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RESUMEN 

 

 

Galectina-8 pertenece a una familia de proteínas que regulan una variedad de 

procesos celulares al interactuar con residuos !-galactósidos presentes en las glicoproteínas. 

Galectina-8 tiene dos dominios de reconocimiento de carbohidratos unidos por una cadena 

peptídica y es única entre otras galectinas por su alta preferencia por los ácidos siálicos en "

-2,3 por su dominio de reconocimiento de carbohidratos N-terminal (N-CRD). En el cerebro, 

trabajos previos en nuestro laboratorio han demostrado que Galectina-8 tiene funciones 

inmunosupresoras y neuroprotectoras. Galectina-8 se encuentra en el líquido 

cefalorraquídeo de los seres humanos y una de sus principales regiones de expresión en el 

cerebro es el plexo coroideo, la estructura responsable de la generación de líquido 

cefalorraquídeo. Por tanto, se espera que esta proteína bañe la mayoría de las regiones del 

cerebro y, en principio, puede contribuir a generar un entorno neuroprotector y quizás 

modular la función neuronal. Nuestro laboratorio describió autoanticuerpos contra Galectina-

8 en varias afecciones inflamatorias, incluyendo pacientes con enfermedades autoinmunes, 

como el lupus eritematoso sistémico y esclerosis múltiple. Curiosamente, un análisis 

proteómico de sinaptosomas sugiere que Galectina-8 podría interactuar con los receptores 

de ácido α-amino-3-hidroxi-5-metil-4-isoxazolpropiónico (AMPAR). Este receptor es un 

receptor glutamatérgico ionotrópico que junto con los receptores de N-metil-D-aspartato 

(NMDAR) representan los principales receptores ionotrópicos excitatorios en el cerebro. En 

el hipocampo, AMPAR y NMDAR son abundantes y subyacen la plasticidad sináptica 

involucrada en la memoria, las emociones y otros procesos cognitivos. Por tanto, 

proponemos la hipótesis de que “Galectina-8 modula funciones glutamatérgicas que pueden 

ser interferidas con anticuerpos anti-Galectina-8”. 
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Nuestros resultados primero corroboran mediante ensayos de pull-down que 

Galectina-8 se une a AMPAR y esta interacción involucra ácidos siálicos "-2,3 y el N-CRD de 

Galectina-8. Los ensayos de biotinilación e inmunofluorescencia de la superficie celular en 

cultivo primario neuronal revelan que Galectina-8 aumenta los niveles de AMPAR en la 

superficie celular en tan solo 1 hora de tratamiento. El mecanismo implica un mayor reciclaje 

a la superficie celular sin afectar la endocitosis, como lo muestran las imágenes de células 

vivas de neuronas transfectadas con GluA1 etiquetado con pH-fluorina sensible al pH 

(GluA1-SEP) y mediante ensayos de biotina reducible, respectivamente. Este efecto requiere 

la actividad de la proteína quinasa A (PKA), que se sabe que aumenta el reciclaje de AMPAR 

a la superficie celular, así como la quinasa de adhesión focal (FAK), un efector río abajo de 

las integrinas. Ni los inhibidores de AMPAR ni de NMDAR afectan el aumento de los niveles 

de superficie celular de AMPAR mediado por Galectina-8, descartando así un papel de la 

actividad de estos receptores. Los ensayos de electrofisiología en el circuito hipocampal 

CA3-CA1 en cortes de cerebro ex vivo revelan que Galectina-8 tiene efectos potenciadores o 

inhibidores sobre la transmisión glutamatérgica de AMPAR, a concentraciones bajas o altas, 

respectivamente. Las concentraciones elevadas de Galectina-8 estimulan la transmisión 

inhibitoria de los receptores de ácido gamma-aminobutírico tipo A (GABAAR). Los 

experimentos en neuronas primarias muestran que Galectina-8 también aumenta los 

GABAAR de la superficie celular implicando interacciones mediadas por ácido siálico con 

glicanos de superficie. El mecanismo sigue siendo desconocido. A continuación, probamos el 

efecto de el dominio N-CRD de Galectina-8 y los autoanticuerpos anti-Galectina-8 como 

herramientas para inhibir las funciones de Galectina-8. Curiosamente, el N-CRD de 

Galectina-8 redujo fuertemente la transmisión sináptica glutamatérgica y con los anticuerpos 

anti-Galectina-8 de pacientes con esclerosis múltiple encontramos una reducción de la 

potenciación a largo plazo. Estos resultados indican un papel estimulante de la Galectina-8 

endógena sobre la transmisión glutamatérgica y sugieren que los anticuerpos anti-Galectina-

8 podrían desempeñar funciones patogénicas inhibiendo los procesos cognitivos 
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dependientes de Galectina-8. Apoyando estas posibilidades, encontramos que los ratones 

carentes de Galectina-8 tienen niveles más bajos de AMPAR en el postsináptico, plasticidad 

sináptica reducida y memoria espacial deteriorada en comparación con los ratones silvestres.  

Además, en esta tesis se incluyen estudios sobre autoanticuerpos contra las 

proteínas P ribosomales (anti-P) de pacientes con Lupus Eritematoso Sistémico, que se 

asocian con psicosis y disfunción cognitiva en esta enfermedad autoinmune. Nuestro 

laboratorio describió que los anticuerpos anti-P reaccionan de forma cruzada con una 

proteína de función desconocida que expone un epítopo-P en la superficie de la célula 

neuronal y de alguna manera se requiere en la transmisión glutamatérgica. Como 

herramienta para estudiar los mecanismos patogénicos de estos anticuerpos, generamos 

anticuerpos monoclonales de ratones y humanos contra el epítopo-P conocido conformado 

por una secuencia de 11 residuos (SDEDMGFGLFD) en un esfuerzo de colaboración con la 

Dra. Betty Diamond (Instituto Feinstein de Investigación Médica, Nueva York, EE. UU.). Los 

anticuerpos anti-P se obtuvieron de hibridomas murinos y de ADNc clonado individualmente 

de células B de memoria de un paciente con lupus eritematoso sistémico. Demostramos que 

estos anticuerpos monoclonales se unen al epítopo-P en ensayos ELISA y perturban la 

transmisión sináptica, lo que promueve a una mayor caracterización. 

En resumen, los principales estudios de esta tesis revelaron que Galectina-8 es un 

nuevo regulador sináptico de la transmisión glutamatérgica, que puede verse potencialmente 

interferido por anticuerpos anti-Galectina-8 contribuyendo a disfunciones cognitivas. 
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ABSTRACT 

 

 

Galectin-8 belongs to a family of proteins that regulate a variety of cellular processes 

by interacting with beta-galactoside moieties present in glycoproteins. Galectin-8 has two 

carbohydrate recognition domains linked by a peptide chain and is unique among other 

galectins in the high preference for a-2,3 sialic acids of its N-terminal carbohydrate 

recognition domain (N-CRD). In the brain, previous work in our laboratory has shown that 

Galectin-8 has immunosuppressor and neuroprotective functions. Galectin-8 is found in the 

cerebrospinal fluid in humans and one of the major regions of expression in the brain is the 

choroid plexus, the structure responsible for the generation of cerebrospinal fluid. Thus, this 

protein is expected to bathe most brain regions and may in principle contribute to generate a 

neuroprotective environment and perhaps modulate neuronal function. Our laboratory 

described autoantibodies against Galectin-8 in several inflammatory conditions, including 

patients with the autoimmune diseases Systemic Lupus Erythematosus and Multiple 

Sclerosis. Interestingly, a proteomic analysis of synaptosomes suggests that Galectin-8 might 

interact with α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPAR). This 

receptor is an ionotropic glutamatergic receptor that together with N-methyl-D-aspartate 

receptors (NMDAR) account for the principal excitatory ionotropic receptors in the brain. In 

the hippocampus, AMPAR and NMDAR are abundant and underlie synaptic plasticity 

involved in memory, emotions and other cognitive processes. Therefore, we propose the 

hypothesis that “Galectin-8 modulates glutamatergic functions that can be interfered with 

anti-Gal-8 antibodies”. 

Our results first corroborate by pull-down assays that Galectin-8 binds AMPAR and 

this interaction involves a-2,3 sialic acids and the Galectin-8 N-CRD. Cell surface biotinylation 
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and immunofluorescence assays in neuronal primary culture reveal that Galectin-8 increases 

the cell surface levels of AMPAR in just 1 hour treatment. The mechanism involves an 

enhanced recycling to the cell surface without affecting endocytosis, as shown by live-cell 

imaging of neurons transfected with ph-sensitive pHluorin-tagged GluA1 (GluA1-SEP) and by 

reducible biotin assays, respectively. This effect requires the activity of protein kinase A 

(PKA), known to increase AMPAR recycling to the cell surface, as well as focal adhesion 

kinase (FAK), a downstream effector of integrins. Neither AMPAR nor NMDAR inhibitors 

affect the Galectin-8-mediated increase of AMPAR cell surface levels, thus discarding a role 

of the activity of these receptors. Electrophysiology assays in the CA3-CA1 hippocampal 

circuit in ex vivo brain slices reveal that Galectin-8 has enhancing or inhibitory effects upon 

AMPAR glutamatergic transmission, at low or high concentrations, respectively. High 

Galectin-8 concentrations stimulate the inhibitory gamma-aminobutyric acid type A receptors 

(GABAAR) transmission. Experiments in primary neurons show that Galectin-8 also augments 

cell surface GABAAR involving sialic acid mediated interactions with surface glycans. The 

mechanism remains unknown. Next we tested the effect of Galectin-8 N-CRD and anti-

Galectin-8 autoantibodies as tools to inhibit Galectin-8 functions. Interestingly, Galectin-8 N-

CRD strongly reduced glutamatergic synaptic transmission and with anti-Galectin-8 

antibodies from Multiple Sclerosis patients we find reduction of long-term potentiation. These 

results indicate a stimulating role of endogenous Galectin-8 upon glutamatergic transmission 

and suggest that anti-Galectin-8 antibodies might play pathogenic roles inhibiting Galectin-8-

dependent cognitive processes. Supporting these possibilities, we find that Galectin-8 

knockout mice have lower AMPAR levels in the postsynaptic, reduced synaptic plasticity and 

impaired spatial memory compared to wild type mice. 

In addition, this thesis includes studies dealing with autoantibodies against ribosomal 

P proteins (anti-P) from Systemic Lupus Erythematosus patients, which associate with 
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psychosis and cognitive dysfunction in this autoimmune disease. Our laboratory described 

that anti-P antibodies cross-react with a protein of unknown function that exposes a P-

Epitope at the neuronal cell surface and is somehow required in glutamatergic transmission. 

As a tool to study the pathogenic mechanisms of these antibodies we generated murine and 

human monoclonal antibodies against the known P-epitope conformed by a sequence of 11 

residues (SDEDMGFGLFD) in a collaborative effort with Dr. Betty Diamond (Feinstein 

Institute for Medical Research, NY., USA). Anti-P antibodies were obtained from murine 

hybridomas and from cloned cDNA from single cell memory B cells from a Systemic Lupus 

Erythematosus patient. We show that these monoclonal antibodies bind to the P-Epitope on 

ELISA assays and perturb synaptic transmission, thus prompting further characterization. 

In summary, the main studies in this thesis revealed Galectin-8 as a new synaptic 

regulator of glutamatergic transmission, which can be potentially interfered by anti-Galectin-8 

antibodies and contribute to cognitive dysfunctions. 
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1. INTRODUCTION 

 

 

1.1. Problem Statement 

Galectins are a family of proteins that bind carbohydrates (lectins) of glycoproteins 

and glycolipids and have been involved in a variety of cellular processes and pathogenic 

conditions (Barake et al., 2020; Johannes et al., 2018). The 15 members of this family of 

lectins share affinity for b-galactosides through a homologous carbohydrate recognition 

domain (CRD). In the brain, different galectins have been found to play roles in 

neuroinflammation (Barake et al., 2020; Siew & Chern, 2018), axon growth, myelinization and 

re-myelinization, neurogenesis, neuroprotection and memory (Barake et al., 2020; Chen et al., 

2017; de Jong et al., 2019; Imaizumi et al., 2011; Lekishvili et al., 2006; Sakaguchi et al., 

2011; Sakaguchi et al., 2007; Sakaguchi et al., 2010). This makes them particularly 

interesting to study as therapeutic targets in neurologic diseases. 

Galectins have redundant complementary or antagonistic functions provided by their 

distinct preferences for glycan arrangements (Barake et al., 2020; de Jong et al., 2019) and 

are considered to decode a vast array of glycan structures called the “sugar code” or 

“glycome”, which varies under physiological and pathogenic conditions (Kaltner et al., 2019). 

Galectins are synthesized in the cytosol where they establish protein-protein interactions with 

functions in the cytoplasm and nucleus (Barake et al., 2020). Remarkably, Galectin-3 (Gal-3), 

Gal-8 and Gal-9 constitute a protection surveillance system that detect damaged endo-

lysosomes and mediate their autophagic removal, repair and replacement (Barake et al., 

2020). They can also be secreted by unconventional mechanisms and can play 

complementary or completely different roles (Barake et al., 2020). In the extracellular space, 
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galectins bind glycans from membrane proteins, extracellular matrix and glycolipids, thus 

mediating cell signaling, cell adhesion and cell-cell interactions (Barake et al., 2020). 

Galectins also modulate intracellular trafficking of cell surface proteins (Johannes et al., 2018). 

In contrast to the classic concept of one ligand one receptor, galectins interact with many 

glycoproteins at the same time and therefore exert a more global cell regulation (Barake et al., 

2020). 

Galectins are classified by the number of CRD they possess having the prototypic 

type one CRD (Gal-1, Gal-2, Gal-5, Gal-7, Gal-10, Gal-11, Gal-13, Gal-14, and Gal-15), the 

tandem repeat type two, which are linked by a single polypeptide chain of variable 

length (Gal-4, Gal-6, Gal-8, Gal-9 and Gal-12), and the chimera type, where Gal-3 is the only 

known member, has one CRD with a collagen-like N-terminal region (Barake et al., 2020). 

Only Gal-1, Gal-3, Gal-4, Gal-8 and Gal-9 have been found expressed in the brain (Barake et 

al., 2020). We are interested in the tandem repeat Gal-8, which is unique among other 

galectins because its N-terminal CRD (N-CRD) has high affinity for terminal a-(2,3)-sialic acid 

(Cagnoni et al., 2020; Ideo et al., 2011) and our laboratory has described as 

immunosuppressor and neuroprotective factor that presumably counteracts several damaging 

agents in the brain (Pardo et al., 2019; Pardo et al., 2017). Analysis in mice have shown that 

Gal-8 is expressed in different zones of the brain, including the hippocampus, and is 

particularly expressed at high levels in the choroid plexus, very likely accounting for its 

presence in the human cerebrospinal fluid (CSF) (Pardo et al., 2019; Pardo et al., 2017). The 

presence in the choroid plexus and CSF suggests that Gal-8 may be reaching the whole 

brain. Therefore, it is important to assess whether it has additional roles upon neuronal 

function. 

Interestingly, preliminary proteomic study in our laboratory showed that Gal-8 binds 

the excitatory glutamatergic α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors 
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AMPAR (Table 1). Glutamatergic receptors are main effectors of brain neuronal excitatory 

synaptic transmission, underlying cognitive processes, including memory, as well as behavior 

and emotional functions (Citri & Malenka, 2008; Nicoll, 2017; Volk et al., 2015). This system 

is composed mostly by two postsynaptic ionotropic receptors, namely, the N-methyl-D-

aspartate receptors (NMDAR) and the AMPAR (Kessels & Malinow, 2009). The inhibitory 

counterpart of these excitatory glutamatergic receptors, though not located in the same 

synapse, are gamma-aminobutyric acid receptors (GABAAR) (B. Luscher et al., 2011).  

Our laboratory has also described function-blocking autoantibodies that neutralize 

the effects of Gal-8 in several cellular processes (Carcamo et al., 2006; Norambuena et al., 

2009; Pardo et al., 2019; Pardo et al., 2017; Vicuña et al., 2013). These antibodies can be 

found in patients with Systemic Lupus Erythematous (SLE), Multiple Sclerosis (MS), 

rheumatoid arthritis and sepsis (Massardo et al., 2009; Pardo et al., 2006; Pardo et al., 2017). 

We presented evidence that anti-Gal-8 antibodies can be biomarkers of worse prognostic in 

MS patients, very likely blocking an immunosuppressive function of Gal-8 in the brain (Pardo 

et al., 2017). Also, the neuroprotective function of Gal-8 is blocked by anti-Gal-8 

autoantibodies reducing hippocampal neuron viability in primary culture (Pardo et al., 2019). 

Autoantibodies have been increasingly recognized as a cause of brain disorders acting as 

inflammatory agents or directly affecting cellular function by binding cell surface targets 

(Brimberg et al., 2015; Kello et al., 2019; Zong et al., 2017). The excitatory glutamatergic 

system has been the most studied target of autoantibodies in diseases such as autoimmune 

encephalitis, psychosis, epilepsy and SLE (Gardoni et al., 2021; Gibson et al., 2020,Kello, 

2019 #4483). In particular, cognitive dysfunction (CD) is relatively common in SLE and MS 

(Kello et al., 2019; Sumowski et al., 2018) and might be driven by neuropathogenic 

autoantibodies that affect glutamatergic receptors (Kello et al., 2019). It is possible that Gal-8 

could have glutamatergic functions eventually blocked by anti-Gal-8 antibodies, contributing 
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to CD frequently found in MS and SLE patients. All this adds to the relevance of defining the 

range of functions that Gal-8 might play in the brain. In this thesis we ask whether Gal-8 has 

glutamatergic functions that might be blocked by anti-Gal-8 antibodies from autoimmune 

diseases. 

An additional aspect studied in this thesis deals with an autoantibody against 

ribosomal P proteins (anti-P) originally described to associate with psychosis in SLE patients 

(Bonfa et al., 1987). These antibodies recognize the P-epitope defined by 11 terminal amino 

acids (SDEDMGFGLFD) shared by the ribosomal phosphoproteins P0, P1 and P2 (Elkon et 

al., 1985; Mahler et al., 2003). Our laboratory described that these anti-P antibodies cross-

react with a cell surface membrane protein that exposes a P-Epitope to the neuronal cell 

surface, thus named neuronal surface protein P antigen (NSPA) (Matus et al., 2007). 

Through NSPA, the anti-P antibodies can induce calcium influx or increase AMPAR and 

NMDAR currents, with a consequent perturbation of synaptic transmission leading to memory 

impairment (Bravo-Zehnder et al., 2014; Matus et al., 2007; Segovia-Miranda et al., 2015). 

Our laboratory has also described that these anti-P antibodies associate with CD in SLE 

(Massardo et al., 2015). Advances in understanding the neuropathogenic mechanism of anti-

P antibodies are usually difficult due to the need of screening large number of SLE patients. 

We originally proposed to study these mechanisms generating mouse monoclonal antibodies 

and recombinant human monoclonal antibodies. However, due to technical problems we 

decided to change the main theme of the thesis to the role of Gal-8 exposed above. The 

achievements regarding the generation of monoclonal anti-P antibodies as a tool to be used 

in the future will be presented in the addendum section. 
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1.2. Literature review 

1.2.1. Galectins 

Galectins are carbohydrate binding proteins that recognize b-galactosides (N-acetyl-

lactosamine (LacNAc), a disaccharide of galactose and N-acetyl-glucosamine (GlcNAc), 

(Galb1-4GlcNAc) (Barake et al., 2020). The 15 members of this protein family have in 

common the presence of one or two carbohydrate recognition domains (CRD) (Barake et al., 

2020). CRDs have variations conferring distinct affinities for different b-galactoside 

arrangements (density, repeats and branching) or terminal modifications, such as sialic acid 

and sulfate groups, providing the different galectins with redundant, complementary or 

antagonistic functions (Barake et al., 2020; de Jong et al., 2019).  

1.2.1.1 Galectin-8 (Gal-8) 

Gal-8 belongs to the tandem repeat galectins that have an N-terminal and C-terminal 

CRD linked by a peptide region (Barake et al., 2020; Cagnoni et al., 2020). The N-CRD of 

Gal-8 has high affinity for sulfated oligosaccharides and sialic acid in a-2,3 configuration, 

while its C-CRD preferentially binds non-sialylated oligosaccharides (Cagnoni et al., 2020; 

Ideo et al., 2011), presumably underlying different functions (Cagnoni et al., 2020). In humans, 

there are three isoforms of Gal-8 protein that vary on their linker length, referred as Gal-

8S(small), Gal-8M(medium) and Gal-8L(long). Gal-8M is the most frequent isoform (Cagnoni 

et al., 2020; Troncoso et al., 2014) thus it is the one we will use here with a linker of 32 amino 

acids and a molecular weight of 34 kDa (Bidon et al., 2001). Of note, Gal-8L holds a site that 

can be proteolyzed with thrombin (Nishi et al., 2006). Gal-8 also has protein-protein 

interactions with the nuclear domain 10 protein 52 (NDP52), actin and K-Ras4B (Cagnoni et 

al., 2020; Meinohl et al., 2020). 
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Gal-8 most studied roles are related to cancer (Cagnoni et al., 2020; Troncoso et al., 

2014) and the immune system (Tribulatti et al., 2020). In the brain, Gal-8 has an 

immunomodulatory role ameliorating autoimmune encephalomyelitis by modulating the 

balance of helper T cell polarization and T regulatory cells (Pardo et al., 2017). Also, Gal-8 is 

neuroprotective against several damaging agents in vitro and in vivo, acting through b1 

integrins (Pardo et al., 2019). Gal-8 is expressed in several brain regions including the 

hippocampus, with the highest levels in the choroid plexus, and accordingly has been 

detected in CSF (Pardo et al., 2019; Pardo et al., 2017). The presence in the choroid plexus 

suggests it is secreted to the CSF and bathes the whole brain (Pardo et al., 2017). 

