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RESUMEN 
 

El lupus eritematoso sistémico, prototipo de enfermedad autoinmune, frecuentemente 
manifiesta disfunciones cerebrales difusas que incluyen deficiencias cognitivas y 
psicosis en casos más extremos. Estas manifestaciones son parte del espectro de 
manifestaciones del lupus neuropsiquiátrico (LES-NP) cuyos mecanismos todavía no 
están bien dilucidados. Autoanticuerpos anti-proteína P ribosomal (Anti-P) se han 
asociado a psicosis lúpica y déficit cognitivo en pacientes con LES-NP. Nuestro 
laboratorio introdujo el concepto de que las manifestaciones cerebrales difusas del 
LES-NP involucrarían una reacción cruzada de los anticuerpos anti-P con una 
proteína de la superficie celular de función desconocida que llamamos NSPA 
(neuronal surface P antigen). En cerebro, la NSPA se expresa exclusivamente en 
neuronas y en regiones específicas tales como corteza e hipocampo. Para entender 
la patogenia de los anticuerpos anti-P en el LES-NP es necesario dilucidar la función 
de la NSPA en el cerebro. La estructura primaria de la NSPA muestra un dominio 
APC10 que sólo se ha descrito en E3 ubiquitin ligasas, sugiriendo que la NSPA 
podría ser una E3 ubiquitin ligasa. En base al fenotipo de un ratón que expresa una 
versión truncada de la NSPA que carece del dominio APC10 postulamos la siguiente 
hipótesis: La NSPA es una ubiquitin ligasa que regula los niveles del receptor de 
NMDA en la región post-sináptica. Para esto caracterizamos un ratón carente de 
NSPA evaluando si la NSPA es necesaria para la función del hipocampo y la 
transmisión sináptica, particularmente en procesos dependientes del receptor de 
NMDA, también evaluamos si la NSPA posee características de algún tipo de E3 
ubiquitin ligasa. Encontramos que la NSPA se requiere para la transmisión 
glutamatérgica y la plasticidad sináptica mediada por los NMDARs, lo que se traduce 
en alteraciones en procesos de memoria espacial y de reconocimiento. La falta de 
NSPA lleva a una disminución de las subunidades GluN2 del NMDAR en la densidad 
post-sináptica. También se asocia a una reducción en la fosforilación de la subunidad 
GluN2B en la tirosina 1472, residuo que modula la endocitosis del NMDAR. 
Encontramos que la tirosina fosfatasa PTPN4 se ubiquitina y sus niveles de 
ubiquitinación se encuentran disminuidos en ratones que carecen de NSPA. Esto 
lleva a un aumento de la masa de PTPN4 en la región sináptica, resultando en una 
menor fosforilación del residuo de tirosina 1472 de la subunidad GluN2B del NMDAR 
involucrado en endocitosis. Además, la NSPA se requiere para la neurogénesis 
adulta en el giro dentado del hipocampo, proceso que también se ha asociado a 
función de los NMDARs. Por otra parte, vimos que la NSPA posee algunas 
características E3 ligasas del tipo RBR. Por lo tanto, nuestros resultados indican que 
la NSPA podría ser o formar parte de una E3 ubiquitin ligasa, que tiene como 
sustrato a la PTPN4, que a su vez regula los niveles de NMDAR en la región post-
sináptica y en consecuencia regula las funciones del hipocampo que dependen de 
estos receptores, incluyendo la memoria. 
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ABSTRACT 
 

Systemic lupus erythematosus, a prototype of autoimmune disease, frequently 
manifests diffuse cerebral dysfunctions that include cognitive deficits and psychosis in 
more extreme cases. These manifestations are part of the spectrum of 
manifestations of neuropsychiatric lupus (NPSLE) whose mechanisms are still not 
well understood. Anti-ribosomal P autoantibodies (Anti-P) have been associated with 
lupus psychosis and cognitive impairment in patients with NPSLE. Our laboratory 
introduced the concept that diffuse brain manifestations of NPSLE would involve a 
cross reaction of anti-P antibodies with a cell surface protein of unknown function that 
we call NSPA (neuronal surface P antigen). In the brain, NSPA is only expressed by 
neurons of specific regions, including cortex and hippocampus. To understand the 
pathogenesis of anti-P antibodies in NPSLE, it is necessary to elucidate the function 
of NSPA in the brain. NSPA primary structure shows the presence of an APC10 
domain, this domain has been found only in E3 ubiquitin ligases, suggesting that 
NSPA could be an E3 ligase. Based on the phenotype of a mouse that expresses a 
truncated version of NSPA that lacks the APC10 domain, we postulate the following 
hypothesis: NSPA is an ubiquitin ligase that regulates the levels of NMDA receptor in 
the postsynaptic region. We characterized a NSPA knockout mice to evaluate if 
NSPA is necessary for hippocampal function and synaptic plasticity, particularly in 
NMDAR-dependent processes, also we evaluate whether NSPA possesses E3 
ubiquitin ligases characteristics. We found that NSPA is required for glutamatergic 
transmission and NMDARs-mediated synaptic plasticity, which results in alteration of 
spatial and recognition memory. NSPA absence resulted in decreased levels of 
NMDAR GluN2 subunits in the postsynaptic density. It is also associated with a 
reduction in the phosphorylation of GluN2B in tyrosine 1472, residue that mediates 
NMDAR endocytosis. We found that PTPN4 tyrosine phosphatase is ubiquitinated 
and there is decreased ubiquitination in NSPA knockout mice. This leads to an 
increase in the mass of PTPN4 in the synaptic region, resulting in less 
phosphorylation of tyrosine 1472 of GluN2B subunit of NMDAR that is involved in 
endocytosis. Moreover, NSPA is required for adult neurogenesis in the dentate gyrus 
of the hippocampus, process that also has been associated with NMDARs function. 
On the other hand, we saw that NSPA has some characteristics of RBR E3 ligases. 
Therefore, our results indicate that NSPA could be or be part of an E3 ubiquitin 
ligase, that has PTPN4 as a substrate, which in turn regulates NMDAR levels in the 
postsynaptic region and consequently regulates hippocampal functions that depend 
on these receptors, including memory. 
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INTRODUCTION 

 

Statement of the problem 

Systemic lupus erythematosus (SLE) is a complex autoimmune disease   

characterized by the generation of a wide variety of autoantibodies and the 

compromise of several organs including the brain (Mok & Lau 2003, Sherer et al 

2004, Yaniv et al 2015). Neuropsychiatric systemic lupus erythematosus (NPSLE) 

syndromes include diffuse brain dysfunctions like cognitive dysfunction, acute 

confusional state, anxiety, mood disorder and psychosis (Hanly 2004, Hanly 2014). 

NPSLE has been estimated to occur in >20 % of SLE patients, being a major source 

of morbidity and second cause of mortality after lupus nephritis (Schwartz et al 2019). 

The pathogenic mechanisms of NPSLE are likely diverse, considering the variety of 

neuropsychiatric syndromes developed by these patients. However, increasing 

interest has been focused on the possibility that certain autoantibodies might be 

neuropathogenic and therefore their recognized antigens and functional 

consequences in neurons are the center of attention (Schwartz et al 2019).  

Two autoantibodies have been extensively studied as potential pathogenic 

mediators of NPSLE. One is a subset of anti-double stranded DNA antibodies found 

to cross-react with an epitope located in GluN2 subunits of NMDAR (Diamond et al 

2013). The other corresponds to anti-ribosomal P (Anti-P) antibodies that have been 

associated with lupus psychosis and cognitive impairment in patients with SLE (Bonfa 

et al 1987, Gonzalez & Massardo 2018, Massardo et al 2015).  



	 4	

Anti-P antibodies induce calcium influx leading to apoptosis in cortical neurons, 

both in primary culture and in situ (Matus et al 2007). In mice, anti-P autoantibodies 

induce depression-like manifestations (Katzav et al 2008), and memory impairment 

without signs of apoptosis in hippocampus (Bravo-Zehnder et al 2015). 

