbacks of the fibrils/oligomers model is the lack of knowledge about 

the spread of pathologic α-syn and the exact mechanism by which they induce endogenous α-

syn to misfold (Carta et al., 2020). Although the progressive accumulation of aggregated α-syn in 

different brain regions over time may reflect a prion-like spread, the proposed cell-to-cell transfer 

remains controversial (Benskey et al., 2016). Additionally, it is important to highlight the great 

variability that exists in these models regarding the injection site (SNpc, striatum, olfactory bulb, 

ventricles, and combined models), the amount and type of fibrils or oligomers injected, and the 

animal species or strains used, which influence the development of neuropathology. Indeed, 

oligomers and fibrils present poor stability and a tendency to dissociate, not all the species hold 

the same toxicity, and the mechanisms of structure-related toxicity are still largely unclear. In 

addition, the animal species from which the α-syn is derived seems to be critical (Gómez-Benito 

et al., 2020; Luk et al., 2012a). Similarly, variability with the human brain extract model is also a 

critical problem, as there is no clear means by which different extracts can be benchmarked and 

thus how a reliable source can be developed to provide consistent quality for a robust animal 

model (Arotcarena et al., 2020; Recasens et al., 2014).  

To sum up, most of the knowledge of the detrimental effects of α-syn oligomers and 

fibrils in the synaptic function come from ex vivo experiments, with few in vivo results pointing 

towards an impaired synaptic function preceding neuronal death. Moreover, although α-syn 

spread models induce a progressive pattern of pathology that resembles many PD features, they 
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currently represent models of a hypothesis (model of trans-synaptic spread of α-syn) rather than 

a disease, as they largely rely on the still controversial prion hypothesis. Further investigations and 

established guidelines for fibrils and oligomers preparation and injection protocols are required 

to characterize the robustness and reproducibility of this model and circumvent the great 

variability among different research studies (Koprich et al., 2017; Peelaerts et al., 2015), as they 

might be very valuable for evaluating therapies targeted at α-syn spread or blocking of seeding. 
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Table 2. Behavioral and electrophysiological studies performed in models of exogenous α-syn inoculation. 

Reference 

Animal model Behavior Electrophysiology 
Biochemical and 

histological studies Species hα-syn Inoculation 
Time 

point p.i. 
Motor Non-motor Region 

Basal transmission and 

synaptic plasticity 

Kasongo et al., 

2020 
Rat WT Fibrils 

Intrahippocampal 

injection 
12 m n.s. 

Spatial memory n.s., impaired 

working memory 
- - 

α-Syn aggregates in the 

hippocampus, without neuron 

degeneration in the 

hippocampus, SNpc and VTA 

van Diggelen 

et al., 2019 
Mice WT Oligomers Bath application* - - - CA1 LTP ↓ - 

La Vitola et al., 

2018 
Mice 

WT Monomers ICV injection 10-15 d - Recognition memory n.s. - - - 

WT Fibrils ICV injection 10-15 d - Recognition memory n.s. - - - 

WT Oligomers ICV injection 10-15 d - Impaired recognition memory - - 

No neuron loss in the 

hippocampus, synaptophysin 

n.s., PSD-95 n.s. 

WT Oligomers Bath application* - - - CA1 LTP ↓ - 

Ferreira et al., 

2017 

Mice WT Oligomers Bath application* - - - CA1 
I/O curve shifted leftwards; 

LTP ↓ 
- 

Rat WT Oligomers Bath application* - - - CA1 
I/O curve shifted leftwards; 

LTP ↓ 
GluN1 n.s; GluN2B ↑ 

Hu et al., 2016 Mice A53T fibrils 
Intrahippocampal 

injection 
2 m n.s. Impaired working memory - - 

α-Syn aggregates, 

inflammation ↑, apoptosis ↑ 

Martin et al., 

2012 

Mice WT Oligomers ICV injection 24 h - 
Cued fear conditioning n.s., 

impaired contextual learning 
- - pCREB ↓, CREB n.s. 

Rat WT Oligomers Bath application* - - - CA1 LTP ↓ - 

Rat WT Monomers Bath application* - - - CA1 LTP n.s. - 

Rat WT Fibrils Bath application* - - - CA1 LTP n.s. - 

Diógenes et 

al., 2012 
Rat 

WT Oligomers Bath application* - - - CA1 

I/O curve shifted leftwards; 

NMDAR-EPSCs ↑; GluA2-

lacking AMPAR-EPSCs ↑; 

LTP ↓ 

Surface GluA1 ↑ 

WT Monomers Bath application* - - - CA1 LTP n.s. - 

WT Fibrils Bath application* - - - CA1 LTP n.s. - 

d: days; m: months; n.s.: not significant. *α-syn was preincubated in the recording chamber with ex vivo slices from healthy animals.  
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5.3. Adeno associated viral vector-based α-syn overexpression models 

The development of gene delivery techniques using recombinant viral vectors has been 

very useful to address the need for animal models recapitulating the specific neuropathological 

processes of various neurodegenerative diseases. In this context, viral vector-mediated 

overexpression models for PD were developed using recombinant adeno-associated viral vectors 

(AAV) encoding either WT or mutant hα-syn inoculated in the SNpc (Bourdenx et al., 2015; 

Decressac et al., 2012; Kirik et al., 2002; Klein et al., 2002; Ulusoy et al., 2010). Recently, AAVs 

overexpressing hα-syn have also been inoculated in the olfactory bulb to model prodromal phases 

of PD (Niu et al., 2018), or in the PFC to model the cognitive dysfunction found in PDD and DLB 

(Espa et al., 2019; Wagner et al., 2020). AAVs use single-stranded DNA that integrates into the 

host genome and provides long-term expression in the transduced neurons, reaching up to 95% 

efficiency (Ulusoy et al., 2008, 2010) and thus, represent the current most used tool for preclinical 

studies (Koprich et al., 2017). Indeed, this model is also attractive as it can be applied in a broad 

range of animal species including rodents and non-human primates (Vermilyea & Emborg, 2015). 

Several important considerations when using the AAV-hα-syn model that will influence 

the comparison among studies are the serotype, the promoter, inclusions of the woodchuck 

hepatitis post-transcriptional regulatory element (WPRE), and the type of hα-syn overexpressed. 

There are several serotypes of AAV vectors that have different propensities to transduce neurons 

in different brain regions (Carta et al., 2020; Ulusoy et al., 2010). The most efficient and extensively 

studied serotype for use in the SN is the AAV2, although over the last years new hybrid AAV 

serotypes which show increased transduction and spread of hα-syn have been implemented in 

this model (Decressac et al., 2012; Gaugler et al., 2012; Gorbatyuk et al., 2008; Oliveras-Salvá et al., 

2013; Ulusoy et al., 2010). Specifically, AAV2/9 is the most efficient in hα-syn transduction 

(Bourdenx et al., 2015). Regarding the most common promoters to direct the expression of hα-

syn, they include the hybrid cytomegalovirus (CMV), chicken β-actin (CBA), phosphoglycerate 

kinase (PGK), and human synapsin-I promoters. The latter provides neuronal-specific transgene 

expression, while the others provide a more ubiquitous expression. Furthermore, the inclusion of 

WPRE into the plasmid improves transgene expression levels (Decressac et al., 2012). On the other 

hand, the type of hα-syn overexpressed is also critical. Similar to transgenic mice, animal studies 

with different AAVs suggest that the A53T mutation is more toxic and prone to aggregate than 

either the A30P mutation or the WT form (J. Lu et al., 2015; Oliveras-Salvá et al., 2013; Peelaerts et 

al., 2015). 

The key critical factors defining the successful outcome of AAVs for disease modeling are 

related to the quality, purity, and titer of the vector preparations. Since production, purification, 
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and titration methods vary between laboratories, it is often difficult to compare results between 

studies. The variability observed in the level of transgene expression and dopaminergic depletion 

will primarily depend on these critical steps (Ulusoy et al., 2008; Volpicelli-Daley et al., 2016). The 

purification procedure varies across studies and is crucial for obtaining a high yield of infectious 

AAVs that could cause non-specific toxic effects or immune reactions (Ulusoy et al., 2008). 

Determination of the titer or the number of viral genome copies is also critical, as the expression 

level is primarily determined by the titer. The amount of protein produced after transduction with 

AAVs may vary, but, typically, there is an approximately 2-4 fold increase in hα-syn levels 

compared to endogenous protein levels, similar to what might be caused by SNCA triplications in 

PD patients (Gorbatyuk et al., 2008; Volpicelli-Daley et al., 2016). 

AAV-based overexpression of hα-syn (native or mutant) leads to a progressive loss of 

dopaminergic neurons in the SNpc (25-80% loss of TH+ neurons), loss of terminals in the striatum 

(30-60% loss of TH or DAT markers), and motor impairment, although the extent of 

neurodegeneration and time course are variable (Bourdenx et al., 2015; Decressac et al., 2012; 

Koprich et al., 2010; Oliveras-Salvá et al., 2013; Ulusoy et al., 2010). The overexpression of hα-syn 

produces the formation of Lewy-like α-syn cytoplasmic inclusions and prominent axonal 

pathology with dystrophic morphology of presynaptic terminals, which develop early after vector 

injection and precede dopaminergic neuron cell loss (Chung et al., 2009; Decressac et al., 2012; 

Gaugler et al., 2012; Koprich et al., 2010; Lundblad et al., 2012; Phan et al., 2017). Moreover, DA 

levels, as well as its metabolites 3,4-Dihydroxyphenylacetic acid (DOPAC) and HVA, have been 

described to be decreased in the striatum (Decressac et al., 2012). Particularly, a reduction in DA 

reuptake rates was described in the striatum of AAV6-WT-hα-syn inoculated rats, which 

progressed into a reduction in evoked DA release before any significant loss of SNpc 

dopaminergic neurons (Lundblad et al., 2012). Another study using AAV2/6-WT-hαsyn suggested 

that reduced DA release corresponds to a decreased density of dopaminergic vesicles and 

dopaminergic synaptic contacts in striatal terminals at the ultrastructural level (Gaugler et al., 

2012). Recent electrophysiological studies overexpressing AAV2/6-WT-hα-syn provide further 

evidence that α-syn overexpression leads to a failure in the striatal synaptic plasticity. Tozzi and 

coworkers showed that α-syn selectively blocks the induction of LTP in striatal cholinergic 

interneurons, without affecting SPNs, along with neuronal degeneration and decrease in motor 

activity (Tozzi et al., 2016). The same group has recently shown that during the acquisition phase 

of motor learning in the rotarod task, mice overexpressing hα-syn do not show the correct shift 

from LTD to LTP that control animals do, and demonstrate that this reorganization of cellular 

plasticity within the striatum is mediated by D1R and DAT (Giordano et al., 2018).  
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However, synaptic alterations in the limbic and cortical areas have been poorly 

characterized in AAV-based animal models. Delivery of AVV1/2-A30P-A53T-hα-syn into the 

olfactory bulb decreased spine density in several brain areas including the olfactory bulb, striatum, 

PFC, and hippocampus 12 weeks after the inoculation, which was accompanied by a decrease in 

TH+ cell in the SN and a decrease in TH+ fibers and DA and DOPAC content in the striatum (Niu 

et al., 2018). By contrast, inoculation of AAV2/6-WT-hα-syn into the PFC increased spine density 

in this area 10 weeks after the inoculation (Wagner et al., 2020). Despite the recent advances, there 

is a lack of functional studies assessing synaptic plasticity in limbic and cortical brain regions in 

association with the overexpression of α-syn in this animal model. So far, most of the studies are 

focused on the characterization of dopaminergic degeneration in the SNpc and the associated 

locomotor and behavioral alterations, with few studies assessing cognitive performance. 

Overexpression of α-syn in the SN has been associated with increased anxiety-like (Campos et al., 

2013) and depressive-like behaviors (Caudal et al., 2015), impaired performance on a location 

recognition task (Crowley et al., 2018), and impulsivity (Jimenez-Urbieta et al., 2018).   

Although the VTA plays a prominent role in behavioral and cognitive functions, few 

studies have assessed α-syn expression and neurodegeneration in this brain area. It has been 

described that dopaminergic neurons in the VTA are also transduced when the AAVs are 

inoculated in the SNpc (Caudal et al., 2015; Kirik et al., 2002). Moreover, expression of hα-syn leads 

to a loss of dopaminergic neurons in the VTA (30% TH+ loss), although in a lesser stent than in 

the SNpc (43% TH+ loss) (Caudal et al., 2015), which was accompanied by a variable loss of TH+ 

innervation as well as dystrophic neurites in VTA target areas such as the NAcc and olfactory 

tubercle (Kirik et al., 2002). Direct delivery of AAVs overexpressing α-syn into the VTA has shown 

to induce a mild specific degeneration of dopaminergic neurons in the VTA without affecting 

neurons in the SNpc (Alvarsson et al., 2016; H. Hall et al., 2013), although one study found no 

degeneration in the VTA (Maingay et al., 2006). Furthermore, AAV6-WT-hα-syn inoculation into 

the VTA was associated with impaired emotional memory in the passive avoidance test, which is 

highly dependent on the amygdala and hippocampus, without alterations in sensorimotor 

function or any depressive-like behavior (Alvarsson et al., 2016). Spatial memory acquisition 

deficits were also found in AAV5-hα-syn inoculate rats, presumably due to an inability to develop 

an efficient search strategy (H. Hall et al., 2013). Direct delivery of AAV6-α-syn into the DG of the 

hippocampus has been related to impaired spatial memory and learning and increased anxiety-

like behaviors (Mutluay et al., 2020). In those animals, although the inoculation was unilateral α-

syn was found bilaterally, being more prominent on the injection side, but no neuronal loss was 

found in the hippocampus. By contrast, cognitive function was normal in rats inoculated with 
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AAV2/6-WT-hα-syn in the PFC (Espa et al., 2019) or when AVV6-WT-hα-syn were inoculated in 

the forebrain of neonatal rats, which induces the expression of α-syn preferentially in the cortex 

and striatum (Aldrin-Kirk et al., 2014).  

Despite most of the behavioral studies have been performed with bilateral inoculations 

of the AAVs (Alvarsson et al., 2016; Campos et al., 2013; Caudal et al., 2015; Crowley et al., 2018; 

H. Hall et al., 2013; Jimenez-Urbieta et al., 2018) most of the studies focused on the 

histopathological characterization have been carried out with unilateral inoculation (Chung et al., 

2009; Gaugler et al., 2012; Lundblad et al., 2012; Mutluay et al., 2020; Phan et al., 2017; Tozzi et al., 

2016), where compensatory mechanism from the unaffected side could take place. On the other 

hand, although evidence shows that synapses are the primary site of pathology in α-

synucleinopathies, most studies using the AAV model have been primarily focused on cell death 

and there is a lack of studies focused on the active functional α-syn pathology that interferes with 

normal synaptic physiology. Studies focused on the temporal pattern of synaptic abnormalities 

that take place before and during the onset and progression of the dopaminergic degeneration 

in motor and limbic areas would give valuable insights into the precise synaptic mechanisms that 

take place on the prodromal phase of the disease as well as disease progression and would allow 

us to implement new pharmacological approaches. 

Summarized, targeted overexpression of hα-syn in midbrain dopaminergic neurons using 

AAV reproduces many of the characteristic features of PD as it is accompanied by abnormal 

accumulation of hα-syn leading to aggregation, cellular, biochemical, and synaptic pathologies, 

neuroinflammation, dopaminergic system degeneration, and consequent motor and non-motor 

impairment that develop progressively over time. Thus, this model represents the current most 

used tool for preclinical studies as it offers a robust tool for the study of the neurobiological basis 

of the disease and its progression as well as for the preclinical evaluation of new therapies that 

could help to slow or halt its development. 
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Our hypothesis is that the onset of cognitive and behavioral alterations in PD are related 

to a failure of the synaptic function in the hippocampus due to the accumulation of presynaptic 

α-syn aggregates in dopaminergic terminals, which would progress to neurodegeneration of the 

mesolimbic dopaminergic pathway and that, to some extent, would be counterbalanced by 

dopamine replacement therapy. In addition, synaptic enhancers at early phases of the 

neuropathological process could prevent or delay the mesolimbic dopaminergic 

neurodegeneration, preventing or ameliorating cognitive and behavioral manifestations. 

The main objective of this doctoral thesis is to elucidate the temporal sequence of 

synaptic alterations in the hippocampus associated with α-syn overexpression and dopaminergic 

degeneration in a rat model of progressive parkinsonism. Additionally, the synaptic function will 

be tested under the effect of two dopaminergic drugs.  

The following specific objectives were established:  

 To determine the temporal sequence of hα-syn overexpression in the hippocampus 

and its relationship with the dopaminergic degeneration in the SNpc and VTA.  

 To study the early stages of the motor behavior and hippocampal-dependent 

memory performance associated with the overexpression of hα-syn.  

 To assess the temporal sequence of synaptic plasticity and the effect of the two 

standard dopaminergic drugs (PPX and L-DOPA) in isolated hippocampal synapses 

by fluorescence analysis of single-synapse long-term potentiation (FASS-LTP).  

 To analyze the temporal sequence of synaptic protein expression patterns in isolated 

hippocampal synapses by proteomics approach.  

 To evaluate brain glucose metabolism after chronic PPX treatment by [18F]-FDG PET. 
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The most relevant antibodies and buffers used in the different experiments of this 

doctoral thesis are detailed in the annex section. 

 

1. Development of the animal model of parkinsonism  

1.1. Animals 

Adult male Sprague-Dawley rats weighing about 300 g at the beginning of the experiment 

(Charles River Laboratories, France) were used. Animals were housed in standard conditions of 

temperature and humidity (70% humidity, 22ºC), kept on a regular 12 h light/dark cycle, and 

allowed to ad libitum access to food and water. All experimental procedures were approved by 

the ethics committee for animal research at Biodonostia Health Research Institute (CEEA16/11; 

ANIMA4-002; San Sebastian, Spain), CIC biomaGUNE (FOR-EP-03-0414; San Sebastian, Spain), and 

CIMA-Universidad de Navarra (108-17; Pamplona, Spain) and were carried out following the 

guidelines of the Spanish Government (RD53/2013) as well as European Union Council Directive 

(2010/63/EU). All efforts were made to avoid and/or alleviate animal suffering and to reduce the 

number of animals. 

 

1.2. Viral vectors 

Recombinant AAVs with 2/9 serotypes were custom ordered from the core facility of 

production of AAVs of the University of Bordeaux (Bordeaux, France). Each vector was driven by a 

CMV promoter and transgene expression was enhanced using a WPRE. 

 

1.3. Experimental groups 

The cross-sectional study designed involved two experimental groups:  

 AAV-hα-syn: Animals inoculated with the viral vector AAV2/9-CMV/α-synA53T, 

encoding for the hα-syn protein with the A53T mutation (Titer: 3.9 x 1013 genomic 

particles/milliliter). 

 AAV-EVV: Animals inoculated with the viral vector AAV2/9-CMV/EVV, which are 

empty capsids of the AAV with no overexpression of transgenes (empty viral vectors; 

EVV) and representing the control group (Titer: 1 x 1012 genomic particles/milliliter). 

Each experimental group was subdivided into multiple independent subgroups of rats 

according to the final evaluation time point post-inoculation (p.i.) of the viral vector: 1 week (w), 



Materials and methods 

64 

2 w, 4 w, 16 w, and 20 w. The time points selected for each study are explained in the following 

section. 

For the histological characterization and proteomics study 1, 2, 4, and 16 weeks p.i. were 

chosen to evaluate the temporal pattern of the alterations from the beginning of hα-syn 

overexpression in the hippocampus to the establishment of the dopaminergic lesion. For the 

behavioral evaluation (motor and cognitive) and FASS-LTP study, animals were studied at 1 and 4 

weeks p.i. in order to assess the initial phases of hα-syn overexpression. For the PET, the study 

was carried out 20 weeks p.i. of the AAVs, once the dopaminergic lesion was established (16 w 

p.i.) and following a chronic treatment (4 w) with the dopaminergic drug PPX, as described in 

previous studies (Jimenez-Urbieta et al., 2018). A representation of the different studies performed 

is summarized in Figure 10.  

 

Figure 10. Experimental design. Representation of the viral vector inoculation sites (bilaterally in the SNpc, 

red asterisks) and experimental design for the different studies with the final evaluation time points after the 

inoculation of the AAVs.  