1.2.1.2 Anti-Galectin-8 antibodies  

Anti-Galectin-8 (anti-Gal-8) antibodies have been described in SLE, MS, rheumatoid 

arthritis and sepsis (Massardo et al., 2009; Pardo et al., 2006; Pardo et al., 2017). Anti-Gal-8 

antibodies from MS and SLE are function-blocking antibodies, as demonstrated by the 

inhibition of Gal-8 functions in the immune system and as neuroprotector in primary cultured 

neurons (Carcamo et al., 2006; Norambuena et al., 2009; Pardo et al., 2019; Pardo et al., 

2017; Vicuña et al., 2013). So far, the only pathogenic associations found for anti-Gal-8 have 

been lymphopenia in SLE (Massardo et al., 2009) and worse prognostic in patients with the 

relapsing-remitting form of MS (Pardo et al., 2017). Assays in murine experimental 

autoimmune encephalomyelitis (EAE), the preferred model of MS, suggest that Gal-8 has an 

immunosuppressive role in the brain that might be blocked by autoantibodies (Pardo et al., 

2017). Given the variety of functions that Gal-8 might exert interacting with different cell 

surface glycoproteins, it is very likely that anti-Gal-8 antibodies have other pathogenic roles 

too. Because SLE and MS patients frequently present cognitive dysfunctions (Filippi et al., 

2018; González & Massardo, 2018; Kello et al., 2019; Sumowski et al., 2018), we found it 
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attractive to explore the role of Gal-8 in the glutamatergic system and a related 

neuropathogenic role of anti-Gal-8 antibodies. 

Our finding of anti-Gal-8 autoantibodies with prognostic potential in MS contribute to 

evidence for a pathogenic role of autoantibodies in this autoimmune disease, an issue largely 

debated (Filippi et al., 2018). Although the CSF of MS patients have several autoantibodies, 

including targets such as myelin and other antigens found in oligodendrocytes, astrocytes 

and immune cells (Fraussen et al., 2014), a convincing pathologic mechanism is still lacking. 

Therapies that deplete B cells, antibody productors, do not change their levels in spite of 

clinical improvement (Filippi et al., 2018; Fraussen et al., 2014). In particular, whether 

antibodies play roles in the cognitive dysfunction of patients remains unknown, precluding the 

design of targeted therapies (Sumowski et al., 2018). 

1.2.2 Glutamatergic Synapse 

Ionotropic AMPAR and NMDAR in the postsynaptic region conform the main 

excitatory system in the brain, (Nicoll, 2017) and mediate multiple cognitive functions 

including memory (Volk et al., 2015). Their major neurotransmitter agonist is glutamate, 

though NMDAR need a co-agonist like glycine or D-serine (Armada-Moreira et al., 2020). 

1.2.2.1. AMPA receptors (AMPAR) 

Structurally, AMPAR are heterotetramers of homologous GluA1, GluA2, GluA3 and 

GluA4 subunits (Henley & Wilkinson, 2016). GluA4 is almost exclusively present during 

development, while the majority of adult hippocampal AMPAR are composed by GluA1/GluA2 

(80%) and GluA2/GluA3 (20%) (Buonarati et al., 2019; Henley & Wilkinson, 2016). AMPAR 

mostly conduct Na2+ (Purkey & Dell'Acqua, 2020) while the infrequent GluA1 homotetramers 

are also calcium permeable (Purkey & Dell'Acqua, 2020). GluA subunits have 4 domains 

exposing the N-terminal domain and the ligand-binding domain to the extracellular media. 

The transmembrane domain contains the pore and towards the cytosol lies the C-terminal 
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domain where many posttranslational regulatory modifications occur (Herguedas et al., 2019; 

Purkey & Dell'Acqua, 2020). Their affinity for glutamate is low and therefore their activation 

requires close location to the glutamate releasing sites from the presynaptic neuron (Choquet 

& Hosy, 2020). However, a characteristic of AMPAR is their constant moving into and out the 

synapses involving lateral diffusion and endocytic trafficking as highly regulated processes 

(Collingridge et al., 2004; M. Park, 2018). Auxiliary proteins regulate their traffic and function. 

For instance, the transmembrane AMPAR regulatory protein g8 (TARPg8) anchor them to the 

scaffold protein postsynaptic density-95 (PSD-95) (Buonarati et al., 2019). Recent studies 

also involve the N-terminal domain in this entrapment (Díaz-Alonso et al., 2017; Watson et al., 

2017). 

1.2.2.2. NMDA receptors (NMDAR) 

Structurally, NMDAR are heterotetramers of 2 GluN1 mandatory subunits assembled 

together with 2 GluN2 (A-D) or 2 GluN3 (Paoletti et al., 2013) subunits. Subunits GluN2A and 

GluN2B predominate at the hippocampus. They are distinctly distributed in the neuron. 

Although still debated, there is synaptic predominance of GluN2B during development and 

GluN2A in adulthood (Paoletti et al., 2013). NMDAR are mainly calcium channels that have 

an extracellular N-terminal and an extensive intracellular C-terminal, which binds many 

signaling and scaffolding proteins, principally PSD-95, and also undergoes posttranslational 

modifications that control the receptor activity and trafficking (Paoletti et al., 2013). These 

receptors have been implicated in survival and apoptotic signaling by calcium excitotoxicity 

(Armada-Moreira et al., 2020), presumably involving the extrasynaptic GluN2B subunits 

(Armada-Moreira et al., 2020). In the steady state, fast excitatory synaptic transmission is 

provided mostly by AMPAR that deliver Na2+ into the neuron, while NMDAR have Mg2+ 

blocking their pore (Nicoll, 2017). Under increased activity AMPAR currents depolarize the 

cell membrane releasing the Mg2+ of NMDAR and permitting Ca2+ entrance. Therefore, 
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NMDAR require both glutamate and membrane depolarization from AMPAR to be activated 

(Nicoll, 2017). 

1.2.2.3. Synaptic plasticity 

Synaptic plasticity is the process in which synaptic strength is modified principally by 

changes in the levels of AMPAR at the synapsis (Moretto & Passafaro, 2018; Nicoll, 2017). 

Under conditions of sustained AMPAR activation, the calcium permeated through NMDAR 

activates a series of signaling events that can increase or decrease the levels of AMPAR at 

the cell surface, eliciting the phenomena of long-term potentiation (LTP) or long-term 

depression (LTD), respectively, also known as Hebbian synaptic plasticity (Buonarati et al., 

2019; Moretto & Passafaro, 2018; Nicoll, 2017). Hippocampal LTP and LTD are considered 

the biologic correlates of learning and memory (Moretto & Passafaro, 2018). There are 

different forms of LTP and LTD, but the classic one includes differential calcium signaling 

from NMDAR activation (Moretto & Passafaro, 2018). AMPAR are also involved in another 

kind of synaptic plasticity called homeostatic plasticity, in response to chronic non-physiologic 

processes that attempts to restore signaling (Moretto & Passafaro, 2018). For instance, 

chronic reduced activation increases AMPAR while chronic excessive activation reduces it 

(Moretto & Passafaro, 2018). Thus, changes in the amount of synaptic AMPAR determine 

synaptic strength during Hebbian and homeostatic synaptic plasticity (Moretto & Passafaro, 

2018). 

AMPAR are endocytosed and recycled back to the synaptic membrane by a series of 

signaling events during LTP induction (Ehlers, 2000). The most studied is calmodulin-

dependent protein kinase II (CamKII) activation, which phosphorylates TARP subunits 

leading to an increased binding to PSD-95 and thus accumulating AMPAR in the synapse 

(Buonarati et al., 2019; Opazo et al., 2010). Also, protein kinase A (PKA) phosphorylation of 

GluA1 in Ser845 enhances cell surface delivery of AMPAR from recycling endosomes and 



     

 

10 

reduces their endocytosis (Buonarati et al., 2019; Diering & Huganir, 2018; Ehlers, 2000). In 

contrast, during LTD AMPAR are rapidly endocytosed and re-routed to lysosomes for 

degradation (Diering & Huganir, 2018; Ehlers, 2000; Moretto & Passafaro, 2018). 

1.2.2.4. GABA receptors (GABAR) 

The principal inhibitory counterpart of glutamatergic receptors are GABA type A 

receptors (B. Luscher et al., 2011). They are heteropentamers composed of a1-6, b1-3, g1-3, 

d, e, q, p and r1-3 subunits (B. Luscher et al., 2011). Most frequently, they are found as 

combinations of 2a and 2b with a single g2 or d subunits (B. Luscher et al., 2011). GABAAR 

are Cl- channels that upon activation hyperpolarize the neuron through enhanced Cl- entrance, 

thus inhibiting transmission (Jacob et al., 2008). GABAAR are responsible for fast GABA 

actions (Jacob et al., 2008; B. Luscher et al., 2011). The g2 subunit is the most common 

subunit found in synapses and is essential for postsynaptic clustering of GABAAR (Jacob et 

al., 2008; B. Luscher et al., 2011). The functional strength of inhibitory synapses is 

proportional to synaptic GABAAR levels that are also highly regulated by endocytic trafficking 

and lateral entrapment, mainly through the intracellular scaffold protein gephyrin (B. Luscher 

et al., 2011).   
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1.3. Hypothesis and Objectives 

1.3.1. Hypothesis: “Gal-8 modulates glutamatergic functions that can be interfered 

with anti-Gal-8 autoantibodies” 

1.3.2. Objectives: 

1. To evaluate Gal-8 interaction with glutamatergic receptors of the excitatory system 

(AMPAR and NMDAR). 

1.1. To evaluate Gal-8 interaction with AMPAR and NMDAR.  

1.2. To evaluate carbohydrate dependency. 

1.3. To evaluate involvement of the unique Gal-8 N-CRD.  

2. To assess the effect of Gal-8 on the surface levels of these receptors. 

2.1. To evaluate if Gal-8 can either increase or decrease neuronal surface levels of 

these receptors. 

2.2. To define potential mechanisms involved. 

3. To define functional effects of Gal-8 in glutamatergic functions in the brain. 

3.1. To define the effects of Gal-8 on synaptic transmission.  

3.2. To evaluate the effects of the N-terminal domain of Gal-8 and anti-Gal-8 

autoantibodies isolated from MS patients.  

3.3. To assess the consequence of lacking Gal-8 expression on postsynaptic levels of 

glutamatergic receptors, synaptic plasticity and spatial memory. 

 

ADDENDUM: As the original proposal of this thesis focused on the pathogenic role 

of autoantibodies directed against ribosomal P proteins (anti-P) that cross-react with NSPA, 

we include at the end of the present objectives the generation of mice and human anti-P 

monoclonal antibodies and their effects in glutamatergic transmission, as the work done 

during an internship abroad of 1.5 years in Dr. Betty Diamond’s laboratory.  
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2. MATERIALS AND METHODS 

 

2.1. Materials 

2.1.1. Animals 

Sprague-Dawley rats and mice were housed at the Faculty of Biological Sciences of 

Pontificia Universidad Católica de Chile. All protocols were approved by the Institutional 

Animal Care and Use Committee of this facility. All animals were maintained under conditions 

of strict confinement, which included automatic control of temperature (21°C) and photoperiod 

(12 h light / 12 h dark) and received water and food ad libitum. Lgals8/Lac-Z knock-in (here 

called Gal-8 KO) mice were generated from C57BL/6NTac mice engineered in Regeneron 

Pharmaceuticals Inc., New York, using Velocigene technology for replacing the entire coding 

region of the mouse Lgals8 gene (18,427 bp) with LacZ lox-Ub1-EM7-Neo-lox Cassette 

containing the LacZ gene that encodes b-galactosidase (Pardo et al., 2019; Pardo et al., 

2017). Details of the Lgals8 KO mice and PCR genotyping assay, including the predicted 

PCR products and the primers, are available at the Velocigene website 

(www.velocigene.com/komp/detail/14305) . 

2.1.2. Patients Samples 

Blood samples were collected from MS patients and healthy controls according to 

protocols approved the Faculty of Medicine, Pontificia Universidad Católica de Chile ethics 

committee with written informed consent from all participants. 

2.1.3. Antibodies 

Mouse anti-GluN1 (75-272) (1:1,000 dilution), mouse anti-GluN2A (75-288) (1:500 

dilution), mouse anti-GluN2B (75-101) (1:1,000 dilution), mouse anti-GluA1 (75-327) (1:1,000 

dilution), mouse anti-GluA2 (75-002) (1:1,000 dilution) and mouse anti-PSD95 (75-028) 
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(1:10,000 dilution) from UC Davis/NIH/NeuroMab Facility (UCLA, Davis, CA, USA). Mouse 

anti-β-actin (ab6276) (1:10,000 dilution) from Abcam. Rabbit Anti-GABAARg2 (G0545) (1:500 

dilution) from Sigma. 

Primary antibodies were recognized with horseradish peroxidase (HRP) conjugated 

antibodies (Rockland) for western blots (1:5,000 dilution) or with Alexa conjugated antibodies 

(Molecular Probes) for immunofluorescence (1:500 dilution). 

2.1.4. Reagents 

Lipofectamine 2000, Opti-MEM medium, Neurobasal medium, penicillin/streptomycin 

(P/S), B27 supplement, glutamine, Dulbecco's Modified Eagle Medium (DMEM), Isopropyl-1-

thio-h-d- galactopyranoside (IPTG) (15529-010), nitrocellulose membrane (88018), fetal 

bovine serum (FBS) from Invitrogen. Bradford reagent and Affi-10 resin from Bio-Rad. 

Dimethyl sulfoxide (DMSO) from MERK. Focal Adhesion Kinase inhibitor (FAK inhibitor-14), 

ampicillin, MESNA (M1511), Iodoacetamide, Thrombin from human plasma (T1063), AP 

solution in tablets, Poly-L-lysine hydrobromide (P2636) and D -2-Amino-5-phosphonovaleric 

acid (APV) from Sigma. Protein-G-Sepharose (200209) from GenScript. EZ-Link sulfo NHS-

Biotin (21217), EZ-Link Sulfo-NHS-SS-Biotin (cleavable biotin) (21331), Neutravidin-agarose 

(29201), BCA assay from Thermo. Amicon Ultra 0.5 ml 30,000 Da and Immobilon Forte 

Western HRP substrate (WBLUF0500) from Millipore. Picrotoxin (PTX) (1128) and 2,3-Dioxo-

6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide disodium salt (NBQX) (0373) 

from Tocris. Thiodigalactoside (TDG), a-2,3-sialillactose (a-2,3-SL) and a-2,6-sialillactose (a-

2,3-SL) from Carbosynth. Glutathione Sepharose 4 Fast Flow Media from GE. 

2.1.5. Plasmid 

pCI-SEP-GluR1 was a gift from R. Malinow (Addgene plasmid # 24000; 

http://n2t.net/addgene:24000; RRID: Addgene_24000) and described in (Kopec, 2006).  
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2.2. Methods 

2.2.1. Cellular biology techniques 

2.2.1.1. Rat primary Neuronal Culture. Cortex or hippocampus neuronal rat 

cultures were prepared as previously described (Vargas et al., 2014).  E18 pups’ cortexes or 

hippocampi were dissected in ice cold Hanks' Balanced Salt Solution with 5.56 mM glucose, 

pH 7.4 (HBSS-Glu). The tissue was then incubated with 0.25% trypsin for 15 min in HBSS-

Glu at 37°C, afterwards, drops of serum were added and then the tissue was triturated with 

Pasteur pipettes. Disaggregated cells were pelleted at 1,000 rpm for 1 min and then 

resuspended in DMEM 10% horse serum 1% P/S and plated in pre-treated plates with 0.1% 

poly-L-Lysine in 0.1 M borate buffer pH 8.4 and afterwards washed with water. Next day 

medium was changed to Neurobasal media supplemented with 2 mM glutamine, P/S, B27 

supplement and 2 µM 1-β-D cytosine Arabinoside. Neurons were grown at 37ºC in 5% CO2. 

Fresh medium was added every 3 days. 

2.2.1.2. Cell Surface Biotinylation. 9-11 days in vitro (DIV) cortical neurons plated 

at 1.5 mill in 6-well plates were treated as indicated in their complete media using 2 wells per 

condition. When indicated a-2,3-SL or vehicle was preincubated with Gal-8 for 30 min at 37ºC 

before adding to each well. Inhibitors (NBQX, APV, FAKi and H89) or the corresponding 

vehicle, were added to each well 30 min before Gal-8 treatments. After the indicated 

treatments, cells were washed once with 1 ml ice cold PBS with 0.1 mM CaCl2 and 1 mM 

MgCl2 (PBS-CM) and incubated with biotin at 0.5 mg/ml in PBS-CM for 40 min at 4ºC.  Then, 

cells were washed twice with 100 mM Glycine in PBS-CM and then incubated with the same 

2 times for 10 min. Finally, cells were washed once with PBS-CM and frozen at -80ºC until 

processing. Neurons were lysed in lysis buffer with protease inhibitors and spun at 14,000 

rpm for 1 minute. Lysates were added to 35 µl of Neutravidin-agarose previously washed with 

lysis buffer at 900 g and then incubated for 2 h at 4ºC. 5% of the lysate was used for input. 
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Neutravidin complexes were washed three times with lysis buffer for 5 min and then eluted in 

sample buffer for western blotting. 

2.2.1.3. Neurons Live Immunofluorescence. 16 DIV hippocampal neurons cultured 

in 12 mm coverslips were treated as indicated, then washed twice with ice cold PBS-CM and 

incubated at 4°C with anti-GluA1 at 1:30 dilution in PBS-CM for 30 min at 4°C then gently 

washed and fixed at room temperature (RT) with 4% PFA 4% Sucrose in PBS for 10 min. 

Cells were permeabilized with 0.2% Triton X-100 in PBS for 10 min then blocked for 30 min in 

0.2% blocking buffer then incubated with Phalloidin-488 (1:20) in blocking buffer overnight 

(ON) at 4ºC. Coverslips were washed and incubated with anti-mouse-555 for 30 min at 37ºC. 

Coverslips were washed and mounted in Fluoromont. Images were acquired in a Leica tcs 

SP8 spectral confocal microscopy (×63 oil immersion objective, 1.4 N.A.) running the LASX 

Leica software. Area of GluA1 puncta from neurite 50 µm segments were analyzed and 

quantified with particle analyzer plug-in from Fiji software (Schindelin et al., 2012).  

2.2.1.4. Endocytosis assay. 9-11 DIV cortical neurons were plated at 1.5 mill in 6 

well plates. 3 wells were used per condition. Cells were washed twice with PBS-CM, saving 

the media, and then incubated with cleavable biotin (Sulfo-NHS-SS-Biotin) at 0.4 mg/ml for 

30 min at 4ºC. Cells were washed with 100 mM Glycine in PBS-CM twice then incubated 

twice for 5 min and then washed 3 times with PBS-CM. 2 conditions were incubated at 4ºC, 

one for total biotinylated and one for total reduced. The rest were incubated at 37ºC for 30 

min in the saved media with the indicated treatment. Then, cells were washed twice with 

PBS-CM and incubated, except for total biotinylated, with freshly prepared 22 mM MESNA in 

reducing buffer for 45 min at 4ºC (50 mM Tris-HCl, 100 mM NaCl, pH 8.6). Cells were 

washed and then alkylated with freshly prepared 20 mM iodoacetamide in PBS-CM for 10 

min at 4ºC. Finally, cells were washed twice with PBS-CM and frozen at -80⁰C until 

neutravidin precipitation and western blotting. 
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2.2.1.5. Recycling assay. 675,000 hippocampal neurons were plated in 35 mm live 

cell imaging plates in Neurobasal supplemented with P/S, glutamine and B27. Media was 

changed the next day and fresh media was added every 3 days. Cells were transfected at 4-5 

DIV. Before transfection neuronal media was saved at 37ºC and fresh media was added. Two 

solutions were prepared in 75 µl of Optimem. One had 0.5 µl of Lipofectamine 2000 and the 

other 0.25 µg of GluA1-SEP plasmid. After 5 min at RT both solutions were mixed, and after 

10 min the mix was placed in drops on top of the cells. After 1 h, the media with 

Lipofectamine/DNA was eliminated, and the saved media was re-added to the cells. At 21 

DIV cells were placed in a temperature-controlled recording chamber in 37ºC warm recording 

solution (137 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 20 mM Glucose, 10 mM 

Hepes, pH 7.4). Transfected neurons were visualized in a Leica tcs SP8 spectral confocal 

microscopy (×63 oil immersion objective, 1.4 N.A.) running the LASX Leica software. 