Electrophysiology measuring shows that anti-P antibodies enhance glutamatergic 

postsynaptic transmission in the hippocampus, involving both α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA) receptor and N-methyl-D-aspartate (NMDA) 

receptor activation, leading to suppression of synaptic plasticity measured by LTP 

(Segovia-Miranda et al 2015). Thus anti-P antibodies reaching the hippocampus can 

produce perturbations of synaptic transmission causing impairment of hippocampal-

dependent memory. 

Our laboratory has contributed to this field identifying a cross-reacting P 

antigen found in a cell surface protein of unknown function, which was named 

neuronal surface P antigen (NSPA) (Matus et al 2007). NSPA expression in brain 

includes areas involved in cognition, memory and emotion like hippocampus, cortex 

and amygdala (Matus et al 2007). Analysis of NSPA amino acidic sequence shows 

some conserved protein domains, an EF-hand domain, one anaphase promoter 

complex 10 (APC10) domain and two ZZ-type zinc finger domains (Segovia-Miranda 

et al 2015). The presence of an APC10 domain in NSPA points to a possible role as 

an E3 ubiquitin ligase as this domain is only present in these enzymes (Boratyn et al 

2012). ZZ-type finger domains are also found in some E3 ubiquitin ligases (Garcia-

Gonzalo & Rosa 2005, Hwang & Murray 1997, Kaustov et al 2007). E3 ligases are 

enzymes that catalyzes ubiquitin transfer onto a specific protein in the process of 
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protein ubiquitination (Glickman & Ciechanover 2002). E3 ligases are important 

components of the machinery that regulates synaptic transmission and plasticity (Fu 

et al 2011, Mabb & Ehlers 2010). 

NSPA knock-in mice (NSPAtr/tr), that express a truncated NSPA lacking the N-

terminal region bearing the APC10 domain, are characterized by depressed NMDAR-

dependent transmission, impaired LTP and poor performance in the Morris water 

maze and flexible memory tests (Segovia-Miranda et al 2015). Also anti-P antibodies 

do not increase the intracellular calcium levels or enhance the postsynaptic potentials 

in NSPAtr/tr neurons (Segovia-Miranda et al 2015). 

 All these data indicate that NSPA is the mediator of the neuronal function-

interfering effects of anti-P and that the APC10 domain is required for NSPA function. 

However, how NSPA regulates NMDAR function in synaptic transmission and its 

related processes remains unknown. Actually, the function of NSPA in the brain is not 

clear and this uncertainty includes whether NSPA effectively is or is part of an E3 

ubiquitin ligase. 

Glutamatergic ionotropic NMDA receptors are widely distributed and mediate 

most of the excitatory neurotransmission in the brain (Rao & Finkbeiner 2007). 

NMDAR play a critical role in excitatory synaptic transmission, plasticity and 

excitotoxicity in the central nervous system (CNS) (Cull-Candy & Leszkiewicz 2004). 

Synaptic plasticity underlies memory processes (Citri & Malenka 2008). Thus, 

NMDARs play an important role in learning and memory (Cercato et al 2014). 

Posttranslational modifications of NMDAR, such as phosphorylation and 

ubiquitination, alter both the activity and properties of NMDARs (Goebel-Goody et al 
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2009, Mao et al 2009). Particularly phosphorylation of cytoplasmic C-tails of GluN2A 

and GluN2B subunits of NMDAR has emerged as a key regulatory mechanism to 

regulate NMDAR function, trafficking and interactions with cytosolic proteins (Chen & 

Roche 2007, Lussier et al 2015). 

This thesis studies the mechanism by which NSPA might modulate NMDAR 

function. We use both NSPA knock-in and NSPA knockout mice to analyze if NSPA 

absence affects NMDAR expression levels, posttranslational modifications and 

synaptic abundance, all modulators of NMDAR function. We also evaluate if NSPA 

absence could affect NMDAR function in hippocampus, mainly synaptic transmission 

and plasticity dependent of NMDAR activity (Li et al 2007), as well as hippocampal-

dependent processes that have been related to NMDAR function like spatial and 

recognition memory (Yamada et al 2015) and adult neurogenesis in the subgranular 

zone of the dentate gyrus (Taylor et al 2014). We also performed biochemical 

experiments aimed to obtain experimental evidence of NSPA as an E3 ubiquitin 

ligase. 

The results of this thesis provide evidence of a role of NSPA as an E3 ubiquitin 

ligase that regulates NMDAR function involving an ubiquitinated substrate such as the 

tyrosine phosphatase PTPN4. We show data suggesting that PTPN4 mediates 

NMDAR tyrosine phosphorylation with consequences on NMDAR synaptic 

abundance and function. The phenotype of NSPA knockout mice indicates that NSPA 

is not only required for glutamatergic synaptic plasticity in hippocampus but also for 

adult neurogenesis in the dentate gyrus, both explainable through a determinant 
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regulation of NMDAR function. PTPN4 emerged as the first molecular link between 

NSPA and NMDAR function. 

 

Literature Review 

Systemic Lupus Erythematosus  

Systemic lupus erythematosus (SLE) is a chronic and multisystemic 

autoimmune disease that predominantly affects women of childbearing age, 

characterized by the generation of autoantibodies and the compromise of several 

organs (Mok & Lau 2003, Tsokos 2011, Yaniv et al 2015). The great diversity of 

clinical manifestations is accompanied by a large number of autoantibodies, some 

correlating with disease activity and clinical manifestations (Sherer et al 2004). Within 

this diversity of clinical manifestations, cerebral manifestations are called 

neuropsychiatric systemic lupus erythematosus (NPSLE), NPSLE frequency is 

unknown as different studies report among 12% to 95% in adult SLE (AlE'ed et al 

2017, Schwartz et al 2019), but the most likely figure stands as >20% (Schwartz et al 

2019). Central nervous system disease predominates in NPSLE and may take the 

form of either focal or diffuse brain dysfunctions (Hanly & Harrison 2005, Sciascia et 

al 2014). Diffuse brain dysfunctions includes headaches, cognitive dysfunction, acute 

confusional state, anxiety, mood disorder and psychosis, being cognitive dysfunction 

the most frequent manifestation (Hanly 2004, Harboe et al 2009, Schwartz et al 

2019). The pathogenic mechanism responsible for these manifestations remains 

incompletely understood, but accumulated evidence suggests that function-perturbing 

autoantibodies against neuronal cell surface components might contribute (Diamond 
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et al 2013, Hanly 2014, Hanly & Harrison 2005). Several autoantibodies have been 

associated with NPSLE, but mainly there are two autoantibodies found to cross-react 

with intracellular components and neuronal surface protein-targets providing 

mechanistic insights for direct neuropathogenic actions (Diamond et al 2013, 

Diamond et al 2009). One is a subset of anti-double-stranded DNA antibodies that 

cross-react with N-methyl-D-aspartate receptor (NMDAR) (DeGiorgio et al 2001), the 

other are anti-ribosomal P antibodies that cross-react with a cell surface protein of 

unknown function called neuronal surface P antigen (NSPA) (Massardo et al 2015, 

Matus et al 2007). Anti-NMDAR and anti-P antibodies are present in the 

cerebrospinal fluid (CSF) of patients with SLE who experienced diffuse NPSLE 

syndromes (Arinuma et al 2008, Hanly et al 2011, Hirohata et al 2007, Lapteva et al 

2006). Anti-NMDAR antibodies induce neurotoxicity and cognitive alterations in mice 

(DeGiorgio et al 2001, Huerta et al 2006, Kowal et al 2004). These antibodies 

recognize a consensus amino acid sequence (DWEYS) in the GluN2 subunits 

(GluN2A and GluN2B) of NMDA receptor, bound to the active/open configuration of 

the receptor enhancing its activity (Faust et al 2010) and providing a pathogenic 

mechanism for the anti-NMDAR in NPSLE. 