 

1.4. Stereotaxic surgery 

Rats were anesthetized with isoflurane in oxygen-enriched air (4% induction and 2-2.5% 

maintenance) and placed on a stereotactic frame (Stoelting Co.). The head was fixed with the ear 

bars and with the incisor bar positioned -3.3 mm below the interaural line. A sagittal incision was 

made in the skin and the periosteum was carefully separated to locate the cranial sutures. The 

coordinates where the AAV was inoculated were calculated from Bregma (the anatomical point 

on the skull at which the coronal suture is intersected perpendicularly by the sagittal suture) as 

the origin for anteroposterior (AP) and mediolateral (ML) axis, and related to dura as the origin 

for dorsoventral (DV) axis. Two small holes were drilled in the animal's skull with a dental drill. The 

AAVs were bilaterally inoculated in two points (1 µL per site) in each SNpc using a Hamilton 
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syringe (10 µL, Neuros #1701RN, Hamilton Company) connected to an infusion pump at a rate of 

0.2 µL/min (4 µl of total volume/animal). The coordinates used were: 1) AP: -4.9 mm, ML: +/- 2.2 

mm, DV: -7.7 mm; 2) AP: -5.4 mm, ML: +/- 2.0 mm, DV: -7.7 mm, from Bregma according to the 

Atlas of Paxinos and Watson (Jimenez-Urbieta et al., 2018; Paxinos & Watson, 1998). Upon 

completion of inoculation, the needle was maintained in place for 1 min to allow the solution 

diffusion away from the injection site and it was slowly retracted from the brain. Finally, the skin 

was sutured and the evolution of the postoperative was controlled to avoid any complication. 

 

 

2. Histological characterization 

2.1. Brain tissue collection 

Animals (n = 4-5/group and time point) were deeply anesthetized with a mixture of 

oxygen and isoflurane (5%), sacrificed at the corresponding time points (1, 2, 4, and 16 weeks p.i.), 

and perfused transcardially with 0.1 M phosphate-buffered saline (PBS) followed by 4% 

paraformaldehyde (PFA). Brains were rapidly removed and post-fixed in the same fixative solution 

for 24 h, and then cryoprotected in 30% sucrose. Serial coronal sections (40 µm thick) were 

obtained on a freezing microtome (SM2010R, Leica Biosystems) and were stored in a 

cryoprotectant solution at -20°C until their use. 

 

2.2. Immunohistochemistry 

Immunohistochemistry was performed on coronal free-floating sections to assess the 

integrity of the nigrostriatal pathway by TH staining in the SNpc/VTA and DAT staining in the 

striatum, as well as to assess the overexpression of hα-syn in the SNpc/VTA and hippocampus. 

Every sixth section throughout the entire SNpc/VTA was selected for TH immunostaining, while 

three sections were used for the hα-syn and DAT immunostainings. Different protocols were 

optimized for the analyses of each protein and are described in the following section. In each 

experiment, negative controls with the tissue incubated without the primary antibody but 

including the secondary antibody were performed. 

Sections were washed in 0.1 M PBS and endogenous peroxidase was quenched in 3% 

H2O2 in PBS for 10 min at room temperature (RT). Sections were washed in PBS and preincubated 

in a blocking solution to inhibit unspecific staining and allow for tissue permeabilization, 

according to the different protocols: 
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(I) DAT: 10% normal rabbit serum (NRS) and 0.4% Triton X-100 in PBS (PBS-T) incubated 

for 1 h at RT. 

(II) Hα-syn: 10% normal horse serum (NHS) and 0.2% PBS-T incubated for 1 h at RT. 

(III) TH: 4% NHS and 0.3% PBS-T incubated for 30 min at RT.  

Afterward, sections were incubated overnight with their corresponding primary antibody:  

(I) Goat anti-DAT with 4% NRS in 0.2% PBS-T incubated at RT. 

(II) Mouse anti-hα-syn with 10% NHS in 0.2% PBS-T incubated at 4°C. 

(III) Mouse anti-TH with 1% NHS in PBS incubated at RT. 

The following day, after washing in PBS, sections were incubated with their corresponding 

biotinylated secondary antibody: 

(I) DAT: anti-goat with 4% NRS in 0.2% PBS-T for 1 h at RT. 

(II) Hα-syn: anti-mouse in 0.2% PBS-T for 1 h at RT. 

(III) TH: anti-mouse in PBS for 1 h at RT. 

Afterward, all sections were washed and processed with the avidin-biotin-peroxidase 

complex diluted in PBS (1:100, Vectastain ABC kit, Vector Laboratories, #PK4000) for 1 h at RT. 

Finally, the signal was revealed with 0.05% 3,3′-diaminobenzidine tetrahydrochloride (DAB; Sigma-

Aldrich, #D5905)/H2O2 solution for 4 min. All stained sections were mounted on glass superfrost 

slides, air-dried overnight, dehydrated in ascending alcohol concentrations for 5 min (70%, 95%, 

100%), cleared in xylene for 10 min, and coverslipped with the mounting medium (DPX, Panreac, 

#255254.1610).  

All incubations were performed in agitation to facilitate a homogeneous penetration of 

immunoreagents. More details of the nature, origin, and dilution of the primary and secondary 

antibodies are available in Table 7 and Table 8 of the annex section.  

 

2.3. Optical microscopy and quantitative analysis  

All images for quantification of DAT, hα-syn, and TH stainings were acquired with an 

Aperio CS2 digital pathology slide scanner (Leica Biosystems). 
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2.3.1. Quantification of DAT immunoreactivity in the striatum and hα-syn 

immunoreactivity in the SNpc, VTA, and hippocampus  

In order to quantify the representative surface expression of DAT in the striatum and hα-

syn in the SNpc, VTA, and hippocampus, 3 representative sections for each animal and time point 

of the striatum (approx. AP: +1.60 mm, +1.00 mm, and -0.26 mm from Bregma according to 

stereotaxic atlas; Paxinos & Watson, 1998), SNpc/VTA (approx. AP: –5.30 mm, –5.60 mm, and –

6.00 mm from Bregma according to stereotaxic atlas; Paxinos & Watson, 1998) and hippocampus 

(approx. AP: -3.30 mm, -3.80 mm, and -4.16 mm from Bregma according to stereotaxic atlas; 

Paxinos & Watson, 1998) were analyzed. Images were converted to 8-bit greyscale images and 

each brain structure was delimitated according to the stereotaxic atlas (Paxinos & Watson, 1998). 

Relative optical density (ROD) of grey levels of DAT and hα-syn immunoreactivity were obtained 

using ImageJ software (NIH) according to the following formula (Tatulli et al., 2018; Vermilyea et 

al., 2019): 

ROD = log  
𝑏𝑎𝑠𝑎𝑙 𝑔𝑟𝑒𝑦 𝑙𝑒𝑣𝑒𝑙

𝑠𝑖𝑔𝑛𝑎𝑙 𝑔𝑟𝑒𝑦 𝑙𝑒𝑣𝑒𝑙
 

The mean ROD values were averaged across all animals for each group and time point. 

 

2.3.2. Quantification of TH+ cells in the SNpc and VTA 

TH+ neurons in SNpc and VTA were determined by the unbiased stereological method 

using an Olympus Bx61 motorized microscope (Olympus) equipped with a DP71 digital camera 

(Olympus) connected to an XYZ stepper (H101BX, PRIOR) and driven by CAST Visiopharm software 

(Visiopharm). The optical fractionator method (West, 1999) was used to estimate the total number 

of TH+ cells in the SNpc and VTA of each animal, as previously described (Jimenez-Urbieta et al., 

2018; Rodríguez-Chinchilla et al., 2020). To sum up, this method is designed to provide estimates 

of the total number of neurons from thick sections sampled randomly with a systematic randomly 

sampled set of unbiased optical dissectors covering the entire nucleus. Thick sections provide the 

opportunity to observe cells in their full 3D extent and thus, allow for easy and robust cell 

classification based on morphological criteria. The optimal sampling parameters were determined 

previously in a pilot study (Jimenez-Urbieta et al., 2018) including a few animals to determine the 

number of sections to be analyzed and the number of optical dissectors within the sampled 

sections. Based on the tissue thickness and distribution of TH+ labeled neurons the optimal size 

of the optical dissectors employed was 4538.03 μm2 with an x-y-step length of 213 μm and the 

dissector height was set to 20 μm (Drøjdahl et al., 2010). The estimation criteria to obtain an 

efficient stereological design was minimum counting of 150-200 neurons to ensure covering 10% 
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of the total of the SNpc or VTA for each hemisphere and animal according to the Gundersen 

method (Gundersen & Jensen, 1987; West, 1999). 

A total number of 7 sections per animal covering the entire rostrocaudal extent of the 

SNpc and VTA (AP: between -4.30 mm and -6.72 mm from Bregma according to stereotaxic atlas; 

Paxinos & Watson, 1998) were quantified. The SNpc and VTA of each section were delineated 

using a 4x scanning objective (Olympus) employing external structures used as reference (Paxinos 

& Watson, 1998). Once the boundaries of the nuclei were delimited, TH+ cell counting was 

performed using a 100x oil immersion objective (Olympus). A positive cell was defined as a nucleus 

covered and surrounded by the corresponding TH immunostaining and the size and shape criteria 

of the somas were kept uniform throughout the study. Only the somas that were located inside 

the counting frame or those that touched the inclusion lines were included in the quantification. 

All somas that were out of the grid or on the bottom and left edges were discarded. 

Estimation of the total number (N) of TH+ cells in the SNpc and VTA was calculated 

indirectly using the following equation:  

N = ∑Q x  
𝑡

ℎ
 𝑥 

1

𝑎𝑠𝑓
 𝑥 

1

𝑠𝑠𝑓
 

Where ΣQ is the total number of counted particles, t is the average thickness of each 

section, h is the height of the optical dissector, asf is the sampling fraction of the area and ssf is 

the sampling fraction of the sections. Estimated populations for the SNpc and VTA of each 

hemisphere were averaged across all animals for each group and time point (Gundersen & Jensen, 

1987; West, 1999). 

 

2.4. Immunofluorescence 

Triple immunofluorescence staining was performed on coronal free-floating sections 

containing the VTA to confirm the presence of hα-syn in dopaminergic (TH+) and glutamatergic 

(vGlut2+) neurons. Also, several double immunofluorescent stainings were performed on coronal 

free-floating sections containing the hippocampus to elucidate the dopaminergic (TH+), 

glutamatergic (vGlut2+), or GABAergic (GABA+) nature of hα-syn+ fibers in the hippocampus. In 

each experiment, negative controls with the tissue incubated without the primary antibody but 

including the secondary antibody were performed. 

Sections were washed in 0.1 M PBS and subsequently incubated with 0.3% PBS-T for 10 

min at RT to permeabilize the tissue. After blocking with 10% normal goat serum (NGS) for 1h at 
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RT, sections were incubated overnight with the corresponding primary antibodies in PBS at 4ºC. 

The next day, sections were washed three times in PBS followed by incubation with their 

corresponding secondary fluorescent antibodies for 1 h at RT. Cell nuclei were counterstained 

with 4',6-diamidino-2-fenilindol (DAPI; 1:10000; Invitrogen, #D1306) diluted in PBS for 15 min at 

RT. After two washing steps with PBS, all sections were mounted on glass superfrost slides, air-

dried overnight, and coverslipped with Vectashield mounting medium (Vector Laboratories, # H-

1400).  

All incubations were performed in agitation to facilitate a homogeneous penetration of 

immunoreagents. More details of the nature, origin, and dilution of the primary and secondary 

antibodies are available in Table 7 and Table 8 of the annex section.  

 

2.5. Confocal microscopy 

Fluorescent images were acquired with a Zeiss LSM 800 laser scanning confocal 

microscope (Zeiss) with a Plan-Apochromat 63x/1.4 numerical aperture oil-immersion objective. 

Fluorescence was visualized by combining the following laser set for the triple 

immunofluorescence of the VTA: λ = 405-488-561-633 nm; and for the double 

immunofluorescences of the hippocampus: λ = 405-488-561 nm. Image acquisition parameters 

were optimized for each marker. Images of the VTA (approx. AP: -5.30 mm from Bregma according 

to stereotaxic atlas, Paxinos & Watson, 1998), and dorsal hippocampus (approx. AP: -3.80 mm 

from Bregma according to stereotaxic atlas, Paxinos & Watson, 1998) were acquired using ZEN 

Imaging Software (Zeiss). The image size was 1024 x 1024 pixels with a field of view of 101.41 x 

101.41 μm. 

 

3. Behavioral tests  

All behavioral tests were performed before the inoculation of the AAV (basal) and at the 

final time point assessed (1 or 4 weeks p.i.; n = 8/group and time point). Prior to behavioral tests, 

animals were handled by the experimenter for three days for familiarization with the handling 

procedure and test environment, and to avoid handling-induced anxiety. 

 

3.1. Stepping Test 

The adjusting stepping test was used for in vivo monitoring of the motor impairment 

induced by dopaminergic degeneration (Bido et al., 2017). Rats were held by the experimenter 

with one hand fixing the hind limbs and slightly raising the hind part above the surface. With the 
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other hand, the experimenter fixed one of the upper limbs, and the animals were slowly moved 

sideways over a distance of 90 cm, in approximately 5 seconds, firstly in the forehand and then in 

the backhand directions. The sequence of testing was always the right paw forehand and 

backhand adjusting stepping followed by the left paw in the forehand and backhand directions. 

The test was repeated twice for each animal each session and the average values of the number 

of adjusting steps in both directions with each forepaw were considered in the analysis.  

 

3.2. Open Field Test 

Spontaneous locomotor activity and anxiety-like behaviour were assessed with the open 

field test. The apparatus consisted of an open arena (90 cm length x 90 cm width x 40 cm height) 

where animals were left to explore freely for 15 min, and the activity was video recorded. An 

experimenter blind to the group and time point analyzed the data obtained in the recordings. 

Ethovision XT software (v13; Noldus) was used to analyze total distance traveled (cm), total 

velocity (cm/s), and the time spent moving (%) as a measure of locomotor activity, as well as time 

spent in the center (%) of the arena as a measure of anxiety-like behaviour. Data recorded at 1 

and 4 weeks p.i. were normalized to basal behaviour and represented as a percentage to basal.  

 

3.3. Object Location Task 

The role of the hippocampus appears to be critical for the spatial and temporal 

components of recognition memory (Barker & Warburton, 2011), thus, we used the object location 

task (OLT), a spatial version of the object recognition task, to assess specifically the function of 

the hippocampus.  

The OLT was performed in the same arena as the open field, with additional visual cues 

placed on the walls of the arena.  

 

Figure 11. Open field test and object location task (OLT). 
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The OLT comprised three successive phases with an intertrial time of 5 minutes between 

phases (Figure 11). The performance of the open field test (15 min) was considered as the first 

phase or habituation phase. In the second phase or acquisition phase, rats were allowed to explore 

two identical objects (1 and 2) placed in the far corners and equidistant in the arena (10 cm away 

from the walls), for 5 min. Shortly thereafter, animals were returned to their cages for 5 min. For 

the third phase or test phase, object 1 was maintained in the same location (familiar location; FL), 

while object 2 was moved in diagonal to object 1 (novel location; NL), and animals were allowed 

to explore the arena for 5 min. The phases were recorded using a camera mounted above the 

arena. Between the phases, the arena and objects were cleaned with 70% ethanol to minimize 

olfactory cues (Denninger et al., 2018).  

An experimenter blind to the group and time point scored for the amount of time spent 

sniffing the objects using Ethovision XT software; which consists of the animal directing its nose 

towards the object at a distance of 2 cm, discarding any other behaviour. In the test phase, time 

spent exploring the object on the FL and NL (%) were measured, as well as total exploration time 

(s), total distance traveled (cm), and velocity (cm/s). Animals exploring the objects for less than 10 

seconds were discarded.  

 

 

 

 

4. Fluorescence Analysis of Single-Synapse Long Term 

Potentiation 

LTP was assessed by flow cytometry in freshly isolated single synaptosomes after a 

chemical stimulation of LTP (cLTP) and, fluorescent staining of presynaptic Nrx1β and postsynaptic 

GluA1 (Figure 12). The FASS-LTP experiments with hippocampal synaptosomes were carried out 

as previously described (Prieto et al., 2017) with the collaboration of Dr. Cotman’s lab at the UCI 

MIND Institute (Irvine, CA, USA).  
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Figure 12. Fluorescence Analysis of Single-Synapse Long Term Potentiation (FASS-LTP) workflow. 

cLTP: chemical long-term potentiation; PMT: photomultiplier tubes; SSC: side scatter; FSC: forward scatter.  

 

4.1. Brain tissue collection  

Animals (n = 8/group and time point) were sacrificed by CO2 inhalation at the 

corresponding time points (1 and 4 weeks p.i.). Brains were rapidly removed from the skull, and 

hippocampi and midbrains of both hemispheres were carefully dissected. Hippocampi were 

processed for synaptosome isolation and FASS-LTP, while midbrains were immediately frozen in 

dry ice and stored at -80ºC for further confirmation of hα-syn expression by western blot.  

 

4.2. Synaptosome isolation from rat hippocampus 

Hippocampi were rapidly dissected and transferred into a microfuge tube containing 1.5 

mL of sucrose buffer. All the material was pre-cooled on ice, including sucrose buffer, microfuge 

tubes, grinder, and pestle. To homogenize the tissue, hippocampi were chopped and immediately 

homogenized with 6-8 strokes of the pestle while keeping the grinder on ice (clearance: 0.15-0.25 

mm). Samples were transferred into microfuge tubes and centrifuged (1200 x g for 20 min; 4°C) 

to obtain the supernatant S1 containing the cytoplasm and membranous structures which was 

divided into three microfuge tubes containing the same volume. Two of the microfuge tubes were 

used for the FASS-LTP protocol, while the third microfuge tube was cryopreserved on sucrose 

buffer at -80ºC.  

Samples containing supernatant S1 were centrifuged (12000 x g for 20 min; 4°C) to obtain 

the supernatant S2 containing the cytoplasm and pellet P2 enriched in synaptosomes. The 

supernatant S2 was discarded and pellet P2 was resuspended by carefully pipetting with either 

1.5 mL of extracellular solution or cLTP solution. Synaptosomes were incubated in a cell culture 

dish (30 mm) for 10-15 min at RT and agitation for the recovery of membrane potential. BCA 

Assay was run to determine the protein concentration of the samples (see section 5).  
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4.3. Nuclei and mitochondria isolation from rat liver 

Together with the brain dissection, the livers were also extracted and immediately frozen 

in dry ice and stored at -80ºC. Livers were used to isolate cell nuclei and mitochondria in order to 

have biological size standards for setting the size gate for synaptosome selection in the flow 

cytometer.  

 

Figure 13. Workflow for isolation of size standards for flow cytometry. PMT: photomultiplier tubes; SSC: 

side scatter; FSC: forward scatter.  

 

For nuclei isolation, livers were slowly thawed on ice until complete defrost and 

homogenized manually (clearance: 0.15-0.25 mm) in buffer A. Samples were centrifuged (600 x g 

for 10 min; 4°C), supernatant S1 containing the cytoplasm portion was discarded and the pellet 

P1 was resuspended in ice-cold buffer A, and centrifuged (600 x g for 10 min; 4°C). Supernatant 

S2 (debris) was discarded, and pellet P2 containing crude nuclei was resuspended in ice-cold 

buffer B. Samples were divided into 1.5 mL microfuge tubes and centrifuged (16000 x g for 30 

min; 4°C) to obtain a pellet P3 containing isolated nuclei (Nagata et al., 2010).  

For mitochondria isolation, livers were homogenized in buffer C. After the first 

centrifugation step, pellet P1 was discarded, while supernatant S1 was centrifuged (7000 x g for 

10 min; 4°C). Supernatant S2 (cytoplasm) was discarded, and the pellet P2 containing 

membranous structures was resuspended in ice-cold buffer C and centrifuged again (7000 x g for 

10 min; 4°C). Supernatant S3 was discarded, and pellet P3 containing isolated mitochondria was 

resuspended in buffer C (Frezza et al., 2007). Protein concentration was quantified by BCA Assay 

(see section 5).  
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4.4. cLTP stimulation 

The following experimental conditions were tested for each animal: 

 Synaptosomes in extracellular solution, with PPX (10 µM; Sigma-Aldrich, #A1237), L-

DOPA (30 µM; Sigma-Aldrich, #D1507-5G) or vehicle, without glycine and KCl 

stimulation (basal condition) 

 Synaptosomes in cLTP solution, with PPX (10 µM), L-DOPA (30 µM) or vehicle, with 

glycine and KCl stimulation (cLTP condition)   

All the material and samples, including extracellular, glycine, and KCl solutions, and flow 

cytometry tubes were incubated for 5 min at 37ºC to reach physiological temperature. After the 

recovery of membrane potential, 30-75 µg of synaptosomes were transferred into flow cytometry 

tubes and the corresponding drugs (PPX or L-DOPA) or vehicle (water) were added and incubated 

for 10 min at 37ºC. Subsequently, the glycine solution was added to cLTP solution containing 

tubes, while the same volume of extracellular solution was added to basal condition tubes. All 

samples were incubated for 15 min at 37°C. In order to stimulate the depolarization of the 

presynaptic terminals, KCl solution was added to cLTP condition tubes, while the extracellular 

solution was added to basal condition tubes. All tubes were incubated for 30 min at 37°C. 

Stimulation was stopped with ice-cold 0.1 mM EDTA in PBS and samples were blocked with 5% 

fetal bovine serum (FBS; Gibco, #10500-064) in PBS before the staining. Tubes were chilled on ice 

and immediately centrifuged (2500 x g for 10 min; 4°C). The supernatant was discarded, and the 

pellet was resuspended with gentle agitation while samples were kept on ice.  