Dendrites were photobleached for 3 x 5 pulses at 100% laser power using the frap booster 

configuration and then recorded every 5 s. Finally, few drops of HCl were added to the media 

which corroborated GluA1-SEP surface location by fluorescence quenching. Videos were 

analyzed offline in the LASX Leica software measuring fluorescence recovery after 

photobleaching. 

2.2.1.6. HEK-293 transfection. 1.9 million cells were plated the day before in 60mm 

plates in 5% FBS 1% P/S DMEM. For transfection, two solutions were prepared in 190 µl of 

Opti-MEM. One had 9.5 µl of Lipofectamine 2000 and the other 3.7 µg of GluA1-SEP 

plasmid. After 5 min at RT both solutions were mixed, and after 10 min both were placed in 

drops on top of the cells. After 48 h of transfection cells were lysed in lysis buffer (50 mM 

Hepes pH 7.4, 150 mM NaCl, 1 mM EGTA, 2 mM MgCl2, 10% Glycerol, 1% Triton X-100), 

supplemented with protease inhibitors (4 µg/ml leupeptin, 4 mM PMSF, 4 µg/ml pepstatin) 

centrifuged for 15 min at 12,000 g and the supernatant was used for pull-down experiments.  
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2.2.2. Biochemical techniques 

2.2.2.1. Fusion protein-GST and recombinant protein production. Recombinant 

proteins and fusion proteins were obtained following previously described procedures 

(Carcamo et al., 2006). Transformed Bacteria with pGEX-4T-3 (Pharmacia Biotech) plasmid 

with the desired protein were grown ON in LB supplemented with ampicillin (50-100 µg/ml) 

(LB-amp) at 37°C in agitation. Then a 1:100 dilution was made also in LB-amp and grown 3-4 

h for Gal-8-GST, Gal-8 N-CRD and GST. IPTG was added at 0.1 mM final concentration for 4 

h at 37°C. Medium was centrifuged in 250 ml aliquots at 5000 rpm for 10 min, the 

supernatants were discarded, and the bacterial pellets were frozen at -80°C until further use. 

Pellets were resuspended in 1 ml of PBS with bacterial antiproteases cocktail concentration 

at 1 x per 100 ml of initial culture. Lysozyme was added for 30 min at 100 µg/ml on ice. Then, 

Triton 100x was added at final 1% concentration. The resuspension was sonicated and then 

incubated for 30 min at 4°C in agitation. Lysates were centrifuged at 12,000 g for 10 min and 

the supernatants were collected and then incubated with 125 µl Glutation-Sepharose per 250 

ml of initial culture previously washed once with water and twice with PBS, for 2 h at 4ºC in 

rotation. Afterwards, the beads were washed at least 5 times with PBS and centrifuged at 500 

g. If elution was needed, 1 U of Thrombin was used per 50 µl of beads for 4 h. The beads 

were centrifuged at 500 g for 5 min and the protein in the eluant was measured with Bradford. 

2.2.2.2. Pull-Down assay. Total membrane fractions (P2) of hippocampus and 

cortex were prepared by homogenizing in ice-cold sucrose buffer containing 0.32 M sucrose, 

10 mM Hepes, 3 mM EGTA and protease inhibitors as previously described in (Espinoza et 

al., 2020). Homogenates were spun twice at 1,000 g for 10 min. The supernatant was 

collected and spun at 12,000 g for 20 min. The pellet was resuspended in lysis buffer with 

protease inhibitors. Protein extracts were incubated with GST-Glutation Sepharose column, 
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for 1 h at 4ºC. The beads were centrifuged and then the supernatant was incubated for 2 h at 

4ºC with Gal-8-GST-Glutation-Sepharose previously incubated for 1 h with the indicated 

inhibitor or vehicle as described in (Pardo et al., 2019). Beads were then washed 3 times with 

lysis buffer at 4ºC then 3 times at RT for 5 min and eluted with loading buffer for western blot.  

2.2.2.3. Co-Immunoprecipitation. 5 µg of anti-GluA1 was incubated ON with 25 µl 

of Protein G and washed 3 times with lysis buffer. 500 µg of WT or KO hippocampus and 

cortex P2 extracts, with or without 50 µg of recombinant human Gal-8, were incubated for 2 h 

at 4ºC then washed 6 times with lysis buffer at 4ºC. Proteins were eluted in sample buffer and 

blotted against anti-hGal-8 isolated from MS patients. 

2.2.2.4. Antibody purification. The resin for affinity purification was prepared as 

follows. 1 ml of Affi-10 was washed with 15 ml of distilled water then PBS with centrifugations 

at 1,000 rpm for 5 min. Then, the resin was incubated with 1 mg of Gal-8 in PBS for 3 h at 

4°C then centrifuged and washed with PBS. 1 ml of PBS and 200 µL of ethanolamine/1 M 

HCl (freshly prepared with 61 µl ethanolamine and 939 µl HCl 1 N) was added for 1 h at 4ºC 

then extensively washed with PBS and stored in 0.05% sodium azide PBS until further use. 

Before use, the resin was washed extensively with PBS and then, patient serum was 

incubated at 4°C ON. The resin and sera were centrifuged at 1,000 rpm, serum was 

recuperated, and the resin was washed extensively with PBS. 10 ml of 0.1-0.2 M Glycine HCl 

pH 2.5-3 was added and eluates were collected in 400 µL fractions neutralized with 125 µL of 

1M K2HPO4. The fractions were vortexed and rapidly put on ice. To determine the fractions to 

be concentrated, 5 µl of each elusion was sampled on a dot blot. Fractions were spun on 

Amicon Ultra 0.5 ml 30,000 Da at 14,000 g for 5 min. After concentrating the fractions of 

interest, the buffer was exchanged for PBS 3 times. Concentration was measured with 

Bradford.  
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2.2.2.5. Post synaptic Densities (PSD) preparation.  Cortex of WT or Gal-8 KO 

mice were dissected on ice and homogenized in homogenization buffer (0.32 M sucrose, 0.5 

mM EGTA, 5 mM Hepes, pH 7.4) supplemented with protease inhibitors using 5 ml of buffer 

per 1 gr of tissue with a Potter homogenizer as previously described in (Wyneken et al., 

2001). Cell debris and nuclei were discarded by centrifuging twice at 1,000 g for 10 min at 

4ºC recuperating the Homogenate (H) in the supernatant. H was centrifugated at 12,000 g for 

20 min at 4ºC, the pellet was resuspended in gradient buffer (0.32 M Sucrose, 0.5 mM EGTA, 

5 mM Tris, 1 mM DTT, pH 8.1) obtaining the crude membrane fraction (P2). P2 fraction was 

loaded on top of a first sucrose gradient at 1/1.2 M (1 M Sucrose, 5 mM Tris/1.2 M Sucrose, 5 

mM Tris) and centrifuged at 200,000 g for 60 min.  All ultracentrifugations were done in an 

Hitachi Himac CP80WX centrifuge. The synaptosome fraction was collected from the 

interphase and lysed in lysis buffer (5 mM Tris, 0.5 mM EGTA) for 30 min at 4ºC in agitation. 

The lysate was centrifuged at 33,000 g for 30 min. The pellet was resuspended in gradient 

buffer obtaining the P2B fraction which was then loaded on a second sucrose gradient at 

1/1.2 M and centrifuged 200,000 g for 60 min. Synaptic membranes (P2B2) were collected 

from the 1/1.2 M interphase and suspended in 0.32 M sucrose, 5 mM Tris and delipidated in 

equal volume of delipidating buffer (0.32 M sucrose, 0.025 mM CaCl2, 1% Triton X-100, 2 mM 

DTT, 10 mM Tris) homogenizing manually. Delipidated synaptic membranes were centrifuged 

at 33,000 g for 30 min. The pellet was resuspended in 50 mM HepesNa tampon pH 7.4 and 

centrifuged at 70,000 g for 10 min. The pellet was resuspended in 50 mM HepesNa, 0.15 % 

SDS, pH 7.4 freshly prepared, yielding the postsynaptic density (PSD) fraction. Protein 

concentration was determined using the BCA assay. Samples were denatured with loading 

buffer for western blot. 

2.2.2.6. Gel electrophoresis and western blot. Protein samples were resolved in 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) at different 
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percentages depending on the protein of interest. Loading buffer contained 100 mM DTT as a 

reducing agent. After electrophoresis, samples were transferred into a nitrocellulose 

membrane in 25 mM Tris-HCl, Glycine 192 mM and 20% methanol at 450 mA for 1-2 h 

depending on the analyzed protein. After transferring, membranes were blocked with PBS-

5% skim milk for 1 h at RT. Primary antibodies were incubated ON at 4ºC in blocking buffer 

and then washed five times for 10 min with PBS 0.5% Tween 20. Secondary antibodies 

conjugated with horseradish peroxidase (HRP) were incubated 1 h in blocking buffer then 

washed.  HRP conjugated antibodies were developed with chemiluminescent HRP substrate 

following manufacturer’s instructions. Chemiluminescent images were acquired in G:Box 

gene tools detection system (Syngene) with the corresponding filter. Densitometric band 

analysis was performed with FIJI software (Schindelin et al., 2012). 

2.2.3. Animal procedures  

2.2.3.1. Electrophysiology. Acute coronal slices from adult wild type male and 

female mice were prepared and recorded as described in (Oliva & Inestrosa, 2015). 

Immediately after removal, the brains were placed in ice cold cutting solution (85 mM NaCl, 

75 mM Sucrose, 3 mM KCl, 1.25 mM NaH2PO4, 25 mM NaHCO3, 10 mM Glucose, 3.5 mM 

MgSO4, 0.5 mM CaCl2, 3 mM Na-Pyruvate, 0.5 mM Na-Ascorbate, 305 mOsm, pH 7.4) 

thoroughly oxygenated with 95% O2 /5% CO2. 350 µm brain slices were obtained and left at 

36ºC for 30 min for recovery then placed in oxygenated recording solution (126 mM NaCl, 3.5 

mM KCl, 1.25 mM NaH2PO4, 25 mM NaHCO3, 10 mM Glucose, 2 mM MgSO4, 2 mM CaCl2, 3 

mM Na-Pyruvate, 0.5 mM Na-Ascorbate, 305 mOsm, pH 7.4) at RT. For recording, slices 

were placed in a submerged-style chamber in recording solution at 30-32ºC. Schaffer 

collaterals between CA3 and CA1 were stimulated with a bipolar concentric electrode (World 

Precision Instruments, Sarasota, FL, United States) connected to an ISO-Flex stimulus 

generator (A.M.P.I., Jerusalem, Israel).  Evoked field excitatory postsynaptic potentials 
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(fEPSPs) were recorded in the stratum radiatum of CA1, using a borosilicate glass electrode 

(World Precision Instruments, United States) of 0.5-1 MΩ pulled on a P-97 Flaming/Brown 

Micropipette Puller (Sutter Instruments, United States) filled with the recording solution. The 

signals were recorded using a MultiClamp 700B amplifier (Axon CNS, Molecular Devices 

LLC, United States), and digitally sampled at 30 kHz using a Digidata-1440A interface (Axon 

CNS, Molecular Devices). Two pulses (R1 and R2) separated 50 ms each, were applied with 

the stimulus generator every 60 s. The fEPSP slope of the first pulse (R1) was averaged 

during 15 to 20 min and once a stable basal signal was obtained, the corresponding 

treatments were added. To evaluate synaptic plasticity in these slices, long-term potentiation 

(LTP) experiments were performed with a theta burst stimulation (TBS), consistent of 5 bursts 

at 100 Hz every 20 s. The analyses were done offline using pClamp 10.3 (Molecular Devices 

LLC, United States).  Spontaneous activity in the form of multiunit activity (MUA, spikes) was 

also recorded. To do that, the signal was band-pass filtered between 2 kHz-300 Hz, digitally 

sampled at 30 kHz, and analyzed using Spike2 (Cambridge Electronics Design Limited). 

Spikes were selected using the Wave Mark tool and the templates for detection of different 

spikes. All the spikes spontaneously generated were counted along the experiments and 

selected in 7 different classifications by their shape and amplitude.  For WT and Gal-8 KO 

mice the recordings were done as above with the following modifications as described in 

(Carvajal et al., 2018), briefly, coronal slices were of 400 µm and after cutting they were 

recuperated in recording solution at RT for 1 hour.  Recordings were done adding picrotoxin 

(PTX; 50 µM) to suppress inhibitory GABAR transmission. One pulse (R1) was applied every 

15 s and sampled at 4.0 kHz using an A/D converter (National Instrument, Austin, TX, USA), 

and stored with the WinLTP program. To generate LTP, a high-frequency stimulation (HFS) 

was used, which consisted of 3 or 4 trains of 100 pulses at 100 Hz of stimuli with an inter-

train interval of 20 s.  
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2.2.3.2. Behavioral tests. 2 to 4-month-old male WT and Gal-8 KO mice were 

moved from the animal facility to a behavioral suite. Mice were extensively handled in at least 

8 sessions (1 or 2 per day) of 5 min each.  The open field test was carried out in a 47 x 47 cm 

arena in a 10 min session per mouse. After at least one day of resting, mice were tested in 

the Water Maze as in (Vingtdeux et al., 2016; Vorhees & Williams, 2006) but with 

modifications. In the first phase, mice were launched into a pool of 1 m diameter filled with 

water around 22ºC with a platform of 10 cm diameter above water level with a flag. Each 

mouse was launched in turns facing the wall of the pool until they found the platform or after 

they completed 60 s. If they could not find the platform, they were gently directed to it. The 

mice were left on the platform for 15 s and then dried and returned to their respective cages. 

The procedure was repeated 4 times per mouse in one day changing the platform quadrant 

and launching site with no giving sequence. Next day, the flag was removed, and the platform 

was hidden 1-1.5 cm below surface level. The water was clouded with non-toxic white paint. 

Signs were placed around the pool and the platform was located in the same position for the 

next 4 days. Each mouse was launched in turns, in 4 trials per day varying the launching 

position. The time to reach the platform (latency) was measured. On the fifth day, the probe 

test was performed. The platform was removed, and the mice were launched once for 30 s. 

The time they spend on each quadrant was measured off-line. On the reversal phase the 

platform was located on the opposite quadrant from the previous phase. Each mouse was 

launched in turns in 4 trials per day for 4 days. On day 5 the probe test was repeated. Data 

were collected using a video tracking system coupled to Honestech TVR 2.5 program and 

analyzed off-line in ANY-MAZE software (Stoelting Co, Wood Dale, IL, USA). 

2.2.4. Statistical Analysis  

Student’s t test was used for two-group comparison, and one- or two-way analysis of 

variance (ANOVA) was used for comparisons of more than two groups with Bonferroni’s post-
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hoc test, p<0.05 was considered statistically significant higher p values were considered non-

significant (ns). All analysis was performed using PRISM software. Data points and error bars 

in the figures represent mean and standard error of the mean (SEM).  
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3. RESULTS 

 

3.1. Gal-8 binds AMPAR  

To detect possible interactors of Gal-8 in the brain we performed mass spectrometry 

analysis on Gal-8-GST pulled down proteins from whole brain synaptosomes and identified 

GluA1, GluA2, GluA3 and GluA4 subunits of the AMPA receptor (Table 1). Therefore, we 

performed pull-down assays to confirm such interactions. Immunoblots of Gal-8-GST pulled 

down proteins revealed AMPAR subunits GluA1 and GluA2 but not NMDA receptor subunits 

GluN1, GluN2A and GluN2B (Fig. 1A). Displacement with Thiodigalactoside (TDG) 

demonstrated carbohydrate dependent interactions (Fig. 1A). Also, a-(2,3)-Sialyllactose (a-

(2,3)SL) inhibited the binding compared to a-(2,6)SL, implying N-terminal Gal-8 carbohydrate 

specific interaction (Fig. 1B). To test the role of N-terminal domain in the interaction with 

GluA1 we performed pull-down experiments using recombinant Gal-8 N-Terminal CRD (Gal-8 

N-CRD) and analyzed the presence of GluA1. Effectively, we found GluA1 in the pulled down 

proteins except when a-(2,3)SL was added for displacement (Fig. 1C). These data 

demonstrate that the N-terminal of Gal-8 binds AMPAR through sialic acid. 

The reverse experiments of immunoprecipitating GluA1 showed evidence of an 

interaction with endogenous Gal-8. The anti-Gal-8 immunoblots showed a band at 34 kDa 

corresponding to the electrophoretic mobility of Gal-8 in cortex samples from WT but not Gal-

8 KO mice (Fig. 1D). We further confirmed the specificity of the Gal-8 detected in the 

immunoblot by adding recombinant Gal-8 to the anti-GluA1 immunoprecipitation assay, which 

showed the expected increased band in the immunoblot (Fig. 1D). These results indicate that 

just a proportion of AMPAR interacts with endogenous Gal-8, as suggested by the increased 
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amount of Gal-8 that co-immunoprecipitated with GluA1 when we added an excess 

recombinant Gal-8. 

All these results indicate that Gal-8 interacts with AMPAR and whether this 

interaction has a functional meaning is studied below. 
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Table 1: Gal-8 interactors. Identification of proteins from a pull-down assay with 
Gal-8-GST by Mass Spec analysis. Possible interactors were analyzed from 4 bands of the 
indicated molecular weight which are listed by accession number. In blue AMPA receptor 
subunits.  
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Figure 1: Gal-8 interacts through its sialic acid-binding (N-CRD) domain with 
AMPAR but not NMDAR subunits in the brain.  A. Gal-8 interaction with AMPAR. 
Immunoblot of proteins pulled down by Gal-8-GST-GS from mouse cortex and hippocampus 
show interaction with AMPAR through b-galactosides, confirmed by TDG inhibition (20 mM) 
(n=3 for Cortex and n=4 for Hippocampus). B. Interaction of Gal-8 with GluA1 and GluA2 
involves a-(2,3)-sialic acid. GluA1 and GluA2 pulled down by Gal-8-GST-GS is completely 
displaced by a-(2,3)-Sialyllactose (a-(2,3)SL; 10 mM) but not a-(2,6)SL (10 mM) (n=3). C. 
Gal-8 N-CRD binds AMPAR in an a-(2,3)-sialic acid-dependent manner. N-CRD-GST-GS 
pulled down GluA1 and this was displaced by a-(2,3)SL (10 mM) (n=2). D. Endogenous brain 
Gal-8 interacts with AMPAR. Anti-GluA1 antibodies co-immunoprecipitated Gal-8, as shown 
by the 34 kDa band in the immunoblot from WT (lane 1) but not Gal-8 KO mice (lane 3), as 
well as in the positive control of recombinant Gal-8 (50 µg/ml) added to WT (lane 2) and KO 
(lane 4) extracts (n=1).  
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3.2. Gal-8 increases AMPAR levels on the cell surface 

The function of AMPAR crucially depends on its neuronal surface levels, which in 

turn relays on strict control of their trafficking along endocytic and recycling routes 

(Collingridge et al., 2004; M. Park, 2018). Endocytic and exocytic trafficking of certain 

glycoproteins can be sensitive to interactions with galectins, impacting upon their cell surface 

levels (Johannes et al., 2018). An initial approach to examine whether Gal-8 interaction with 

AMPAR has functional consequences, was to analyze the levels of these glycoproteins at the 

surface of neurons in primary culture. A well-established cell surface biotinylation assay 

(Arancibia-Cárcamo et al., 2006) showed that Gal-8 (50 µg/ml) treatment for 4 hours 

increased the levels of GluA1 at the cell surface (Fig. 2A). As expected for an effect that 

depends on Gal-8 binding to terminal sialic acid, a-(2,3)SL abrogated this Gal-8-induced 

appearance of AMPAR at the cell surface (Fig. 2A), similar to the displacement observed in 

pull-down assays. We next analyzed the time at which this effect can be detected. Within 60 

min of Gal-8 treatment we could observe the increased levels of GluA1 at the cell surface 

without changes in AMPAR total levels (Fig. 2B). Then we tested if lower concentrations 

could increase surface levels of AMPAR. No significant effects occurred within 1 h for Gal-8 

treatments between 0.05 to 10 µg/ml concentrations (Fig. 2C) 

Likewise, the cell surface levels of GluA2 subunit of AMPAR also increased within an 

hour of Gal-8 treatment (Fig. 3A), whereas Gal-8 did not induce neuronal surface increments 

of GluN2B levels (Fig. 3B). To approach the effect of Gal-8 using a complementary technique 

we took advantage of an available antibody that recognizes an extracellular epitope in GluA1 

and performed live cell immunofluorescence analysis. Gal-8 treatment for just 1 h increased 

the neuronal surface fluorescent pattern reflecting on GluA1 higher size of puncta in dendrites, 

which imply possible functional consequences on synaptic transmission (Fig. 4).  These 
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results suggest that Gal-8 somehow selectively increases the presence of AMPAR at the 

neuronal cell surface. 