Antiribosomal P antibodies (Anti-P) 

Anti-P antibodies have been associated mostly with lupus psychosis and 

cognitive impairment in patients with SLE (Bonfa et al 1987, Massardo et al 2015, 

Sciascia et al 2014). Studies in vitro have shown that anti-P antibodies can bind to the 

surface of different human cells (Koren et al 1992, Stafford et al 1997), penetrating 

into live cells and causing cellular dysfunctions like inhibition of protein synthesis and 
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apoptosis (Koscec et al 1997, Reichlin 1998, Sun et al 2001). In cortical neurons, 

anti-P antibodies have been reported to induce calcium influx leading to apoptosis 

both in vitro and in vivo (Matus et al 2007), more over, passive-transfer experiments 

in mice showed that anti-P autoantibodies induced smell alterations (Katzav et al 

2008), depression-like manifestations when injected intracerebroventricular (ICV) 

(Katzav et al 2007), and memory impairment when injected intravenously and the 

blood-brain barrier (BBB) is disrupted (Bravo-Zehnder et al 2015). In the later case 

anti-P antibodies driven memory impairment occur without signs of apoptosis in 

hippocampus, thus anti-P antibodies reaching the hippocampus may be producing 

synaptic alterations enough to perturb memory. Electrophysiology measuring field 

excitatory postsynaptic potentials in hippocampal slices and whole-cell voltage-clamp 

in spinal cord neurons shows that anti-P antibodies enhance glutamatergic 

postsynaptic transmission in the hippocampus, involving both α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA) receptor and NMDA receptor activation, 

which leads to suppression of synaptic plasticity measured by LTP (Segovia-Miranda 

et al 2015). These effects can explain the impairment of hippocampal-dependent 

memory caused by circulating anti-P autoantibodies in mice. 

Anti-P antibodies recognize an 11 amino acid epitope (P-epitope) contained in 

the C-terminal of three highly conserved phosphoproteins, P0 (38 kDa), P1 (19 kDa) 

and P2 (17 kDa) of the large ribosomal subunit (Elkon et al 1988, Elkon et al 1986). 

The early demonstration of interaction of anti-P antibodies with a cell surface 

component, originally attributed to a ribosomal like P0 (Koren et al 1992, Stafford et al 

1997), led to the identification of a new cross-reacting antigen that shares and 
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exposes a P-epitope to the cell surface in neurons, called neuronal surface P antigen 

(NSPA) (Matus et al 2007).  

Neuronal Surface P Antigen (NSPA) 

NSPA is a high mass integral plasma membrane protein of unknown function, 

in brain is expressed exclusively by neurons and at particular regions, including areas 

involved in cognition, memory and emotion like hippocampus, cortex and amygdala 

(Matus et al 2007). We analyzed the amino acidic sequence of NSPA with BLAST 

(Basic Local Alignment Search Tool), and we did not found homology with other 

known family of proteins. However, NSPA has some conserved protein domains that 

could help us to elucidate its function. These domains include an EF-hand domain, 

one anaphase promoter complex 10 (APC10) domain and two ZZ-type zinc finger 

domains (Segovia-Miranda et al 2015). EF-hand domains are Ca2+ binding sites 

found in more than 100 proteins, many of which function as Ca2+ sensors or Ca2+ 

buffers (Ikura 1996). Using Delta-Blast we found that APC10 domain is only present 

in E3 ubiquitin ligase proteins (Boratyn et al 2012). The APC10 domain was formerly 

described in the anaphase promotor complex (APC/C) (Hwang & Murray 1997), a 1,5 

MDa E3 ubiquitin ligase conformed by at least 12 subunits, and it likely mediates 

substrate interaction and recognition (Buschhorn et al 2011, Nourry et al 2004, 

Passmore et al 2003). ZZ-type zinc finger domains, named because of their ability to 

bind two zinc ions (Ponting et al 1996), contain 4-6 Cysteine residues that participate 

in zinc binding, these zinc fingers are thought to be involved in protein-protein 

interactions. The structure of the ZZ domain shows that it belongs to the family of 

cross-brace zinc finger motifs that include the PHD, RING, and FYVE domains 
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(Legge et al 2004). ZZ-type zinc finger domains are found in transcription factors, 

chromatin-remodeling complex, Dystrophin and its homologues and E3 ubiquitin 

ligases, among others (Gamsjaeger et al 2007, Hnia et al 2007, Nishito et al 2006, 

Wu et al 2010). Interestingly there are some E3 ubiquitin ligases like Cullin9/PARC 

and HERC2 that contain an APC10 domain and one or more Zinc finger domains 

(Garcia-Gonzalo & Rosa 2005, Kaustov et al 2007).  

NSPA distribution in hippocampus includes the postsynaptic region and partial 

colocalization with NMDAR at the surface of neurons (Segovia-Miranda et al 2015). 

By using an NSPA knock-in mouse (NSPAtr/tr), that express NSPA lacking both EH-

hand and APC10 domains, we determined that NSPA mediates the neuronal effects 

of anti-P, and that it is required for NMDAR function, LTP, and memory tasks. 

NSPAtr/tr mice perform poorly in the Morris water maze and memory flexibility tests 

reflecting an impaired hippocampal function. Furthermore, electrophysiology 

experiments showed that hippocampus of NSPAtr/tr mice has depressed NMDAR-

dependent transmission and impaired LTP (Segovia-Miranda et al 2015). This 

evidence suggests that NSPA may be an E3 ubiquitin ligase or a subunit of one that 

regulates NMDAR in glutamatergic synaptic transmission. 

N-methyl-D-aspartate receptor (NMDAR) 

Excitatory synapses in the mammalian brain occur mostly on dendritic spines, 

where receptors and downstream signaling enzymes are clustered in the postsynaptic 

density (PSD). The PSD is a cytoskeletal web beneath the plasma membrane that 

contains five classes of proteins: neurotransmitter receptors, cell-adhesion proteins, 

adaptor molecules, signaling enzymes and cytoskeletal proteins (Kennedy 2000).  
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The vast majority of synapses in the central nervous system (CNS) uses glutamate as  

neurotransmitter to produce rapid neuronal excitation (Nakanishi 1992). Glutamate 

released from presynaptic terminals activates several types of glutamate-gated ion 

channels on postsynaptic membranes, including α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) receptors and N-methyl-D-aspartate (NMDA) 

receptors (Rao & Finkbeiner 2007).  

AMPA receptors mediate most of the rapid excitatory transmission in the 

mature brain, while NMDA receptors require membrane depolarization to open 

because of a voltage-dependent Mg2+ block. During bouts of synaptic activity, AMPA 

receptor-mediated depolarization of the postsynaptic membrane facilitates activation 

of NMDA receptors, which mediates Ca2+ influx (Perez-Otano & Ehlers 2004, Rao & 

Finkbeiner 2007). This influx is critical for activity-dependent synaptic plasticity 

(Monyer et al 1992) and initiate Ca2+-dependent signaling pathways that modulate the 

surface presence of AMPA receptors (Ehlers 2000). AMPA receptors are composed 

of various combinations of four subunits (GluA1-GluA4), and only AMPA receptors 

that lack the GluA2 subunit are permeable to Ca2+ (Cull-Candy et al 2006), by 

contrast permeability to Ca2+ is a feature of all NMDA receptors (Rao & Finkbeiner 

2007).  