 

4.5. Fluorescence staining of surface GluA1 and Nrx1β 

After stopping the depolarization and blocking, resuspended synaptosomes were 

incubated in agitation with primary antibodies anti-GluA1 and anti-Nrx1β (Table 9, annex), and 

100 nM Calcein AM (eBioscience™, #65-0853-39) for 30 min at 4°C. Calcein AM is a membrane-

permeable non-fluorescent substrate metabolized by intracellular esterases turning it into a 

membrane-impermeable and fluorescent Calcein. Properly sealed and functional synaptosomes 

retain the fluorescent staining intracellularly once cleaved by esterases. Afterwards, samples were 

washed with ice-cold 5% FBS and centrifuged (2500 x g for 10 min; 4°C). The supernatant was 

discarded, synaptosomes were resuspended, and incubated with the corresponding secondary 

antibodies conjugated to Brilliant Violet 421 and Alexa Fluor 647 (Table 10, annex), respectively, 

and 100 nM Calcein AM for 30 min at 4°C in agitation and darkness. After one last washing step 
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with ice-cold PBS, synaptosomes were resuspended in PBS and stored protected from light at 4°C 

until analyzed in the flow cytometer.   

4.6. Fluorescent staining of mitochondria and nuclei 

Isolated mitochondria and nuclei were defrosted, brought to physiological temperature, 

and transferred to flow cytometry tubes. Mitochondria (150-200 µg) were incubated with 25 nM 

Mitotracker Red CMXRos (Invitrogen, #M7512) for 30 min at 37ºC, while nuclei (150-200 µg) were 

incubated with DAPI (1:10000; Invitrogen, #D1306) for 10 min at RT. After the corresponding 

staining, samples were washed with PBS and centrifuged (2500 x g for 10 min; RT). The supernatant 

was discarded, samples were resuspended and stored protected from light at 4°C until analyzed 

in the flow cytometer.   

4.7. Flow Cytometry 

Flow cytometry enables the measurement of optical and fluorescent characteristics of 

single-cell/particles (synaptosomes, mitochondria, nuclei). Samples were acquired using a 

FACSCanto II System (BD Biosciences) equipped with a 405 nm solid state diode violet laser, a 488 

nm solid state blue laser, and a 633 nm helium-neon red laser. Relative size and granularity were 

determined by forward scatter (FSC) and side scatter (SSC) properties, respectively, and the 

fluorescence was detected with the following photomultiplier tubes (PMTs), and bandpass filter 

(BPF) and long-pass filters (LPF): Brilliant Violet 421 and DAPI PMT1 (BPF 450±50 nm), Calcein AM 

PMT2 (BPF 530±30 nm; LPF 502), Mitotracker Red CMXRos PMT3 (BPF 585±42 nm; LPF 556), and 

Alexa Fluor 647 PMT4 (BPF 660±20 nm) (Figure 14). FSC, SSC, and fluorescent signals were 

collected using logarithmic amplification. Small fragments and debris were excluded by 

establishing an FSC threshold (gain = 500), and a total of 50,000 size-gated particles were 

collected and analyzed for each sample (event rate:  ~500/s). 
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Figure 14. Components and light scattering properties of flow cytometry. When the laser strikes a 

particle it scatters the light, which is collected by several lenses, and optical mirrors and filters that separate 

and direct specific wavelengths into the appropriate detector. Two types of light scattering occur, forward 

scatter (FSC) and side scatter (SSC). FSC light results from the collection of diffracted light along the same 

axis as the laser beam, and it is proportional to the area or size of the particle. SSC light results from the 

collection of reflected light at approximately 90 degrees to the laser beam, and it is proportional to the cell 

granularity and intracellular complexity. Fluorescent emissions are also collected at approximately 90º angle. 

Light scatter and fluorescence signals are then converted into a voltage pulse using photodetectors, such as 

photomultiplier tubes (PMT). Finally, the electronic system collects, amplifies, and sends the information to 

a computer.  

4.8. Flow cytometry analyses 

FlowJo software (v10; FlowJo, LLC) was used to analyze the flow cytometry data. First, 

considering FSC and SSC parameters, particles ranging from ~0.75 to 3 µm were selected, 

corresponding to synaptosomes (Prieto et al., 2017). Isolated rat mitochondria (~0.5 µm), and 

nuclei (~8 µm) were used as size standards (Figure 15).  
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Figure 15. Size-based analysis of flow cytometry data. A) Selection of “mitochondria” size gate based on 

Mitotracker staining in mitochondria isolated from liver. B) Selection of “nuclei” size gate based on DAPI 

staining in nuclei isolated from liver. C) Representation of “mitochondria” and “nuclei” size gates in 

synaptosomes isolated from brain, and selection of “synaptosomes” size gate. 

 

Second, considering FSC-H and FSC-A parameters, doublets and big aggregates were 

excluded and single events were selected for further analysis (Figure 16A). For a given cell/particle, 

each signal is represented across the time, where the maximum scattered light or fluorescent 

signal is achieved as the cell/particle reaches the center of the laser beam, decreasing the signal 

until baseline before the next cell/particle arrives. Thus, the resulting graph is defined by its area 

(A), height (H), and width (W) (Figure 16B). Disproportions between these parameters can be used 

to identify doublets and bigger aggregates, with twice the area and width for the same height 

(Figure 16C). 
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Figure 16. Single particles (“singlets”). A) Selection of single particles. B) Flow cytometry signal 

representation of well separated single particles and C) overlapping particles (doublets). A: area; H: height; 

W: width.  

 

Next, fluorescence-based gates were set based on standard immunostaining controls to 

differentiate background fluorescence from the signal. These controls consist of 1) synaptosomes 

incubated with no Calcein AM nor primary or secondary antibodies to discriminate fluorescence 

of the sample itself; 2) synaptosomes incubated only with Calcein AM to establish the background 

levels of this fluorescent marker; and 3) Fluorescence Minus One (FMO) staining controls with all 

the primary and secondary antibodies, and calcein staining except for one primary antibody, to 

establish the background staining levels for GluA1-Alexa Fluor 647, or Nrx1β-Brilliant Violet 421.  

After selecting synaptosomes based on size, and giving consideration to the staining 

controls, Calcein AM positive events were selected, corresponding to functional synaptosomes. 

Finally, GluA1 and Nrx1β single-positive populations were selected, and the “Make and Gate” 

Boolean analysis tool was used to evaluate the double-positive population (Figure 17A-B). For a 

visual representation, GluA1 and Nrx1β stainings were plotted on the same graph, and a quad 

gate was used to separate double-negative (left, bottom), single-positive for GluA1 (right, bottom) 

and Nrx1β (left, top), and double-positive (right, top) populations. An increase of GluA1/Nrx1β 

double-positive population in cLTP samples compared to the basal condition was considered as 

indicative of cLTP (Figure 17C).  
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Figure 17. Fluorescence-based analysis of flow cytometry data. A) Single positive stainings for Calcein 

AM (green), GluA1 (blue), and Nrx1β (red), and the corresponding negative controls (grey) for each staining. 

B) Make and Gate Boolean analysis of GluA1/Nrx1β single- and double stainings. C) GluA1/Nrx1β stainings 

in basal and cLTP conditions, highlighting the double-positive population (right, top).  

 

 

5. Protein quantification  

The protein concentration of each sample was measured using the BCA protein Assay 

(Thermo Fisher Scientific, #23227). Ascending concentrations of bovine serum albumin (BSA) 

standard solutions were used to build a standard curve and unknown protein concentration 

samples were tested. After incubation of samples with 200 µL of AB solution (A:B, 50:1) for 30 min 

at 37°C, the absorbance of each well was measured at 560 mm wavelength in a 

spectrophotometer (SPECTROstar Nano, BMG LABTECH). All standards and samples were tested 

by triplicate and mean values were calculated. 
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6. Western Blot 

6.1. Midbrain homogenate extraction  

To confirm the presence of hα-syn, midbrain homogenate extracts from the same animals 

of FASS-LTP experiments were used. Midbrains were slowly thawed on ice until complete defrost 

and 450 µL of 2% sodium dodecyl sulfate (SDS) buffer was added to each sample. Samples were 

homogenized by 2-3 strokes in a Dounce Glass (clearance: 0.0013 – 0.0635 mm) followed by 12 

up and down strokes with a syringe with a 26 GA needle. Samples were transferred to microfuge 

tubes, sonicated for 2 min, and left resting on ice for 20 min. Finally, samples were centrifuged 

(15900 x g for 13 min; 4°C) and the supernatant was collected and stored at -80ºC.  

 

6.2. Western blot 

Eighteen µg of protein were mixed with loading buffer 4x and lysis buffer and denatured 

at 95°C for 10 min. Each well of the gel was loaded with 20 µL of sample and electrophoresis was 

run in 4-15% Mini-PROTEAN®TGX Stain-Free™ Protein Gels (Bio-Rad, #4568083) at constant 120 

mV for 60-90 min and home-made electrophoresis buffer. Protein Marker VI (10 - 245) prestained 

(Panreac, #A8889) was loaded as a molecular weight marker. Once proteins were separated 

according to their molecular weight, proteins on the gel were transferred to PVDF membranes 

(0.45 μm pore size) using the Trans-Blot Turbo RTA Mini PVDF Transfer Kit (Bio-Rad, #1704272). 

Transfer sandwich was mounted following the instructions of the manufacturer and run in the Low 

MW program of the Trans-Blot Turbo System (5 min at a constant 1.3 A up to 25 V).  

When transference was completed, the membrane was cut and the membrane piece 

corresponding to hα-syn molecular weight was incubated in 4% PFA (Electron Microscopy 

Sciences) for 30 min. After 3 washing steps with Tris Buffer Saline (TBS) with 0.1 % Tween-20 (TBS-

T) for 10 min, membranes were incubated with blocking buffer (5% skim milk in TBS-T) for 1 h at 

RT in agitation. For the detection of glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 

loading control) in the upper membrane piece, fixation was omitted. After the blocking step, 

membranes were incubated with the corresponding primary antibody anti-hα-syn or anti-GAPDH 

(Table 11, annex) in blocking buffer overnight at 4°C in agitation. The next day, membranes were 

washed twice with TBS-T for 10 min and twice for 5 min, and afterward, incubated with the 

corresponding HRP-conjugated secondary antibody (Table 12, annex) in blocking buffer for 1 h 

at RT in agitation. Membranes were washed with TBS-T twice for 10 min, once for 5 min, and the 

last one for 5 min with only TBS. Membranes were revealed with chemiluminescence using 
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Immobilon Western HRP Substrate Classico (Sigma-Aldrich, #WBLUCO500), and immediately 

visualized with the ChemiDoc MP system (Bio-Rad).  

 

 

7. Quantitative proteomics by SWATH-MS 

The proteomic study of hippocampal synaptosomes was carried out with the 

collaboration of the group led by Dr. Joaquín Fernandez and Dr. Enrique Santamaría from the 

Clinical Neuroproteomics laboratory at Navarrabiomed Health Research Institute (Pamplona, 

Spain).  

 

 

Figure 18. Proteomic study workflow.  

 

7.1. Brain tissue collection and synaptosome isolation 

Animals (n = 5/group and time point) were rapidly anesthetized with a mixture of oxygen 

and isoflurane (5%) and sacrificed at the corresponding time points (1, 2, 4, and 16 weeks p.i.). 

Brains were rapidly removed from the skull, and hippocampi were carefully dissected. As described 

in section 4.2., hippocampi were homogenized in buffer D and centrifuged to obtain the 

supernatant S1, containing the cytoplasm and membranous structures. To maximize sample 

recovery, the pellet P1 was centrifuged again and supernatant S1’ was mixed with the S1, while 

P1’ pellet was discarded. The mixture (S1 and S1’) was centrifuged (11600 x g for 12 min; 4ºC), 

and the supernatant S2, containing the cytoplasm, was discarded and pellet P2, enriched in 

synaptosomes, was resuspended in 700 µL of buffer D. In order to purify synaptosomes, 

resuspended samples were added on top of the same volume of buffer E, and centrifuged (12000 
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x g for 1 h; 4ºC) to create a sucrose gradient. After the centrifugation, different phases were 

separated, and the interphase, corresponding to synaptosomes, was transferred into a microfuge 

tube. Finally, samples were sonicated for 10 s at medium power (Sonopuls HD2070 Bandelin). 

 

7.2. Sample preparation and protein digestion 

Synaptosomes were homogenized in lysis buffer, centrifuged (100000 × g for 1 h; 15 °C) 

and protein concentration was measured by Bradford assay (Bio-rad). A pool of all samples was 

used as input for generating the sequential window acquisition of all theoretical mass spectra–

mass spectrometry (SWATH-MS) assay library. To increment the proteome coverage in-gel 

digestion was applied. Protein extracts (30 μg) were diluted in Laemmli sample buffer and loaded 

into a 0.75 mm thick polyacrylamide gel with a 4% stacking gel cast over a 12.5% resolving gel. 

The total gel was stained with Coomassie Brilliant Blue and 12 equal slides from the pooled sample 

were excised from the gel and transferred into 1.5 mL microfuge tubes. Protein enzymatic 

cleavage was carried out with trypsin (Promega; 1:20, w/w) at 37 °C for 16 h as previously 

described (Shevchenko et al., 2006). Purification and concentration of peptides were performed 

using C18 Zip Tip Solid Phase Extraction (Millipore). The peptides recovered from in-gel digestion 

processing were reconstituted into a final concentration of 0.5 μg/μl on MS buffer before mass 

spectrometric analysis. 

 

7.3. LC-MS/MS analysis for spectral library generation 

MS/MS datasets for spectral library generation were acquired on a TripleTOF 5600+ mass 

spectrometer (Sciex) interfaced to an Eksigent nanoLC ultra 2D pump system (Sciex) fitted with a 

75 μm ID column (Thermo Scientific 0.075 × 250 mm, particle size 3 μm and pore size 100 Å). 

Before separation, the peptides were concentrated on a C18 precolumn (Thermo Scientific 0.1 × 

50 mm, particle size 5 μm and pore size 100 Å). Mobile phases were 0.1% formic acid in water (A) 

and 0.1% formic acid in acetonitrile (B). Peptides were eluted in a linear gradient of buffer B from 

2% to 40% in 120 min. The column was equilibrated in 95% B for 10 min and 2% B for 10 min. 

During all processes, the precolumn was in line with the column, and flow was maintained all 

along the gradient at 300 nl/min. The output of the separation column was directly coupled to 

the nano-electrospray source. MS1 spectra were collected in the range of 350-1250 m/z for 250 

ms. The 35 most intense precursors with charge states of 2 to 5 that exceeded 150 counts per 

second were selected for fragmentation using rolling collision energy. MS2 spectra were collected 
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in the range of 230–1500 m/z for 100 ms. The precursor ions were dynamically excluded from 

reselection for 15 s. 

 

7.4. Database search and results processing of assay library 

MS/MS data acquisition was performed using AnalystTF 1.7 (Sciex) and spectra files were 

processed through ProteinPilot v5.0 search engine (Sciex) using ParagonTM Algorithm (v.4.0.0.0) 

(Shilov et al., 2007) for database search. To avoid using the same spectral evidence in more than 

one protein, the identified proteins were grouped based on MS/MS spectra by the Progroup™ 

Algorithm, regardless of the peptide sequence assigned. False discovery rate (FDR) was performed 

using a non-linear fitting method (Tang et al., 2008), and displayed results were those reporting a 

1% Global FDR or better. 

 

7.5. SWATH-MS 

Individual protein extracts (20 μg) from all experimental groups were subjected to in-gel 

digestion, peptide purification, and reconstitution before mass spectrometric analysis as 

previously described. For SWATH-MS-based experiments, the TripleTOF 5600+ instrument was 

configured as described by Gillet and coworkers (Gillet et al., 2012). Using an isolation width of 16 

Da (15 Da of optimal ion transmission efficiency and 1 Da for the window overlap), a set of 37 

overlapping windows was constructed covering the mass range 450–1000 Da. In this way, 2 μl of 

each sample was loaded onto a trap column (Thermo Scientific 0.1 × 50 mm, particle size 5 μm 

and pore size 100 Å) and desalted with 0.1% trifluoroacetic acid at 2 μl/min for 10 min. The 

peptides were loaded onto an analytical column (Thermo Scientific 0.075 × 250 mm, particle size 

3 μm and pore size 100 Å) equilibrated in MS buffer. Peptide elution was carried out with a buffer 

B linear gradient as previously described, and eluted peptides were infused in the mass-

spectrometer. The Triple TOF was operated in swath mode, in which a 0.050 s TOF MS scan from 

350 to 1250 m/z was performed, followed by 0.080 s product ion scans from 230 to 1800 m/z on 

the 37 defined windows (3.05 s/cycle). The collision energy was set to optimum energy for a 2 + 

ion at the center of each SWATH block with a 15 eV collision energy spread. 

 

7.6. Label-free quantitative data analysis  

The resulting ProteinPilot group file from library generation was loaded into PeakView® 

(v2.1, Sciex) and peaks from SWATH runs were extracted with a peptide confidence threshold of 

99% confidence (Unused Score ≥ 1.3) and FDR lower than 1%. For this, the MS/MS spectra of the 
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assigned peptides were extracted by ProteinPilot, and only the proteins that fulfilled the following 

criteria were validated: (1) peptide mass tolerance lower than 10 ppm, (2) 99% of confidence level 

in peptide identification, and (3) complete b/y ions series found in the MS/MS spectrum. Only 

proteins quantified with at least two unique peptides were considered. 

 

7.7. Bioinformatic analysis  

The identification of significantly enriched structural complexes and biological processes 

from the deregulated proteins in synaptosomal fractions was performed using Metascape (Zhou 

et al., 2019). For the generation of the different heatmaps, after the identification of all statistically 

enriched terms (structural complex: GO/KEGG terms; biological process: GO/KEGG terms, 

canonical pathways, hallmark gene sets), cumulative hypergeometric p-values and enrichment 

factors were calculated and used for filtering. The remaining significant terms were then 

hierarchically clustered into a tree based on Kappa-statistical similarities among their gene 

memberships. Then, a 0.3 kappa score was applied as the threshold to cast the tree into term 

clusters. The term with the best p-value within each cluster was selected as its representative term 

and displayed in a dendrogram. The heat map cells are colored by their p-values and grey cells 

indicate the lack of enrichment for that term in the corresponding list. The interactomes of human 

and rat α-syn were obtained from the curated Biological General Repository for Interaction 

Datasets (BioGRID: https://thebiogrid.org/; Oughtred et al., 2019). The synaptic ontology analysis 

was performed using the SynGo platform (https://syngoportal.org/; Koopmans et al., 2019). The 

“brain expressed” background set was selected, containing 18,035 unique genes in total, of which 

1104 overlap with SynGO annotated genes. For each ontology term, a one-sided Fisher exact test 

was performed to compare differential datasets and the “brain expressed” background set. The 

result is shown in the “p-value” column. To find enriched terms within the entire SynGO ontology, 

a multiple testing correction using FDR was applied (q-value column). 

 

 

8. In vivo positron emission tomography  

8.1. Dopaminergic drug treatment 

PET scans were carried out with animals under dopaminergic drug chronic treatment with 

PPX. Once the dopaminergic lesion was established after 16 weeks p.i. of the AAVs, animals were 

treated chronically for 4 weeks with the dopaminergic agonist PPX (0.25 mg/kg/day; 

subcutaneous; A1237; Sigma-Aldrich, St. Louis, MO) (Jimenez-Urbieta et al., 2018).  

https://thebiogrid.org/
https://syngoportal.org/
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8.2. PET scans and data acquisition 

To study brain glucose metabolism, [18F]-FDG radiotracer was used. Animals inoculated 

with the AAV-hα-syn (n = 9) and the AAV-EVV (n = 5) were treated with PPX (0.25 mg/kg, 

subcutaneous) 1 h before the image acquisition, and the [18F]-FDG (30 ± 0.3 MBq, IBA 

Molypharma) was injected 30 min after PPX administration. The tail vein was catheterized with a 

24-gauge catheter for intravenous administration of the radiotracer and animals were kept for an 

awake uptake period of 30 min to ensure the incorporation of the radiotracer. Blood samples were 

taken from the tail vein to obtain basal levels of serum glucose for posterior image normalization. 

The PET scans were performed under anesthesia with isoflurane in oxygen-enriched air (3-5% for 

induction and 1.5-2.0% for maintenance) using an eXploreVista-CT small animal PET-CT system 

(GE Healthcare) located at the Imaging Unit facilities of CICbiomaGUNE (San Sebastian, Spain). 

Each animal was positioned with the lungs at the center of the field of view of the PET camera to 

perform a static acquisition of 45 min in the 400-700 keV energetic window. During PET 

acquisition, rats were kept normothermic using a water-based heating blanket. After each PET 

scan, computed tomography (CT) acquisitions were also performed (140 µA intensity, 40 kV 

voltage), providing anatomical information of each animal as well as the attenuation map for the 

later image reconstruction. CT data were reconstructed using FeldKamp method with binning and 

PET data were reconstructed (random, scatter, decay, and CT-based attenuation corrected) with 

filtered back projection (FBP) method using a Ramp filter with a cut-off frequency of 0.5 mm-1. 