Overall, these results indicate that Gal-8 interacts with AMPAR through the N-CRD 

and increases its cell surface presence.  
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Figure 2: Gal-8 increases the levels of GluA1 at the neuronal surface.  Cell 
surface biotinylation assays in primary neuronal rat cultured cells A. Gal-8 increases AMPAR 
depending on sialic acid. Neurons treated for 4 hours with Gal-8 (50 µg/ml) show higher 
levels of AMPAR at the cell surface except when neurons are co-incubated with a-(2,3)-SL 
(10 mM). (n=3; Graph shows mean and SEM of densitometric band analysis of Surface 
GluA1/Actin normalized to control; ANOVA p*< 0.05). B. Temporal analysis. Cell surface 
GluA1 levels increases reach a plateau after 1 h treatment with Gal-8. Input GluA1 levels 
remained unchanged (n=3; Graph shows mean and SEM of densitometric band analysis of 
Surface or Input GluA1/Actin normalized to control; ANOVA p***<0.001). C. Concentration 
analysis. Lower concentrations of Gal-8 (0.05-10 µg/ml) for 1 h did not increase GluA1 at the 
cell surface (n=4; Surface GluA1/Actin normalized to control; ANOVA p****< 0.0001).  
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Figure 3: Gal-8 increases the neuronal surface levels of GluA2 but not GluN2B.  
Surface biotinylation analysis of GluA2 and GluN2B levels after 1 h treatment with Gal-8 (50 
µg/ml) in primary neuronal rat culture. Gal-8 increases GluA2 subunit at the cell surface (n=3; 
Graph shows mean and SEM of densitometric band analysis of Surface GluA2/Actin 
normalized to control; t-test p*<0.05) (A). NMDAR GluN2B subunit levels are not affected by 
Gal-8 treatment (n=3; Graph shows mean and SEM of densitometric band analysis of Surface 
GluN2B/Actin normalized to control; t-test) (B). 
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Figure 4: Gal-8 increases the levels of GluA1 at dendrites. GluA1 levels in live 
neurons. Hippocampal cultured neurons treated with Gal-8 (50 µg/ml) for 1 hour were 
incubated with anti-GluA1 at 4ºC and then were fixed, permeabilized and analyzed by 
immunofluorescence. Inset exemplifies an analyzed area. Graph shows increased area of 
GluA1 puncta in dendrites of Gal-8 treated cells. Scale bar and ROI: 50 µm. (n=3; Graph 
shows mean and SEM of GluA1 puncta area; t-test p***<0.001). 
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3.3. Gal-8 increases recycling of AMPAR to the cell surface 

We focused the next experiments on the mechanism by which Gal-8 increases 

AMPAR levels. We first studied potential effects upon protein trafficking, which has been 

described for other galectins (Johannes et al., 2018). AMPAR is constantly endocytosed and 

recycled to the cell surface (Moretto & Passafaro, 2018). Thus, in principle, Gal-8 might 

increase AMPAR levels at the cell surface by inhibiting endocytosis or enhancing their 

recycling to the cell surface. To assess endocytosis, we used the widely described assay of 

labeling surface proteins with cleavable biotin reagent (Sulfo-NHS-SS-Biotin), which once 

internalized becomes resistant to a non-cell permeable reducing agent (Arancibia-Cárcamo et 

al., 2006). Unexpectedly, this approach revealed that Gal-8 increases endocytosed AMPAR 

(Fig. 5A). Therefore, Gal-8 is very likely promoting AMPAR endocytosis and recycling from 

internal compartments resulting in a positive balance towards a higher AMPAR residence at 

the cell surface. To approach this possibility, we used pH-sensitive pHluorin-tagged GluA1 

(GluA1-SEP) that emits fluorescence at the surface and not in acidic endosomal 

compartments (Kopec, 2006), allowing the elimination of fluorescent emission from the cell 

surface by selective photobleaching. Afterwards, reappearance of fluorescence signal reflects 

exocytosis of internal GluA1-SEP or lateral diffusion (Hildick et al., 2012; Petrini et al., 2009; 

Roth et al., 2017). We first confirmed that Gal-8 binds this recombinant receptor, as shown by 

pull-down assays in GluA1-SEP transfected HEK-293 cells (Fig. 5B). Interestingly, under Gal-

8 treatment, photobleached neuronal dendrites showed not only faster fluorescence recovery 

compared with control and Gal-8 co-incubated with a-(2,3)SL (Fig. 5C), but also an oscillatory 

fluorescence pattern at later times (Fig. 5C). This oscillating behavior is difficult to explain but 

the faster recovery very likely indicates faster recycling from endocytic compartments. 
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Figure 5: Gal-8 enhances GluA1 endocytosis and recycling to the surface. A. 
Gal-8 increases GluA1 endocytosis. Neurons were cell surface biotinylated with the reducible 
reagent sulfo-NSH-SS-biotin at 4ºC and then incubated for 30 min at 37ºC in the absence or 
presence of Gal-8 (50 µg/ml). Biotinylated GluA1 (GluA1-Biotin) remaining after cell surface 
reduction with Mesna reflects internalized protein. Graph shows an increased internalization 
of GluA1 after Gal-8 treatment (n=4; Graph shows mean and SEM of densitometric band 
analysis of GluA1-Biotin/Input normalized to control; t-test p*<0.05). B. Gal-8 binds 
recombinant pH-sensitive pHluorin-tagged GluA1 receptor (GluA1-SEP). Lysates of HEK-293 
cells transfected or not with GluA1-SEP were incubated with either GST-GS or Gal-8-GST. 
Gal-8-GST pulled down GluA1-SEP (n=3). C. Gal-8 increases GluA1 recycling to the cell 
surface. Cultured hippocampal neurons were transfected with GluA1-SEP that emits 
fluorescence only at the neuronal surface. Fluorescence recuperation after photobleaching, 
which reflects exocytosis of GluA1-SEP from internal compartments, was faster under Gal-8 
(50 µg/ml) treatment and then dropped and recovered cyclically every 300 s. Co-incubation 
with a-(2,3)SL (10 mM) abrogated this Gal-8 effect (n=2; Graph shows mean and SEM of 
fluorescence recuperation normalized to fluorescence after photobleaching 2 neurons for 
each condition of representative experiment). 
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3.4. PKA and FAK pathways are involved in Gal-8 effects on AMPAR levels at 

the neuronal surface 

The most known mechanism leading to an increase of AMPAR at the cell surface 

underlying long-term potentiation, involves NMDAR activity that triggers signaling pathways 

towards vesicular trafficking (Nicoll, 2017). NMDAR become activated when the activity of 

AMPAR is enough to depolarize the membrane, causing the release of a magnesium plug in 

the interior of the NMDAR ionic channel. Therefore, membrane depolarization and glutamate 

stimulation acting together leads to NMDAR activation (Nicoll, 2017). To test whether Gal-8 

activates this mechanism we used AMPAR and NMDAR inhibitors, 2,3-dioxo-6-nitro-7-

sulfamoyl-benzo[f]quinoxaline (NBQX) (Fig. 6A) and D-2-amino-5-phosphonovalerate (APV) 

(Fig. 6B) respectively, and found that none of these inhibitors affected the Gal-8-induced 

AMPAR increase at the cell surface (Fig. 6A and 6B). Therefore, Gal-8 is triggering another 

mechanism independent of AMPAR and NMDAR activation. 

AMPAR recycling from endosomal compartments to the cell surface during LTP is 

controlled by several signaling pathways, including PKA activity downstream of NMDAR 

(Ehlers, 2000; Esteban et al., 2003). Interestingly, even when inhibition of NMDAR had no 

effect, the inhibition of PKA with H89 abrogated the increment of AMPAR induced by Gal-8 

(Fig. 6C). It is possible that Gal-8 is somehow increasing the PKA activity involved in AMPAR 

recycling. 

On the other hand, considering our previous findings of Gal-8 interaction with  b1  

integrins in several cellular systems (Carcamo et al., 2006; Hadari et al., 2000; Oyanadel et 

al., 2018) including neurons (Pardo et al., 2019), we analyzed the role of FAK as an integrin 

downstream element, which we have shown to become activated by Gal-8 (Levy et al., 2001; 

Oyanadel et al., 2018; Smith et al., 2020; Zamorano et al., 2019). Unexpectedly, FAK 

inhibition with FAKi also annulled the Gal-8 induced AMPAR cell surface increment (Fig. 6C). 
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All these results indicate that Gal-8 induces AMPAR appearance at the cell surface 

promoting its recycling from internal compartments involving PKA and FAK dependent 

pathways. 
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Figure 6: Gal-8 increases GluA1 levels at the cell surface involving FAK and 
PKA activity. Surface biotinylation followed by immunoblot of cultured rat neuronal cells 
show the levels of GluA1 after Gal-8 (50 µg/ml) treatment in different conditions. A and B. 
GluA1 cell surface levels increase after 1 h Gal-8 treatment are not affected by AMPAR 
inhibition with NBQX (10 µM) (n=1) (A) or NMDAR inhibition with APV (50 µM) (n=2) (B) 
(Graph shows mean and SEM of densitometric band analysis of Surface GluA1/Actin 
normalized to control). C. Inhibitors of Focal Adhesion Kinase (FAKi; 5 µM) and PKA (H89; 20 
µM) abrogate the cell surface increase of GluA1 induced by 1h Gal-8 treatment (n=2; Graph 
shows mean and SEM of densitometric band analysis of Surface GluA1/Actin normalized to 
control).   
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3.5. Gal-8 enhances or inhibits glutamatergic synaptic transmission depending 

on its concentration 

Our previous experiments suggested that Gal-8 might play a role in glutamatergic 

transmission through the excitatory AMPAR. Therefore, we performed electrophysiological 

experiments adding exogenous Gal-8 in ex vivo brain slices. We first analyzed multiunit 

activity (MUA) recordings (i.e. extracellular spikes) in hippocampal slices and found that Gal-8 

at 0.1 µg/ml concentration augments mostly spontaneous excitatory action potentials (Fig. 7). 

Unexpectedly, at higher concentrations of 1-10 µg/ml, Gal-8 first interchanged excitatory for 

inhibitory transmission (Fig. 7).  Next, we analyzed field excitatory post-synaptic potentials 

(fEPSP) in the CA3-CA1 circuit under different Gal-8 concentrations. Also, at low Gal-8 (0.1 

µg/ml) concentrations, transmission was increased, and it decreased at higher (1 or 10 µg/ml) 

(Fig. 8).  To evaluate whether this effect involved a presynaptic component we assessed the 

dynamics of pair pulse facilitation (PPF) by plotting the ratio of the second (R2) versus the 

first (R1) fEPSP slopes. The invariable paired pulse ratio (R2/R1 ratio) indicated that this 

effect did not involve a presynaptic contribution (Fig. 8).  Overall, these results indicate that 

Gal-8 can increase or decrease synaptic transmission depending on its concentration.  

The inhibitory effect of high concentrations of Gal-8 upon synaptic transmission 

might be due to reduction of excitatory transmission or to a superposed inhibitory GABAAR 

activity. To test these possibilities, we blocked GABAAR activity with Picrotoxin (PTX) and 

found a recovered synaptic transmission at 10 µg/ml Gal-8 concentration, which increased 

even higher than the response elicited by 0.1 µg/ml (Fig. 9A). We also added the AMPAR 

inhibitor NBQX that completely inhibited synaptic transmission confirming transmission 

through AMPAR (Fig. 9A). These results indicate that high concentrations of Gal-8 increase 

GABAAR activity and shield the concomitant increase in AMPAR activity. 
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We then assessed cell surface levels of GABAARg2 subunit, that correspond to the 

subunit present primarily at synaptic locations (B. Luscher et al., 2011). Primary cultured 

neurons treated with Gal-8 (50 µg/ml) for 1 h showed increased cell surface GABAARg2 

subunit levels (Fig. 9B). Similar to AMPAR, pull-down assays showed that Gal-8-GST, and 

specifically Gal-8 N-CRD-GST, interacts with GABAARg2 subunit (Fig. 9C). Displacement with 

a-(2,3)SL but not a-(2,6)SL indicates that such interaction depends on the binding of N-

terminal Gal-8 domain to sialic acids (Fig. 9C). All these results indicate that Gal-8 interacts 

with both AMPAR and GABAR and increases their cell surface presence. This implicates Gal-

8 in opposed functions upon glutamatergic transmission at different concentrations.  
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Figure 7: Gal-8 increases spontaneous excitatory or inhibitory spikes at 
different concentrations.  Spontaneous Multiunit Activity (MUA) in CA1 hippocampus. Gal-8 
enhances excitatory or inhibitory spikes at low (0.1 µg/ml) or high (10 µg/ml) concentrations, 
respectively. Excitatory and inhibitory spikes with different waveforms are overdrawn on the 
recording (Waveform) and placed in separate channels (Ch1-7). For convention, a spike 
wave with negative or positive deflection corresponds to an excitatory neuron or inhibitory 
neuron, respectively. Identified waveforms are depicted on the right with a particular color. 
The contribution of each spike is summarized in the graph.  
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Figure 8: Gal-8 enhances excitatory or inhibitory synaptic transmission. 
Recordings of hippocampal CA3-CA1 field excitatory postsynaptic potentials (fEPSPs). Gal-8 
increases or decreases evoked synaptic transmission at low or high Gal-8 concentrations 
respectively. Presynaptic involvement is discarded, as shown by unaltered facilitation index 
(R2/R1) of paired pulsed test at low concentrations and even increased R2/R1 at the highest 
Gal-8 concentration indicating a compensatory presynaptic (n=2; Point graph shows mean 
and SEM of Slope R1 and Slope R2/R1 normalized to basal transmission (left graph); Bar 
graph represents the mean and SEM of the last 5 minutes of recording for each indicated 
condition of R1 (middle graph) and R2/R1 (right graph); ANOVA p*<0.05 and  ****p<0.0001). 
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Figure 9: Gal-8 has inhibitory influence upon glutamatergic transmission, 
enhances GABAAR cell surface levels and binds GABAAR. A. GABAAR is involved in Gal-
8 inhibition at high doses. PTX (50 µM) abrogates the decrease in CA3-CA1 fEPSPs induced 
by high dose (10 µg/ml) of Gal-8 while AMPAR inhibition with NBQX (10 µM) completely 
blocks synaptic transmission (n=1; Graph shows mean and SEM of slope R1 normalized to 
basal transmission). B. Gal-8 increases GABAAR at the cell surface, as revealed by 
biotinylation assay of treated neurons with Gal-8 (50 µg/ml) for 1 h (n=1) C. GABAAR 
interaction with Gal-8 and its N-CRD. Immunoblots reveal GABAARg2 in the pull-down of Gal-
8-GST and N-CRD-GST from cortex, which is displaced by a-(2,3)SL but not a-(2,6)SL (n=1).  
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3.6. Blocking endogenous Gal-8 with Gal-8 N-CRD inhibits synaptic 

transmission 

Because we found that recombinant Gal-8 N-CRD also binds to AMPAR (see Fig. 

1C), we tested its effects on basal synaptic transmission. Interestingly, Gal-8 N-CRD caused 

sustained reduction of synaptic transmission which was not reversed by the GABAAR inhibitor 

PTX and therefore did not involve a GABAAR contribution (Fig. 10). This inhibitory effect upon 

fEPSP was due to a postsynaptic action as shown by the increased PPF ratio (Fig. 10). Gal-8 

N-CRD very likely competes with endogenous Gal-8, negating its contribution to AMPAR 

mediated synaptic transmission.  
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Figure 10: Gal-8 N-CRD decreases synaptic transmission. Brain slices incubated 
with increasing concentrations of Gal-8 N-CRD as indicated, show progressive decrease of 
fEPSP at the hippocampal CA3-CA1 circuit. Facilitation index (R2/R1) of paired pulsed test 
increases under Gal-8 N-CRD indicating a compensatory presynaptic enhancement (n=2; 
Point graph shows mean and SEM of Slope R1 and Slope R2/Slope R1 normalized to basal 
transmission (top graph); Bar graph represents the mean and SEM of the last 5 minutes of 
recording of each indicated condition of R1 (middle graph) and R2/R1 (bottom graph); 
ANOVA **p<0.01 and ****p<0.0001). 
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3.7. Function-blocking anti-Gal-8 autoantibodies inhibit CA3-CA1 synaptic 

plasticity 

To further assess whether endogenous Gal-8 influences glutamatergic synaptic 

transmission as suggested by the previous experiments with Gal-8 N-CRD, we used function-

blocking antibodies. Our laboratory has described that patients with SLE (Massardo et al., 

2009; Pardo et al., 2006) and MS (Pardo et al., 2017), two diseases where cognitive 

dysfunction is frequently observed (Kello et al., 2019; Sumowski et al., 2018), generate 

autoantibodies that block Gal-8 interactions with glycoproteins and consequently block known 

Gal-8 functions (Carcamo et al., 2006; Norambuena et al., 2009; Vicuña et al., 2013). 

Furthermore, these anti-Gal-8 autoantibodies can be found in the CSF of patients with MS 

(Pardo et al., 2017). We affinity purified anti-Gal-8 antibodies from the serum of patients with 

MS and assessed their effects on synaptic transmission. Interestingly, these anti-Gal-8 

antibodies slightly decreased basal synaptic transmission and inhibited LTP induction in WT 

brain slices (Fig. 11). These results further underscore a function of endogenous Gal-8 in 

synaptic transmission and plasticity. They also suggest that anti-Gal-8 autoantibodies from 

patients with autoimmune diseases such as SLE and MS have the potential to interfere with 

glutamatergic synaptic transmission and plasticity involved in memory processes, and 

eventually contribute to the cognitive dysfunction described in these diseases (Kello et al., 

2019; Sumowski et al., 2018). 
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Figure 11: Function blocking anti-Gal-8 autoantibodies from patients with 
multiple sclerosis inhibit synaptic plasticity. fEPSP measurements in hippocampal CA3-
CA1. Brain slices incubated with control immunoglobulin or anti-Gal-8 antibodies (0.25 µg/ml 
affinity purified from serum of patients with MS. Anti-Gal-8 impairs LTP after induction with a 
theta burst stimulation (TBS) contrasting with control immunoglobulin (n=3; Point graph 
shows mean and SEM of slope R1 normalized to baseline; Bar graph represents mean and 
SEM of the last 5 minutes of recording for each condition (basal transmission before adding 
immunoglobulin; Ig before TBS and post TBS); ANOVA ****p<0.0001). 
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3.8. Gal-8 KO mice have reduced postsynaptic density AMPAR levels, impaired 

plasticity and altered spatial memory 

Next, we used Gal-8 knockout mice (Gal-8 KO) to further evaluate a potential role of 

endogenous Gal-8 on glutamatergic synaptic function. We first prepared postsynaptic 

densities (PSD) from cortex and checked their purity analyzing pre- and postsynaptic markers 

(Fig. 12A). Strikingly, we found decreased levels of GluA1 and GluA2 AMPA receptor 

subunits in the PSDs of Gal-8 KO compared with WT mice (Fig. 12B). In contrast, we found 

increased levels of NMDA receptor subunit GluN2A in the PSDs of Gal-8 KO mice (Fig. 12B). 

These results suggest that endogenous Gal-8 contributes to determine the levels of 

glutamatergic receptors at the PSD. 

The alterations in the levels of AMPAR and NMDAR at the PSD are expected to 

impact upon synaptic plasticity involved in memory processes. Therefore, we first analyzed 

LTP in the CA3-CA1 hippocampal circuit and then performed memory tests comparing Gal-8 

KO and WT mice. We found impaired long-term potentiation LTP in the CA3-CA1 

hippocampal circuit (Fig. 13). Then, we performed behavioral studies focused on spatial 

memory as an AMPAR-dependent process in the hippocampus (Kessels & Malinow, 2009). 

Firstly, we performed open field tests and found no significant differences between WT and 

Gal-8 KO mice, thus discarding anxiety behaviors (Carola et al., 2002) associated with the 

lack of Gal-8 expression (Fig. 14A). In water maze tests, starting with the visible platform 

paradigm, Gal-8 KO mice also behaved similarly to WT mice (Fig. 14B). However, the classic 

water maze paradigm that assesses spatial memory  (Vorhees & Williams, 2006) revealed 

impaired performance by Gal-8 KO mice, as shown in the higher latencies displayed on day 2 

and 4 (Fig. 14C) and by their reduced preference for the target quadrant in the probe test (Fig. 

14C). Finally, we performed a reversal water maze to asses memory flexibility (Vorhees & 
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Williams, 2006). Gal-8 KO mice had higher overall latencies, but the probe test was not 

altered compared to WT mice (Fig. 14D). 