NMDA receptors are heterotetrameric complexes incorporating seven different 

subunits within a repertoire of three subtypes: the GluN1 subunit, four distinct GluN2 

subunits (GluN2A, GluN2B, GluN2C and GluN2D) and two GluN3 subunits (GluN3A 

and GluN3B) (Paoletti et al 2013, Paoletti & Neyton 2007), with two obligatory GluN1 

subunits (Laube et al 1998). Subunit composition of NMDA receptors changes during 
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development and varies in different regions of the mature brain (Paoletti et al 2013, 

Petralia et al 2005), for instance GluN1 subunit is expressed ubiquitously throughout 

the brain regions from embryonic stages to adulthood, GluN2A expression starts 

shortly after birth and rises to become widely and abundantly expressed in virtually 

every CNS area in the adult. GluN2B expression is maintained at high levels following 

birth, peaks around the first postnatal week and becomes progressively restricted to 

the forebrain, mainly to the hippocampus and cortex (Monyer et al 1994, Monyer et al 

1992). Different levels of synaptic NMDA receptor activation with corresponding 

degrees of calcium influx can lead to multiple effects, thus the number and 

composition of synaptic NMDAR must be under careful control and can be modulated 

by several factors (Barria & Malinow 2002, Wenthold et al 2003).  

Posttranslational regulation of NMDA receptors 

The cytoplasmic carboxyl termini of synaptic receptors have been shown to 

play critical roles in directing the trafficking to and stabilization at synaptic sites, 

particularly the cytoplasmic C-tails of GluN2A and GluN2B subunits of NMDAR 

contain distinct motifs that control their trafficking (Sanz-Clemente et al 2013). 

GluN2A and GluN2B are subjected to differential regulation by several 

posttranslational mechanisms in their C-tails, including ubiquitination (Jurd et al 2008, 

Yin et al 2011) and palmitoylation (Mattison et al 2012). However, the best-

characterized example is the modulation of NMDAR by phosphorylation, emerging as 

a key regulatory mechanism controlling NMDAR function, trafficking and interactions 

with cytosolic proteins (Chen & Roche 2007, Goebel-Goody et al 2009). 

Phosphorylation regulates the surface and synaptic expression of NMDARs in a 
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subunit-specific manner, providing a highly plastic and precise mechanism to 

accurately control different subunits in response to stimuli (Lussier et al 2015).  

Regulation of NMDAR by phosphorylation  

There is ample evidence that NMDAR function is regulated by a variety of 

protein kinases, including serine/threonine and tyrosine kinases (Chen & Roche 

2007). GluN2A and GluN2B subunits have been found to undergo active 

phosphorylation in serine/threonine residues, for instance PKC-mediated 

phosphorylation on Ser1416 residue of GluN2A decreases its binding affinity for 

aCaMKII (Gardoni et al 2001), Ser1480 residue of GluN2B is directly phosphorylated 

by casein kinase II (CKII), this residue is present in the PDZ ligand (ESDVCOOH) of 

GluN2B, when phosphorylated it reduces GluN2B interaction with PSD95 and 

synapse associated protein 102 (SAP102) regulating endocytosis of NMDARs 

(Chung et al 2004, Lee 2006). NMDARs are tightly and finely modulated by the 

counterbalanced activity of protein-tyrosine kinases and tyrosine phosphatases 

(Salter & Kalia 2004), GluN2 subunits contain several tyrosine phosphorylation sites 

that can be phosphorylated by non-receptor tyrosine kinases, Src and Fyn (Chen & 

Roche 2007, Kalia et al 2004, Kohr & Seeburg 1996). Internalization of GluN2A is 

regulated by phosphorylation of Tyr842 residue, which is part of a consensus 

endocytic motif (YXXØ) that is recognized by the clathrin adaptor AP-2, 

phosphorylation by Src prevents AP-2 interaction blocking the receptor internalization 

(Vissel et al 2001). In a similar manner, GluN2B phosphorylation at Tyr1472 prevents 

endocytosis enhancing NMDAR surface expression (Prybylowski et al 2005), and has 

been associated with synaptic enrichment of NMDARs (Goebel-Goody et al 2009). 
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This residue is also contained within an endocytic motif (Roche et al 2001), Tyr1472 

phosphorylation blocks AP-2 binding thus preventing endocytosis of the receptor and, 

therefore, increasing its surface expression (Lavezzari et al 2003, Prybylowski et al 

2005). Tyr1472 of GluN2B is specifically phosphorylated by the Src family tyrosine 

kinase Fyn (Nakazawa et al 2001) and dephosphorylated by Striatal-enriched protein 

tyrosine phosphatase (STEP), leading to internalization of NMDAR complexes (Kurup 

et al 2010, Venkitaramani et al 2011). 

NMDA receptors role in synaptic plasticity and memory 

NMDARs play a critical role in synaptogenesis, synaptic plasticity including 

experience-dependent synaptic remodeling and long-lasting changes in synaptic 

efficacy (Collingridge et al 2004, Wang et al 2006). For over a century, synaptic 

plasticity has been proposed to play a central role in the capacity of the brain to 

incorporate transient experiences into persistent memory traces (Citri & Malenka 

2008). The most extensively studied and therefore prototypic forms of synaptic 

plasticity are the long term-potentiation (LTP) and long-term depression (LTD) 

observed in the CA1 region of the hippocampus, which are triggered by activation of 

NMDARs during postsynaptic depolarization (Citri & Malenka 2008, Malenka & Bear 

2004). LTP and LTD are forms of activity-dependent synaptic plasticity believed to 

play important roles in learning and memory processes (Barria & Malinow 2005). 

Thus hippocampal NMDARs play an important role in learning and memory, 

especially in spatial memory (Cercato et al 2014, Iwamura et al 2016, Morris 1989).  
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NMDA receptors and adult neurogenesis 

Other process that is regulated by hippocampal neuronal activity levels is adult 

neurogenesis in the dentate gyrus subgranular zone (Deisseroth et al 2004). The 

dentate gyrus of the mammalian hippocampus continuously generates new neurons 

during adulthood, and they functionally integrate into the hippocampal circuitry 

(Goncalves et al 2016, Mu et al 2015), moreover it has been observed a positive 

correlation between hippocampal neurogenesis, LTP in dentate gyrus, learning and 

memory in mice (Singer et al 2011, Snyder et al 2001, Zhao et al 2008). The roles of 

NMDAR in regulating neurogenesis have been elusive, some studies have 

demonstrated that stimulation of NMDAR increases neurogenesis (Arvidsson et al 

2001, Deisseroth et al 2004)., others strongly suggest an important role of NMDARs 

in the survival of new neurons in the dentate gyrus, but not in the general mechanism 

of neuronal maturation (Tashiro et al 2006). Whereas other reports indicated that 

neurogenesis in the dentate gyrus is down-regulated by NMDAR activation, or up-

regulated by NMDAR inhibition (Cameron et al 1995, Hu et al 2008, Nacher & 

McEwen 2006). The contradictory results may be explained by the experimental 

conditions used, and also by the NMDAR subunit composition (Kheirbek et al 2012, 

Mu et al 2015), among other variables.  

Ubiquitin-proteasome system and synaptic function  

The covalent addition of ubiquitin to target proteins has been shown to mediate 

protein degradation, signal transduction, and membrane trafficking (Haglund & Dikic 

2005). The ubiquitin-proteasome system (UPS) is a complex proteolytic pathway that 

degrades proteins and has emerged as an important mechanism controlling normal 
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brain functions, including synapse maintenance, regulation and organization, as well 

as brain disorders (Hegde & DiAntonio 2002, Patrick 2006, Yi & Ehlers 2007). 

Postsynaptic plasticity can be modulated by the remodeling of the postsynaptic 

density (PSD) (Mabb & Ehlers 2010). It has been shown that synaptic activity 

regulates postsynaptic composition and signaling through degradation of postsynaptic 

proteins by the UPS (Ehlers 2003). UPS activity is required for LTP maintenance 

(Karpova et al 2006) and also for the formation of long-term memory in animals 

(Lopez-Salon et al 2001). 

The process of protein ubiquitination involves the covalent tethering of a small 

76 amino acid protein called ubiquitin to target proteins and occurs in a sequential, 

ATP-dependent reaction involving three enzymes: an E1 activating enzyme, an E2 

conjugating enzyme and an E3 ubiquitin ligase which catalyzes ubiquitination of 

specific targets (Glickman & Ciechanover 2002, Pickart 2001). Monoubiquitination 

usually marks the protein substrates in the plasma membrane for endocytosis; 

poliubiquitination marks proteins for degradation by the proteasome (Glickman & 

Ciechanover 2002, Hegde 2004). 