 

8.3. Image analysis  

For whole-brain analysis, each CT image was normalized to a CT template created as a 

reference to a rat MRI template (Schweinhardt et al., 2003). Thereafter, all PET scans were exported 

and coregistered to their corresponding CT images using PMOD software (PMOD Technologies 

Lts.). For extracerebral regions, a mask was applied to eliminate the value of the voxels outside 

the brain. Then, image smoothing was applied with a Gaussian filter (4 mm FWHM) to minimize 

possible errors or spatial differences after the normalization process. Finally, to normalize the 

intensity of uptake within the images due to differences in administered doses, the uptake value 

of the white matter was considered in each animal as a reference region (Weber et al., 2002). 
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8.4. Statistical analysis 

PET scans were statistically analyzed using Statistical Parametric Mapping 8 (SPM8) 

software (Welcome Department of Imaging Neuroscience, Institute of Neurology, London, UK). 

The groups of images belonging to the two experimental groups were compared using a t-test 

(one-sample t-test) introducing as a covariate a vector of blood glucose measurements performed 

before the PET acquisition. Once the design matrix was defined, hypothesis contrasts were applied 

to detect areas of hyper- or hypoactivity within the AAV-hα-syn group with respect to the AAV-

EVV group, identifying the voxels with a significant change. The significance threshold was set at 

p < 0.01 (uncorrected), to obtain a map of statistically significant regions. The significant 

parametric maps were drawn as a 3D region on an MRI template eliminating the areas that did 

not exceed a size of 50 voxels. Finally, an anatomical rat brain atlas provided by the PMOD 

program was used to identify the affected regions. 

 

 

9. Statistical Analyses  

All statistical analyses were performed using GraphPad Prism 8.0 software (GraphPad 

Software Inc.). Data distribution for normality was assessed using the Kolmogorov-Smirnov (K–S) 

test and variance equality by Levene’s test. For pair-wise comparisons between means of AAV-

hα-syn and AAV-EVV groups, unpaired t-test or Mann–Whitney test was performed, when data 

were parametric or non-parametric, respectively. For multiple comparisons between means of 

different time points within the AAV-hα-syn group, Kruskal-Wallis test followed by Dunn´s post-

hoc test was used, as data were non-parametric. For multiple comparisons between means of 

experimental groups and different conditions (basal/cLTP, treatment, time point) two-way ANOVA 

followed by Turkey’s or Bonferroni’s post-hoc tests were used. Group data are represented in 

graphs as mean ± SEM and statistically significant differences were set at p < 0.05.  

 

 

 

  



 

 
 

 

 

 

  



 

 
 

 

 

 

 

 

 

 

 

Results



Results 

89 

This doctoral thesis has been carried out using different experimental approaches to 

address the established objectives. Subsequent experiments were designed as the results of each 

experimental approach were known, varying the time points analyzed. The details for each set of 

experiments are described in the corresponding section.  

 

1. Histological characterization of the mesolimbic pathway from 

the midbrain to the hippocampus 

1.1. Experimental design 

 

 

Figure 19. Experimental design for the histological characterization. Animals were inoculated with either 

AAV-hα-syn or AAV-EVV bilaterally in the SNpc and they were perfused at their corresponding final time 

point (1, 2, 4, and 16 weeks p.i.). Brains were removed and coronal slices were acquired for 

immunohistochemistry and immunofluorescence studies. 

 

To study the mesolimbic pathway from the midbrain to the hippocampus, we performed 

a histological characterization of the SNpc, VTA, and hippocampus at different time points p.i. in 

the AAV-hα-syn animal model. For that purpose, animals were inoculated with the AAV-hα-syn 

and sacrificed at different time points p.i. (1, 2, 4, and 16 weeks p.i.; n = 4 for each time point). For 

the control group, animals were inoculated with the AAV-EVV (n = 4) and only the final time point 

(16 weeks p.i.) was studied to reduce the number of animals (Figure 19).  

 

1.2. Histological characterization of the SNpc and VTA 

1.2.1. Hα-syn overexpression in the SNpc and VTA 

In the SNpc and VTA, inoculation of the AAV-hα-syn resulted in a robust and persistent 

expression of hα-syn from 1 week p.i. that expanded progressively and changed to a more diffuse 

pattern in later time points (Figure 20A-B). In both nuclei, hα-syn expression reached significance 

at 4 weeks p.i. (SNpc: p < 0.001 vs. 1w p.i., and p < 0.05 vs. 2w p.i.; VTA: p < 0.05 vs. 1w p.i. and 
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2w p.i.) and was maintained at 16 weeks p.i. (SNpc: p < 0.05 vs. 1w p.i.; VTA: p < 0.01 vs. 1w p.i., 

and p < 0.05 vs. 2w p.i.) (Figure 20C-D).  

No hα-syn expression was observed in either the SNpc or the VTA in the AAV-EVV control 

group (Figure 20A). 

 

 

Figure 20. Hα-syn overexpression in the SNpc and VTA. A) Representative photomicrographs for hα-syn 

staining in coronal sections of the SNpc/VTA from AAV-EVV and AAV-hα-syn group at 1, 2, 4, and 16 weeks 

(w) p.i. Scale bar, 1 mm. B) Representative SNpc and VTA higher magnification photomicrographs for hα-syn 

staining from AAV-hα-syn group at their corresponding time points. Scale bar, 100 μm. Relative optical 

density (ROD) analysis of hα-syn expression in the C) SNpc and D) in the VTA from the AAV-hα-syn group 

at their corresponding time points p.i. Values are presented as the mean ± SEM. Kruskal-Wallis followed by 

Dunn´s post hoc test: & p < 0.05, && p < 0.01, &&& p < 0.001 vs. 1w p.i.; $ p < 0.05 vs. 2w p.i. n = 4 for 

experimental group and time point evaluated. 
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1.2.2. Quantification of the dopaminergic neuronal loss in the SNpc and VTA 

In the SNpc, the AAV-hα-syn group showed a significantly reduced number of TH+ 

dopaminergic neurons from 4 weeks p.i. (31% reduction, p < 0.05 vs. AAV-EVV and AAV-hα-syn 

1w p.i.) that was maintained at 16 weeks p.i. (33% reduction, p < 0.05 vs. AAV-EVV and p < 0.01 

vs. AAV-hα-syn 1w p.i.) (Figure 21A-C).  

In the VTA, the number of TH+ dopaminergic neurons were significantly decreased from 

1 week p.i. onwards (40% reduction, p < 0.05 vs. AAV-EVV for all time points p.i.) (Figure 21A, B, 

and D). 

 

Figure 21. TH+ neurons in the VTA and SNpc. A) Representative photomicrographs for TH staining in 

coronal sections of the SNpc/VTA from AAV-EVV and AAV-hα-syn group at 1, 2, 4, and 16 weeks (w) p.i. 

Scale bar, 1 mm. B) Representative SNpc and VTA higher magnification photomicrographs for TH staining 

from AAV-EVV and AAV-hα-syn groups at the corresponding time points. Scale bar, 300 μm. Quantification 

of TH+ neurons in the C) SNpc and D) in the VTA from AAV-EVV and AAV-hα-syn group at the corresponding 

time points p.i. Values are presented as the mean ± SEM. Kruskal-Wallis followed by Dunn´s post hoc test: * 

p < 0.05 vs. AAV-EVV; & p < 0.05, && p < 0.01 vs. 1w p.i. n = 4 for experimental group and time point 

evaluated. 
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1.2.3. Hα-syn overexpression in dopaminergic and glutamatergic VTA neurons 

The VTA has a central role in the neural processes that underlie motivation and behavioral 

reinforcement. Although thought to contain only dopaminergic and GABAergic neurons, the VTA 

also includes a population of glutamatergic neurons identified through the expression of the 

vesicular glutamate transporter 2 (vGlut2) (Yoo et al., 2016). This neuronal population remains 

poorly characterized, but they have been described to play a role in reward, aversion, and memory 

processing (Han et al., 2020; Root et al., 2018) as well as in dopaminergic neuron vulnerability and 

degeneration (Buck et al., 2021). Thus, in order to characterize this population and the specific cell 

type expressing hα-syn in the VTA, we performed triple immunofluorescence with hα-syn and the 

specific dopaminergic (TH) and glutamatergic (vGlut2) markers (Figure 22).  

We observed positive hα-syn staining at all the time points p.i. and colocalizing 

abundantly with dopaminergic fibers. Colocalization of hα-syn in neuronal somas was only 

observed at 2 and 4 weeks p.i. (Figure 22A).  

By contrast, colocalization of hα-syn with vGlut2 was restricted to a few glutamatergic 

fibers at 1 and 2 weeks p.i. Interestingly, at 4 weeks p.i. hα-syn+ staining was observed in vGlut2+ 

neuronal somas, suggesting that glutamatergic neurons overexpress hα-syn as well (Figure 22B). 

At 16 weeks p.i., few vGlut2+ puncta colocalized with hα-syn staining (Figure 22B).  

 

 

Figure 22. Expression of hα-syn in TH+ and vGlut2+ neurons in the VTA. Representative high 

magnification photomicrographs of hα-syn colocalization with A) TH staining, and B) vGlut2 staining, in the 

AAV-hα-syn group at 1, 2, 4, and 16 weeks (w) p.i. in the VTA. Scale bars, 5 μm.  
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1.3. Histological characterization of the hippocampus 

1.3.1. Hα-syn overexpression in the hippocampus  

In the hippocampus, intranigral inoculation of the AAV-hα-syn resulted in the progressive 

expression of hα-syn from 1 week p.i. (Figure 23A), reaching statistical significance at 4 weeks p.i. 

(p < 0.01 vs. 1w p.i., and p < 0.05 vs. 2w p.i.; Figure 23F)  that was maintained at 16 weeks p.i. (p 

< 0.001 vs. 1w p.i., and p < 0.01 vs. 2w p.i.; Figure 23F). No hα-syn expression was observed in the 

hippocampus of the AAV-EVV control group (Figure 23B). 

A different pattern of hα-syn overexpression was observed depending on the anatomical 

region of the hippocampus. In the DG (Figure 23C), hα-syn expression was observed since 1 week 

p.i. with punctate staining in the hilus, spreading towards CA3 at 2 weeks p.i. and changing to 

fibrillary staining at 4 and 16 weeks p.i. From 2 weeks p.i. onwards, hα-syn+ fibers also appear in 

the granular cell layer. Overall, hα-syn levels in the DG increased significantly at 4 weeks p.i. (p < 

0.01 vs. 1w p.i., and p < 0.05 vs. 2w p.i.; Figure 23G) and were maintained at 16 weeks p.i. (p < 0.01 

vs. 1w p.i., and p < 0.05 vs. 2w p.i.; Figure 23G).  

In the CA1 region (Figure 23D), hα-syn+ fibers were observed mainly in the stratum oriens, 

stratum pyramidal, and stratum radiatum since 1 week p.i. Hα-syn+ levels increased progressively 

at later time points reaching statistical significance at 4 weeks p.i. (p < 0.01 vs. 1w and 2w p.i.; 

Figure 23H), and 16 weeks p.i. (p < 0.001 vs. 1w p.i., and p < 0.0001 vs. 2w p.i.; Figure 23H). At 16 

weeks p.i., immunostaining became more evident at the SLM (Figure 23D), thus, for the following 

experiments, the SLM will only be analyzed at the 16 weeks p.i. time point.  

In the CA3 region (Figure 23E), although few puncta were observed at 2 weeks p.i. (p < 

0.05 vs. 1w p.i.; Figure 23I), marked fiber immunostaining became evident particularly in the 

stratum lucidum at 4 weeks p.i. (p < 0.0001 vs. 1w p.i.; Figure 23I). At 16 weeks p.i., hα-syn staining 

expanded through the different layers of the CA3 region, and expression levels were maintained 

(p < 0.0001 vs. 1w p.i.; Figure 23I). For the following experiments, the CA3 region will only be 

analyzed at 4 and 16 weeks p.i. time points due to the low levels of hα-syn observed in the 

previous time-points.  
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Figure 23. Hα-syn overexpression in the hippocampus. A) Representative photomicrographs for hα-syn 

staining in coronal sections of the hippocampus from the AAV-hα-syn group at 1, 2, 4, and 16 weeks (w) p.i. 

and B) the AAV-EVV group. Scale bars, 500 μm. Representative higher magnification photomicrographs for 

hα-syn staining from the C) DG, D) CA1 region, and E) CA3 region of the hippocampus from AAV-hα-syn 

group at the corresponding time points. Scale bars, 200 μm. The different anatomical regions and layers are 

indicated. DG: molecular layer (ML), granular cell layer (GC), and hilus (H); CA1: stratum oriens (SO), pyramidal 

cell layer (PC), stratum radiatum (SR), and stratum lacunosum-moleculare (SLM); CA3: SO, PC, stratum 

lucidum (SL), and SLM. F) Relative optical density (ROD) analysis of hα-syn expression in the whole 

hippocampus and specifically in G) DG, H) CA1 region, and I) CA3 region from the AAV-hα-syn group at the 

corresponding time points p.i. Values are presented as the mean ± SEM. Kruskal-Wallis followed by Dunn´s 

post hoc test: & p < 0.05, && p < 0.01, &&& p < 0.001, &&&& p < 0.0001 vs. 1w p.i.; $ p < 0.05, $$ p < 

0.01, $$$$ p < 0.0001 vs. 2w p.i. n = 4 for experimental group and time point evaluated.  
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1.3.2. Localization of hα-syn+ fibers in the different hippocampal afferents  

In order to elucidate the distribution of hα-syn+ fibers in the different afferent pathways 

from the VTA and its expression among the different anatomical subregions, we performed several 

double immunofluorescences with hα-syn and dopaminergic (TH), glutamatergic (vGlut2) or 

GABAergic (GABA) markers.  

 

1.3.2.1. Dopaminergic pathway 

TH staining showed a fibrillar pattern throughout the different regions of the 

hippocampus (Figure 24). Across the different time points, a general decrease of TH+ fibers was 

observed, particularly at 16 weeks p.i. (Figure 24).    

In the DG, TH+ fibers were predominantly localized to the hilus (Figure 24A) while only a 

few fibers were present in the granular cell layer (Figure 24B). Specifically, in the hilus (Figure 24A) 

hα-syn+ puncta widely colocalized with TH+ fibers at 1 week p.i. Lower colocalization of hα-syn 

was observed in TH+ fibers at 2 and 4 weeks p.i. although we observed a change in hα-syn to 

fibrillar staining. At 16 weeks p.i., some of the few remaining TH+ fibers colocalized with hα-syn, 

although there was an overall decrease of both markers. In the granular cell layer of the DG, 

although hα-syn expression increased in later time points no colocalization with hα-syn was 

observed within the few TH+ fibers at any of the time points analyzed (Figure 24B). 

In the CA1 region, TH+ fibers were found across the stratum oriens, pyramidal cell layer, 

and stratum radiatum (Figure 24C), and most abundantly in the SLM (Figure 24D). In the pyramidal 

cell layer and the adjacent stratum oriens and stratum radiatum (Figure 24C), although hα-syn 

expression was higher than TH+ fibers at 1, 2, and 4 weeks p.i., minor colocalization was found. At 

16 weeks p.i. no colocalization of hα-syn within TH+ fibers was found along with an almost absent 

TH+ staining in these regions. By contrast, in the SLM at 16 weeks p.i. (Figure 24D) we observed a 

strong colocalization of hα-syn within the TH+ fibers.  

In the CA3 region, TH+ fibers were found around the stratum oriens, pyramidal cell layer, 

stratum ludicum, and stratum radiatum (Figure 24E). At 4 weeks p.i., few TH+ fibers were observed 

in the CA3 area and they did not colocalize with hα-syn, which was present in the pyramidal cell 

layer, and most abundantly in the adjacent stratum lucidum. At 16 weeks p.i., a decrease in TH+ 

fibers was observed, but no colocalization with hα-syn was found.  
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Figure 24. Expression of hα-syn in dopaminergic TH+ fibers of the hippocampus. Representative double 

immunofluorescence photomicrographs for TH and hα-syn in the hippocampus of the AAV-hα-syn group at 

1w, 2w, 4w, and 16w p.i. in the DG A) hilus and B) granular cell layer; CA1 region C) pyramidal cell layer and 

D) stratum lacunosum moleculare (SLM); and CA3 region E) pyramidal cell layer. Scale bars, 10 μm. Higher 

magnification photomicrographs of areas pointed with an asterisk are detailed in the bottom right corner of 

each photo. Scale bars, 5 μm.  
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1.3.2.2. Glutamatergic pathway 

The vGlut2 staining in the hippocampus showed punctate staining throughout all regions 

of the hippocampus in line with its abundant localization to synaptic vesicles at the glutamatergic 

terminals (Figure 25). Across the different time points, a general decrease of vGlut2+ staining was 

observed, particularly at 16 weeks p.i. (Figure 25).    

In the DG, vGlut2+ staining was scarce in the hilus (Figure 25A) but particularly abundant 

in the granular cell layer (Figure 25B). In the hilus (Figure 25A), vGlut2+ staining did not colocalize 

with hα-syn+ puncta at 1 week p.i. but it did colocalize with fibrillar hα-syn at 2, 4, and 16 weeks 

p.i. In the granular cell layer of the DG (Figure 25B), a strong colocalization of hα-syn was observed 

within vGlut2+ terminals from 2 weeks p.i. onwards, concomitant to the onset of hα-syn expression 

in this layer. Moreover, vGlut2 and hα-syn expression in the granular cell layer decreased over 

time, becoming more evident at 16 weeks p.i., although some hα-syn content was still observed 

in the few remaining vGlut2+ terminals.  

In the CA1 region, vGlut2+ staining was found across the stratum oriens, pyramidal cell 

layer, stratum radiatum (Figure 25C), and SLM (Figure 25D), where it widely colocalized with hα-

syn at all time points. In the pyramidal cell layer and the adjacent stratum oriens and stratum 

radiatum (Figure 25C), colocalization was present at 1, 2, and 4 weeks p.i. At 16 weeks p.i., both 

vGlut2 and hα-syn staining decreased in these regions, however, the remaining few vGlut2+ fibers 

showed hα-syn+ content. In the SLM at 16 weeks p.i. we also observed some vGlut2+ fibers positive 

to hα-syn (Figure 25D).  

In the CA3 region, vGlut2+ staining was particularly abundant within the pyramidal cell 

layer, although it was found across all layers of CA3 (Figure 25E). At 4 weeks p.i., vGlut2+ terminals 

strongly colocalized with hα-syn in the pyramidal cell layer and the adjacent stratum lucidum. At 

16 weeks p.i. both markers were decreased, but hα-syn was observed within the remaining vGlut2+ 

fibers.  
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Figure 25. Expression of hα-syn in vGlut2+ terminals of the hippocampus. Representative double 

immunofluorescence photomicrographs for vGlut2 and hα-syn in the hippocampus of the AAV-hα-syn group 

at 1w, 2w, 4w, and 16w p.i. in the DG A) hilus and B) granular cell layer; CA1 region C) pyramidal cell layer 

and D) stratum lacunosum moleculare (SLM); and CA3 region E) pyramidal cell layer. Scale bar 10 μm. Higher 

magnification photomicrographs of areas pointed with an asterisk are detailed in the bottom right corner of 

each photo. Scale bars, 5 μm.  

 

 

 

 



Results 

99 

1.3.2.3. GABAergic pathway 

GABA staining in the hippocampus showed a punctate pattern throughout all regions of 

the hippocampus in line with its abundant localization to GABAergic synaptic terminals (Figure 

26). Moreover, several neuronal somas were also found throughout all regions of the 

hippocampus, corresponding to GABAergic interneurons. Of note, no hα-syn+ staining was 

observed within these neurons evidencing the presence of hα-syn+ only in GABAergic terminals. 

Across the different time points, a general decrease of GABA+ staining was observed together 

with an increase of hα-syn+ staining, particularly from 4 weeks p.i. onwards (Figure 26).    

In the DG, GABA+ staining was found across all layers, but it was particularly abundant in 

the granular cell layer (Figure 26A-B). In GABA+ fibers from the hilus (Figure 26A) few hα-syn+ 

puncta and fibers were observed at 1 and 2 weeks p.i. At 4 weeks p.i., GABA+ staining decreased 

together with an increase in hα-syn expression and colocalized within some GABA+ fibers. By 

contrast, at 16 weeks p.i., both GABA and hα-syn staining decreased and no colocalization was 

observed. In the granular cell layer of the DG (Figure 26B), hα-syn was observed within some 

GABA+ terminals since 2 weeks p.i., concomitant with the onset of hα-syn expression in this region. 

At 4 and 16 weeks p.i., despite the decrease in GABA staining, some hα-syn+ expression was still 

observed within GABA+ fibers.  