All of these results reveal a role of Gal-8 on memory processes exerted upon the 

availability of AMPAR and NMDAR at the PSD that ensure appropriate synaptic plasticity. 
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Figure 12: Endogenous Gal-8 contributes to AMPAR levels on the postsynaptic 
densities (PSD). A. Purity of postsynaptic densities (PSD) from mice cortex was proven 
using 10 µg of each preparation of crude homogenates (H), crude membrane fraction (P2), 
synaptic membranes (P2B2) and postsynaptic densities (PSD) and immunoblotted against 
postsynaptic markers PSD-95 and GluN2B, presynaptic marker VGlut-1 and actin as loading 
control. B. PSD preparation from WT and Gal-8 KO mice. Cortex PSD from Gal-8 KO mice 
show decreased AMPAR subunits and elevated NMDAR subunits compared to WT mice 
(n=2; Graph shows mean and SEM of densitometric band analysis of indicated receptor/Actin 
normalized to control). 
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Figure 13: Endogenous Gal-8 contributes to synaptic plasticity. fEPSP 
measured in hippocampal CA3-CA1 of WT and Gal-8 KO mice.  Gal-8 KO mice display 
decreased LTP in hippocampal CA3-CA1 after induction with a high frequency stimulation 
(HFS) as indicated (n=1 KO, n=1 WT; Graph shows mean and SEM of slope normalized to 
baseline). 
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Figure 14: Endogenous Gal-8 contributes to memory. Behavioral tests 
comparing Gal-8 KO with WT mice. A. Open field show no differences (n=9 WT and KO; 
Graphs show mean and SEM of indicated parameters; t-test or ANOVA). B. Spatial cognition 
with a visible platform (4 trials in one day with a visible platform on a different location) also 
was similar in Gal-8 KO and WT mice (n=9 WT and KO; Graphs show mean and SEM of 
indicated parameters; t-test or ANOVA). C. Gal-8 KO mice show impaired spatial memory in 
Morris water maze test (4 trials a day for 4 days with a hidden platform in the same location; 
Probe test the platform is withdrawn) (n=9 WT, n=8 KO; Graphs show mean and SEM of 
indicated parameters; t-test and ANOVA; *p<0.05, **p<0.01, ****p<0.0001). D. Reversal water 
maze (Platform is located in the opposite quadrant respect the previous test; Probe test the 
platform is withdrawn) Gal-8 KO mice have overall slower performance but no differences in 
the probe test (n=9 WT, n=8 KO; Graphs show mean and SEM of indicated parameters; t-test 
and ANOVA; ***p<0.001).  
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4. DISCUSSION 

 

 

We reveal an unexpected function of Gal-8 in memory that can be perturbed by 

function blocking anti-Gal-8 antibodies from MS patients but that are also present in SLE 

patients. Our results show that Gal-8 binds AMPAR and GABAAR receptors and increases 

their cell surface levels in neurons. This involves Gal-8 N-CRD interactions with glycans that 

contain terminal sialic acid leading to an enhanced AMPAR endocytic recycling and PKA and 

FAK signaling pathways. The functional consequence is reflected in an enhancement or 

inhibition of glutamatergic synaptic transmission, depending on the concentration, and the 

requirement of Gal-8 in synaptic plasticity associated with memory. In addition, we find that 

anti-Gal-8 autoantibodies, previously described as function blocking antibodies from MS and 

SLE patients (Carcamo et al., 2006; Norambuena et al., 2009; Pardo et al., 2019; Pardo et al., 

2017; Vicuña et al., 2013), block these Gal-8 functions in the brain and therefore might 

potentially contribute to the CD often found in these autoimmune diseases. 

Galectins are proteins that interact with beta-galactosides of the carbohydrates 

exposed in glycoproteins and glycolipids on the cell surface and in damaged endolysosomes 

(Johannes et al., 2018). They modulate numerous cellular processes, including the trafficking 

of certain glycoproteins (Johannes et al., 2018). In the brain only Gal-1, Gal-3, Gal-4, Gal-8 

and Gal-9 are expressed (Barake et al., 2020) and have been involved in microglia-mediated 

neuroinflammation, myelination and remyelination, adult neurogenesis, axonal growth, 

immunosurveillance and neuroprotection (Barake et al., 2020; Pardo et al., 2019; Sakaguchi 

& Okano, 2012; Siew & Chern, 2018; Velasco et al., 2013). Recently, we described that Gal-8 

acts as an immunomodulator in autoimmune encephalitis (Pardo et al., 2017) and as 

neuroprotector against several pathogenic agents (Pardo et al., 2019). We also demonstrated 
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that Gal-8 is expressed in the hippocampus (Pardo et al., 2019), highly expressed in choroid 

plexus and is present in human CSF (Pardo et al., 2017). The presence of Gal-8 in the CSF 

suggests that Gal-8 has an anti-inflammatory and neuroprotective role in the 

immunosurveillance circuit of the brain, very likely bathing and penetrating the brain 

parenchyma (Brinker et al., 2014; Iliff et al., 2012; Pardo et al., 2019; Pardo et al., 2017; 

Simon & Iliff, 2016). Furthermore, anti-Gal-8 autoantibodies that have been described in SLE 

and MS (Massardo et al., 2009; Pardo et al., 2017) block its function and decrease neuronal 

survival (Carcamo et al., 2006; Norambuena et al., 2009; Pardo et al., 2019; Pardo et al., 

2017) making them very likely neuropathogenic. Actually, detection of anti-Gal-8 at the 

moment of MS diagnosis predicts a worse prognosis within the first two years of disease 

evolution (Pardo et al., 2017).  

4.1. Gal-8 binds AMPAR  

To approach other possible functions of Gal-8 in the brain we first analyzed its 

protein interactome in rat brain synaptosomes. Among several interesting proteins, we chose 

AMPAR for further analysis considering its crucial function in synaptic plasticity and memory, 

and because its alterations lead to CD (Volk et al., 2015). CD is often found in patients with 

SLE or MS, where autoantibodies can play a pathogenic role (González & Massardo, 2018; 

Kello et al., 2019; Sumowski et al., 2018).  As mentioned, we previously described function-

blocking autoantibodies against Gal-8 both in SLE and MS patients (Massardo et al., 2009; 

Pardo et al., 2006; Pardo et al., 2017). 

We corroborated that Gal-8 interacts with AMPAR subunits GluA1 and GluA2 from 

hippocampus and cortex where they have been described (Henley & Wilkinson, 2016). Even 

though GluA3 and GluA4 are also found in the proteomics analysis we did not assess their 

presence in Gal-8 pulled down proteins but they might be expected. We also pulled down 

AMPAR expressed in HEK-293 cells. However, we cannot discard that the interaction 
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between Gal-8 and AMPAR is indirect involving another glycoprotein. Immunoprecipitation 

experiments performed in brain extracts further indicate AMPAR interaction with Gal-8. 

Interestingly, NMDAR subunits are also highly glycosylated proteins (Everts et al., 1997), but 

nevertheless we did not detect them, neither in the proteomics nor in our pull-down 

experiments. This suggests that glycans in NMDAR subunits have configurations not 

recognized by Gal-8, a property common in the galectin family (Rabinovich & Croci, 2012). 

Highlighting this notion, we show that a-(2,3)-SL, but not a-(2,6)-SL, displaces AMPAR from 

the Gal-8 interaction. Indeed, the N-CRD of Gal-8, that is unique in the galectin family 

because of its high affinity for a-2-3-sialic acid, (Barake et al., 2020) also interacts with 

AMPAR in pull-down experiments. 

4.2. Gal-8 increases AMPAR surface levels by modulating its traffic 

To approach potential consequences of the interaction between Gal-8 and AMPAR 

we performed experiments in primary neurons and we found that Gal-8 increases the surface 

levels of GluA1 and GluA2 AMPAR subunits. This effect can be detected within 1 h treatment 

with Gal-8 without affecting GluN2B levels. Therefore, the Gal-8 effect is selective among 

these glutamatergic receptors. 

Changes in the cell surface AMPAR levels within 1 h of Gal-8 treatment very likely 

reflect changes in the balance between endocytic uptake and recycling (M. Park, 2018). 

Galectins have been shown to inhibit or enhance endocytosis through different mechanisms 

(Johannes et al., 2018). For instance, Gal-3 through the formation of lattices can inhibit 

endocytosis or induce clathrin-independent endocytosis by interacting with endophilins and 

glycosphingolipids and clustering them in clathrin-independent carriers (CLICs), thus 

promoting the formation of tubular endocytic pits in a process termed glycolipid-lectin (GL-

Lect) hypothesis (Johannes et al., 2018; Johannes et al., 2016; Lakshminarayan et al., 2014; 
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Lau et al., 2007; Straube et al., 2013). Gal-8 promotes endocytosis of different antigens and 

increases their degradation in antigen presenting cells (Prato et al., 2020), induces 

internalization of platelet coagulation factor V (Zappelli et al., 2012) and promotes endocytic 

pit formation through binding to endophilin-A3 producing the endocytosis of activated 

leukocyte cell adhesion molecule (ALCAM/CD166) (Renard et al., 2020). Here we use a cell 

surface reducible biotinylation assay and find higher levels of internalized AMPAR under Gal-

8 treatment. Either Gal-8 increases the endocytic rate or deviates AMPAR from a degradation 

pathway. We did not find changes in the total levels of AMPAR and therefore a reduced 

degradation seems unlikely. Given the recent evidence that Gal-8 increases endocytosis in 

different cellular systems we think plausible that it is also increasing endocytosis of AMPAR. 

Interestingly, endocytosis of AMPAR can be clathrin independent and has been associated 

with endophilin (Chowdhury et al., 2006; Rial Verde et al., 2006; J. Zhang et al., 2017), which 

might eventually be promoted by Gal-8. In any case, a higher recycling would be necessary 

to explain the higher levels of these receptors at the cell surface. 

After endocytosis, cargo is delivered to early endosomes and then either to 

lysosomal degradation routes or to recycling endosomes pathways back to the plasma 

membrane (Grant & Donaldson, 2009). The recycling route can be rapid from the early 

endosome or slower through the endocytic recycling compartment (Grant & Donaldson, 2009). 

AMPAR are constantly recycling in and out of the synapse and the plasma membrane even 

without activation using different endocytic routes and recycling routes depending on activity 

(Hanley, 2018; C. Luscher et al., 1999; Zheng et al., 2015). AMPARs in endosomes are 

indeed an important source for the synaptic increase of this receptor in LTP (Moretto & 

Passafaro, 2018; Z. Wang et al., 2008).  We provide evidence of an increased recycling of 

AMPAR to the cell surface in the presence of Gal-8. In Gal-8 treated neurons, we observed 

higher fluorescence recuperation of transfected GluA1-SEP receptors after photobleaching, 
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reflecting an accelerated appearance of intracellular receptors at the cell surface and thus 

higher recycling. Then, an oscillatory behavior of the fluorescence suggests rapid 

disappearance and reappearance at the cell surface, suggesting that Gal-8 stimulates 

massive endocytosis and then recycling of AMPAR. After surface binding, Gal-8 can enter the 

cell into endosomes (Carlsson et al., 2007; Prato et al., 2020) and perhaps recycles together 

with AMPAR, intracellularly stimulating this pathway. 

To approach possible mechanisms of AMPAR increases at the cell surface induced 

by Gal-8 we evaluated the role of NMDAR, and other signaling pathways. We found that 

blocking AMPAR and NMDAR did not interfere with Gal-8 effect. 

The cytoplasmic tyrosine kinase FAK is particularly attractive. FAK associates with 

different receptors at the plasma membrane and recruits Src family kinases, especially fyn 

and src, involved in memory (Purcell & Carew, 2003; Sulzmaier et al., 2014). It has also 

scaffold functions (Kleinschmidt & Schlaepfer, 2017) and regulates endocytosis (Doherty et 

al., 2011; Kleinschmidt & Schlaepfer, 2017; Wu et al., 2005), including interactions with 

endophilin (Wu et al., 2005). FAK is enriched in the cortex and hippocampus and has been 

involved in several neuronal functions (Burgaya et al., 1995; Menegon et al., 1999; Srikanth 

et al., 2018; Stevens et al., 1996), including hippocampal synaptic plasticity and memory 

(Monje et al., 2012; Siciliano et al., 1996; Y. C. Yang et al., 2003). Gal-8 has been shown to 

activate FAK, associated with its role in cell migration and proliferation in different cell lines 

(Levy et al., 2001; Oyanadel et al., 2018), increased endothelial permeability (Zamorano et al., 

2019) and fibronectin secretion in human gingival fibroblasts (Smith et al., 2020), most likely 

involving interactions with β1-integrins (Carcamo et al., 2006; Diskin et al., 2009; Hadari et al., 

2000; Nishi et al., 2003; Oyanadel et al., 2018; Pardo et al., 2019; Smith et al., 2020) that are 

the most important counterreceptors of FAK.  
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Our results show that FAK activity is required for Gal-8 induced increase of AMPAR 

at the cell surface. As AMPAR inhibitor NBQX does not abrogate Gal-8 function, it is unlikely 

AMPAR directly activates FAK. In neurons, FAK has been shown to be activated by NCAM 

(Beggs et al., 1997; R. Kleene et al., 2010; Kolkova et al., 2000; Niethammer et al., 2002), 

Trk receptors (Monje et al., 2012), EphB (Y. Shi et al., 2009) and integrins (Babayan et al., 

2012; Y. K. Park & Goda, 2016). Among all these proteins, only integrins have been reported 

to interact with Gal-8, although NCAM appeared in the proteomic analysis of Gal-8 interactors. 

Integrins are heterodimers of α and β subunits acting as cell surface adhesion 

receptors and counter receptors of adjacent cells, connecting to the cytoskeleton and 

orchestrating signaling cascades (Y. K. Park & Goda, 2016). Integrins are one of the 

strongest activators of FAK (Kleinschmidt & Schlaepfer, 2017). Gal-8 binds several subunits 

including the β1 subunit (Carcamo et al., 2006; Diskin et al., 2009; Hadari et al., 2000; Nishi 

et al., 2003; Oyanadel et al., 2018; Pardo et al., 2019; Smith et al., 2020) and has 

neuroprotective effects through β1 integrins in neurons (Pardo et al., 2019). Integrins are 

highly expressed at synapses and contribute to synaptic transmission processes in memory 

and behavior (Lilja & Ivaska, 2018; Y. K. Park & Goda, 2016). GluA2 forms a complex with β3 

integrin and FAK that controls its abundance at the plasma membrane and homoestatic 

synaptic scaling (Cingolani & Goda, 2008; Cingolani et al., 2008; Pozo et al., 2012). FAK has 

been involved in the coordinated endocytosis and recycling of integrins (Ezratty et al., 2005; 

Kleinschmidt & Schlaepfer, 2017; Nader et al., 2016). Therefore, integrins are candidates to 

mediate the effects of Gal-8 on AMPAR cell surface levels. 

Another pathway crucial in the regulation of AMPAR cell surface levels is PKA. PKA 

signaling has been involved in a variety of vesicular trafficking processes, including surface 

delivery from endosomal compartments, synaptic vesicles, exocrine and endocrine secretion 

(Seino & Shibasaki, 2005) and endocytosis and recycling of selective receptors, such as the 
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EGFR (Salazar & Gonzalez, 2002). Regarding GluA1 subunit, it is phosphorylated at Ser845 

by PKA resulting in an increased recycling from the endosomes to the perisynaptic 

membrane (Buonarati et al., 2019; Diering & Huganir, 2018; Ehlers, 2000; Esteban et al., 

2003). This PKA-mediated phosphorylation also prevents GluA1 endocytosis and sorting to 

lysosomes for degradation (Diering & Huganir, 2018; Ehlers, 2000; Purkey & Dell'Acqua, 

2020). In neurons, PKA signaling is most frequently activated by cAMP produced after 

calcium signaling, but G-coupled receptors are also involved (Seino & Shibasaki, 2005). We 

show that PKA inhibition abrogates the Gal-8 induced AMPAR increase at the cell surface. 

The mechanism remains unknown. Gal-8 might increase PKA activation or promote its 

location close to AMPAR through scaffold proteins such as AKAP5 (AKAP79/150) (Buonarati 

et al., 2019; Purkey & Dell'Acqua, 2020; Tavalin et al., 2002; M. Zhang et al., 2013). 

4.3. Gal-8 in synaptic transmission 

To evaluate whether Gal-8 has a role in glutamatergic transmission we performed 

electrophysiological experiments in the hippocampus. We find that Gal-8 has postsynaptic 

effects and either increases or reduces excitatory synaptic transmission depending on its 

concentration. At relatively low concentrations of 0.01-0.1 µg/ml, Gal-8 increases 

glutamatergic transmission, while an inhibitory effect starts to be detected at 1 µg/ml and 

reaches its maximum by 10 µg/ml. While the stimulatory effect can be related with our 

previous observation of an increased AMPAR recycling that elevates its cell surface levels, 

the inhibitory effect required further analysis. The addition of GABAAR receptor inhibitor PTX 

abrogates the reduced transmission elicited by high Gal-8 concentration, thus involving a 

higher function of GABAAR at these conditions. 

Our demonstration of an interaction between Gal-8 and an AMPAR leading to an 

increasing cell surface level of these receptors, suggests a stimulating effect due stabilization 

and availability of these receptors at the synaptic cleft. AMPARs have low affinity for 
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glutamate and need to be located near glutamate release sites (Choquet & Hosy, 2020). 

Therefore, Gal-8 increase of AMPAR at the cells surface is not enough to account for the 

increased synaptic transmission, which reflects a higher level of functional AMPAR at the 

synaptic cleft. AMPARs reach this location through lateral diffusion after their exocytosis at 

perisynaptic regions (Choquet & Hosy, 2020; Penn et al., 2017). Both intracellular and 

extracellular proteins contribute to entrap AMPAR at postsynaptic densities (Choquet & Hosy, 

2020; Sheng et al., 2018). TARPs anchor them intracellularly to the PSD-95 (Buonarati et al., 

2019). Intracellular elements indeed might respond to the signaling pathways such as FAK 

and PKA triggered by Gal-8, which we previously involved in AMPAR recycling to the cell 

surface. In addition, the availability of more AMPAR at the cell surface by itself increases the 

probability of it to be included at the synaptic cleft. On the other hand, extracellularly, the 

amino terminal domain of AMPAR that is glycosylated has been shown to be important for 

synaptic localization and retention (Díaz-Alonso et al., 2017; Watson et al., 2017). 

Extracellular proteins such as, N-cadherin, LRRTM, SynCAM, neurexins and neuroligins 

could also contribute to AMPAR nanoclustering (Choquet & Hosy, 2020; Keable et al., 2020). 

Interestingly, the interactome analysis in synaptosomes pulled down the three known 

neuroligins and therefore it would be important to corroborate their interaction with Gal-8. 

Galectins can certainly mediate clustering of glycoproteins and mediate interactions with the 

extracellular matrix (Johannes et al., 2018), which might eventually contribute to cluster 

AMPAR at the postsynaptic density.  

The results involving GABAAR in the inhibition of synaptic transmission under high 

Gal-8 concentrations prompted us to assess whether Gal-8 interacts with and modifies the 

cell surface levels of GABAAR. Synaptic GABAAR forms heteropentamers between two a, two 

b and one g2 subunits (B. Luscher et al., 2011). We used an antibody directed against the g2 

subunit that is mostly present at the GABAAR synapse (B. Luscher et al., 2011). Using a 
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similar approach as for AMPAR, our pull-down assays reveal an interaction between Gal-8 

and GABAAR, which similarly to the interaction with AMPAR, also involves Gal-8 N-CRD and 

sialic acid. Only a b subunits are known to be glycosylated in GABAAR, at least in humans 

(Mueller et al., 2014). N-glycosylations in GABAAR a subunits are important for assembly 

(Buller et al., 1994) and are directed towards the pore and those in b subunits are directed to 

the extracellular (Phulera et al., 2018). Therefore, in principle, only the N-glycans of b 

subunits would be accessible for galectin binding. 

Biotinylation assays in primary neurons show that Gal-8 also increases GABAAR at 

the cell surface. Similar to AMPAR, synaptic transmission of GABAAR is regulated by their 

cell surface levels, which are in turn regulated by endocytosis, recycling and synaptic 

entrapment (B. Luscher et al., 2011; Petrini et al., 2004). Also similar to AMPAR, PKA 

phosphorylation of GABAAR has been shown to reduce their endocytosis (B. Luscher et al., 

2011), while neuroligins promote their synaptic location (B. Luscher et al., 2011). Further 

experiments are needed to assess the mechanisms of Gal-8 induced GABAAR activity at the 

cell surface. 

4.4. Endogenous functions of Gal-8 

In all these findings we added exogenous Gal-8 at concentrations that are unknown 

to be physiological. Therefore, we decided to evaluate the function of endogenous Gal-8 

through different complementary approaches, including an interference with the Gal-8 N-CRD 

and function-blocking autoantibodies against Gal-8, to then analyze Gal-8 KO mice. Our 

results in the electrophysiology setting show that Gal-8 N-CRD reduces synaptic transmission 

in a postsynaptic manner. This suggests a role of endogenous Gal-8 in CA3-CA1 

hippocampal circuit favoring the excitatory synaptic transmission. This finding brings up the 

possibility of a regulatory mechanism that might operate under inflammatory conditions. In 
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humans, there is an isoform of Gal-8 with a longer linker between the CRD that bears a 

thrombin cleavage site (Nishi et al., 2006). This isoform is not as frequently produced as the 

non-cleavable isoform (Troncoso et al., 2014), but its cleavage with thrombin may be relevant 

in the case of stroke or trauma, were the blocking effect of Gal-8 N-CRD could be released. 