E3 ubiquitin ligases 

E3 ubiquitin ligases binds to both the E2-Ub thioester and the substrate and 

promote ubiquitin transfer onto a specific protein, playing a crucial role in target 

specificity (Berndsen & Wolberger 2014). In human these ligases comprise over 600 

different proteins, in contrast with the two E1 and the estimated 40 E2, consistent with 

their role in conferring specificity and regulation to ubiquitination (Li et al 2008, 

Metzger et al 2014). A few E3 ligases have emerged as regulators of diverse 
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processes in neurons (Yamada et al 2013b), a prominent example is the APC/C, this 

RING E3 ubiquitin ligase has been implicated in axon growth regulation (Stegmuller 

et al 2006), neurogenesis (Delgado-Esteban et al 2013) and synaptic transmission 

and plasticity (Fu et al 2011). There are three major classes of eukaryotic E3 ligases: 

Really Interesting New Gene (RING)-type E3s, Homologous to E6-AP C-Terminus 

(HECT)-type E3s, and RING-in-between-RING (RBR) E3s (Dove et al 2016). 

RING E3 ligases 

RING ligases are defined by the presence of a RING (or RING-like) domain, a 

zinc finger type domain and constitute the vast majority of known E3s (Deshaies & 

Joazeiro 2009). RING domains consists of seven cysteine residues and one histidine 

residue forming a single folded domain that coordinate two Zn2+ ions in a cross-

braced arrangement to create a platform for binding of E2s (Borden et al 1995). RING 

ligases serves as scaffolds that facilitate direct transfer of ubiquitin from the E2 to the 

target protein (de Bie & Ciechanover 2011) (Figure 1). Within the family of RING 

ligases there are single-chain enzymes, homodimers and heterodimers, and also 

there are RING ligases that exist as multi-subunits assemblies (Berndsen & 

Wolberger 2014, Deshaies & Joazeiro 2009). 

HECT E3 ligases 

HECT E3 ligases are characterized by the presence of a ∼350-residue region, 

called HECT domain (homologous to E6-AP C-Terminus), which is a strictly 

conserved cysteine residue positioned ∼35 residues upstream of the C terminus 

(Zhang et al 2009). The HECT domain contains an active cysteine residue to which 

ubiquitin binds prior to its transfer to the substrate, forming a thioester with ubiquitin 
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(Huibregtse et al 1995) (Figure 1). This ubiquitin is subsequently transferred to a 

lysine residue of a substrate molecule (Al-Hakim et al 2012). 

RING-in-between-RING (RBR) E3 ligases 

RBR E3 ligases contain a highly conserved catalytic unit consisting of a 

RING1, an in-between RING (IBR) also called BRcat, and a RING2 domain also 

known as Rcat (Spratt et al 2014, Wenzel et al 2011). RBR E3 ligases share some 

features with both RING and HECT E3 ligases family, the ubiquitin transfer is initiated 

by the interaction of an E2-Ub with the RBR, similar to the interaction between E2s 

and classical RING E3-ligases, this interaction is used to facilitate the formation of a 

HECT-like thioester intermediate between the C-terminus of the ubiquitin and an 

active cysteine on RING2 before it is coupled to its substrate (Marin et al 2004, Smit 

et al 2012) (Figure 1). An intact RBR domain is necessary for efficient E3-ligase 

functioning, however Parkin IBR-RING2 can mediate the formation of ubiquitin 

linkages in the absence of RING1 (Chew et al 2011, Matsuda et al 2006). 
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HYPOTHESIS 

 
 

NSPA regulates NMDA receptors function through posttranslational modifications. 
 
 
 
 

GENERAL OBJECTIVE 
 

 
To define NSPA function in posttranslational modifications, expression levels and 

function of NMDA receptors in mice hippocampus. 

 
 
 
 

SPECIFIC OBJECTIVES 

 
 

1. To analyze NSPA function in NMDAR expression levels and function. 

 

2.  To study NSPA function in posttranslational modifications and synaptic 

abundance of NMDAR. 

 

3.  To evaluate NSPA as a possible E3 ubiquitin ligase.  
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MATERIALS AND METHODS 

 

Antibodies. The following antibodies were used: mouse anti-GluN1 (Cat.#75-

272), mouse anti-GluN2A (Cat.#75-288), mouse anti-GluN2B (Cat.#75-101), mouse 

anti-GluA1 (Cat.#75-327), mouse anti-GluA2 (Cat.#75-002) and mouse anti-PSD95 

(Cat.#75-028) from UC Davis/NIH/NeuroMab Facility (UCLA, Davis, CA, USA, USA), 

rabbit anti-phospho-GluN2B(Tyr1472) (Cat.#4208) (Cell Signaling Technology), rabbit 

anti-Synapsin I (Cat.#ab8) (Abcam), mouse anti-FYN (Cat.#sc-434) (Santa Cruz 

Biotechnology), mouse anti-STEP (Cat.#05-730) (Merck Millipore), rabbit anti-PTPN4 

(Cat.#10818) (Allele Biotechnology), mouse anti-ubiquitin P4D1 (Cat.#sc-8017) 

(Santa Cruz Biotechnology), rabbit anti-ZZEF1 (Cat.#ab176594) (Abcam), affinity-

purified rabbit anti-APC10, rat anti-BrdU (Abcam), rabbit anti-mcherry 

(Cat.#ab167253) (Abcam), rabbit anti-Doublecortin (Cat.#460467) (Cell Signaling 

Technology), mouse anti-Nestin (Cat.#ab11306) (Abcam), rabbit anti-Arc 

(Cat.#203056) (Abcam) and rabbit anti-Ki67 (Cat.#ab15580) (Abcam), mouse anti-

GAPDH (Cat.#CB1001) (Millipore) and mouse anti-β-actin (Cat#ab6276) (Abcam). 

Primary antibodies for immunoblot were recognized with horseradish peroxidase 

(HRP)-conjugated antibodies (Rockland). As secondary antibodies for 

immunofluorescence Alexa (Molecular Probes) and DyLight (Abcam) conjugated 

antibodies were used.  
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Lac-Z knockout mice, genotyping and NSPA expression. Mice were 

maintained under conditions of strict confinement, which included automatic control of 

temperature (21ºC) and photoperiod (12 h light / 12 h dark). Animals were housed at 

the Animal Facility of the Facultad de Ciencias Biológicas, Pontificia Universidad 

Católica de Chile. C57BL/6NTac Zzef1tm2.1(KOMP)vlcg (here called NSPA-/- or NSPA KO) 

mice were generated from C57BL/6NTac mice engineered in Regeneron 

Pharmaceuticals Inc., New York, using Velocigene technology) (Valenzuela et al 

2003) for replacing the entire coding region of the mouse Zzef1 gene (128 kb) with 

ZEN-UB1 Cassette containing the LacZ gene that encodes β-galactosidase. Details 

of the NSPA KO mice and PCR genotyping assay, including the predicted PCR 

products and the primers, are available at the Velocigene website 

(http://www.velocigene.com/komp/detail/10007). NSPA mRNA expression was 

assessed by RT-PCR with the following primers: exons 4-5 

(TATAGAAACGTCCTCCAACCC and GCTTCATCTTCAAACGTATCCA), exons 20-

22 (GTCAACTGGTCATCTTCCTG and TCACACCTCTCATCAAATTCCA), exons 50-

52 (TAGTGACTTTCAGCAGGACC and GATCTCAAACCCTGTCTGGA) for mice 

mRNA.  

Brain β-gal staining. Brains fixed by perfusion in 4% paraformaldehyde (PFA) 

in PB buffer (0.1M phosphate buffer, pH 7.4) were processed for β-gal staining 

(Poueymirou et al 2007).  