In the CA1 region, GABA+ staining was particularly abundant in the pyramidal cell layer 

(Figure 26C), although it was found across all layers. In the pyramidal cell layer and the subjacent 

stratum oriens and stratum radiatum (Figure 26C), hα-syn colocalization with GABA+ fibers was 

scarce at 1 week p.i., but more abundant at 2 weeks p.i. Together with an overall decrease of GABA 

staining at 4 weeks p.i., colocalization of both makers decreased and became almost absent at 16 

weeks p.i. In the SLM at 16 weeks p.i. (Figure 26D) no hα-syn was observed within GABA+ fibers.  

In the CA3 region, again GABA+ staining was particularly abundant within the pyramidal 

cell layer (Figure 26E), although it was found across all layers of CA3. However, no colocalization 

was observed between GABA and hα-syn at 4 weeks p.i. in the pyramidal cell layer and the 

adjacent stratum lucidum. At 16 weeks p.i., GABA staining was almost absent, and thus, there was 

no colocalization of hα-syn within GABA+ fibers.   
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Figure 26. Expression of hα-syn in GABA+ terminals of the hippocampus. Representative double 

immunofluorescence photomicrographs for GABA and hα-syn in the hippocampus of the AAV-hα-syn group 

at 1w, 2w, 4w, and 16w p.i. in the DG A) hilus and B) granular cell layer; CA1 region C) pyramidal cell layer 

and D) stratum lacunosum moleculare (SLM); and CA3 region E) pyramidal cell layer. Scale bar 10 μm. Higher 

magnification photomicrographs of areas pointed with an asterisk are detailed in the bottom right corner of 

each photo. Scale bars, 5 μm.  
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2. Behavioral assessment and hippocampal cLTP  

2.1. Experimental design  

 

 

Figure 27. Experimental design for the behavioral evaluation and FASS-LTP. Animals were inoculated 

with either AAV-hα-syn or AAV-EVV bilaterally in the SNpc. Motor and memory tests were assessed before 

surgery (basal) and at the earliest time points of hα-syn overexpression (1 and 4 weeks p.i.). The time point 

of 16 weeks p.i. was omitted because the loss of TH+ cells in the SNpc and VTA was similar to the one 

observed at 4 weeks p.i., with no further progression of the degeneration. Once animals were sacrificed at 

their corresponding final time point (1 and 4 weeks p.i.), brains were removed and synaptosomes were 

isolated from the hippocampi to perform FASS-LTP, while midbrains were used to confirm the expression of 

hα-syn by western blot.  

 

This set of experiments aimed to determine the onset of memory and motor deficits as 

well as the impairment in synaptic plasticity. For that purpose, we only analyzed the earliest time 

points of hα-syn overexpression and dopaminergic degeneration. Specifically, we analyzed 1 week 

p.i. as it represents the onset of hα-syn expression in the hippocampus as well as the onset of a 

significant degeneration of VTA dopaminergic neurons; and 4 weeks p.i. because is the time point 

where it starts the significant dopaminergic neurodegeneration in the nigrostriatal pathway 

together with the maximum expression of hα-syn in the hippocampus. As we did not observed 

differences between 4 and 16 weeks p.i. regarding the loss of TH+ cells in the SNpc/VTA, and since 

we are focused on the earliest changes during the onset of significant neurodegeneration, we 

decided not to include the 16 weeks p.i. time point in this experiment to reduce the number of 

animals. 

For this purpose, behavioral tasks were assessed in the animals before surgery (basal) and 

at 1 and 4 weeks p.i. (n = 8 for each experimental group and time point) (Figure 27). On the other 
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hand, to determine whether hα-syn overexpression can influence LTP in synaptic terminals of the 

hippocampus, after behavioral tasks at 1 and 4 weeks p.i., animals were sacrificed and were used 

to perform the FASS-LTP in isolated synaptosomes. Additionally, the same samples were also 

tested with two dopaminergic drugs: PPX and L-DOPA. For that purpose, isolated synaptosomes 

were incubated with vehicle (water), PPX, or L-DOPA at basal unstimulated conditions and 

compared to cLTP stimulation conditions. 

 

2.2. Behavioral assessment 

2.2.1. Evaluation of motor activity 

To evaluate forelimb bradykinesia, the stepping test was performed. In the AAV-hα-syn 

group, a 20% significant reduction was found in the number of adjusting steps at 4 weeks p.i. 

compared to the basal state (p < 0.001) and 1 week p.i. (p < 0.0001), as well as respect to their 

corresponding AAV-EVV group (p < 0.01) (Figure 28A). No differences were observed in the AAV-

EVV at any time point evaluated (Figure 28A).  

In the open field test, the AAV-hα-syn group showed a significant reduction of the 

distance traveled at 4 weeks p.i. compared to the basal state (p < 0.001) and 1 week p.i. (p < 

0.001), as well as to their corresponding AAV-EVV group (p < 0.05) (Figure 28B). Additionally, a 

reduction in velocity of AAV-hα-syn animals was observed at 4 weeks p.i. compared to their basal 

state (p < 0.01; Figure 28C). No differences in both parameters were observed in the AAV-EVV at 

any time point evaluated (Figure 28B-C). Only a significant reduction in the time spent moving 

was observed in both AAV-hα-syn and AAV-EVV groups at 4 weeks p.i. compared to their 

corresponding basal state (p < 0.01 the AAV-hα-syn; p < 0.05 the AAV-EVV; Figure 28D).  

Additionally, the time spent in the center of the arena, which is indicative of anxiety-like 

behavior, showed in the AAV-hα-syn and AAV-EVV groups an overall significant reduction at 4 

weeks p.i. compared to their corresponding basal state (p < 0.05; Figure 28E). No differences were 

observed between experimental groups at any time point evaluated (Figure 28E).  

 

 



Results 

103 

 

Figure 28. Evaluation of the motor activity. A) Stepping test and open field test: B) distance, C) velocity, 

D) time spent moving, and E) time spent in the center of the arena. Values at each time point were normalized 

to their corresponding basal values and represented as the mean ± SEM. Two-way ANOVA flowed by Tukey’s 

post hoc test: # p < 0.05, ## p< 0.01, ### p < 0.001 vs. basal; * p < 0.05, ** p < 0.01 vs. AAV-EVV; & p < 0.05, 

&&&& p < 0.0001 vs. 1w p.i. n = 8 for each experimental group and time point evaluated. 

 

 

2.2.2. Evaluation of hippocampal-dependent spatial memory 

Spatial memory performance was assessed with the OLT. In the AAV-hα-syn group, a 

tendency towards reduced spatial memory was observed at 4 weeks p.i. compared to the 

corresponding AAV-EVV (p = 0.0871; Figure 29). No differences were observed when compared 

to basal or between time points in both groups at any time point evaluated (Figure 29).  
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Figure 29. Evaluation of spatial memory. Object location test (OLT) was performed in the AAV-EVV and 

the AAV-hα-syn groups at 1 and 4 weeks (w) p.i. Time spent exploring the object in the novel location (%) 

was calculated and values are represented as the mean ± SEM. Two-way ANOVA flowed by Tukey’s post hoc 

test: ¥ p = 0.0871 vs. AAV-EVV. n = 8 for each experimental group and time point evaluated. 

 

 

2.3. cLTP in hippocampal synaptosomes  

At 1 week p.i. and under vehicle conditions, the AAV-hα-syn group showed significantly 

decreased cLTP compared to their corresponding AAV-EVV (p < 0.01, Figure 30A). Interestingly, 

the dopaminergic agonist PPX increased significantly cLTP compared to the vehicle condition in 

the AAV-hα-syn group (p < 0.05; Figure 30A), whereas decreased cLTP was found in the AAV-EVV 

group (p < 0.05; Figure 30A). No differences were observed between groups under PPX conditions. 

By contrast, with the dopamine precursor L-DOPA, the AAV-hα-syn group showed decreased cLTP 

compared to the AAV-EVV control group (p < 0.05; Figure 30A). No differences were observed in 

cLTP in the AAV-EVV group with L-DOPA incubation (Figure 30A). No differences between 

treatments were observed in either of the experimental groups (Figure 30A).    

At 4 weeks p.i. and under vehicle conditions, the AAV-hα-syn group showed a significantly 

decreased cLTP compared to their corresponding AAV-EVV (p < 0.01, Figure 30B). PPX increased 

significantly cLTP in the AAV-hα-syn group compared to the vehicle condition (p < 0.05; Figure 

30B), while decreased cLTP was found in the AAV-EVV group (p < 0.05; Figure 30B). No differences 

were observed between groups under PPX conditions. L-DOPA increased significantly cLTP in the 

AAV-hα-syn group compared to the vehicle condition (p < 0.05; Figure 30B) and compared to 

PPX condition (p < 0.05, Figure 30B). No differences were observed in the AAV-EVV group or 

between groups (Figure 30B).  
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Figure 30. cLTP at hippocampal synaptosomes. cLTP (%) in synaptosomes isolated from the hippocampus 

of AAV-hα-syn and AAV-EVV groups in the presence of vehicle (water), PPX, and L-DOPA at A) 1 week p.i.; 

and B) 4 weeks p.i. Values are represented as the mean ± SEM. Two-way ANOVA flowed by Tukey’s post hoc 

test: * p < 0.05, ** p < 0.01 vs. AAV-EVV; # p < 0.05 vs. vehicle; $ p < 0.05 vs PPX. n = 8 for each experimental 

group and time point evaluated. 

 

A detailed analysis of GluA1/Nrx1β double staining showed significantly increased levels 

of these markers at the basal condition in the AAV-hα-syn group compared to their corresponding 

AAV-EVV at both time points (1w p.i.: p < 0.01; 4w p.i.: p < 0.001; Figure 31A, B, E). Moreover, at 

4 weeks p.i., GluA1+/Nrx1β+ staining was significantly decreased in the cLTP condition compared 

to the basal condition (p < 0.01; Figure 31E). The AAV-EVV group showed a significant increase of 

these markers at cLTP condition compared to basal condition at 1 week p.i. (p < 0.001; Figure 

31B), and a tendency towards significance at 4 weeks p.i. (p = 0.0616, Figure 31E), indicative of 

cLTP.  

In the AAV-hα-syn group, preincubation of synaptosomes with PPX showed no 

differences compared to AAV-EVV, nor between basal and cLTP conditions at any time point 

(Figure 31C, F), although we found a tendency at 1 week p.i. towards decreased basal levels of 

GluA1+/Nrx1β+ compared to vehicle (p = 0.0639; Figure 31C). By contrast, increased basal levels 

of GluA1+/Nrx1β+ staining were observed in the AAV-EVV group compared to the vehicle at both 

time points (p < 0.05.; Figure 31C, F). In the AAV-EVV group, these markers remained significantly 

increased at the cLTP condition compared to the basal condition at 1 week p.i. (p < 0.05; Figure 

31C), indicative of LTP.  
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In line with cLTP (%) results, L-DOPA raised different results depending on the time point. 

The AAV-hα-syn group showed increased basal GluA1+/Nrx1β+ staining at 1 week p.i. compared 

to their corresponding AAV-EVV (p < 0.01; Figure 31D), without differences between basal and 

cLTP conditions, similar to results with the vehicle. By contrast, the AAV-hα-syn group showed 

significantly decreased basal levels of GluA1+/Nrx1β+ at 4 weeks p.i. compared to vehicle (p < 

0.05; Figure 31G), although there were no significant differences with the cLTP condition. In line 

with cLTP (%) results, the AAV-EVV group showed increased levels of the double-positive staining 

at cLTP conditions compared to basal at both time points (p < 0.001 at 1w and p < 0.05 at 4w p.i.; 

Figure 31D, G), without differences when compared to samples treated with vehicle. Comparison 

between the two dopaminergic drugs showed decreased basal levels of GluA1+/Nrx1β+ with L-

DOPA in the AAV-hα-syn group at 4 weeks p.i. (p < 0.05; Figure 31G), as well as in the AAV-EVV 

group at both time points (p < 0.01 at 1w p.i. and p < 0.05 at 4w p.i.; Figure 31D, G).  
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Figure 31. GluA1/Nrx1β staining in hippocampal synaptosomes. A) Representative GluA1/Nrx1β double 

staining in AAV-hα-syn and AAV-EVV at basal and cLTP conditions measured by flow cytometry. 

GluA1+/Nrx1β+ double-positive values in AAV-hα-syn and AAV-EVV at basal and cLTP stimulation condition 

at B-D) 1 week p.i. and E-G) 4 weeks p.i. in the presence of vehicle (B, E), pramipexole (PPX; C, F), and L-

DOPA (D, G). Values were normalized to the AAV-EVV vehicle condition for each time point and are 

represented as the mean ± SEM. Two-way ANOVA flowed by Bonferroni’s post hoc test: ** p < 0.01, *** p < 

0.001 vs. AAV-EVV; # p < 0.05, ## p < 0.01, ### p < 0.001 vs. basal; & p < 0.05 vs. vehicle; $ p < 0.05, $$ p 

< 0.01 vs. PPX; @ p=0.0616 vs. basal; £ p=0.0639 vs. vehicle. n = 8 for each experimental group and time 

point evaluated. 
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4. Glucose brain metabolism after chronic PPX treatment: [18F]-

FDG PET study 

4.1. Experimental design 

 

 

Figure 36. Experimental design for the PET study. Animals were inoculated with either AAV-hα-syn or 

AAV-EVV bilaterally in the SNpc. After 16 weeks p.i. animals underwent a chronic treatment with PPX (0.25 

mg/kg/day, subcutaneous) for 4 weeks. Motor performance was assessed with the stepping test before 

surgery (basal) and at the final time point (20 weeks p.i.) before (OFF) and after (ON) the corresponding daily 

doses of PPX. [18F]-FDG PET study was performed at the final time point (20 weeks p.i.) under the effect of 

the dopaminergic treatment. After the PET study, animals were perfused and brains were removed to obtain 

coronal slices for immunohistochemistry.  

 

As [18F]-FDG PET enables the assessment of brain activity in vivo and it is thought to be a 

marker of synaptic activity, in order to assess the effect of chronic PPX treatment at this level, we 

performed a [18F]-FDG PET study in animals with an established dopaminergic degeneration and 

impaired motor function. For that purpose, animals were inoculated with either AAV-hα-syn (n = 

9) or AAV-EVV (n = 5) and chronically treated with PPX for 4 weeks (0.25 mg/kg/day, 

subcutaneous) after 16 weeks p.i. to ensure a long-term dopaminergic lesion (Figure 36). Motor 

behavior was evaluated with the stepping test before surgery (basal) and at the final time point 

(20 weeks p.i.) before (OFF medication) and after (ON medication) the corresponding daily doses 

of PPX. After completion of the treatment (20 weeks p.i.), the [18F]-FDG PET was performed under 

the effect of PPX and subsequently, animals were sacrificed and perfused for histological studies.  

 

4.2. [18F]-FDG PET study after PPX treatment 

In the AAV-hα-syn group, significant hypometabolism in the anterodorsal hippocampus 

and the thalamus was observed within the right hemisphere compared to AAV-EVV (p < 0.001; 

uncorrected; Figure 37). 
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Figure 37. In vivo PET study with [18F]-FDG after dopaminergic treatment with PPX. A) MRI images of 

the rat brain coronal sections showing the anteroposterior hippocampus (orange) and the thalamus (yellow). 

B) Hypometabolic areas in the AAV-hα-syn group compared to the AAV-EVV (p < 0.001, uncorrected). 

Binding potential (BP) values are color-coded and co-registered with MRI images.  

 

 

4.3. Confirmation of the parkinsonian phenotype 

The AAV-hα-syn animals showed motor impairment with a 60% significant reduction in 

the number of adjusting steps at 20 weeks p.i. before the daily doses of PPX (OFF medication) 

compared to the basal state (p < 0.0001; Figure 38A) and to their corresponding AAV-EVV group 

(p < 0.0001; Figure 38A). Following the daily administration of PPX (ON medication), although 

they were still significantly impaired compared to the basal state (p < 0.0001; Figure 38A), the 

AAV-hα-syn group significantly improved motor performance compared to the OFF state (p < 

0.001; Figure 38A). However, the AAV-hα-syn animals were significantly impaired compared to 

their corresponding AAV-EVV group (p < 0.01; Figure 38A). No differences were observed in the 

AAV-EVV group between time points or PPX OFF/ON state (Figure 38A).  

Regarding the histology, in the SNpc and VTA, hα-syn protein overexpression was 

confirmed in the AAV-hα-syn group at 20 weeks p.i. (Figure 38C) whereas no expression was 

observed in the AAV-EVV group (Figure 38C). In the striatum, a reduction of DAT expression was 

observed in the AAV-hα-syn group compared to the AAV-EVV group (50% reduction, p < 0.05; 

Figure 38B, D), indicative of dopaminergic degeneration.  
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Figure 38. Confirmation of the parkinsonian phenotype in the AAV-hα-syn group used in the [18F]-

FDG PET study after the dopaminergic treatment with PPX. A) Stepping test of the AAV-EVV and the 

AAV-hα-syn groups at basal and 20 weeks p.i. At the latter time point, the number of adjusting steps were 

assessed before (OFF medication) and after (ON medication) the daily administration of PPX. Values at 20 

weeks p.i. were normalized to their corresponding basal values and represented as the mean ± SEM. Two-

way ANOVA flowed by Tukey’s post hoc test: ### p < 0.0001 vs. basal; ** p< 0.01 vs. AAV-EVV; &&& p < 

0.0001 vs. OFF medication. n = 5 for AAV-EVV group and n = 9 for AAV-hα-syn group. B) Relative optical 

density (ROD) analysis of DAT expression in the striatum from the AAV-EVV and the AAV-hα-syn groups at 

20 weeks p.i. Values are presented as the mean ± SEM. Mann Whitney test: * p < 0.05 vs. AAV-EVV. n = 5 for 

AAV-EVV group and n = 9 for AAV-hα-syn group. C) Representative photomicrographs showing hα-syn 

overexpression in the SNpc/VTA in the AAV-hα-syn group at 20 weeks p.i. Scale bar, 1 mm. D) Representative 

photomicrographs showing DAT expression in the striatum of the AAV-EVV and the AAV-hα-syn groups at 

20 weeks p.i. Scale bar, 2 mm.   
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Table 6. Summary of the main results obtained in this doctoral thesis in the AAV-hα-syn group. 

Significant increases are shown in green and significant decreases in red. Abbreviations: GA, GABAergic; Glu, 

glutamatergic; n.a., not available; n.s., not significant; TH, dopaminergic.   

 
AAV-hα-syn p.i. time points 

1w 2w 4w 16w 20w 

Histological characterization 

hα-syn in SNpc ↑ ↑ ↑↑↑ ↑↑ n.a. 

hα-syn in VTA ↑ ↑ ↑↑ ↑↑ n.a. 

TH in SNpc - - ↓ ↓ n.a. 

TH in VTA ↓ ↓ ↓ ↓ n.a. 

hα-syn in hippocampus ↑ ↑ ↑↑↑ ↑↑↑ n.a. 

hα-syn+ afferents to the hippocampus 

     DG Hilus TH/GA TH/Glu/GA TH/Glu/GA TH/Glu n.a. 

     DG Granular - Glu/GA Glu/GA Glu/GA n.a. 

     CA1 Pyramidal Glu/GA TH/Glu/GA Glu/GA Glu n.a. 

     CA1 SLM n.a. n.a. n.a. TH/Glu n.a. 

     CA3 Pyramidal n.a. n.a. Glu Glu n.a. 

Behavioral assessment 

Motor activity - n.a. ↓ n.a. ↓ 

Spatial memory - n.a. ↓ n.s. n.a. n.a. 

FASS-LTP in hippocampal synaptosomes  

cLTP (%) 

Vehicle ↓ n.a. ↓ n.a. n.a. 

PPX ↑ n.a. ↑ n.a. n.a. 

L-DOPA ↓ n.a. ↑ n.a. n.a. 

Basal 

GluA1/Nrx1β 

Vehicle ↑ n.a. ↑ n.a. n.a. 

PPX ↑ n.s. n.a. ↑ n.s. n.a. n.a. 

L-DOPA ↑ n.a. ↓ n.a. n.a. 

Deregulated biological pathways in hippocampal synaptosomes 

ATP biosynthesis Deregulated n.s. n.s. n.s. n.a. 

Intracellular transport Deregulated Deregulated n.s. n.s. n.a. 

Actin cytoskeleton n.s. Deregulated n.s. n.s. n.a. 

SV trafficking n.s. Deregulated n.s. n.s. n.a. 

Lysosomal transport n.s. Deregulated n.s. n.s. n.a. 

Cation homeostasis n.s. n.s. n.s. Deregulated n.a. 

Membrane potential n.s. n.s. n.s. Deregulated n.a. 

Receptor signaling n.s. n.s. n.s. Deregulated n.a. 

tRNA metabolism n.s. n.s. n.s. Deregulated n.a. 

[18F]-FDG PET study 

After chronic PPX 

treatment 
n.a. n.a. n.a. n.a. 

↓ Thalamus & 

Hippocampus 
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This doctoral thesis has focused on elucidating the early synaptic changes induced by the 

presence of hα-syn in the hippocampus, and its potential role in cognitive and behavioral 

manifestations in PD as well as the modulation of synaptic plasticity impairment by the 

dopaminergic therapy. 