We also find that anti-Gal-8 antibodies purified from sera of MS patients slightly decrease 

synaptic transmission but completely abrogate synaptic plasticity. This observation reinforces 

the notion that endogenous Gal-8 promotes synaptic excitatory transmission and plasticity. 

These results also suggest that the pathogenicity of these antibodies may be extended to the 

CD of patients with MS or SLE. Furthermore, the low Gal-8 concentrations at which we 

observed an increased synaptic transmission seems to be more closely related with the 

physiologic function of Gal-8 in the brain. 

We next used Gal-8 KO mice as a model for the lack of Gal-8 expression. 

Interestingly, Gal-8 KO mice have decreased AMPAR GluA1 and GluA2 in the postsynaptic 

densities. This suggests that endogenous Gal-8 regulates the levels of AMPAR at the 

synapse. Accordingly, the Gal-8 KO mice have reduced LTP in the CA3-CA1 hippocampal 

circuit. We also find an increment of some subunits of NMDAR receptors, suggesting a 

compensatory mechanism. These results led us to evaluate spatial memory functions were 

AMPAR participates in hippocampus (Kessels & Malinow, 2009). First, we discarded anxiety 

behaviors with the open field assay (Carola et al., 2002) and also discarded a great 

impairment showing no alterations in the visible platform (Vorhees & Williams, 2006). 

However, we find a defect in spatial memory reflected in impaired water maze assays 

(Vingtdeux et al., 2016; Vorhees & Williams, 2006). Although these results underscore a role 

of Gal-8 on hippocampal spatial memory, it is possible that Gal-8 is required for other AMPAR 

functions, such as emotions, addiction and autism (Kessels & Malinow, 2009). 
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We propose the following model: Gal-8 at the physiological intra-brain concentrations 

binds AMPAR and increases their endocytosis and recycling to the cell surface through PKA 

and β1-integrin-mediated FAK activity. This leads to increased levels of AMPAR at the cell 

surface with consequential increase in the excitatory synaptic transmission, favoring plasticity 

and memory. Autoantibodies can inhibit this function. At higher Gal-8 concentrations, 

eventually achieved under pathogenic conditions, Gal-8 also binds GABAAR, increases its 

surface levels and inhibitory transmission (Fig. 15). 

4.5. Relevance 

4.5.1. Gal-8 expression levels in the brain  

Gal-8 in the brain is mainly expressed at the choroid plexus and its levels at the CSF 

seems to vary among different individuals (Pardo et al., 2017). This suggests that its 

expression levels might be under regulation by mechanisms still completely unknown. The 

extracellular availability of Gal-8 can be determinant for synaptic transmission and brain 

function especially since we found this dual function of increasing excitatory transmission and 

at higher concentrations increasing inhibitory transmission. The electrophysiologic 

experiments with Gal-8 N-CRD and anti-Gal-8 reveal that endogenous Gal-8 in the brain 

might be at an extracellular concentration favorable for excitatory transmission. The questions 

that remains is whether the high concentrations that lead to inhibition of this transmission can 

be achieved under certain conditions. Even though Gal-8 secretion occurs through 

unconventional mechanisms, Gal-8 is also found in the cytosol (Barake et al., 2020) and 

therefore pathogenic conditions, such as stroke, due to disrupted cells, could release enough 

intracellular Gal-8. Inflammatory conditions where its expression is upregulated (Tribulatti et 

al., 2020) might also increase its levels although this remains unexplored for the brain. 
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4.5.2. Other galectins involved in glutamatergic functions 

Since galectins share common affinities to β-galactosides, but also distinct 

preferences, they are known to have complementary, redundant or antagonistic roles (Barake 

et al., 2020). Other galectins that have also been involved on memory and glutamatergic 

regulation are Gal-1 and Gal-3. Gal-1 can slow the desensitization of recombinant AMPAR 

and Kainate receptors (Copits et al., 2014). Gal-1 also participates in neurogenesis 

(Sakaguchi & Okano, 2012), that is involved in spatial memory (Anacker & Hen, 2017), 

increases of GluN1 subunit by unknown mechanisms and participates in hippocampus-

dependent contextual and spatial learning (Lekishvili et al., 2006; Sakaguchi et al., 2011). 

Gal-3, negatively regulates synaptic plasticity, hippocampal memory processes of contextual 

fear conditioning and water maze paradigm (Chen et al., 2017) by binding a-3 integrin 

reducing FAK activation (Chen et al., 2017), in contrast with our results with Gal-8. 

Decreased sialylation can increase Gal-3 binding (Puigdellivol et al., 2020), and decrease the 

Gal-8 roles uncovered here. Therefore, it would be interesting to elucidate how Gal-1, Gal-3, 

Gal-8 or other galectins functionally intertwine. 

4.5.3. Glycosylation patterns in the brain  

 Carbohydrates certainly possess different levels of regulation. Glycosylation 

patterns are flexible, non-template driven and are controlled by genetic variations of sugars 

transporters and glycosyltransfereases, as well as by monosaccharide substrate availability 

and uptake (Mathew & Donaldson, 2019). Glycoproteins are principally glycosylated in 

asparagine (N-linked) or serine/threonine (O-linked) (Williams et al., 2020). In the 

endoplasmic reticulum N-glycosylation starts with en block transfer of a high mannose 

precursor (immature glycosylation) (Williams et al., 2020). Later, ER and Golgi enzymes 

reduce, or trim, mannoses and later other monosaccharides are added by 

glycosyltransferases giving way to hybrid and complex glycosylations (Williams et al., 2020). 
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O-glycosylations can be initiated in the ER or Golgi with a monosaccharide that is then 

extended. Glycolipids are also synthetized in the ER and Golgi (Williams et al., 2020). 

Proteoglycans that consist on a protein core with polysaccharide chains known as 

glycosaminoglycans (GAGs) are attached to asparagine, serine or threonine (Williams et al., 

2020).  

N-glycosylations, O-glycosylations, sialylation and polysialylation participate in 

several brain functions during development, regeneration and even memory (Ralf Kleene & 

Schachner, 2004; Reily et al., 2019; Taylor et al., 2014; B. Wang, 2009; Y. R. Yang et al., 

2017). Therefore, galectin functions, including Gal-8 in memory, neuronal protection and 

immune modulation in the brain (Pardo et al., 2019; Pardo et al., 2017), might be finely tuned 

by changes in glycosylation patterns. The content of a-2,3-sialic acid that Gal-8 binds might 

change in the brain. Memory paradigms can change glycosylation patterns (Hidalgo et al., 

2006) increasing the incorporation of sialic in the brain (B. Wang, 2009).  In contrast, cell 

surface sialidase activity is increased and necessary after NMDAR independent LTP in 

mossy fiber-CA3 and in spatial memory and contextual fear conditioning (Minami et al., 2017; 

Minami et al., 2016). Glycosylation can be changed through diet and diseases. Sialic acid 

supplementation and breastfeeding increases the content of this sugar in the brain and can 

lead to faster learning in memory paradigms (Mudd et al., 2017; Oliveros et al., 2018; ten 

Bruggencate et al., 2014; B. Wang, 2009; B. Wang et al., 2003; B. Wang et al., 2007). 

Glucosamine feeding increases N-glycan branches increasing the substrate for galectin 

binding (Rahimian et al., 2019). Patients with Alzheimer’s disease have different 

glycosylations than control subjects, with particular alterations in fucosylation and sialylation 

(Cho et al., 2019; Fang et al., 2020; Gaunitz et al., 2020; Regan et al., 2019). Aβ25-35 peptide 

induces neuroinflammation, reduction of a-2,3 and increase in a-2,6-sialic acid (Limon et al., 

2011; Ramos-Martinez et al., 2018). During inflammation by lipopolysaccharide, Tau or 
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fibrillar Aβ, activated microglia secrete sialidase that desialylates glycans favoring Gal-3 

binding (Allendorf, Franssen, et al., 2020; Allendorf, Puigdellivol, et al., 2020; Nomura et al., 

2017) which would presumably inhibit Gal-8 binding as well. Glycosylation alterations are also 

described in schizophrenia particularly affecting AMPA, kainate and GABA receptors but not 

NMDAR (Mueller et al., 2014; J. Tucholski, Simmons, Pinner, Haroutunian, et al., 2013; J. 

Tucholski, Simmons, Pinner, McMillan, et al., 2013; Williams et al., 2020). Mutations in 

specific sialyltransferases in humans produce epilepsy, salt and pepper syndrome, 

intellectual disability, progressive motor neuropathy and cognitive dysfunction (Puigdellivol et 

al., 2020). Patients with mutations of ST3Gal3, the sialyltranferase that binds sialic acid to 

galactose in a-2,3, causes intellectual disability (Hu et al., 2011) or West syndrome, a 

syndrome that causes childhood epilepsy and intellectual disability (Edvardson et al., 2013). 

Null mice for ST3Gal3 have reduced terminal protein sialylation, myelinization, motor 

alterations and altered passive avoidance behavior (Yoo et al., 2015). All of these particular 

changes in glycosylation and in particular of sialic acids can certainly increase or decrease 

Gal-8 function over AMPAR which is certainly interesting to study in the future. 

Our findings may be expected in humans too because although different AMPAR 

subunits are differentially glycosylated as evaluated by lectin binding, they are highly 

conserved between different species comparing rat, tree shrew, macaque, and human frontal 

cortex tissue (Janusz Tucholski et al., 2014). AMPAR is known to have different glycoforms in 

the brain providing different substrates that could be favorable or unfavorable for Gal-8 

binding (Bowen et al., 2017; Hanus et al., 2016; Hwang & Rhim, 2019; Kanno et al., 2010; 

Standley et al., 1998). 

GABAAR N-glycosylation is required for assembly, cell surface expression, channel 

gating properties and receptor function (Buller et al., 1994; Lo et al., 2010; Tanaka et al., 

2008). Glycosylation alterations of GABAAR have been found in schizophrenia (Mueller et al., 
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2014) and specifically mutations in the b subunit are associated with childhood absence 

epilepsy and GABAAR hyperglycosylation (Gurba et al., 2012; Tanaka et al., 2008). All of 

these glycosylation states could either increase or decrease Gal-8 binding to AMPAR or 

GABAAR providing a vast amount of regulation that surely warrant future studies. 

There are many diseases where AMPAR and GABAR surface regulation is found 

altered such as Alzheimer’s disease, Fragile X, Rett syndrome, autism, epilepsy, anxiety 

disorders, mood disorders and schizophrenia (Lee et al., 2017; B. Luscher et al., 2011; 

Purkey & Dell'Acqua, 2020) making it particularly interesting to study if Gal-8 has a role in 

them. 

4.5.4. Anti-Gal-8 autoantibodies inhibit Gal-8 function  

Our group described that MS, SLE, rheumatoid arthritis and septic patients have 

autoantibodies that recognize Gal-8 (Massardo et al., 2009; Pardo et al., 2006; Pardo et al., 

2017). Anti-Gal-1 and anti-Gal-3 antibodies have also been described in MS and SLE (de 

Jong et al., 2019; Lutomski et al., 1997; Nishihara et al., 2017; Z. R. Shi et al., 2015). In MS, 

anti-Gal-3 are associated with secondary progressive MS and they increase phospho-NFkB 

and ICAM-1 in brain microvascular endothelial cells thus, they could contribute to BBB 

leakage (de Jong et al., 2019; Nishihara et al., 2017). In SLE, anti-Gal-8 antibodies are 

associated to lymphopenia (Massardo et al., 2009) and in MS they are an early prognostic 

marker for relapsing-remitting MS (Pardo et al., 2017). Furthermore, anti-Gal-8 

autoantibodies from at least SLE and MS patients are function blocking impeding its 

interaction with cell surface glycoproteins (Carcamo et al., 2006; Norambuena et al., 2009; 

Pardo et al., 2019; Pardo et al., 2017; Vicuña et al., 2013). Our laboratory described that 

these anti-Gal-8 autoantibodies inhibit Gal-8 binding to β1 and LFA1 (Vicuña et al., 2013), 

inhibit Jurkat cells and PBMCs adhesion (Carcamo et al., 2006; Pardo et al., 2017), protect 

from Gal-8 induced apoptosis in Jurkat cells (Norambuena et al., 2009) and activated Th17 
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cells (Pardo et al., 2017) and reduce hippocampal neuron viability in hippocampal primary 

culture (Pardo et al., 2019). Our results showing that these antibodies interfere with LTP 

suggest a new pathogenic role in cognitive functions that deserve further study in a clinical 

context. Autoantibodies in general could be present within brain parenchyma coming from the 

circulation under conditions that breach the blood brain barrier (Brimberg et al., 2015) or can 

be produced intrathecally in an autoimmune disease such as MS (Stock et al., 2017). Our 

group already described anti-Gal-8 antibodies in cerebrospinal fluid of MS patients (Pardo et 

al., 2017). The effects shown here on synaptic plasticity are novel and could be involved in 

CD in SLE and MS patients.  

Other antibodies that affect AMPAR and GABAAR function are described in limbic 

encephalitis (Gibson et al., 2020). Anti-AMPAR antibodies typically target GluA1 and GluA2 

reducing their synaptic localization and inducing their degradation leading to altered synaptic 

plasticity and to compensatory increased excitability (Gibson et al., 2020; Gleichman et al., 

2014; Hoftberger et al., 2015; Peng et al., 2015). They can produce loss of short term 

memory, confusion, psychiatric symptoms and seizures among other alterations (Gibson et 

al., 2020; Hoftberger et al., 2015). Indirectly affecting AMPAR, some patients have anti-LGI1 

antibodies that reduce AMPAR clusters in the synapse (Gibson et al., 2020; Ohkawa et al., 

2013) or anti-CASPR2 that may affect AMPAR trafficking or GABAR transmission (Gibson et 

al., 2020). Also, some patients present anti-GABAAR antibodies that reduces its surface 

levels affecting inhibitory transmission which can produce seizures (Gibson et al., 2020). In 

SLE patients, anti-ribosomal P antibodies acting through NSPA can increase both AMPAR 

and NMDAR transmission affecting synaptic plasticity and memory (Bravo-Zehnder et al., 

2014; Segovia-Miranda et al., 2015). Our results predict that anti-Gal-8 autoantibodies can 

mediate CD in SLE and MS, a possibility that remains to be studied in the future. 
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Figure 15. Model of Gal-8 glutamatergic functions: A. Endogenous Gal-8 levels 
binds AMPAR through sialic acid glycosylations (alfa-2,3-sialic acid-Lac NAC) recognized by 
the Gal-8 N-terminal carbohydrate recognition domain (N-CRD) and increase AMPAR 
endocytosis and recycling to the cell surface, involving focal adhesion kinase (FAK) and 
protein kinase A (PKA). B. High Gal-8 concentrations bind and increase the cell surface 
levels of GABAAR, thus reducing synaptic transmission. C. Lack of Gal-8 or its inhibition by 
anti-Gal-8 antibodies leads to a reduced synaptic transmission, resulting from disbalanced 
excitatory postsynaptic potentials (EPSP) and inhibitory postsynaptic potentials (IPSP), 
presumably due to AMPAR and GABAAR reduction at the cell surface. 
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5. CONCLUSIONS 

 

 

Gal-8 function in the brain includes modulation of glutamatergic synaptic 

transmission and is required for LTP and memory processes. 

Electrophysiology studies indicate that Gal-8 enhances AMPAR transmission at low 

levels while at high concentrations can inhibit this transmission due to stimulation of the 

GABA system. 

Gal-8 binds both AMPAR and GABAAR through carbohydrate interactions and can 

increase their levels at the cell surface. 

Gal-8 increases AMPAR recycling from intracellular compartments to the cell surface 

through a mechanism that involves PKA and FAK and is independent of AMPAR or NMDAR 

activity.  

Anti-Gal-8 antibodies purified from MS patients impair synaptic plasticity, indicating a 

neuropathogenic potential that can result in cognitive dysfunction. 

These findings are completely novel regarding Gal-8 functions in the brain. Gal-8 

emerges as a lectin with regulating properties upon AMPAR and GABAAR functions, which 

are essential for many cognitive processes and several neurological diseases. Future work 

should address this new function under physiologic and therapeutic contexts, including 

pathogenic consequence of anti-Gal-8 antibodies entering the brain in MS and SLE. 
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ADDENDUM: Generation of mice and human monoclonal antibodies against 

ribosomal P-epitope and their effect on hippocampal glutamatergic transmission 

 

A.1. INTRODUCTION 

 

 

Several autoantibodies have been described to recognize elements of glutamatergic 

receptors and alter their function leading to neuropsychiatric manifestations including 

cognitive dysfunction (CD) (Gibson et al., 2020).   

In SLE, the prototype of autoimmune disease where more than a hundred different 

autoantibodies have been described, two sets of antibodies have been identified with 

neuropathogenic potential which mediate diffuse cognitive alterations provided that the blood 

brain barrier (BBB) is permeated (Kello et al., 2019). The first, belong to a subset of anti-

double stranded DNA (anti-dsDNA) antibodies that cross-react with NMDAR (DNRab) that 

target subunit GluN2 recognizing a peptide sequence D/EWD/EYS/G (DWEYS) (DeGiorgio et 

al., 2001). DNRab antibodies bind GluN2A and GluN2B subunits when NMDAR is in an open 

configuration (Faust et al., 2010), but prolongs the activity of the receptor exclusively through 

GluN2A subunits, resulting in increased postsynaptic glutamatergic transmission (Chan et al., 

2020). These antibodies can induce apoptosis by excitotoxicity and alter spatial memory or 

emotional processes depending on the region where the BBB is permeable (Chan et al., 

2020; Chang et al., 2015; Faust et al., 2010; Huerta et al., 2006; Kowal et al., 2006). In SLE 

patients, DNRab have been associated with impaired spatial memory (Chang et al., 2015; 

Kello et al., 2019; Mackay et al., 2019), spatial planning and rapid visual processing 

(Massardo et al., 2014). The pathogenesis of DNRab extends beyond the period of BBB 
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opening and antibody presence in the brain parenchyma involving excessive synaptic pruning 

by activated microglia, explaining chronic manifestations (Nestor et al., 2018). 

Additionally, anti-ribosomal P (anti-P) antibodies originally described to associate to 

psychosis (Bonfa et al., 1987; González & Massardo, 2018) have more recently been 

associated also with CD (Massardo et al., 2014) in SLE patients. These anti-P antibodies 

recognize a sequence of 11 residues (SDEDMGFGLFD; the P-epitope) present in the 

carboxy-terminal region of three phosphorylated ribosomal proteins (P0, P1, P2) (Elkon et al., 

1985; Mahler et al., 2003). However, an explanation for a neuropathogenic potential emerged 

from the finding that they cross-react with a high molecular weight membrane protein named 

Neuronal Surface P Antigen (NSPA) because it exposes a P-epitope at the surface of 

neurons (Matus et al., 2007). In vitro experiments and murine models are starting to elucidate 

anti-P neuropathologic effects (González & Massardo, 2018). In neurons, anti-P antibodies 

can induce calcium entrance and apoptosis, as well as increased synaptic transmission 

through AMPAR and NMDAR resulting in an impaired synaptic plasticity, as reflected in 

electrophysiological alterations of LTP (Bravo-Zehnder et al., 2014; Matus et al., 2007; 

Segovia-Miranda et al., 2015) and memory alterations, depressive behavior and smell 

perturbations in mice (Bravo-Zehnder et al., 2014; Katzav et al., 2008; Katzav et al., 2007). 

NSPA, is expressed at specific brain regions, including areas involved in memory, cognition 

and emotion, and is involved in adult neurogenesis, NMDAR synaptic transmission and 

plasticity and in spatial and object recognition memory (Espinoza et al., 2020; Matus et al., 

2007; Segovia-Miranda et al., 2015). Our laboratory recently provided evidence NSPA is an 

ubiquitin ligase that regulates phosphatase PTPMEG, which in turn regulates NMDAR levels 

at the synaptic density (Espinoza et al., 2020). All these findings certainly link NSPA to 

NMDAR and suggest potential mechanisms of perturbation by anti-P antibodies, which 

deserve intense exploration. We initially propose to obtain monoclonal anti-P antibodies and 
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to study the neuropathogenic mechanisms of anti-P, however, methodological problems led 

us to change our focus. Despite the change in the theme of this thesis, we decided to present 

the results of the original objective regarding the obtention of murine and human monoclonal 

anti-P antibodies. This, as an important tool that would avoid the need of continuously screen 

patients with SLE and immunize rabbits to study the damaging mechanisms of these 

antibodies. 
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A.2. MATERIALS AND METHODS 

 

A.2.1. Materials 

A.2.1.1. Animals 

BALB/c, C57/B6 H2B and C57BL/6 H2D mice for immunization were purchased from 

The Jackson Laboratory and housed at the Center for Comparative Physiology at the 

Feinstein Institute for Medical Research. Mice for electrophysiology were housed at the 

Faculty of Biological Sciences of the Pontificia Universidad Católica de Chile. All protocols 

were approved by the Institutional Animal Care and Use Committee of the corresponding 

facility. All animals were maintained under conditions of strict confinement, which included 

automatic control of temperature (21°C) and photoperiod (12 h light / 12 h dark) and received 

water and food ad libitum. 