Electron microscopy. Immunogold labeling was performed in tissue fixed with 

glutaraldehyde 2.5% in 0.1 M cacodylate buffer, pH 7.2 for 6 hours at room 

temperature and washed with sodium cacodylate buffer 0.1M, pH 7.2 for 18 hours at 
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4 °C, post-fixed with osmium tetroxide aqueous 1% for 90 min and stained with uranyl 

acetate aqueous 1% for 60 min. Tissues dehydrated and pre-embedded with 

epon:acetone 1:1 were finally embedded in epon, sectioned in Sorvall MT-5000 

ultramicrotome and stained with uranyl acetate 4% in methanol for 2 min and lead 

citrate for 5 min.  

Subcellular fractionation of mice hippocampi and immunoblotting. 

Hippocampi of WT or NSPA KO mice were dissected on ice and homogenized in 

homogenization buffer (0.32M sucrose, 0.5mM EGTA, 5mM Hepes, pH 7.4) 

supplemented with 4 mg/ml leupeptin, 4 mM PMSF, 4 mg/ml pepstatin, 25mM NaF, 

100mM Na3VO4 and when specified with 25µM MG-132, using a Potter homogenizer, 

homogenates were centrifuged twice at 1.000 x g for 10 min at 4ºC (H). Subcellular 

fractionation was performed following the method of Wyneken et al. 2001 (Wyneken 

et al 2001). The supernatant (S1) was centrifuged at 12.000 x g for 20 min at 4ºC to 

obtain the crude synaptosomal membrane fraction (P2). Synaptosomes were 

collected from the first sucrose gradient at 1/1.2 M interphase and submitted to a 

hypo-osmotic shock to release intracellular organelles. Synaptic membranes were 

collected from the second sucrose gradient at the 1/1.2 M interphase and delipidated 

in 1% Triton to yield PSDs. Protein concentrations were determined using the BCA 

assay (Pierce, Thermo Fisher Scientific). Samples were resolved by SDS-PAGE, 

followed by immunoblotting on nitrocellulose membranes. Western blot assays were 

made as described (Matus et al 2007, Serrano et al 2014).  
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Immunoprecipitation. For immunoprecipitation of PTPN4, PSD95 and STEP, 

the crude synaptosomal membrane fraction (P2) from WT or NSPA KO mice 

hippocampi were solubilized in lysis buffer (50 mM Tris·HCl (pH 8.0), 150 mM NaCl, 2 

mM EDTA, 1% Triton X-100), immunoprecipitation was performed with either 1 ml of 

PTPN4 antibody or 10 ml of STEP antibody prebound to protein G-agarose. Beads 

were washed three times with lysis buffer, and immunoprecipitated proteins were 

eluted with SDS sample buffer for subsequent immunoblotting.  

Behavioral Tests. Memory flexibility test: A modification of Morris water maze 

protocol was applied, in which memory retrieval must be selective for a recent 

episode while long-term memory potentially causes interference (Chen et al 2000, 

Serrano et al 2014). This water maze protocol requires of up to 15 trials of the rodents 

to learn to escape onto the hidden platform at one location, and then, the platform is 

move to a new point. Different areas are used successively during 4 days. As 

previously described, in such day earlier positions of the platform are encoded in 

long-term memory, potentially causing interference in the next day. (Chen et al 2000) 

Up to 15 training trials were performed per day until the criterion of 3 successive trials 

with an escape latency of <20 s was met. Upon testing completion, the mouse was 

gently removed from the maze and returned to its cage. 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). 

Open field test: WT and NSPA KO mice were placed in a 40×40×40cm box and 

recorded of their horizontal locomotor activity for 10 min. The center zone line was 

10cm apart from the edge. Data were collected using a video tracking system coupled 
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to Honestech TVR 2.5 program and analyzed off-line in ANY-MAZE software 

(Stoelting Co, Wood Dale, IL, USA). 

Novel object recognition test: WT and NSPA KO mice were habituated to an open-

field box for 10 min on day 1, on day 2 they were presented with two identical objects 

for 10 min, then he mice was removed and four hours later (delay) one of the objects 

was replaced with a novel one. Mice were allowed to explore freely during 10 min. 

Object recognition was measured by the amount of time during which the nose of the 

mouse pointed the object. 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).   

 BrdU administration and immunofluorescence. 5-Bromo-2′-deoxyuridine 

(BrdU, Sigma) was injected intraperitoneally (100mg/kg) to mice (8 weeks) for 3 days. 

Fourthteen days after the last injection, mice were perfused with 4% 

paraformaldehyde. Immunodetection of BrdU and neuronal markers in tissue sections 

was carried out as previously described (Abbott et al 2013). BrdU and Ki67 positive 

cells were counted using a fluorescence microscope (Olympus BX51, Tokyo, Japan) 

as described (Abbott et al., 2013). Double-labeled sections were analyzed by 

confocal laser microscopy (Olympus FV 1000). Image analysis and z-projections 

were made with ImageJ software (NIH, USA). 

 Electrophysiology. Field excitatory post-synaptic potential (fEPSP). 

Transverse slices (400 µm) from the dorsal hippocampus of two-month-old mice were 

prepared, maintained and processed for electrophysiology according with 

standardized procedures as previously described (Cerpa et al 2010) adding picrotoxin 
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(PTX; 10 µM) to suppress inhibitory GABA transmission. Recordings were filtered at 

2.0–3.0 kHz, sampled at 4.0 kHz using an A/D converter (National Instrument, Austin, 

TX, USA), and stored with the WinLTP program. The basal excitatory synaptic 

transmission was measured using an input/output curve protocol, which consisted of 

eight stimuli ranging from 200 to 900 µA (the interval between stimuli was 10 s). 

Input-output curves were performed either in ACSF supplemented with 50 µM APV 

inhibitor of NMDAR or in ACSF lacking magnesium and supplemented with 10 µM 

NBQX inhibitor of AMPAR to measure the responses of AMPAR and NMDAR 

respectively. To generate LTP, we used high-frequency stimulation (HFS), which 

consisted of 3 or 4 trains of 100 pulses at 100 Hz of stimuli with an inter-train interval 

of 20 s. Data were collected and analyzed offline with pClamp 10 (Molecular Devices, 

San Jose, CA, USA).  

 Cell-Based Ubiquitination. HEK293 cells were transfected with NSPA-

mcherry and myc-6xHis-ubiquitin, and 24 h after transfection subjected to a His-

ubiquitin based assay as described (Tatham et al 2009) with minor modifications. 

Briefly, cells were harvested in ice-cold PBS, pelleted for 10 minutes at 3,000 rpm, 

resuspended in buffer A2 (6 M guanidine chloride, 0.1 M Na2HPO4/NaH2PO4, and 

10 mM immidazole, pH 8.0) and incubated with 100 ml of Ni-NTA agarose (QIAGEN, 

Valencia/CA, www.qiagen.com) for 3 hours at room temperature. After binding, Ni-

NTA beads were washed twice with buffer A2, twice with buffer A2/TI (1 volume of 

buffer A2 and 3 volumes of buffer TI) and once with buffer TI (25 mM Tris-HCl, 20 mM 

imidazole, pH 6.8). Proteins were eluted with buffer ETI (50 mM Tris-HCl, 20 mM 

imidazole, pH 6.8) and analyzed by SDS-PAGE and Western blotting. 
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 Statistical Analysis. The software GraphPad PRISM Version 6.0c (San 

Diego, CA) was used for statistical analysis. Data are presented as the mean ± S.E.M 

values and differences were analyzed with the Student’s t-test, one-way ANOVA or 

two-way ANOVA, as indicated. Statistical significances correspond to *P≤0.05, 

**P≤0.01, ***P≤0.001, ****P≤0.0001. 
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RESULTS 

 

1.NSPA function in NMDA receptor expression levels and function. 