 

1. Pathological alterations in the mesolimbic pathway from the 

VTA to the hippocampus 

Research on PD has classically been focused on the degeneration of the dopaminergic 

nigrostriatal pathway, leading to a dysregulation of the basal ganglia circuitry and, consequently, 

the onset of the cardinal motor features. However, PD is a multisystem disorder that affects many 

different regions in the brain, where dysregulation of other neurotransmitters such as 

noradrenaline, serotonin, or acetylcholine has been linked to the development of non-motor 

features of PD (Barone, 2010; Schapira et al., 2017), which have gained importance during the past 

decade.  

The hippocampus has been suggested to play a role in the development of cognitive and 

behavioral alterations in PD (Calabresi et al., 2013) and thus, it has been our structure of interest 

in this doctoral thesis. The major source of DA to the hippocampus is the mesolimbic pathway 

from the VTA (Bentivoglio & Morelli, 2005; Björklund & Dunnett, 2007). Thus, we aimed to 

characterize the temporal sequence of dopaminergic neuronal loss and Lewy pathology in the 

VTA. Since the VTA also contains glutamatergic and GABAergic neurons, characterizing how these 

different neuronal populations influence the many different functions of the hippocampus is 

crucial for understanding their possible role in PD. Therefore, we also aimed to characterize Lewy 

pathology in these neurons and their corresponding projections to the hippocampus. 

On the one hand, our results show that inoculation of the AAV-hα-syn into the SNpc 

triggers the overexpression of hα-syn in the SNpc as well as in the adjacent VTA since the earliest 

time point analyzed (1 week p.i.) and reaching its maximum at 4 weeks p.i. Moreover, we report a 

40% degeneration of TH+ dopaminergic neurons in the VTA starting 1 week p.i., which was 

maintained across time. This neuronal loss preceded the one in the SNpc, which was significant 

at 4 weeks p.i. with a 31% TH+ cell loss. Since hα-syn expression was concomitant to a significant 

dopaminergic neuron loss in the VTA, we can speculate that aggregation of hα-syn plays a key 

role in the onset of dopaminergic neurodegeneration. Although the VTA has long been suggested 

to participate in PD pathogenesis, with neuronal cell loss ranging from 31% to 77% in post mortem 

PD brains (Alberico et al., 2015; Giguère et al., 2018), few studies on humans and animal models 
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have focused on this nucleus. Indeed, only one study has previously assessed the number of TH+ 

dopaminergic cells in the VTA throughout different time points p.i. in an AAV-based animal model 

of PD (Alarcón-Arís et al., 2020). Unilaterally inoculated mice with the AAV5-hα-syn into the SNpc 

showed no degeneration in the VTA up to 16 weeks p.i. along with a modest TH+ cell loss (15%) 

in the SNpc since 8 weeks p.i. (Alarcón-Arís et al., 2020). Another study showed a 30% 

degeneration of TH+ dopaminergic neurons of the VTA at 8 weeks p.i. in AAV6-hα-syn inoculated 

rats (Caudal et al., 2015). Other studies with direct delivery of the AAVs into the VTA have shown 

a 22% and 24% TH+ cell loss at 8 weeks p.i. (Alvarsson et al., 2016) and 23 weeks p.i. (H. Hall et al., 

2013), respectively. In contrast, one study found no TH+ cell degeneration in the VTA at 12 weeks 

p.i. of the direct delivery of the AAV-hα-syn into this nucleus, however, they pointed out that 

although VTA dopaminergic neurons survived hα-syn overexpression, they were functionally 

compromised as the animals developed a motor impairment (Maingay et al., 2006). Selective VTA 

dopaminergic degeneration, without affecting the SNpc, was shown to lower DA outflow in the 

hippocampus and NAcc, leading to impairments in synaptic plasticity, memory performance, and 

food reward processing (Nobili et al., 2017). Moreover, hα-syn expression specifically in the VTA 

neurons has previously been shown to lead to the motor as well as non-motor deficits in AAV-

hα-syn inoculated animals (Alvarsson et al., 2016; H. Hall et al., 2013; Maingay et al., 2006). Our 

results support the influence that the VTA exerts on the dopaminergic system, being capable of 

modulating the motor and non-motor symptoms, as reflected by the impaired motor 

performance and a trend towards decreased cognitive functions when partial loss of VTA 

dopaminergic cells has started. Thus, our results highlight the relevance of the VTA in the 

progressive alterations that occur in the onset of parkinsonism. 

Colocalization analysis revealed that not only dopaminergic but also glutamatergic 

neurons in the VTA overexpress hα-syn. Unfortunately, due to technical difficulties to stain 

GABAergic neurons in the VTA, it was not possible to confirm or exclude the presence of hα-syn 

in these neurons. The VTA is a heterogeneous nucleus with different neuronal populations 

including dopaminergic, GABAergic, and glutamatergic neurons, as well as small populations of 

DA-glutamate and GABA-glutamate co-releasing neurons (H. J. Kim et al., 2019; Morales & 

Margolis, 2017). VTA neurons play a range of different roles such as regulation of goal- and 

reward-directed behaviors as well as social behaviors, memory encoding, and wakefulness and 

sleep in target limbic regions (Bimpisidis & Wallén-Mackenzie, 2019; McNamara et al., 2014; 

Morales & Margolis, 2017; X. Yu et al., 2019). However, the contribution of each neuronal 

subpopulation to specific behaviors is still poorly understood. Recently, it has been shown that 

expression of vGlut2 in VTA neurons needs to be delicately balanced because perturbations in 
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either direction can have profound effects on dopaminergic neuron survival. In this sense, 

overexpression of vGlut2 has been associated with specific dopaminergic neuron loss (Steinkellner 

et al., 2018), while the absence of vGlut2 was related to a higher susceptibility of dopaminergic 

neurons to parkinsonian neurotoxins such as rotenone (Buck et al., 2021). However, α-syn 

pathology specifically in VTA non-DA neurons has not been studied before, and thus, their 

contribution to PD pathogenesis is still unknown. Our results suggest that hα-syn is overexpressed 

in VTA glutamatergic neurons, which could be inducing a dysregulation of the neuronal circuitry 

within the VTA, ultimately contributing to dopaminergic neuron vulnerability in the SNpc/VTA 

region since the earliest stages of the parkinsonism.   

In the hippocampus, our results show that transduction of SNpc/VTA neurons leads to an 

overexpression of hα-syn since 1 week p.i., increasing progressively and reaching maximum levels 

at 4 weeks p.i. To date, few studies have distinguished between DA and non-DA projections from 

the VTA to the hippocampus. A detailed anatomical analysis showed that at the earliest time point 

of 1 week p.i., hα-syn is present in the hilus and the CA1 region, colocalizing within TH+, vGlut2+, 

and GABA+ fibers. At 2 weeks p.i., apart from the already mentioned areas, hα-syn appears in the 

granular cell layer of the DG, where it colocalizes within GABA+ and preferentially vGlut2+ fibers. 

Of note, hα-syn staining in the hippocampus showed a fibrillar or punctate pattern, but no cell 

bodies were identified. Although we cannot rule out the spread of hα-syn to hippocampal 

neurons, these results suggest that hα-syn was not overexpressed in the hippocampal neurons 

but was rather spread from other affected brain areas (e.g., VTA). Moreover, our colocalization 

analysis is in line with the previously described anatomical distribution of VTA projections in the 

hippocampus, where VTA dopaminergic neurons project to the CA1 region and the hilus of the 

DG (Adeniyi et al., 2020; Edelmann & Lessmann, 2018; Lisman & Grace, 2005), VTA GABAergic 

neurons innervate preferentially the DG (Han et al., 2020; Ntamati & Lüscher, 2016), and VTA 

glutamatergic neurons project to all hippocampal regions (Adeniyi et al., 2020). Additionally, we 

found few TH+ fibers in the granular cell layer of the DG and the CA3 region, without any 

associated hα-syn accumulation. These TH+ fibers may arrive from other brain nuclei rather than 

the VTA as previously suggested (Adeniyi et al., 2020), or may belong to the noradrenergic system, 

which also expresses TH for the biosynthesis of noradrenaline and innervates these regions 

(Kempadoo et al., 2016; McNamara & Dupret, 2017). Regarding GABAergic innervation, although 

we found GABA+ staining throughout the whole hippocampus, it has to be taken into 

consideration that GABA is not a specific marker for VTA afferents, and thus, the staining we 

observed also corresponds to afferents from other GABAergic brain regions as well as from 

hippocampal interneurons. However, we observe some colocalization of hα-syn within GABA+ 
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terminals, supporting the contribution of this neuronal population to hippocampal dysfunction. 

Interestingly, within the scarce colocalization of GABA with hα-syn, the granular cell layer of the 

DG is of special interest. In this area, VTA neurons have previously been described to co-release 

GABA and glutamate (Ntamati & Lüscher, 2016). Indeed, we also observed abundant 

colocalization of hα-syn within vGlut2+ terminals in this hippocampal region, which could in part 

account for the co-releasing population. Of note, we noticed that hα-syn abundantly colocalized 

within vGlut2+ terminals across the different layers and time points p.i., which is in line with the 

previously described predominant glutamatergic innervation compared to the scarce 

dopaminergic innervation from the VTA to the hippocampus (Adeniyi et al., 2020; Gasbarri et al., 

1994; Han et al., 2020). Thus, our results evidence the implication of DA as well as non-DA 

(particularly glutamatergic) VTA neurons in the hippocampal dysfunction in our AAV-hα-syn-

based animal model of PD. 

Interestingly, α-syn was described to be differentially expressed in excitatory and 

inhibitory terminals throughout the hippocampus, with high levels of α-syn expression within 

excitatory terminals but weak or even absent expression of α-syn within inhibitory terminals 

(Taguchi et al., 2014). Similar results were found in cultured hippocampal neurons, where α-syn 

was shown to differentially modulate the synaptic machinery in excitatory and inhibitory neurons 

(Taguchi et al., 2014). Moreover, the same authors showed that in cultured hippocampal neurons, 

treatment with preformed fibrils was not associated with α-syn aggregation in inhibitory neurons, 

suggesting that intracellular aggregate formation might be related to the endogenous expression 

levels of α-syn. Thus, overexpression of hα-syn in SNpc/VTA neurons could be affecting 

differentially the synaptic machinery in excitatory and inhibitory neurons, thus, possibly impairing 

synaptic machinery in VTA glutamatergic terminals but not in GABAergic terminals, which could 

have a clear impact on hippocampal function.  

Additionally, our AAV-hα-syn animals showed a tendency towards decreased 

performance in a hippocampal-dependent spatial memory task at 4 weeks p.i., preceded by 

impaired hippocampal cLTP starting at 1 week p.i. Despite the early alterations in synaptic 

plasticity, the immunofluorescence characterization of the hippocampus did not reveal any TH+ 

or vGlut2+ fiber degeneration until 16 weeks p.i., although it needs to be confirmed with more 

precise quantitative approaches. The results suggest that functional alterations impact behavioral 

performance and precede structural alterations. Importantly, our study shows that bilateral 

injection of hα-syn into the SNpc is sufficient to trigger α-syn pathology within the hippocampus 

leading to cognitive impairment, thus, providing additional proof that hα-syn may be one of the 

main neuronal substrates for cognitive impairment in synucleinopathies. 
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2. Impairment in synaptic plasticity and cognitive performance 

induced by hα-syn 

2.1. The presence of hα-syn in the hippocampus impairs cLTP since 1 week p.i., 

preceding significant cognitive impairment  

Hippocampal cLTP is impaired at 1 week p.i., concomitant to the onset of hα-syn 

expression in the hippocampus and the degeneration of TH+ cells in the VTA, but without any 

associated motor and memory deficits. Moreover, impaired cLTP was maintained at 4 weeks p.i. 

when hα-syn reached its maximum expression in the hippocampus and the cognitive function was 

starting to fail as we found a tendency towards decreased spatial memory performance. Previous 

studies in transgenic animal models of hα-syn have described an age-dependent decline in LTP, 

particularly with the A53T mutation, accompanied by motor and cognitive alteration after several 

months of α-syn pathology development (Singh et al., 2019; Teravskis et al., 2018). Moreover, 

selective VTA dopaminergic neuron degeneration (without any α-syn pathology) was shown to 

result in lower DA outflow in the hippocampus along with impairments in CA1 region LTP, memory 

performance, and food reward processing, contributing to memory deficits and dysfunction of 

reward processing (Nobili et al., 2017). However, to the best of our knowledge, this is the first 

study to assess LTP in the hippocampus at the earliest stages of hα-syn expression, and specifically 

in the AAV-hα-syn-based animal model of PD. Our results evidence a functional hippocampal 

impairment in the early stages of PD preceding cognitive deficits.   

According to our FASS-LTP experiments, cLTP impairment at both time points is 

associated with an increased basal expression of GluA1-AMPARs in the postsynaptic membrane. 

Indeed, α-syn has previously been shown to inhibit LTP by enhancing basal synaptic transmission 

through the overactivation of NMDAR (Diógenes et al., 2012), which is in line with our results as 

cLTP impairment appears concomitant to the onset of hα-syn expression in the hippocampus. 

According to Diógenes and coworkers, the enhanced NMDAR-mediated signaling under basal 

conditions led to a change in AMPAR subunit composition with increased contribution of GluA2-

lacking AMPAR and increased GluA1 membrane expression, which resulted in LTP saturation 

(Diógenes et al., 2012). As suggested by these authors, an increased expression of GluA2-lacking 

AMPARs induced by α-syn could compromise AMPAR remodeling necessary for synaptic 

reinforcement, since a proper balance of GluA1 and GluA2 subunits is critical for LTP induction 

and maintenance. Moreover, the onset of cLTP impairment is also concomitant to the loss of TH+ 

cells in the VTA, and thus, decreased levels of DA may also contribute to LTP impairment, as 

previously described in toxin-based as well as α-syn-based animal models of parkinsonism 

(Bonito-Oliva et al., 2014; Costa et al., 2012; Zhu et al., 2011).   



Discussion 

132 

It has been reported that deficits in learning and memory observed in α-syn transgenic 

mice are accompanied by alterations in both pre- and postsynaptic compartments (Lim et al., 

2011; Masliah et al., 2011), suggesting that the toxicity of α-syn may be mediated by disturbances 

in synaptic transmission (Garcia-Reitböck et al., 2010; Larsen et al., 2006; Nemani et al., 2010). In 

our animal model, hα-syn-induced impaired cLTP preceded cognitive dysfunction for weeks, 

suggesting that sustained impaired synaptic transmission may be necessary for the development 

of cognitive deficits. Cardinal motor features in PD are estimated to appear with a 30–60% loss of 

dopaminergic neurons in the SNpc and a 70–80% loss of dopaminergic terminals in the striatum 

(Cheng et al., 2010). Similarly, cognitive deficits may also require a significant degeneration of 

dopaminergic neurons in the VTA and loss of synaptic terminals in target limbic areas. While we 

observe a 40% TH+ cell loss in the VTA since 1 week p.i., concomitant to the cLTP failure, we do 

not appreciate any TH+ fibers loss in the hippocampus until 16 weeks p.i. Since dopaminergic 

innervation to the hippocampus is scarce, subtle changes in TH+ innervation may not be 

appreciated by the immunofluorescent approach, and thus, a more precise quantitative analysis 

would be desirable. Alternatively, these discrepancies may suggest that other neurotransmitter 

systems are also involved in hippocampal dysfunction. In this sense, VTA glutamatergic neurons 

may be of special interest as they also overexpress hα-syn and vGlut2+ terminals abundantly 

colocalize with hα-syn in the hippocampus in our animal model. Moreover, VTA glutamatergic 

neurons have been described to modulate hippocampal LTP in the CA1 region (Adeniyi et al., 

2020) and participate in memory processes (Han et al., 2020; Nordenankar et al., 2015). 

 

2.2. Dopaminergic drugs functionally recover synaptic plasticity in the 

hippocampus 

Our results show that both dopaminergic drugs, PPX and L-DOPA, restored cLTP in 

hippocampal synaptosomes. On the one hand, PPX restored cLTP in AAV-hα-syn rats at both time 

points, 1 and 4 weeks p.i. PPX is a dopaminergic agonist targeting the D2-like receptor family with 

higher selectivity for D3Rs (Beaulieu & Gainetdinov, 2011). Few studies have previously 

characterized the effect of this drug in LTP. A single in vivo dose of PPX in MPTP-lesioned mice 

restored LTP in the PFC, a different region of the limbic system (Okano et al., 2019), while bath 

application of PPX had no effect on the impaired LTP in the DG of 6-OHDA-lesioned mice (Bonito-

Oliva et al., 2014). This is the first study, as far as we know, to assess the effect of PPX on 

hippocampal LTP in an α-syn-based animal model.  

Despite the possible beneficial effects of PPX in AAV-hα-syn rats, this drug may be 

detrimental in the absence of underlying pathology, as we observed a decrease in cLTP in AAV-
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EVV control animals. Previous studies have reported enhanced hippocampal LTP in healthy 

animals after in vitro incubation with PPX (Castro-Hernández et al., 2017) as well as 7-OH-DPAT, 

a D3R agonist (Swant & Wagner, 2006). The authors suggested that the enhancement could be 

mediated by a decrease in GABAergic interneuron activity and, thus, stimulation of glutamatergic 

activity (Hammad & Wagner, 2006; Swant et al., 2008). However, in line with our results, in vivo 

chronic PPX treatment in healthy animals resulted in decreased hippocampal LTP together with 

decreased spine density and glutamate release (Schepisi et al., 2016). Moreover, those animals 

developed a compulsive behavior, which is in line with the previously described reinforcing 

properties of PPX in healthy as well as in PD animal models (Engeln et al., 2013; Riddle et al., 2012). 

Furthermore, long-term treatment of dopaminergic agonists, particularly D3R-preferring agonists, 

in PD patients has been associated with the development of non-motor side effects such as ICD’s 

and hallucinations as well as mild cognitive deficits (Fénelon et al., 2000; Voon et al., 2017). Thus, 

even though PPX may be beneficial to treat the motor signs and restore LTP in the hippocampus 

at least in short-term, the long-term therapy in PD patients may lead to maladaptive changes in 

synaptic transmission and the onset of non-motor side effects, possibly through the 

overstimulation of D3Rs (Black et al., 2002; Voon et al., 2011b). These receptors have more than 

100-fold higher affinity for DA than D1Rs and D2Rs (P. Yang et al., 2020) and are abundant in the 

limbic system involved in memory, emotions, and behavior processing (Prieto, 2017). 

On the other hand, L-DOPA was also able to restore cLTP in AAV-hα-syn animals without 

any detrimental effects in control animals, as previously reported in several electrophysiological 

studies performed in the CA1 region of the hippocampus of 6-OHDA-lesioned rats and hα-syn 1-

120 transgenic mice (Costa et al., 2012), as well as in the DG of 6-OHDA-lesioned rats (Jalali et al., 

2020) and mice (Bonito-Oliva et al., 2014). Interestingly, our results show that recovery of cLTP 

was statistically more significant with L-DOPA than PPX. L-DOPA is a DA precursor that after its 

conversion into DA activates both D1Rs and D2Rs (Trugman et al., 1991). Since the enhancement 

of DA in hippocampal LTP is thought to be mediated by D1-like receptors, while the role of D2-

like receptors remains controversial (Jay, 2003; J. Lisman et al., 2011), the direct activation of D1-

like receptors by L-DOPA may account for the difference observed between the two drugs. 

Moreover, in PD patients, L-DOPA also provides better control of motor signs than dopaminergic 

agonists (Group, 2014). By contrast, unlike PPX, L-DOPA showed differences between time points, 

restoring cLTP at 4 weeks p.i. but not at 1 week p.i. Agonists directly stimulate their corresponding 

receptors triggering a post-synaptic response while L-DOPA needs to be metabolized in the 

presynaptic compartment by the enzyme AADC into DA and then released to the synaptic cleft 

where it binds and activates the receptors (Aldred & Nutt, 2010). Impaired motor and cognitive 

function observed at 4 weeks p.i. may reflect a decrease in brain DA content, which could be 
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compensated by an exogenous administration of DA. However, at 1 week p.i., with no behavioral 

impairments, the onset of the pathological hα-syn in the presynaptic compartment may impair 

SV dynamics without decreasing DA content, as previously suggested (Garcia-Reitböck et al., 

2010; Janezic et al., 2013; Nemani et al., 2010). Thus, exogenous administration of DA may not be 

successful in restoring synaptic function. Our proteomics results, which will be discussed in the 

following section, support the early impairment in intracellular trafficking and SV dynamics.  

Finally, our results suggest that the recovery of cLTP may be associated with a 

rearrangement in basal postsynaptic AMPAR levels. D1-like and D2-like receptor agonists have 

previously been described to increase and decrease, respectively, the phosphorylation of GluA1 

AMPAR subunits (Håkansson et al., 2006; Mangiavacchi & Wolf, 2004), essential for increasing 

AMPAR channel conductance and targeting them to the PSD (Kristensen et al., 2011; W. Lu et al., 

2010). Additionally, Bagetta and coworkers reported that chronic PPX treatment was able to 

restore the enhanced synaptic transmission in the striatal SPNs of 6-OHDA-lesioned rats, which 

showed increased amplitude and frequency of EPSCs, decreased NMDAR/AMPAR ratio, and 

increased contribution of GluA2-lacking AMPARs (Bagetta et al., 2012).  