A.2.1.2. Patients Samples 

Blood samples were collected from SLE patients and healthy controls according to 

protocols approved by the Northwell Health institutional review board and the Faculty of 

Medicine, Pontificia Universidad Católica de Chile ethics committee with written informed 

consent from all participants. 

A.2.1.3. Antibodies 

Anti-CD27-PE from Invitrogen. Anti-CD3-AF-700, anti-CD14-AF-700, anti-CD16-AF-

700 anti-IgM-PerCP Cy5.5, anti-CD19-APC and anti-CD19-BV421 from BioLegend. 

Primary antibodies were recognized with horseradish peroxidase (HRP) conjugated 

antibodies (Rockland) for western blots (1:5,000 dilution), with Alexa conjugated antibodies 

(Molecular Probes) for immunofluorescence (1:500 dilution) or western blots (1:1,000 dilution) 

or with alkaline phosphatase conjugated antibodies (Southern Biotech, Birmingham, AL) for 

ELISAs (1:1,000 dilution). 
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A.2.1.4. Reagents 

RT Superscript III (200U/μl), HotStar Taq, 0.1M DTT, One shot E. coli and S.O.C. 

medium, Freestyle 293 Expression Medium, Lipofectamine 2000, Opti-MEM medium, 

Penicillin/Streptomycin (P/S), B27 supplement,  Glutamine, NCTC-109 medium, nonessential 

amino acids (NEAA), Dulbecco's Modified Eagle Medium (DMEM), Isopropyl-1-thio-h-d- 

galactopyranoside (IPTG) (15529-010), nitrocellulose membrane (88018), Fetal bovine serum 

(FBS) from Invitrogen. SeaPlaque agarose from BioWhittaker Molecular Applications. 

Streptavidin BV421 (0.1mg/ml) from BioLegend. Bio-Spin 30 Chromatography columns (732-

6006), Microseal Foil MSF1001, Bradford reagent, Affi-15 resin and Affi-10 resin from Bio-

Rad. Compensation Beads NC (FBS) (BD 51-90-9001291) and Compensation Beads anti 

Mouse Ig (BD 51-90-9001229) from BD. Thermo-grid Optically Clear PCR Plates 96 well 

(C18096) from Denville Scientific. PrimeRNAse inhibitor (4U/μl) (129916), 10x CoralLoad 

PCR Buffer, QIAquick PCR Purification Kit and QIAGEN prep Spin miniprep kit from 

QIAGEN. Dimethyl sulfoxide (DMSO) and polyethylene glycol (PEG)- 4000 (9727) from 

MERK. Random Hexamer (3μg/μl) (27-2166-01) from Amersham Biosciences. Prime RNAse 

Inhibitor (1U/μl) (0032-005-403) from Eppendorf. DNTPs: Primer Nucleotide mix (25nM each) 

(77119) from Affymetrix. Age IHF, Sal IHF, Xho 1, BSA 100x and Ligase from New England 

Biolabs. Dimethyl sulfoxide Hybri-Max (DMSO-Hybri-Max), Igepal CA-630 (N-P40), ampicillin, 

Thrombin from human plasma (T1063) and AP solution in tablets from Sigma. Protein-G-

Sepharose (200209) and Biotinylated peptides custom made at GenScript. MAP-core and 

MAP-P-Epitope custom made at ANASPEC. Amicon Ultra 0.5 ml 30,000 Da, Immobilon Forte 

Western HRP substrate (WBLUF0500) from Millipore. Glutathione Sepharose 4 Fast Flow 

Media from GE. 
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A.2.1.5. Plasmids 

Human expression vectors Igγ1 or Igκ were a gift of M.C. Nussenzweig, Rockefeller 

University and described in (Wardemann et al., 2003). 

A.2.2 Methods 

A.2.2.1. Mouse Monoclonal  

A.2.2.1.1. Mice immunization. Mice were immunized following procedures 

previously described (Kowal & Diamond, 2012). The Multiple Antigenic Peptide-P-epitope 

(MAP-P-Epitope) for immunization consisted in a poly-lysine core with 8 branches (MAP-

core) were each branch binds a modified P-Epitope (SDEDMGFGLFD-AK-core). Peptides 

were resuspended in sterile saline. For MAP-P-Epitope saturated TRIS was added until 

complete resuspension. Emulsion was prepared with a volume of 50% adjuvant 50% peptide 

in glass syringes at 1 mg/ml final peptide concentration. 6 to 8 weeks old BALB/c, C57/B6 

H2B and C57/B6 H2D strains of mice were immunized with 100 µg of MAP-P-Epitope or 

MAP-Core intraperitoneally every two weeks. The first immunization was with Complete 

Freund’s Adjuvant and the other two with Incomplete Freund’s Adjuvant. Mice were bled at 

indicated timepoints and blood was spun at 5000 rpm for 15 min to obtain sera. 

A.2.2.1.2. Hybridomas. Spleen cells of an BALB/c immunized mouse (immunized 4 

times and 3 days after the last immunization) were removed by balloon technique into ice 

cold DMEM (High Glucose DMEM 1% P/S). Debris was allowed to separate from cells by 5 

min sedimentation. Top cells were transferred to a clean tube and spun. Supernatant was 

removed and ice cold NH4Cl pH 7 was added to lyse red blood cells for 10 min. Afterwards, 

cells were washed and resuspended in ice cold DMEM. NSO (Myeloma cells) previously 

grown in DMEM with 1% Sodium pyruvate, 1% Glutamine, 1% P/S, 1% NEEA and 10% FBS, 

were centrifuged at 400 g for 10 min, washed and resuspended in ice cold DMEM. Cells were 

mixed at a ratio of 3 spleen cells to 1 myeloma cell (450x105/ml:150x105/ml) and the 
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remainder spleen cells were frozen in 10% DMSO / 90% FBS. Cells were pelleted and fused 

in 0.5 ml of PEG in 50% saline (0.8% NaCl, 0.04% Na2HPO4, 0.06% NaH2PO4, 0.2% 

Glucose, 0.001% phenol red pH 7.2) for 90 s at 37ºC. Afterwards, 20 ml of saline was added 

and left for 10 min at RT, then spun at 400 g at room temperature (RT). Cells were 

resuspended in complete HAT media (20% FBS, 10% NCTC-109, 1% NEEA, Hypoxanthine, 

Thymidine, Aminopterin, 1%P/S, in DMEM) at 3x105 cells/ml. 100 µl of cell suspension was 

plated in 20 96-well plates and placed in a 7% CO2 incubator at 37ºC. After 7 days, cells were 

fed with 100 µl of HAT media. Supernatants of visible colonies were screened for P-Epitope 

and P0 reactivity and IgG secretion in ELISA assays. Triple positive supernatants were 

amplified into 24-well plates and re-screened. Positive colonies were cloned in soft agarose 

as follows. Warm agarose cloning media (0.28% Sea Plaque agarose in 20% FBS, 10% 

NCTC-109, 1% NEEA, 1% P/S, 2% HT in High Glucose DMEM with 10% J774.2 cells 

supernatant (mouse macrophage cell line)) was added to a 60 mm Petri dish an incubated 15 

min at 4ºC as an underlayer until jellification. 1,000 - 2,000 cells were re-suspended in 3 ml of 

warm agarose cloning media and dropped gently on top of each underlayer and placed at 4ºC 

for 15 min and then grown in the incubator for one week. 30 clones per cell line were picked 

and grown into 96-well plates in cloning media and grown until supernatants were screened. 

Positive clones were grown into 24-well plates, then expanded to 6-well plates and then 

frozen in 90% FBS, 10% DMSO-Hybri-Max or complete DMEM with 20% FBS and 

10%DMSO-Hybri-Max. HAT medium was used for 3 weeks then only HT then only complete 

DMEM.  

A.2.2.2. Human Monoclonal 

To obtain P-Epitope reactive memory B cells and then cloning their heavy and light 

chains we followed the procedures previously described with modifications (Malkiel et al., 

2016; Wardemann et al., 2003) 
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A.2.2.2.1. Fluorescent P-Epitope preparation. 2 µg of P-Epitope-Biotin 

(SDEDMGFGLFDAK-biotin) was incubated with 2 µg of SAV-BV421 at 4°C overnight (ON). 

The unbound peptide was discarded by gel filtration using a Bio-Spin 30 column. This column 

was resuspended by taping and inverting, then it was opened and let stand until it was dry. 

The column was spun at 1,000 g for 4 min, then the fluorescent peptide was added and spun 

again. The flow through contained the fluorescent peptide used for staining. 

A.2.2.2.2. Sorting. Frozen peripheral blood mononuclear cells (PBMCs) were 

thawed at 37°C and washed twice with staining buffer (HBSS, 5% FBS) spinning them at 

1,300 rpm for 6 min. Cells were resuspended in 20 µl of staining buffer with the Fluorescent 

P-Epitope at the indicated dilution and incubated on ice for 20 min. Then, the cells were 

stained for 20 min on ice with the following antibody cocktail: 6 µl of CD27-PE, 2 µl of 

CD3/14/16-AF-700 each, 1.25 µl of IgM-PerCP Cy5.5, and 6 µl CD19-APC. Cells were 

washed by gently shaking them with staining buffer then spun and resuspended in 200 µl of 

staining buffer. For each antibody, the compensation control was prepared with one drop of 

negative control beads and anti-mouse Ig beads with 1 µl of antibody. The compensation of 

SAV-BV421 was 1 µl of CD19-BV421. The mix was incubated for 15 min then washed with 3 

ml of staining buffer, then spun and resuspended in 300 µl of staining buffer.  The cells were 

single sorted in a FACSAria II (Becton Dickinson). The sorting parameters were set with 

10,000 to 15,000 cells. Then, the rest of the sample was single sorted into 96-well plates 

which already contained 4 µl of Lysis solution (11 units of PrimeRNAse Inhibitor, 0.5x PBS, 

10 mM DTT and water). The plate was immediately frozen on dry ice, sealed and stored at -

80°C until further use. 

A.2.2.2.3. Complementary DNA (cDNA) Preparation. To each well of single sorted 

cell, 3.5 µl of the following was added on ice: 150 ng of Random Hexamer, 0.5 μl of NP-40, 

0.6 U of Prime RNAse Inhibitor, and 2.35 μl of water. The plates were sealed and incubated 
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at 65°C for 60 s. Then 7 µl of PCR mix was added (3 μl of 5x RT buffer, 0.5 μl of DNTPs, 1 μl 

of DTT, 2.8 μl of water, 0.250 μl of Prime RNAse Inhibitor (1 U/μl) and 0.25 μl of RT 

Superscript III). The reverse transcriptase reaction was done in a thermo cycler considering a 

total of 15 μl per well with the following parameters: 42°C for 5 min, 25°C for 10 min, 40°C for 

60 min and 94°C for 5 min. After the reaction the plate was stored at -20°C until further use. 

A.2.2.2.4. Immunoglobulin variable region amplification. Immunoglobulin heavy 

chain (IgH) (γ only) and immunoglobulin light chain (IgL) (κ and λ) transcripts were amplified 

in 2 rounds of PCR as follows. First amplification round: To each well, 2 μl of cDNA were 

added with 38 μl of the corresponding PCR mix (32.7 μl of water, 4.5 μl of 10x Taq buffer, 

0.28 μl of dNTPs, 0.15 μl of 5’ primer mix, 0.15 μl of 3’ primer mix and 0.21 μl of HotStar 

Taq). Primer mixes were prepared at equal concentrations of indicated primers from a 50 μM 

stock solution. Primers and their sequences are detailed in Table A.1. For γ chain 

amplification the 5’ primer mix was: 5’LVH1, 5’LVH3, 5’LVH4/6 and 5’LVH5 primers. For 3’ 

the primer was 3’CγCH1. For κ chain amplification the 5’ primer mix was:  5’ LVκ1/2, 5’ LVκ3 

and 5 LVκ4. For 3’ the primer was 3’Cκ543. For λ chain amplification the 5’ primer mix was: 5’ 

L Vλ1, 5’ L Vλ2, 5’ L Vλ3, 5’ L Vλ4/5, 5’ L Vλ6, 5’ L Vλ7 and 5’ L Vλ8 primers. For 3’ the 

primer was 3’ Cλ. The amplification reaction was done in a thermo cycler with the following 

parameters: 94°C for 5 min, 50 cycles at 94°C for 30 s, 57°C for 30 s (60°C for λ) and 72°C 

for 55 s and finally 10 min at 72°C and then 4°C. Second amplification round:  To each well, 5 

μl of the product for the first amplification were added with 38 μl of the corresponding PCR 

mix (33 μl of water, 4.5 μl of 10x Coral Buffer, 0.48 μl of dNTPs, 0.15 μl of 5’ primer mix, 0.15 

μl of 3’primer mix and 0.21 μl of HotStar Taq). For γ chain amplification the 5’ primer mix was: 

5’ AgeI VH1, 5’ AgeI VH1/5, 5’ AgeI VH3, 5’ AgeI VH4, 5’ AgeI VH3-23 and 5’ AgeI VH4-34 

primers. For 3’ the primer was 3’IgG Internal. For κ chain amplification the 5’ primer was 5` 

Pan Vκ. For 3’ the primer was 3 Cκ494. For λ chain amplification the 5’ primer mix was: 5’ 
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AgeI Vλ1, 5’ AgeI Vλ2, 5’ AgeI Vλ3, 5’ AgeI Vλ4/5, 5’ AgeI Vλ6, 5’ AgeI Vλ7/8. For 3’ the 

primer was 3’ XhoI Cλ. The amplification reaction was done in a thermo cycler with the 

following parameters: 94°C for 5 min, 50 cycles at 94°C for 30 s, 57°C for 30 s (60°C for 

lambda) and 72°C for 55 s and finally 72°C for 10 min and then 4°C. The PCR products were 

run in a TBE 1.5% Agarose gel. PCR products were sequenced at Keck DNA Sequencing 

Facility, Yale University and analyzed using IgBLAST (http://www.ncbi.nlm.nih.gov/igblast/).  

A.2.2.2.5. Cloning amplification round. Complete in-frame sequences were cloned 

into human expression vectors Igγ1 or Igκ as previously described (Wardemann et al., 2003). 

To each well 5 µl of immunoglobulin cDNA were added with 38 µl of PCR mix (33 µl of water, 

4.5 µl of 10x Coral buffer, 0.48 µl of DNTPs, 0.23 µl of HotStar Taq). Finally, 1 µl of 5’ or 3’ 

specific primers from Table A.1 were used according to the V or J specific sequence of each 

obtained cDNA. If the sequence did not match a primer on the list, a mix of primers was used 

with all the primers at the same concentration. The plate was spun and sealed with foil. The 

reaction was done in a thermo cycler with the following parameters: 94°C for 5 min, then 50 

cycles at 94°C for 30 s, 57°C for 30 s (60°C for  Lambda) and 72°C for 45 s then 72°C for 10 

min and finally 4°C. The products were run in a TBE 1.5% Agarose gel. 

A.2.2.2.6. Cloning. The products obtained on the cloning round were purified with 

QIAquick PCR Purification Kit following manufacturer’s instructions. For the digestion, 30 µl of 

purified PCR product was incubated with 20 µl of digestion mix (5 µl of 10x corresponding 

buffer, 0.5 µl of BSA, 0.5 µl of each corresponding enzyme and 13.5 µl of water). For γ 

chains: buffer 4 and Age IHF and Sall IHF enzymes. For λ chains: buffer 4 and Age IHF and 

XHO1 enzymes. For κ chains: buffer 1 and Age IHF enzymes.  The reaction was incubated 

for 2 h at 37ºC then at 4ºC. For κ chains a second digestion was needed adding to the 

reaction 2 µl of BsiWI and then the reaction was incubated at 55°C for 2 h then at 4°C. The 

digested DNA was purified with QIAquick PCR Purification Kit following manufacturer’s 
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instructions.  The ligation reaction was prepared with 30 ng of DNA in 10 µl of water and 2 µl 

of 10x Ligase buffer, 0.3 µl of Vector (either γ or κ, λ chains can be cloned on κ), 0.5 µl of 

Ligase and 7.5 µl of water. The plate was sealed and incubated at 16°C for 4 h then 4°C. 

A.2.2.2.7. Transformation. 6 µl of One shot E. coli competent bacteria was added 

per well into a 96 well plate with 2 µl of ligation product. The plate was incubated on ice for 30 

min then 30 s at 42°C. 100 µl of S.O.C. medium was added per well and then the plate was 

incubated in a shaker for 1 hour at 37ºC. Finally, all the reaction was spread into Luria Broth 

(LB)/Agar plates with Carbamacepin (100 µg/ml) and incubated ON at 37°C. Positive colonies 

were checked with a PCR reaction as follows. For each well, a sample of each colony was 

mixed with: 22.37 µl of water, 2.5 µl of 10x Coral buffer, 0.125 µl of DNTPs, 0.2 µl of HotStar 

Taq, and 0.2 µl of 5’ and 0.2 µl of 3’ specific primers. For γ the 5’ primer was 5Ab sense and 

3’ primer was 3 IgG (internal). For κ the 5’ primer was 5Ab sense and the 3’ primer was 3 Ck 

494. The reaction was done in a thermo cycler with the following parameters: 5 min at 95°C, 

25 cycles at 94°C for 30 s, 58°C for 30 s and 72°C for 59 s, then 10 min at 72°C and then 

4°C. 5 µl of product was run on an Agarose gel. 

A.2.2.2.8. Miniprep. Positive colonies were grown in 3 ml of LB Carbamazepine 

(100 µg/ml) ON at 37°C in the shaker. Colonies were centrifuged at 3200 rpm for 10 min and 

plasmids were obtained using QIAGEN prep Spin miniprep kit following manufacturer’s 

instructions. The plasmids were analyzed by sequencing and IgBlast. Plasmids chosen for 

transfection were those with correct product length and in-frame sequences.  

A.2.2.2.9. HEK 293-T transfections for antibody production. Cells were plated (3 

to 5 million cells) the day before in 10 cm culture dishes in complete media (DMEM, 5% FBS, 

P/S). Few hours before the transfection, cells were washed with PBS and the media was 

changed to 10 ml Freestyle293, a protein-free expression medium, supplemented with P/S. 

The transfection reaction was prepared in 1 ml of OPTI-MEM adding 5 µg of each heavy 
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chain and light chain plasmid. The solution was mixed and then 25 µl of Lipofectamine 2000 

was added. The mix was incubated for 15-30 min at RT then added on top of the cells in 

drops. Transfected cells were maintained in the incubator and supernatants were collected 

after 7 days. 

A.2.2.3. Cellular biology techniques 

A.2.2.3.1. HEK-293 Immunofluorescence. HEK-293T were plated the day before 

(30,000 cells per 12 mm cover). Cells were softly rinsed with PBS with 0.1 mM CaCl2 and 1 

mM MgCl2 (PBS-CM) and fixed in freshly prepared 4% paraformaldehyde (PFA) in PBS for 

30 min at RT. Then, cells were washed and permeabilized, only if indicated, with 0.2% Triton 

X-100 in PBS and then incubated in blocking buffer (0.2% Gelatin PBS) for 30 min at room 

temperature (RT). Supernatants, purified antibody or sera, as indicated, were incubated for 

30 min at 37°C, washed and then incubated with anti-human-555 for 30 min at 37ºC, then 

washed and mounted with Fluoromont. Digital images were acquired on a Zeiss Axiophot 

microscope using the 63x immersion objective and a 14 bit Axiocam camera and a Axiovision 

imaging software. 

A.2.2.4. Biochemical techniques 

A.2.2.4.1. Fusion protein-GST and recombinant protein production. 

Recombinant proteins and fusion proteins were obtained following previously described 

procedures (Carcamo et al., 2006). Transformed Bacteria with pGEX-4T-3 (Pharmacia 

Biotech) plasmid with P0 protein were grown ON in LB supplemented with ampicillin (50-100 

µg/ml) (LB-amp) at 37°C in agitation. Then a 1:100 dilution was made also in LB-amp and 

grown for 2.5 h. Afterwards, IPTG was added at 0.1 mM final concentration for 4 h at 30°C for 

P0-GST. Medium was centrifuged in 250 ml aliquots at 5000 rpm for 10 min, the supernatants 

were discarded, and the bacterial pellets were frozen at -80°C until further use. Pellets were 

resuspended in 2 ml of STE buffer (10 mM Tris-Cl pH 8, 150 mM NaCl and 1 mM EDTA) with 
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bacterial antiproteases cocktail concentration of 1x per 100 ml of initial culture. Lysozyme 

was added for 30 min at 100 µg/ml on ice. DTT at 5 mM and Sarkosyl at 1.5% final 

concentration was added. The resuspension was sonicated and then incubated for 30 min at 

4°C in agitation. Lysates were centrifuged at 12,000 g for 10 min and the supernatants were 

collected.  Triton 100x was added at a final 4% concentration. Lysates were incubated with 

125 µl Glutation-Sepharose per 250 ml of initial culture previously washed twice with PBS, for 

2 h at 4ºC in rotation. Afterwards, the beads were washed at least 5 times with PBS and 

centrifuged at 500 g. If elution was needed, 1 U of Thrombin is used per 50 µl of beads for 30 

min for P0. The beads are centrifuged at 500 g for 5 min and the protein was measured with 

Bradford. 