 Previous work showed that NSPA knock-in mice (NSPAtr/tr) expressing a 

truncated form of NSPA lacking the EF-hand and anaphase promoter complex 10 

(APC10) domains perform poorly in the Morris water maze and memory flexibility 

tests and also displayed depressed NMDAR-transmission and impaired LTP 

(Segovia-Miranda et al 2015). These results suggested that NSPA is some how 

required for NMDAR function and synaptic plasticity. However, we cannot discard 

unnoticed effects of the truncated version of NSPA. We now have knockout mice 

lacking any form of NSPA expression in which we decided to re-evaluate the 

phenotype regarding NMDAR expression levels and function in hippocampus.  

1.1 NSPA knockout mice (NSPA-/-) and NSPA expression in the brain. 

 In the NSPA full knockout mice (NSPA-/-; Zzef1tm2.1(KOMP)vlcg), the 55 exons of 

the NSPA-encoding gene Zzef1 have been replaced with a β-gal cassette. We 

corroborated the lack of NSPA expression by analyzing different brain regions with 

reverse transcriptase-PCR (Figure 2B) with three primer pairs for different exons 

(Figure 2A). NSPA mRNA is expressed in various brain regions of wild type mice, 

including olfactory bulb, hippocampus, cortex and cerebellum, whereas NSPA mRNA 

was undetectable in NSPA-/- mice (Figure 2B). Immunoblots using commercial anti-

ZZEF1 and our anti-APC10 antibodies, which gave positive reaction in MDCK cells 

transfected with NSPA-GFP, also demonstrated lack of NSPA expression in NSPA-/- 

mice (Figure 2C). Both anti-ZZEF1 and anti-APC10 antibodies recognize an epitope 
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that is absent in the truncated version of NSPA, unfortunately we do not have an 

antibody that recognizes NSPA truncated thus we could not differentiate between 

NSPA knockout and NSPA knock-in mice by immunoblot. β-gal staining reflecting the 

activity of NSPA promoter previously showed high levels of NSPA expression in 

hippocampus, although restricted to the CA1 and dentate gyrus of the dorsal 

hippocampus and absent from dorsal CA3 (Segovia-Miranda et al 2015). We 

corroborated this expression pattern by in the NSPA-/- mice (Figure 2D). 
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1.2 NSPA transgenic mice display decreased expression of GluN2A and 

GluN2B NMDAR subunits in hippocampal synaptic region. 

 Given the alterations in glutamatergic synaptic plasticity and hippocampal-

dependent memory in the NSPAtr/tr mice and NSPA possible role as an E3 ubiquitin 

ligase we evaluated the expression levels of synaptic proteins in NSPA+/+, NSPAtr/tr 

and NSPA-/- mice hippocampus. Immunoblot analyses of hippocampal lysates 

showed no significant differences in synaptic receptors and scaffolding proteins in 

NSPA+/+ and NSPA-/- mice (Figure 3A and C). However, we found significant 

decreased expression of GluN2A and GluN2B NMDAR subunits in NSPAtr/tr mice 

whole hippocampal lysates (Figure 3B and C), without changes in the expression of 

AMPAR and other analyzed synaptic proteins. Because we found a decrease in 

GluN2 subunits in NSPAtr/tr mice, we analyzed by semiquantitative RT-PCR NMDAR 

subunits mRNA expression. The levels of GluN2A and GluN2B mRNA were 

unchanged in the hippocampus of NSPAtr/tr mice (Figure 4). Therefore, GluN2A and 

GluN2B decrease in NSPAtr/tr mice whole hippocampus seems not be due to a 

decreased transcription.  

 To evaluate the expression of synaptic proteins in the synaptic region we 

isolated synaptosomes from NSPA+/+, NSPAtr/tr and NSPA-/- mice hippocampus. First 

we characterized the synaptosomes preparation analyzing synaptic markers like 

PSD95, synapsin-1 and NMDAR subunits in the crude hippocampal extract (H), 

supernatant obtained from hippocampal extract centrifugation (S2), crude 

synaptosomal membranes (P2) and pure synaptosome fraction (PSF). The pure 

synaptosome fraction showed enrichment in these markers (Figure 5). When we 
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compared the expression levels of synaptic proteins in hippocampal synaptosomes 

we found a significant decreased expression of GluN2A and GluN2B subunits of 

NMDAR in both NSPAtr/tr and NSPA-/- mice hippocampal synaptosomes compared to 

NSPA+/+ mice (Figure 6B, C and D). These data indicated that NSPA is required for 

NMDAR expression levels at the synaptic region. Differences found in GluN2 

expression levels in whole hippocampus between NSPAtr/tr and NSPA-/- may be due 

to the expression of a truncated version of NSPA.  
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1.3 NSPA knockout mice have impaired hippocampal-dependent tasks. 

 Our previous studies showed that NSPAtr/tr mice have impaired NMDAR-

mediated neurotransmission accompanied by a decreased synaptic plasticity of SC-

CA1 synapses (Segovia-Miranda et al 2015). Collaborative experiments carried out in 

Dr. Waldo Cerpa’s laboratory analyzed electrophysiological input-output analysis for 

synaptic strength and LTP assays registering fEPSP in the Schaffer collateral-CA1 

pathway (SC-CA1 synapses) and the medial perforant pathway synapses on DG 

granule cells (MPP-DG synapses) in ex vivo hippocampal slices of NSPA+/+ and 

NSPA-/- mice. Similar to our previous description in NSPAtr/tr mice (Segovia-Miranda 

et al 2015), NSPA-/- mice also showed a decreased magnitude of LTP compared with 

wild-type mice (Annex Figure 1A). The paired pulse facilitation assay showed no 

alterations in presynaptic activity in SC-CA1 synapses of NSPA-/- mice (Annex Figure 

1B). NSPA-/- SC-CA1 synapses also showed normal input-output curve (Annex Figure 

1C). NMDAR activity was analyzed in SC-CA1 synapses of NSPA+/+ and NSPA-/- 

mice measuring the sensitivity to AP-V, an NMDAR competitive antagonist (Brady et 

al 1994). AP-V application had a smaller inhibitory effect in NSPA-/- slices SC-CA1 

synapses compared with NSPA+/+ slices (Annex Figure 1D). This result suggests an 

impaired NMDAR-mediated transmission, which correlates with the decreased LTP 

observed in NSPA-/- SC-CA1 synapses. In MPP-DG synapses of NSPA-/- mice 

decreased LTP was observed compared with wild-type mice (Annex Figure 2A), with 

normal paired pulse facilitation (Annex Figure 2B). Increased input-output responses 

were found in NSPA-/- compared with wild-type mice (Annex Figure 2C), meaning an 

increase in basal synaptic transmission. This unexpected result does not correlate 
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with decreased LTP, LTP is NMDAR-dependent while basal synaptic transmission 

correspond to AMPA/Kainate receptor-mediated synaptic responses, thus this result 

may be due to an increase in transmission mediated by these receptors. 

 Theoretical and experimental studies implicate hippocampal LTP with memory 

and learning (Barnes & McNaughton 1985, Berger 1984, McNaughton et al 1986). 

Indeed, glutamatergic dysfunctions can affect hippocampal-dependent memory 

(Morris 1989, Yamada et al 2015). We performed two different behavioral tests that 

involve hippocampal function and a third test to evaluate locomotion, exploration and 

anxiety in NSPA+/+ and NSPA-/- mice. We tested a modified spatial memory paradigm 

task to evaluate episodic-like memory (memory flexibility) (Chen et al 2000). NSPA-/- 

mice performed poorly in this test (Figure 7A). Additionally, we evaluated animals 

using a recognition memory test (novel object recognition; NOR) (Cohen et al 2013, 

Cohen & Stackman 2015). NSPA-/- mice exhibited decreased preference for the novel 

object, contrasting with the significant preference for the novel object shown by 

NSPA+/+ mice (Figure 7B). Then, we applied an open field (OF) test, used to measure 

locomotor and anxiety-like behaviors (Carola et al 2002), we found that NSPA-/- mice 

have normal locomotor activity, as measured by the total distance moved (Figure 8A), 

and spend the same amount of time in the center region of the OF arena that NSPA+/+ 

mice (Figure 8A), thus not displaying anxiety-like behaviors. Vision capability of 

NSPA-/- mice did not differ from wild-type mice, as determined by Morris water maze 

visible platform (Figure 8B). Therefore, the NSPA-/- mice have impaired hippocampal-

dependent memory without showing anxiety-like behaviors or altered locomotor 

activity. 
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1.4 Decreased proliferation of neural progenitors in dentate gyrus of 

NSPA knockout mice.  