 

 

3. Hα-syn overexpression induces proteostatic alterations in 

hippocampal synapses 

In the hippocampus of PD patients, a recent proteomics study found deregulation of 

several proteins involved in synaptic function such as the structure of the synapse, ER, and 

mitochondrial function (Villar-Conde et al., 2021). Thus, to further characterize the synaptic 

alteration taking place in the hippocampus of our AAV-hα-syn animals, we performed a proteomic 

analysis in hippocampal synaptosomes. We were able to identify differentially expressed proteins 

in the AAV-hα-syn animals compared to the control AAV-EVV rats. Deregulated proteins were 

observed at all time points analyzed (1, 2, 4, and 16 weeks p.i.), although the number of proteins 

was particularly higher at 1 week p.i. and lower at 4 weeks p.i. Moreover, the bioinformatic analysis 

helped us elucidate the significantly enriched biological processes at 1, 2, and 16 weeks p.i. 

However, at 4 weeks p.i., the identified deregulated proteins did not share a common biological 

pathway that was significantly enriched. Individual proteins at 4 weeks p.i. participate in cellular 

processes such as synapse organization (CADM1), cation homeostasis (SLC25A23), lysosomal 

trafficking (Pip4p1), and protein folding (UGGT1). Despite the lack of significant quantitative 

changes in proteins involved in specific cellular processes, the synaptic function was impaired at 
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4 weeks p.i., with impaired cLTP at hippocampal synaptosomes together with a significant increase 

in hα-syn expression in this nucleus, as well as a deficient hippocampal-dependent cognitive 

performance.    

Among all identified proteins, only a few of them overlapped between different time 

points. INPP4A, which was downregulated at 1 week p.i. and upregulated at 2 weeks p.i., is a 

negative modulator of the PI3K/AKT signaling pathway involved in multiple cellular functions. In 

neurons, INPP4A has been described to participate in NMDAR trafficking at the PSD, 

downregulating its surface expression (Sasaki et al., 2010). The protein UFSP2, downregulated at 

1 week p.i. and upregulated at 4 weeks p.i. is also involved in receptor trafficking, particularly 

promoting the delivery of GPCRs from the ER to the plasma membrane (Chen et al., 2014). Another 

protein deregulated at both 1 and 4 weeks p.i. is TIMM21, which is upregulated and 

downregulated respectively. TIMM21 is a mitochondrial protein involved in the sorting and 

transfer of preproteins within the inner membrane (Srivastava et al., 2020). Among the proteins 

deregulated at 1 and 16 weeks p.i., MBP, which is downregulated at both time points p.i., is a 

major component of myelin and has been shown to interact with neuronal membranes 

interrupting their integrity and function (J. Zhang et al., 2014). Finally, ANXA7 was upregulated at 

both time points, and in neurons, it has been shown to participate in SNAP25-mediated 

presynaptic glutamate release and SNAP23-mediated postsynaptic NMDAR trafficking (Li et al., 

2018). Thus, targeted therapies aimed to reduce ANXA7 may help recover a physiological balance 

in pre- and postsynaptic terminals restoring synaptic function and alleviating motor and non-

motor signs.   

Of note, several of the deregulated proteins across all time points are experimentally 

described interactors of human or rat α-syn (hα-syn: APP, CNP, INA, BCAS1, FBXO2, SNCB, MAP2, 

VPS52, MYO5A, COX5A, IARS, and MARK2; rat α-syn: MAP2K1 and BASP1) and will be discussed 

in the following section due to their relevant roles in the synapse.  

 

3.1. The onset of hα-syn expression in hippocampal synapses is related to 

altered intracellular trafficking and impaired SV cycle at 1 and 2 weeks p.i. 

The onset of hα-syn expression in the hilus and CA1 region at 1 week p.i. and in the 

granular cell layer of the DG at 2 weeks p.i. is associated with the emergence of deregulated 

proteins in the synaptic terminals. Several of the deregulated proteins participate in the assembly 

and organization of the synapse, particularly in the organization of the postsynaptic compartment 
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(1 week p.i.: INA, CNP, APP, OPALIN, MAP1K1; 2 weeks p.i.: RHEB, PPP1R9A, NEFH, LRP1), a 

biological process that is statistically enriched at 2 weeks p.i.  

At these earliest time points, 1 and 2 weeks p.i., one of the cellular processes that were 

most affected by hα-syn expression is cytosolic transport (1 week p.i.: RAB6B, MAP2, MAP2K1; 2 

weeks p.i.: VPS52, RDX) and its regulation (1 week p.i.: LCP1, MAP2, SLC4A8, MAP2K1; 2 weeks p.i.: 

VPS33B, MYO5A, PRRT2, SNAP29, NEFH, TM9SF4, RDX, TARDBP). Intracellular traffic is regulated 

by Rab GTPases, which control cargo mobility and tethering at target sites. Among this family, the 

brain-specific RAB6B, up-regulated in our synaptosomes at 1 week p.i., is a highly dynamic protein 

frequently transported in axons, delivering presynaptic cargo proteins to terminals (Nyitrai et al., 

2020). The transport of cargos along the cytoskeleton is driven by motor proteins, such as the 

myosin family (Kneussel & Wagner, 2013). At 2 weeks p.i. we find a downregulation of two myosins 

in hippocampal synaptosomes, MYO5A and MYH14. MYO5A is a class V myosin, involved in 

presynaptic neuropeptide exocytosis as well as in postsynaptic plasticity (Rudolf et al., 2011). In 

the postsynaptic compartment, MYO5A participates in the tethering of the ER, a major intracellular 

Ca2+ store, within the spine head, crucial for proper Ca2+ signaling (Rudolf et al., 2011). Moreover, 

MYO5A plays also a prominent role in the activity-dependent, but not constitutive delivery of 

AMPARs to the spine head (Correia et al., 2008). MYH14 is a class II non-muscle myosin, which 

has been described to participate also in the trafficking of NMDARs and AMPARs into the PSD 

(Bu et al., 2015; Rubio et al., 2011).   

The integrity of the cytoskeleton is crucial for neuronal maintenance and function and 

depends on a critical regulation of its components: actin filaments, microtubules, and intermediate 

filaments. The microtubule cytoskeleton is particularly altered at 1 week p.i. in our hippocampal 

synaptosomes (MBP, CNP, MAP2, APP, KLC2, RHOG, MAP2K1, NEFM, STMN1, PTPRG) and plays 

an important role in the transport of cargos along the axon as well as the dendrites (Kapitein & 

Hoogenraad, 2015). Indeed, KLC2, which is upregulated in our synaptosomes, is one of the 

adaptor proteins of the kinesin family involved in intracellular transport along the microtubule 

cytoskeleton of cargos including mitochondria and SV precursors containing presynaptic proteins 

in axons, as well as postsynaptic neurotransmitter receptors and messenger ribonucleoprotein 

complexes containing mRNAs in dendrites (Hirokawa et al., 2009). Taken together, these data 

strongly suggest the existence of disorganization of the axonal cytoskeleton that could impair the 

normal axonal transport, leading to the accumulation of autophagosomes/lysosomes, which 

could probably be mediated by hα-syn accumulation and the consequent proteostatic imbalance.  

Recent evidence suggests that microtubules not only participate in transport along the 

axon or dendrites but also enter the synapse and regulate some synaptic functions such as 
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neurotransmitter release and synaptic plasticity (Waites et al., 2021). STMN1, up-regulated at 1 

week p.i., is a member of the stathmin family involved in microtubule destabilization, which is 

critical for LTP induction in the hippocampus (Uchida & Shumyatsky, 2015). Furthermore, MAP2, 

a neuron-specific cytoskeletal protein, is found enriched in dendritic shafts and its translocation 

into the spines has recently been described to be critical for LTP induction, and the corresponding 

AMPAR surface delivery and spine enlargement (Y. Kim et al., 2020). According to these results, 

the upregulation of MAP2 observed in synaptosomes, may be related to the increased basal 

expression of GluA1-AMPARs. Of note, translocation of MAP2 into the spine depended not only 

on NMDAR activation but also on Ras-MAPK signaling (Y. Kim et al., 2020). Interestingly, we also 

find increased levels of MAP2K1 (also known as MEK1), a kinase that activates MAPKs. The 

activation of MAPK signaling is critical, among other cellular processes, for the maintenance of 

LTP through the activation of downstream enzymes and transcription factors that promote de 

novo mRNA and protein synthesis (Baltaci et al., 2019; Thomas & Huganir, 2004). Specifically, 

activation of MAP2K1 was described to be essential to trigger local protein synthesis after LTP 

induction (Kelleher  III et al., 2004), similar to other proteins deregulated at 1 week p.i. (60S 

ribosomal protein L36, EIF3B, ATXN21, PAIP1).  

Interestingly, APP, downregulated at 1 week p.i., codes for the precursor protein of 

amyloid β, the main constituents of senile plaques, which are one of the hallmarks of Alzheimer’s 

disease. Although its physiological role is not completely understood, APP was shown to 

participate in Ca2+ homeostasis, neurotransmitter release, and mitochondrial function. APP is 

abundantly expressed within the active zone of the presynaptic membrane where it interacts with 

mediators rather than central players of the SV-machinery. Moreover, loss of APP causes an age-

dependent phenotype with substantial changes of the active zone proteome without severe 

physiological impairments in younger mice and reduced total spine density as well as 

dysregulated bioenergetics along with impairments in learning and memory in the elderly 

(Weingarten et al., 2017). Thus, since the spread of concomitant β-amyloid and Lewy pathology is 

associated with cognitive decline in more advanced stages of PD (Irwin et al., 2013; C. Smith et al., 

2019), therapies targeting early alterations in APP may potentially prevent the development of 

MCI and progression to dementia in this disease. 

Apart from the microtubules, the actin cytoskeleton is particularly altered at 2 weeks p.i. 

with deregulated proteins participating in actin-filament based processes (VPS33B, MYO5A, 

MYH14, CSRP1, TPM1, PDE4D, PRRT2, SNAP29, PPP1R9A, NEFH, LRP1, RDX, SCN1B) and 

movement (MYO5A, MYH14, TPM1, PDE4D, SCN1B). The actin cytoskeleton plays a major role in 

synapse organization, regulation of SV pools, neurotransmitter release, transport, and synaptic 



Discussion 

138 

plasticity (Cingolani & Goda, 2008; Nelson et al., 2013). Indeed, following LTP induction, spines 

become larger and increase their actin contents, while after LTD induction spines shrink and 

depolymerize actin filaments (Hlushchenko et al., 2016). According to the prominent role of actin 

dynamics in the SV cycle and the trafficking of neurotransmitter receptors at the synapse, the 

biological processes of signal release (VPS33B, MYO5A, RHEB, PRRT2, SNAP29, PPP1R9A, LRP1, 

IQSEC2, TARDBP) and protein localization to the membrane (MYO5A, LRP1, IQSEC2, SRP54, 

TM9SF4, BCS1L, RDX) are significantly deregulated at 2 weeks p.i. Regarding signal release 

processes, PRRT2 and SNAP29, two downregulated proteins at 2 weeks p.i., are of special interest. 

Recently, PRRT2 was described to participate in actin cytoskeleton dynamics at the synapse 

(Savino et al., 2020), further supporting the role of actin dynamics in the SV cycle. Loss of PRRT2 

function was associated with impaired synaptic transmission due to a decrease in the density of 

excitatory synapses as well as a decrease in neurotransmitter release probability (Valente et al., 

2016). On the other hand, SNAP29 was shown to act as a negative modulator of neurotransmitter 

release by decreasing the turnover of SVs (Pan et al., 2005). The downregulation of these two 

proteins at 2 weeks p.i. suggests that hα-syn impairs the SV cycle at different steps including the 

exocytosis process as well as the turnover of SVs, thus, probably impairing neurotransmission. 

Endosome trafficking within the synapse is crucial for the proper recycling of SVs as well 

as for the correct delivery and retrieval of membrane proteins such as neurotransmitter receptors. 

LRP1, one of the most downregulated proteins at 2 weeks p.i., is a member of the lipoprotein 

receptor family that acts as a cargo receptor at the synaptic membrane for the subsequent 

endocytosis of its ligands including APP and TAU (Herz & Strickland, 2001; Rauch et al., 2020) and 

probably α-syn (Sui et al., 2014). Among its many functions, we highlight that LRP1 deletion was 

associated with decreased LTP in the hippocampus and impaired motor function and memory 

performance (Liu et al., 2010). In line with this evidence, LRP1 has been associated with decreased 

levels in post-mortem brain studies of patients with several neurodegenerative disorders such as 

amnesic MCI (Sultana et al., 2010) and Alzheimer’s disease (Shinohara et al., 2014). Despite the 

role of LRP1 in the synaptic processing of key proteins associated with neurodegenerative 

processes, particularly with amyloid β processing in Alzheimer’s Disease, only a few studies have 

assessed LRP1 in PD. One study found increased levels of LRP1 in the SN of incidental PD and PD 

patients (Wilhelmus et al., 2011), and another study reported increased levels of LRP1 in the CSF 

of PD patients (M. Shi et al., 2015). However, this is the first study to find altered LRP1 in the 

hippocampus of an animal model of PD, and thus, we suggest that LRP1 may as well be an 

interesting target for early synaptic-based therapies.  
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One of the major regulators of endosome trafficking is the ARF protein signaling pathway, 

which is also altered in hippocampal synaptosomes at 2 weeks p.i. (PSD, RHEB, RALGAPA1, PSD3, 

IQSEC2). Among these proteins, IQSEC2, an activator of ARF6, is of special interest. IQSEC2, 

through the activation of ARF6, was shown to be crucial for surface AMPAR removal and 

maintenance of LTD (Brown et al., 2016). Moreover, the same study described that IQSEC2, 

independently from ARF6 activity, increased AMPAR-mediated responses by rising GluA2-

containing AMPAR expression, without acting on NMDARs and the consequent insertion of 

GluA1-containing AMPAR into the synapse. However, although it may regulate basal excitatory 

transmission, IQSEC2 did not interfere with LTP expression (Brown et al., 2016).  

Additionally, endosomes can be directed towards the degradation of their cargo proteins 

through the lysosomal pathway. The biological process of lysosomal transport is impaired at 2 

weeks p.i. as well (VPS33B, CSRP1, TPM1, VPS52, NEFH, LRP1). Of note, we observed a 

downregulation of VPS52, a protein of the Golgi-associated retrograde protein complex described 

to regulate protein sorting to lysosomes (Homma & Fukuda, 2021; Pérez-Victoria et al., 2008). 

Interestingly, another protein involved in retrograde transport of cargos to the trans-Golgi 

network is VPS35, of which loss-of-function mutations have been associated with inherited 

autosomal dominant PD cases. Moreover, another PD-related protein, LRRK2, was shown to 

interact with VPS52 promoting efficient vesicle trafficking (Beilina et al., 2020).  

The aforementioned cytoskeleton dynamics, SV trafficking, and protein sorting in the 

synapse require a great amount of energy. In line with this, at 1 week p.i., several of the 

deregulated proteins are involved in ATP biosynthesis (INNP4A, MTMR9, APP, ATP5MF, MAP2K1). 

Among the deregulated proteins, ATP5MF encoding one of the subunits of the mitochondrial ATP 

synthase, which is downregulated in our synaptosomes, is of special interest. The unfolded 

monomeric form of α-syn was described to interact with the ATP synthase to improve the 

efficiency of ATP production (Ludtmann et al., 2016). By contrast, the oligomeric α-syn was shown 

to induce oxidative modifications in the ATP synthase affecting mitochondrial function and 

inducing cell death (Ludtmann et al., 2018). Thus, the presence of hα-syn in hippocampal synaptic 

terminals may interfere with normal mitochondrial function and decrease ATP production, 

although additional experiments should be conducted to confirm this. To further support the 

relationship between hα-syn expression and altered mitochondrial function, several other 

mitochondrial proteins were also found deregulated at 1 and 2 weeks p.i. At 1 week p.i., 

deregulated proteins included TIMM21, involved in sorting and transfer of preproteins in 

mitochondria, the ribosomal protein MRPS30 involved in mitochondrial translation, and the CLIC4 

chloride channel involved in the regulation of the mitochondrial membrane potential. 
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Additionally, at 2 weeks p.i., we found a downregulation of COX5A and an upregulation of BCS1L, 

components of complex III and IV of the mitochondrial respiratory chain, respectively. In a recent 

study, COX5A was found downregulated in the dopaminergic neurons of a novel animal model of 

parkinsonism based on the genetic deletion of an essential subunit of the mitochondrial complex 

I catalytic core specifically in these neurons (González-Rodríguez et al., 2021). Disruption of the 

mitochondrial function in dopaminergic neurons was associated with decreased striatal TH levels 

and an almost complete absence of evoked DA release, highlighting the importance of 

mitochondria in synaptic function.  

Finally, other biological processes significantly enriched at the earliest time points 

following hα-syn overexpression are related to water homeostasis (ANXA7, KRT1, CLIC4, MAP2K1, 

STMN1) and SN development (INA, CNP, MBP) at 1 week p.i., and the regulation of vascular 

associated smooth muscle cell migration (MYO5A, TPM1, PDE4D, PRRT2, PPP1R9A, SRP54, LRP1, 

TM9SF4, IQSEC2, RDX, BCS1L, TARDBP) at 2 weeks p.i. However, most of these proteins are related 

to the cytoskeleton and participate in other cellular functions already discussed above.  

 

3.2. Accumulation of hα-syn in hippocampal synapses leads to ion 

dyshomeostasis and impaired intracellular signaling at 16 weeks p.i. 

Prolonged hα-syn accumulation in the hippocampus leads to a deregulation of neuronal 

homeostatic processes such as membrane potential and intracellular Ca2+ levels, as well as altered 

receptor-activated molecular signaling pathways. On the one hand, since neurons are excitable 

cells with polarized plasma membranes, extra- and intracellular levels of different ions need to be 

tightly regulated. At 16 weeks p.i. there is a significant alteration particularly in cation homeostatic 

processes (ANXA7, MBP, ATP6AP2, KCNA1, KRT10, GRIK2, CALM3). In neurons, Ca2+ acts as a 

second messenger in multiple intracellular signaling pathways involved in morphology, synapse 

formation, excitability, neurotransmitter release, and synaptic plasticity, among others (Berridge, 

1998; Mateos-Aparicio & Rodríguez-Moreno, 2020; Südhof, 2012a). One of the adaptor proteins 

for downstream Ca2+ signaling is calmodulin, which is encoded by three different genes (CALM1-

3) that give rise to the same protein (Berchtold et al., 1993). Interestingly, CALM3 is downregulated 

in our hippocampal synaptosomes at 16 weeks p.i. Calmodulin is a Ca2+-binding protein that 

orchestrates the activation of a family of Ca2+-regulated proteins involved in Ca2+ homeostasis as 

well as Ca2+-signaling pathways. It regulates several types of Ca2+ channels that provide Ca2+ influx 

into the cytoplasm including voltage-gated Ca2+ channels and NMDARs (Villalobo et al., 2018). 

Moreover, calmodulin activates several enzymes involved in synaptic plasticity processes such as 

CaMKII and calcineurin, which are essential for LTP and LTD, respectively, as well as adenylyl 
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cyclases, which increase cAMP levels and activate the PKA signal transduction pathway (Xia & 

Storm, 2005). Additionally, calmodulin may regulate neuronal excitability and neurotransmitter 

release by interacting with small-conductance Ca2+-activated K+ channels (Villalobo et al., 2018). 

Interestingly, several of these calmodulin binding proteins have been related to 

neurodegenerative disorders, including Alzheimer’s disease (O’Day et al., 2015) and PD (Bohush 

et al., 2021). Thus, the decreased expression of CALM3 suggests that prolonged accumulation of 

hα-syn within the synapse may lead to overall synaptic dysfunction by impairing not only 

presynaptic SV release but also impairing postsynaptic response. Importantly, recovering the 

balance among downstream Ca2+ effector proteins may be beneficial for overall synaptic function 

and neuronal homeostasis, and targeting calmodulin, which orchestrates many of these Ca2+-

related signaling events, may represent a potential therapeutic approach.  

Other cations such as Na+ and K+ play a major role in the regulation of membrane 

potential and the initiation and conduction of action potentials throughout the axons (Purves et 

al., 2004), ultimately regulating neurotransmitter release at the synaptic level (Meir et al., 1999). 