A.2.2.4.2. Gel electrophoresis and western blot. Protein samples were resolved in 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) at different 

percentages depending on the protein of interest. Loading buffer contained DTT as a 

reducing agent except for antibody samples as indicated. After electrophoresis, samples were 

transferred into a nitrocellulose membrane in 25 mM Tris-HCl, Glycine 192 mM and 20% 

methanol at 450 mA for 1-2 h depending on the analyzed protein. After transferring, 

membranes were blocked with PBS-5% skim milk for 1 h at RT. Primary antibodies were 

incubated 2 h at RT in blocking buffer and then washed five times for 10 min with PBS 0.5% 

Tween 20. Secondary antibodies conjugated with horseradish peroxidase (HRP) or Alexa 

were incubated 1 h in blocking buffer then washed.  HRP conjugated antibodies were 

developed with chemiluminescent HRP substrate following manufacturer’s instructions. 

Chemiluminescent or fluorescent images were acquired in G:Box gene tools detection system 

(Syngene) with the corresponding filter. 

A.2.2.4.3. Enzyme-linked immunosorbent (ELISA) assays. ELISA assays were 

performed following procedures as previously described (Kowal & Diamond, 2012) with some 
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modifications. For biotinylated peptides, plates were pre-coated with 50 µl of unlabeled 

Streptavidin (25 µg/ml) in Carbonated buffer (0.1 M NaHCO3, pH 8.6), ON at 4°C then 

washed once in PBS 0.05% Tween-20 (PBS-T).  Plates were blocked with 200 µl of blocking 

buffer (1 x PBS, 1% BSA) for 1 h at RT and in agitation. Biotinylated peptides were added in 

100 µl at 5 µg/ml in 1 x PBS, 0.2% BSA for 1 h at RT in agitation. For non-biotinylated 

coating, 100 µl of P-Epitope (15 µg/ml), anti-mouse or human IgG (5 µg/ml) or P0 (0.5 µg/ml) 

in carbonated buffer were incubated ON at 4°C then washed and blocked as above. All 

antigens were washed once, then 100 µl of sample was added at the following dilutions: sera 

1:200, plasma 1:100, supernatant or purified antibody as indicated in blocking buffer. After 1 

hour at RT in agitation, samples were washed 4 times and then anti-human or mouse, 

accordingly, coupled to Alkaline phosphatase was incubated in 100 µl per well for 1 h at RT in 

agitation. Secondary was washed 4 times and developed with 100 µl of developing solution (5 

ml of 0.05 M Na2CO3 and 0.001 M MgCl2 in water and 1 tablet of AP solution) then 

absorbance was read at 405 nm. 

A.2.2.4.4. Antibody purification. The resin for affinity purification was prepared as 

follows. 1 ml of Affi-15 was washed once with 15 ml of isopropanol then twice with DMSO 

with centrifugations at 1000 rpm for 5 min. Then, the resin was incubated with 1 mg of 

peptide in DMSO for 3 h at 4°C then centrifuged and washed with PBS. 1 ml of PBS and 200 

µL of ethanolamine/1 M HCl (freshly prepared with 61 µl ethanolamine and 939 µl HCl 1 N) 

was added for 1 h at 4ºC then extensively washed with PBS and stored in 0.05% sodium 

azide PBS until further use. Before use, the resin was washed extensively with PBS and then, 

patient serum was incubated at 4°C ON. The resin and sera were centrifuged at 1000 rpm, 

serum was recuperated, and the resin was washed extensively with PBS. 10 ml of 0.1-0.2 M 

Glycine HCl pH 2.5-3 was added and eluates were collected in 400 µL fractions with 125 µL 

of 1M K2HPO4. The fractions were vortexed and rapidly put on ice. To determine the fractions 



 

 

84 

to be concentrated 5 µl of each elusion was sampled on a dot blot. Fractions were spun on 

Amicon Ultra 0.5 ml 30,000 Da at 14,000 g for 5 min. After concentrating the fractions of 

interest, the buffer was exchanged for PBS 3 times. Concentration was measured with 

Bradford. The procedure was similar for monoclonal antibody purification or control 

immunoglobulin, but supernatants or control sera were incubated with 100 µl of Protein G-

Sepharose previously washed 3 times with PBS ON at 4°C, the elusion procedure was the 

same as above. 

A.2.2.5. Animal procedures  

A.2.2.5.1. Electrophysiology. Acute coronal slices from adult wild type male and 

female mice were prepared and recorded as described in (Oliva & Inestrosa, 2015). 

Immediately after removal, the brains were placed in ice cold cutting solution (85 mM NaCl, 

75 mM Sucrose, 3 mM KCl, 1.25 mM NaH2PO4, 25 mM NaHCO3, 10 mM Glucose, 3.5 mM 

MgSO4, 0.5 mM CaCl2, 3 mM Na-Pyruvate, 0.5 mM Na-Ascorbate, 305 mOsm, pH 7.4) 

thoroughly oxygenated with 95% O2 /5% CO2. 350 µm brain slices were obtained and left at 

36ºC for 30 min for recovery then placed in oxygenated recording solution (126 mM NaCl, 3.5 

mM KCl, 1.25 mM NaH2PO4, 25 mM NaHCO3, 10 mM Glucose, 2 mM MgSO4, 2 mM CaCl2, 3 

mM Na-Pyruvate, 0.5 mM Na-Ascorbate, 305 mOsm, pH 7.4) at RT. For recording, slices 

were placed in a submerged-style chamber in recording solution at 30-32ºC. Schaffer 

collaterals between CA3 and CA1 were stimulated with a bipolar concentric electrode (World 

Precision Instruments, Sarasota, FL, United States) connected to an ISO-Flex stimulus 

generator (A.M.P.I., Jerusalem, Israel).  Evoked field excitatory postsynaptic potentials 

(fEPSPs) were recorded in the stratum radiatum of CA1, using a borosilicate glass electrode 

(World Precision Instruments, United States) of 0.5-1 MΩ pulled on a P-97 Flaming/Brown 

Micropipette Puller (Sutter Instruments, United States) filled with the recording solution. The 

signals were recorded using a MultiClamp 700B amplifier (Axon CNS, Molecular Devices 
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LLC, United States), and digitally sampled at 30 kHz using a Digidata-1440A interface (Axon 

CNS, Molecular Devices). Two pulses (R1 and R2) separated 50 ms each, were applied with 

the stimulus generator every 15 s for monoclonal antibodies supernatants or 60 s for the 

purified antibody. The fEPSP slope of the first pulse (R1) was averaged during 15 to 20 min 

and once a stable basal signal was obtained, the corresponding treatments were added. The 

analyses were done offline using pClamp 10.3 (Molecular Devices LLC, United States).   
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Table A.1: Primer sequences for amplification and cloning of the variable regions of heavy 
and light immunoglobins chains.  
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A.3. RESULTS 

 

 

A.3.1 Murine monoclonal antibodies 

BALB/c, C57/B6 H2B and C57/B6 H2D strains of mice were immunized with a 

multiple antigenic peptide consisting in a poly-lysine core that has 8 branches of synthetic P-

Epitope (MAP-P-Epitope). Between the lysine core and the P-Epitope we added an alanine 

for space.  The immunization protocol included an intraperitoneal injection of 100 µg of MAP-

P-Epitope or only the MAP-Core as control.  These reagents were injected every two weeks, 

one time in complete Freund’s Adjuvant and twice with Incomplete Freund’s Adjuvant. We 

tested sera for reactivity against P0 and P-Epitope using ELISA or immunoblot assays and 

found that BALB/c, but not C57/B6 H2B or C57/B6 H2D mice, generated anti-P antibodies 

(Fig. A.1A and A.1B). After fusing splenocytes from a BALB/c mouse with NSO cells, we 

screened  ~880 colonies and amplified 97 positives for mouse IgG production and P-Epitope 

and P0 recognition. Next, we subcloned 38 colonies and then chose 13 of them for further 

analysis. Finally, considering the highest binding on ELISA tested against the P-Epitope, we 

chose 2 hybridomas (8A1 and 8C1) (Fig. A.1C). Supernatants blotted against anti-mouse 

secondary antibodies demonstrated that only 8C1 had assembled antibody (Fig. A.1D). 

Supernatant of 8C1 cells did not show immunoblot reaction against P0 protein (Fig. A.1E), 

but nevertheless it increased field excitatory post synaptic potentials (fEPSP) in the CA3-CA1 

hippocampal circuit in mouse brain slices, contrasting with the negative result of 8A1 

supernatant used as control (Fig. A.1F). This effect mimicked the effect previously described 

for polyclonal human-anti-P antibodies (Segovia-Miranda et al., 2015). 
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Figure A.1: Mouse monoclonal antibodies. Mice immunization. A and B. BALB/c, 
C57/B6 H2B and C57/B6 H2D mice were immunized with MAP-Core or MAP-P-Epitope and 
tested after 21 days for anti-P antibodies by ELISA against P-Epitope (A) and immunoblot 
against P0 (B). Only BALB/c immunized with MAP-P-Epitope produced anti-P antibodies 
(n=3; Graph shows absorbance of mean and SEM of duplicates of representative 
experiment). C. Hybridoma clones screening. The graph illustrates an example of absorbance 
in supernatants from different clones tested with P-Epitope ELISA after subcloning. (*) 
Indicates clones chosen for expansion and freezing. (**) Indicates clones further 
characterized for anti-P reactivity. D, E and F depict characterization of hybridomas 8A1 and 
8C1. D. Non-reducing immunoblot of 40 μl of supernatant probed with anti-mouse-555 
secondary antibody shows assembled immunoglobulin (arrow) only in 8C1 sample (n=3). E. 
8C1 supernatant at 1:50 dilution or directly tested does not recognize P0 in an immunoblot 
(n=3). F. Electrophysiology of hippocampal CA3-CA1 circuit in mouse brain slices shows that 
only 8C1 supernatant (1:10 dilution) increases fEPSP (n=1; Graph shows mean and SEM of 
amplitude normalized to baseline). 
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A.3.2 Human monoclonal antibodies 

To obtain human monoclonal antibodies we isolated memory B cells expressing anti-

P IgG at the cell surface from a SLE patient, performed single cell RT-PCR to obtain their 

cDNA from which we amplified the encoding variable regions of the heavy and light 

immunoglobulin chains, and cloned each cDNA into a human immunoglobulin expression 

vector for transfection in HEK-293 cells. 

To select and sort the anti-P memory B cells, we incubated peripheral blood 

mononuclear cells (PBMC) from a SLE patient positive for anti-P antibodies, with a 

biotinylated P-Epitope coupled to a streptavidin fluorophore and sorted them by FACS. Firstly, 

we screened the best biotinylated peptide with an ELISA assay including Biotin-GLESEE-

SDEDMGFGLFD, SDEDMGFGLFD-AK-Biotin and Biotin-SDEDMGFGLFD-AK. 

SDEDMGFGLFD-AK-Biotin gave the best detection signal (Fig. A.2). To set the sorting 

parameters, we used PBMCs from an anti-P (-) SLE sample for background setting and we 

isolated by cell sorting the subpopulation of memory B cells expressing anti-P IgG at the cell 

surface (Fig. A.3 and Table A.2). The amplification of the heavy and light chain of single cells 

is shown in Figure A.4A. After an additional round of cDNA amplification, we finally subcloned 

13 antibody cDNAs (Fig. A.4B), which then were tested for immunoglobulin production by co-

transfection into HEK-293 cells (Fig. A.4C and A.4D). We analyzed the supernatants for anti-

P reactivity by ELISA using P0 and P-Epitope and by immunoblot using P0 (Fig. A.4E and 

A.4F). The sequences of the hypervariable region of the obtained immunoglobulins are 

shown in Figure A.4G. We chose human clone 12 (hmabC12) for further analysis. 

Indirect immunofluorescence of permeabilized HEK-293 cells stained with hmabC12 

showed perinuclear and speckled staining compatible with anti-P ribosomal pattern (Fig. 

A.5A). Cell surface hmabC12 staining in non-permeabilized cells showed the typical 
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regionalized pattern of the staining with human affinity purified anti-P antibodies (Fig. A.5B) 

(Bravo-Zehnder et al., 2014; Matus et al., 2007). 

Finally, we examined the supernatant of hmabC12 on CA3-CA1 hippocampal 

synaptic transmission fEPSP. The supernatant of hmabC12 transfected HEK-293 cells, used 

at 1/10 dilution, increased synaptic transmission, similar to anti-P (+) serum (Fig. A.5C). 

Purified monoclonal (0.25 µg/ml) showed similar results (Fig. A.5D). 
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Figure A.2: C-terminal biotinylated P-Epitope as the best choice for detecting 
anti-P memory B cells. Three different biotinylated P-epitope peptides where compared with 
an irrelevant biotinylated peptide and the P-epitope without biotinylation in an ELISA assay 
using positive and negative anti-P antibodies samples, as indicated. SDEDMGFGLFD-AK-
BIO was the biotynilated peptide recognized with highest affinity (n=2, Graph shows mean 
and SEM of duplicates representative of a experiment). 
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Figure A.3: Cell sorter setup for the identification of memory B cells 

expressing cell surface anti-P-IgG. PBMCs (10,000 to 15,000 cells) from an anti-P (+) and 
an anti-P (-) SLE patient were used to set the sorting parameters. A. Gate for B cells. After 
gating by size (P1) and eliminating doublets, CD19+ (B cells) population (P5) was gated 
against a dump gate consisting in anti-CD3+ (T cells), CD4+ (T helper cells, monocytes, 
macrophages and dendritic cells) and CD16+ antibodies (neutrophils, natural killer cells and 
macrophages). B. Anti-P (+)-B cells identification. Anti-P (+) cells were identified with the 
biotinylated P-Epitope (SDEDMGFGLFD-AK-BIO) coupled to Brilliant Violet streptavidin 
(Pacific Blue channel) at two dilutions, 1/5 and 1/20 as indicated (P6). False positives were 
excluded by using the anti-P (-) patient’s PBMCs to establish the gate. C. Anti-P-IgG (+) 
memory B cells identification. From the peptide positive population (P6), IgG (+) memory B 
cells were identified as IgM (-) and CD27+ (memory B cells) (P9). These parameters were 
used to single sort cells into a 96 well plate. 
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Table A.2: Summary of populations obtained when setting the cell sorting 
parameters.  
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Figure A.4: Human anti-P monoclonal antibody cDNAs cloned from single 
sorted memory B cells. A. PCR-amplified immunoglobulin cDNAs. Single memory B cells 
isolated from the cell sorter were subjected to RNA reverse transcription and two 
amplification rounds of Igg, Igl and Igk variable region using specific combination of primers. 
The products are shown by agarose gel electrophoresis. B. Cloned products. After another 
round of amplification, the products were cloned in expression vectors that contain the 
constant region of heavy or light chains. Figure shows different cloned heavy and light chain 
plasmids. C and D. Antibody production in transfected HEK-293 cells. Heavy and light chain 
plasmids paired from an initial cell, were co-transfected in HEK-293 cells and after 7 days the 
supernatants were analyzed by non-reducing immunoblot and probed with anti-Human-555 
secondary antibody. High molecular bands reflect assembled human antibody (arrow) (C).  D. 
Antibodies purified with Protein G and stained with Coomassie blue after gel electrophoresis 
in non-reducing conditions. Bands correspond to assembled antibody. E. ELISA against P-
Epitope and P0. Recombinant antibodies generated in transfected HEK-293 recognize the P-
Epitope and P0 in ELISA. (n=3; Graph shows absorbance of mean and SEM of duplicates of 
representative experiment). F. Immunoblot against P0 show no reactivity (n=3). G. Sequence 
of hypervariable region (CDR3) of cloned antibodies. Heavy and light chains were sequenced 
and blasted in IgG blast. The table shows the CDR3 of each pair of the obtained antibodies. 
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Figure A.5: Properties of human monoclonal antibody C12 (hmabC12) that 

resemble anti-P antibodies. A and B. Indirect immunofluorescence of HEK-293 cells. 
HmabC12 supernatant shows a perinuclear speckled staining pattern compatible with 
ribosomal staining in permeabilized cells (A). Purified hmabC12 (50 μg/ml) shows a 
regionalized cell surface staining pattern similar to anti-P (+) serum (1:500 dilution) in non-
permeabilized cells (B). C and D. Enhancement of hippocampal synaptic transmission. Brain 
slices incubated with dialyzed supernatant or human anti-P (+) (C) or with purified hmabC12 
(D) increases fEPSP at the hippocampal CA3-CA1 circuit (n=1; Graph shows mean and SEM 
of amplitude or slope as indicated, normalized to baseline). 
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A.4. DISCUSSION 

 

 

In this part of the thesis corresponding to objectives of the former proposal we 

obtained and characterized murine and human monoclonal antibodies that will facilitate future 

studies on the pathogenic mechanisms of these antibodies. Current strategies to study the 

pathogenic role of anti-P antibodies have been the screening and identification of sera 

bearing these antibodies in patients with SLE. Monoclonal antibodies from murine and human 

origin indeed might provide more convenient tools. 

A.4.1 Murine monoclonal anti-P antibodies 

Our studies with anti-P antibodies that cross-react with NSPA have been done with 

human or rabbit antibodies purified using the P-epitope of only 11 amino acids (Bravo-

Zehnder et al., 2014; Matus et al., 2007; Segovia-Miranda et al., 2015). We immunized mice 

with the 11-residue P-Epitope as this approach creates fewer confounding antibodies 

compared with immunization with ribosomal proteins (Hines et al., 1991; Shor et al., 2014; 

Sun et al., 2001; Towbin et al., 1982; Uchiumi et al., 1990), or with models of lupus prone 

mice that produce several antibodies, including anti-P (Kello et al., 2019). We first observed 

that BALB/c strain but not the C57/B6H2B or H2D strains generate antibodies against the P-

Epitope and obtained 13 hybridomas. Due to technical difficulties in the transport from the 

laboratory in USA, we only partially characterized the 8C1 hybridoma. This 8C1 hybridoma 

showed binding in ELISA assay to the P-Epitope and gave no reaction in western blot against 

the P0 protein, contrasting with polyclonal antibodies (Bravo-Zehnder et al., 2014; Matus et 

al., 2007). We also provide evidence that this antibody increases synaptic transmission in the 

CA3-CA1 of the hippocampus, a functional assay that resembles the effect of human and 

rabbit anti-P antibodies (Segovia-Miranda et al., 2015). Indeed, for further experiments of 
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passive transfer in vivo, it would be necessary to produce these antibodies in large amounts, 

ideally using the ascites method. 

A.4.2 Human monoclonal anti-P antibodies 

In addition, we also obtained recombinant 13 monoclonal human antibodies using 

single cell sorting and cloning. When we tested different biotinylated peptides with the 

sequence of the P-Epitope that is recognized by anti-P, we observed that C-terminal 

biotinylation provided the best binding in ELISA tests. Most likely the biotin in the N-terminal 

blocks the binding of antibodies in this test. Afterwards we used flow cytometry to identify 

memory B cells with P-Epitope affinity applying a sorting strategy that resulted effective in 

detecting anti-P positive cells. Among the 13 antibodies cloned and produced by transfection 

in HEK-293 cells some had affinity for the P-Epitope and P0 in ELISAs assay, but none 

recognized P0 on western blots, similar to our mouse monoclonal. Both the MAP-P-Epitope 

used for the immunization and the biotinylated P-Epitope for the cell sorting are bound to the 

core or the biotin, respectively, through the carboxy terminal. This may expose an epitope 

favorable for ELISA but not for western blot testing. However, we find that the hmabC12 

antibody resembles anti-P antibodies in immunofluorescence, ELISA and synaptic 

transmission effects (Bravo-Zehnder et al., 2014; Matus et al., 2007; Segovia-Miranda et al., 

2015). 

A.4.3. Conclusions 

In conclusion, the monoclonal antibodies generated in mice and obtained from a SLE 

patient elicit glutamatergic synaptic alterations that mimic previous effects of circulating 

human polyclonal anti-P antibodies, thus providing a powerful tool to investigate their 

pathogenic mechanisms. Anti-P antibodies have been associated to psychosis and cognitive 

dysfunction (Elkon et al., 1985; González & Massardo, 2018; Massardo et al., 2014). A 
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pathogenic mechanism relies on their cross reactivity with NPSA (Matus et al., 2007). We 

recently showed that NSPA can ubiquitinate the phosphatase PTPMEG that controls NMDAR 

phosphorylation impacting on memory processes (Espinoza et al., 2020). This opens the 

possibility that anti-P antibodies perturb the function of PTPMEG. Therefore, our hmabC12 

human antibodies may facilitate future studies regarding the pathogenic mechanism of anti-P 

antibodies in the brain, especially regarding the NSPA/PTPMEG system that stabilizes 

NMDAR at the synapse (Espinoza et al., 2020).  
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