Interestingly, at 16 weeks p.i., some of the deregulated proteins participate in the regulation of 

membrane potential (ANXA7, KCNA1, DDX39B, AFDN, GRIK2, CALM3). Among these proteins, 

KCNA1 encoding a voltage-gated K+ channel of the A subfamily, which has been related to 

dystonia, is of special interest. One study showed that several dystonia-associated genes, 

including KCNA1, converge in similar intracellular pathways and contribute to the pathogenesis 

of the disease by dysregulating synaptic functions (Mencacci et al., 2020). Moreover, the authors 

also showed that these dystonia-associated genes were related to the heritability of several 

neuropsychiatric disorders, including major depressive disorder and obsessive-compulsive 

disorder. These findings suggest that maybe the non-motor signs of PD are not simply a reaction 

to the disability derived from the disease itself, but rather, the underlying molecular 

pathophysiology of PD, including decreased KCNA1 expression and other proteins, which could 

increase the risk of developing non-motor symptoms in patients.  

 Furthermore, another biological process significantly deregulated at 16 weeks p.i., 

included the cell surface receptor-activated signaling pathways (ATP6AP2, MARK2, AFDN, GRIK2), 

particularly those mediated by Gi-coupled GPCRs (PRKACB, HEBP1, ATP6AP2, GRM3, RGS12, 

PLD3, ACTR10, AFDN, GRIK2, CALM3). Among them, two different glutamate receptors, GRIK2 and 

GRM3, are downregulated. GRIK2 codes for the GluK2 subunit of the kainate receptors, which is 

essential for membrane delivery of the receptors. In general, kainate receptors participate in the 

regulation of presynaptic neurotransmitter release as well as postsynaptic excitatory 

neurotransmission, controlling both short and longer-term plasticity (Evans et al., 2019). GRM3 
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codes for the mGluR3 that belongs to the group II mGluRs together with mGluR2, which are 

coupled to Gi/o, thus inhibiting adenylyl cyclase and PKA activity. mGluR3 is predominantly 

expressed presynaptically, but it can also be expressed postsynaptically. Although the 

physiological role remains largely unknown, mGluR3 was shown to be required for LTD in the DG 

of the hippocampus, while it reduced LTP probably through reducing presynaptic 

neurotransmitter release (Pöschel et al., 2005). Interestingly, group II mGluRs agonists or positive 

allosteric modulators have been suggested to contribute to PD treatment due to their presynaptic 

reduction of glutamate transmission, which is overstimulated in PD models (Zhu Zhang et al., 

2019). Moreover, a group II mGluRs agonist was recently shown to alleviate dyskinesia and 

psychosis-like behavior while simultaneously enhancing L-DOPA therapeutic benefit in 6-OHDA 

rats and MPTP-marmosets (Frouni et al., 2019). 

Apart from membrane receptors, downstream intracellular proteins were also deregulated 

in hippocampal synaptosomes at 16 weeks p.i. Indeed, the most downregulated protein at this 

time point was RGS12, a member of the ‘regulators of G protein signaling’ protein superfamily 

involved in the inactivation of the Gα subunit (Woodard et al., 2015). Another downregulated 

major intracellular player is PRKACB, the catalytic subunit β of PKA. Within synapses, PKA is found 

expressed both pre- and postsynaptically, where it participates in the regulation of SV pools and 

the maintenance of long-term synaptic plasticity, respectively. In the presynaptic terminal, 

activation of PKA enhances neurotransmitter release by promoting the formation of the SNARE 

complex and increasing the size of the readily releasable pool (Baba et al., 2005). In the 

postsynaptic compartment, PKA is critical for the late phase of LTP, by enhancing the transcription 

of genes related to synaptic plasticity (Baltaci et al., 2019; Waltereit & Weller, 2003).   

Interestingly, local protein synthesis in hippocampal synapses is also deregulated at 16 

weeks p.i. The translation initiation factor EIF2S3 is upregulated and several proteins involved in 

the metabolism of tRNAs (MRI1, IARS, EPRS, ELP1) are also deregulated. MRI1 codes for 

methylthioribose-1-phosphate isomerase involved in methionine biosynthesis, while IARS and 

EPRS code for isoleucyl-tRNA synthetase and glutamyl-prolyl-tRNA synthetase, respectively, 

which catalyze the binding of tRNAs to their corresponding amino acid. These results further 

support the impairment in the long-term maintenance of synaptic plasticity, as local protein 

translation is triggered after LTP induction and is critical to sustaining long-term changes (Baltaci 

et al., 2019; Holt et al., 2019).  
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4. Long-term hα-syn expression leads to decreased hippocampal 

glucose metabolism despite dopaminergic treatment  

Glucose metabolism studies using [18F]-FDG PET, which is thought to be a marker of 

synaptic activity, have been successfully carried out in PD patients (Ma & Eidelberg, 2007; 

Matthews et al., 2018), identifying specific patterns of deficit in PD brains (Buchert et al., 2019). 

Specifically, several studies in our research group have found hippocampal hypometabolism in 

association with cognitive deficits in PD patients (Gasca-Salas et al., 2016) and hypometabolism 

in the entorhinal cortex, the input and output structure of the hippocampal circuit, related to ICDs 

in PD patients (Navalpotro-Gomez et al., 2019). Thus, we performed a [18F]-FDG PET study in an 

animal model of parkinsonism in an attempt to understand the alterations in the brain metabolism 

associated with dopaminergic depletion and chronic dopaminergic treatment. Our [18F]-FDG PET 

study showed reduced glucose metabolism in the hippocampus of rats overexpressing mutated 

A53T hα-syn with an established dopaminergic degeneration (50% striatal DAT denervation) and 

after chronic treatment with PPX. Recent studies using α-syn animal models have shown similar 

findings. In an AAV-based rat model with a different serotype (AAV2/7-A53T-hα-syn), a decreased 

hippocampal glucose metabolism was found at 9 weeks p.i., corresponding to a near-complete 

and stable dopaminergic degeneration (Devrome et al., 2019; Mondal et al., 2021). Similarly, 

hippocampal [18F]-FDG uptake was also significantly reduced in A53T transgenic mice at 9 months 

of age, concomitant to the onset of dopaminergic degeneration.  

However, differentially from these previous studies, our [18F]-FDG PET study was carried 

out after chronic PPX treatment, and surprisingly, loss of hippocampal glucose metabolic function 

was observed despite the dopamine replacement therapy. In contrast to our results, in advanced 

PD patients, significant metabolic changes were observed after 6 months of apomorphine 

treatment, another dopaminergic agonist used as standard therapy in clinical practice (Auffret et 

al., 2017). In this study, the authors observed an overall increase in [18F]-FDG uptake in the 

hippocampus among other structures, alongside beneficial effects on the motor as well as non-

motor symptoms such as apathy and cognition. However, despite the dopaminergic therapy, 

multiple [18F]-FDG PET and structural MRI studies have previously established an association of 

hippocampal hypometabolism and atrophy with memory impairment and progression into 

dementia in PD patients (Filippi et al., 2020; Gasca-Salas et al., 2016; González-Redondo et al., 

2014; Jokinen et al., 2010; Kandiah et al., 2014; Mak et al., 2015; Martín-Bastida et al., 2021; Pereira 

et al., 2013). The impaired hippocampal cLTP we observe since 1 week p.i. and the tendency 

towards decreased cognitive performance in the hippocampal-dependent memory task at 4 

weeks p.i. support a progressive cognitive dysfunction in our AAV-hα-syn animals. Thus, the 
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hippocampal hypometabolism observed in our study supports the progressive development of 

cognitive deficits associated with parkinsonism. Moreover, since hypometabolism is observed 

despite the chronic dopaminergic therapy, the cognitive decline may be independent of DA, 

suggesting the involvement of other neurotransmitter systems. As suggested by our histological 

characterization, glutamatergic and GABAergic neurons from the VTA may participate in this 

hippocampal dysfunction. Alternatively, other neurotransmitter systems such as the cholinergic 

system may contribute to the development of cognitive deficits. The septohippocampal 

cholinergic pathways, together with the dopaminergic system, were shown to regulate certain 

aspects of memory in rats, such as working memory (H. Hall et al., 2013; Wisman et al., 2008). 

Moreover, loss of acetylcholine in the hippocampus has been described in PDD patients (Bohnen 

et al., 2003; H. Hall et al., 2014) as well as in patients with DLB (Tiraboschi et al., 2000). Overall, our 

[18F]-FDG PET results suggest the development of hippocampal dysfunction in the treated AAV-

hα-syn animal model, which is probably, at least in part, independent from the dopaminergic 

degeneration.  

 

 

In summary, combined evidence from the present work shows that hippocampal 

dysfunction participates in PD pathogenesis since the earliest stages of the disease, with 

associated alterations in the dopaminergic as well as glutamatergic mesolimbic systems from the 

VTA to the hippocampus. This study demonstrates that overexpression of hα-syn can lead to 

hippocampal synaptic plasticity alterations, as observed by reduced cLTP, which preceded the 

onset of memory impairments, suggesting that cognitive deficits are a consequence of prolonged 

synaptic plasticity dysfunction. Furthermore, the impaired synaptic function was initially 

associated with altered neurotransmitter release and basal hyperexcitability, with deregulated 

proteins involved in major biological processes such as intracellular transport, SV dynamics, and 

protein sorting to the membrane. However, prolonged hα-syn accumulation led to deregulation 

in crucial cellular processes such as ion homeostasis, particularly Ca2+, and impaired intracellular 

signaling. In addition, dopaminergic drugs were able to restore synaptic function, although with 

some differences. The dopaminergic agonist PPX, despite being less efficient, restored cLTP at all 

time points. By contrast, the DA precursor L-DOPA efficiently rescued LTP but only at 4 weeks p.i. 

when no alterations in SV dynamics were observed. Since both dopaminergic therapies are related 

to the long-term development of side effects, novel therapies aimed to restore specific synaptic 

functions may help with motor and non-motor signs of PD.   
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1. Bilateral inoculation of the AAV-hα-syn into the SNpc induces a progressive hα-syn expression 

in the SNpc and VTA, causing a mild dopaminergic neuronal loss firstly in the VTA and later 

in the SNpc before the onset of motor manifestations. 

 

2. Hα-syn overexpression is observed in the dopaminergic and glutamatergic neurons of the 

VTA, increasing progressively and spreading to their axonal terminals in the hippocampus. 

The presence of hα-syn is observed in the dopaminergic, glutamatergic, and GABAergic fibers 

of the hippocampus mainly in the DG and CA1 region, which are the main input and output 

areas of the intrinsic hippocampal circuit. Thus, we demonstrate that the accumulation of hα-

syn in DA and non-DA VTA neurons, which could differentially affect the synaptic machinery 

predominating its impact in the excitatory inputs, accounts for an alteration of hippocampal 

function.  

 

3. The hippocampal changes observed in this model cause a tendency to impairment in the 

hippocampal-dependent spatial memory performance, concomitant to the onset of motor 

deficits.  

 

4. Hα-syn impairs synaptic plasticity in the hippocampus since early stages by increasing basal 

excitability, which may impair further potentiation of the synaptic transmission, leading to 

defective plasticity and hippocampal-dependent cognitive deficits.  

 

5. Abnormal synaptic plasticity at the earliest stages may be a consequence of the deregulation 

of microtubule- and actin-based intracellular transport crucial for synaptic morphology, 

plasticity, and communication with the neuronal soma, as well as of the defective SV 

trafficking crucial for the release of neurotransmitters from the presynaptic terminal, 

ultimately regulating synaptic transmission and plasticity.  

 

6. The dopaminergic agonist PPX, although partially effective in rescuing synaptic plasticity, may 

eventually lead to maladaptive synaptic changes in the limbic system associated with the 

onset of non-motor side effects.  

 

7. The dopamine precursor L-DOPA rescues synaptic plasticity probably by increasing DA levels, 

however, it may not be efficient to restore synaptic function at the earliest stages as it depends 

on its synaptic conversion into DA and proper neurotransmitter release, the latter deregulated 

concomitant to hα-syn overexpression.  
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8. Sustained pathology along the mesolimbic pathway leads to a homeostatic imbalance in 

hippocampal synapses, impairing crucial functions such as the regulation of the membrane 

potential, intracellular signaling, and protein synthesis, exacerbating the proteotoxic stress 

and contributing to the maintenance of aberrant synaptic activity, probably causative of the 

emergence of neurocognitive deficits in PD.  

 

9. In vivo decreased glucose metabolism in the anterodorsal hippocampus despite chronic 

dopaminergic treatment with PPX further supports the impairment of the synaptic function in 

the hippocampus and its role in the development of cognitive and behavioral signs.  

 

10. This doctoral thesis demonstrates the working hypothesis that synaptic dysfunction in the 

hippocampus is an early event triggered by hα-syn overexpression, which may ultimately lead 

to cognitive and behavioral deficits associated with parkinsonism. Moreover, the present work 

highlights the relevance of pathological cellular processes beyond the nigrostriatal 

dopaminergic pathway in the expression of cognitive deficits in PD, where glutamatergic and 

GABAergic mesolimbic projections from the VTA may play a role in hippocampal dysfunction. 
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Antibodies 

The antibodies used for the detection of proteins in immunohistochemistry and 

immunofluorescence studies are listed in Tables 7 and 8, those used in flow cytometry studies in 

Tables 9 and 10, and those used for Western Blots are listed in Tables 11 and 12. All of them 

specify the antigen against which they react, the host species, the species reactivity, the clone, the 

isotype, the conjugate, the dilution used in the experiments, and the reference of the commercial 

company. 

 

Table 7. Primary antibodies used for immunohistochemistry (IHC) and immunofluorescence (IF).  

Antigen 
Host 

species 

Species 

reactivity* 
Clone Isotype Dilution Reference 

α-syn Mouse H 
Monoclonal 

(LB509) 
IgG1k 

IHC: 1:500  

IF: 1:1000 
Invitrogen, #180215 

DAT Goat H, M, R Polyclonal IgG 1:100 
Santa Cruz 

Biotechnology, sc-1433 

GABA Rabbit H, M, R Polyclonal IgG 1:3000 GeneTex, #GTX125988 

TH Mouse R 
Monoclonal 

(2/40/15) 
IgG2a 1:1000 Millipore, #MAB5280 

TH Rabbit H, M, R Polyclonal IgG 1:1000 Merck, #AB152 

vGlut2 Guinea pig M, R Polyclonal IgG 1:500 
Synaptic Systems, 

#135-404 

*We only show the following species: H, human; M, mouse; R, rat.  

 

Table 8. Secondary antibodies used for immunohistochemistry (IHC) and immunofluorescence (IF).  

Target 
Production 

species 
Conjugate Isotype Dilution Reference 

Goat Rabbit Biotinylated IgG 1:500 
Vector Laboratories, 

#BA5000 

Mouse Horse Biotinylated IgG 
hα-syn: 1:300 

TH: 1:500 

Vector Laboratories, 

#BA2000 

Guinea pig Goat Alexa Fluor 594 IgG 1:1000 Invitrogen, #A11076 

Mouse Donkey Alexa Fluor 546 IgG 1:1000 Invitrogen, #A10036 

Mouse Donkey Alexa Fluor 647 IgG 1:1000 Invitrogen, #A31571 

Rabbit Goat Alexa Fluor 488 IgG 1:1000 Invitrogen, #A11034 
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Table 9. Primary antibodies used for flow cytometry.  

Antigen 
Host 

species 

Species 

reactivity* 
Clone Isotype Dilution Reference 

GluA1 Rabbit M, R 
Monoclonal 

(D4N9V) 
IgG 1:1500 

Cell Signaling 

Technology, #13185S 

Nrx1β Mouse H, M, R 
Monoclonal 

(N170A/1) 
IgG1 1:400 NeuroMab, #75-216 

*We only show the following species: H, human; M, mouse; R, rat.  

 

Table 10. Secondary antibodies used for flow cytometry.  

Target 
Production 

species 
Conjugate Isotype Dilution Reference 

Mouse Goat Alexa Fluor 647 IgG 1:800 Invitrogen, #A21240 

Rabbit Goat Brilliant Violet 421 IgG 1:400 
Jackson ImmunoResearch, 

#111-675-144 

 

 

Table 11. Primary antibodies used for Western Blot.  

Antigen 
Host 

species 

Species 

reactivity* 
Clone Isotype Dilution Reference 

α-syn Mouse H 
Monoclonal 

(Syn211) 
IgG1k 1:2000 Invitrogen, #32-8100 

GAPDH Mouse H, M, R 
Monoclonal 

(6C5) 
IgG1 1:10000 Merck, #MAB374 

*We only show the following species: H, human; M, mouse; R, rat.  

 

Table 12. Secondary antibodies used for Western Blot.  

Target 
Production 

species 
Conjugate Isotype Dilution Reference 

Mouse Goat HRP IgG 
hα-syn: 1:2000 

GAPDH: 1:10000 

Cell Signaling Technology, 

#7076 
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Buffers 

The following section summarizes the composition of buffers used in the different 

experiments of this work, arranged by techniques. 

 

General buffers 

0.1 M Phosphate Buffer (0.1 M PB) 

25 mM NaH2PO4-H2O and 75 mM Na2HPO4-2H2O; pH 7.4 

 

0.01 M Phosphate Buffer (0.01 M PB) 

2.5 mM NaH2PO4-H2O and 7.5 mM Na2HPO4-2H2O; pH 7.4 

 

0.1 M Phosphate Buffer Saline (0.1 M PBS) 

150 mM NaCl; diluted in 0.1 M PB, pH 7.4 

 

Histology 

4% Paraformaldehyde (4% PFA) 

4% PFA; dissolved in 0.1 M PB, pH 7.4 

 

Cryoprotectant solution (fixed brains) 

30% sucrose and 3 mM sodium azide; diluted in 0.1 M PBS, pH 7.4     

 

Cryoprotectant solution (fixed coronal sections) 

30% ethylene glycol, 30% glycerol and 0.01 M PB; pH 7.4 

 

FASS-LTP 

Sucrose Buffer 

320 mM sucrose, 10 mM HEPES, [1:1000] protease inhibitor cocktail (Sigma-Aldrich, #P8340), and 

[1:100] phosphatase inhibitor cocktail (Thermo Fisher Scientific, #78420); pH 7.4 
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Extracellular Solution 

120 mM NaCl, 3 mM KCl, 2 mM CaCl2, 2 mM MgCl2, 15 mM glucose, and 15 mM HEPES; pH 7.4 

 

cLTP solution 

125 mM NaCl, 5 mM KCl, 2 mM CaCl2, 30 mM glucose, and 10 mM HEPES; pH 7.4 

 

Buffer A 

250 mM sucrose, 5 mM MgCl2, and 10 mM Tris; pH 7.4 

 

Buffer B 

2 M sucrose, 1 mM MgCl2, and 10 mM Tris; pH 7.4 

 

Buffer C 

200 mM sucrose, 10 mM Tris, 1 mM EGTA, and [1:1000] protease inhibitor cocktail (Sigma-Aldrich, 

#P8340); pH 7.4 

 

Glycine Solution 

5 mM glycine, 0.01 mM strychnine (Sigma-Aldrich, #S0532), and 0.2 mM bicuculline methiodide 

(Sigma-Aldrich, #14343); diluted in cLTP solution 

 

KCl solution 

50 mM NaCl, 100 mM KCl, 2 mM CaCl2, 30 mM glucose, 0.5 mM glycine, 10 mM HEPES, 0.001 mM 

strychnine (Sigma-Aldrich, #S0532), and 0.02 mM bicuculline methiodide (Sigma-Aldrich, #14343); 

pH 7.4 

 

Western Blot 

2% Sodium Dodecyl Sulfate Buffer (2% SDS buffer) 

10 mM Tris, 2% SDS, [1:1000] protease inhibitor cocktail (Sigma-Aldrich, #P8340), and [1:100] 

phosphatase inhibitor cocktail (Thermo Fisher Scientific, #78420); pH 7.4 

 

Loading Buffer 4x 

1.25 M Tris, 40% glycerol, 8% SDS, 0.04% bromophenol blue, and 5% 2-mercaptoethanol; pH 6.8 
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Lysis Buffer  

25 mM HEPES, 150 mM NaCl, 1% Triton X-100, and 5 mM EDTA; pH 7.4 

 

Electrophoresis Buffer 

25 mM Tris, 190 mM glycine, and 0.15% SDS 

 

Transfer buffer 1X (Trans-Blot Turbo RTA Mini PVDF Transfer Kit) 

20% Bio-Rad’s Transfer buffer 5X and 20% ethanol 

 

Tris Buffer Saline (TBS) 

20 mM Tris and 140 mM NaCl; pH 7.6 

 

Proteomics  

Buffer D 

10 mM HEPES, 320 mM sucrose, 1 mM MgCl2, 1 mM EGTA, [1:1000] protease inhibitor cocktail 

(Sigma-Aldrich, #P8340), and [1:100] phosphatase inhibitor cocktail (Thermo Fisher Scientific, 

#78420); pH 7.4 

 

Buffer E 

10 mM HEPES, 1.4 M sucrose, and phenol red; pH 7.4 

 

Lysis Buffer  

7 M urea, 2 M thiourea, and 50 mM DTT 

 

MS Buffer 

 2% acetonitrile, and 0.5% formic acid; diluted in MilliQ-water 

 

 

 

 

 

 

* All buffers were diluted in distilled water, unless otherwise specified.
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