 Adult neurogenesis has been suggested to be relevant for hippocampal 

functions such as spatial learning, object recognition and memory (Deng et al 2010, 

Goncalves et al 2016). In the hippocampus, adult neurogenesis is restricted to the 

subgranular zone (SGZ) of the dentate gyrus (DG) (Zhao et al 2008), and is known to 

regulate synaptic plasticity (Drew et al 2013). Thinking that impaired hippocampal 

function and LTP observed in the DG region of NSPA-/- mice might be associated with 

alterations in the adult neurogenesis, we compared cell proliferation by 

immunostaining for the mitotic marker Ki67 (Kee et al 2002) and BrdU, a thymidine 

analog (Wojtowicz & Kee 2006) in the hippocampus of 2-month-old NSPA+/+ and 

NSPA-/- mice. NSPA-/- mice showed a significant decrease in the total number of Ki67 

positive cells (Figure 9A) and in the total number of BrdU positive cells (Figure 9B) in 

the SGZ compared with wild-type mice. These results indicate that NSPA-/- mice have 

decreased proliferation of hippocampal neural progenitor cells in vivo. 

 We also evaluated neuronal activity in the SGZ of NSPA+/+ and NSPA-/- mice 

by immunostaining for Arc protein, which is expressed by glutamatergic neurons in 

response to an increase in synaptic activity (Ramirez-Amaya et al 2005). Arc 

synthesis is required for LTP and synaptic plasticity is associated with the induction of 

Arc translation, thus being used as a tool to study synaptic activity (Korb & Finkbeiner 

2011, Messaoudi et al 2007). NSPA-/- mice showed a significant decrease in the total 

number of Arc positive cells (Figure 10A), suggesting less synaptic activity in the SGZ 

of NSPA-/- mice. 
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 Then, we evaluated differentiation of newborn cells into neurons using 

immunostaining for BrdU and the immature neuronal marker doublecortin (DCX) 

(Kempermann et al 2003). The percentage of the BrdU+ cells that are also DCX+ was 

not significantly different in NSPA-/- mice (Figure 10B). Therefore, NSPA-/- mice have 

decreased proliferation of hippocampal neuron progenitors but unaffected 

differentiation of BrdU+ cells into DCX+ neuroblast. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	 43	

 



	 44	

 

 



	 45	

2. NSPA function in posttranslational modifications and postsynaptic 

abundance of NMDAR. 

Posttranslational modifications of NMDAR, including ubiquitination and 

phosphorylation, alter both the activity and trafficking properties of the receptor (Chen 

& Roche 2007, Mabb & Ehlers 2010, Mao et al 2011, Qiu et al 2011). Particularly 

phosphorylation of cytoplasmic C-tails of GluN2A and GluN2B subunits of NMDAR 

has emerged as a key regulatory mechanism to regulate NMDAR function, trafficking 

and interactions with cytosolic proteins, modulating NMDARs postsynaptic 

abundance (Chen & Roche 2007, Lussier et al 2015). Since we found decreased 

expression of GluN2 NMDAR subunits and impaired LTP in NSPA transgenic mice, 

we studied the postsynaptic abundance of NMDAR and posttranslational 

modifications that can regulate NMDARs localization in those mice.  

2.1 Reduced postsynaptic abundance of GluN2A and GluN2B NMDAR 

subunits in NSPA knockout mice.  

 LTP involves NMDAR-mediated postsynaptic calcium influx leading to 

biochemical and protein trafficking processes that ultimately result in postsynaptic 

recruitment of AMPAR (Citri & Malenka 2008, Rao & Finkbeiner 2007). Impaired LTP 

is most likely due to postsynaptic deficits in synaptic function and/or a reduction in the 

number of functional synapses (Citri & Malenka 2008). Therefore, we isolated 

hippocampal postsynaptic densities (PSD) from NSPA+/+, NSPAtr/tr and NSPA-/- mice 

to evaluate the abundance of glutamatergic receptors only at the postsynaptic region. 

We verified the purity of isolated hippocampal PSD by western blot using the 

presynaptic marker VGlut1 and postsynaptic marker PSD95 (Figure 11), the absence 
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of presynaptic marker in the PSD fraction showed the purity of the PSD preparation. 

According to what we observed in synaptosomes, we found decreased expression of 

GluN2A and GluN2B subunits of NMDAR in the PSD of both NSPAtr/tr (Figure 12A) 

and NSPA-/- (Figure 12B) mice, without changes in other synaptic proteins. We do not 

have significance in the experiment with NSPAtr/tr since we only had one preparation 

of hippocampal PSD from NSPAtr/tr mice, but the effect was the same as in 

hippocampal PSD from NSPA-/-. 
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2.2 Undetectable GluN2B ubiquitination in mice hippocampus. 

Although GluN2A and GluN2B subunits can be ubiquitinated (Jurd et al 2008, 

Nelson et al 2006), only for GluN2A, ubiquitination has been demonstrated in neurons 

(Yin et al 2011). To evaluate GluN2 ubiquitination levels we used a GST pulldown 

assay for ubiquitinated proteins. First we characterized the GST pulldown assay, we 

used GST fusions with Ubiquilin-1 (Ubqln1) or Ubiquilin-1 without UBA domain 

(Ubqln1 w/UBA). Ubiquilin-1 interacts with ubiquitin chains via its UBA domain (Ko et 

al 2004). Using hippocampal P2 fraction of NSPA+/+, NSPAtr/tr and NSPA-/- mice, we 

determined by immunoblot with anti-Ubiquitin antibody that Ubqln1 but not Ubqln1 

w/UBA precipitates ubiquitinates proteins (Figure 13A). Then hippocampal P2 fraction 

of NSPA+/+, NSPAtr/tr and NSPA-/- mice was subjected to GST pulldown for 

ubiquitinated proteins, eluted proteins were probed with GluN2B antibody for the 

presence of GluN2B, we could not detect ubiquitination in GluN2B subunits in mice 

hippocampal extracts (Figure 13B).  
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2.3 Decreased phosphorylation of NMDAR GluN2B subunit at a Tyr 

residue known to regulate its surface expression. 

Then we focused in tyrosine phosphorylation, a posttranslational modification 

that regulates surface and synaptic expression of NMDARs (Chen & Roche 2007, 

Lussier et al 2015, Prybylowski et al 2005). GluN2 subunits contain several tyrosine 

phosphorylation sites that can be phosphorylated (Chen & Roche 2007, Kalia et al 

2004, Kohr & Seeburg 1996), for instance phosphorylation of GluN2B subunit at 

Tyr1472 prevents endocytosis leading to enhanced NMDAR surface expression at 

the synaptic zone (Prybylowski et al 2005, Xu et al 2006), and phosphorylated 

Tyr1336 is associated with the enrichment of the receptor in extrasynaptic 

membranes (Goebel-Goody et al 2009). We tried to evaluate the tyrosine 

phosphorylation status of GluN2B subunit in hippocampal P2 fraction of NSPA+/+, 

NSPAtr/tr and NSPA-/- mice by immunoprecipitation with anti-GluN2B antibody and 

immunoblot with anti-phosphotyrosine antibody. We detected phosphorylated tyrosine 

residues of GluN2B that included those proposed that promote enrichment in synaptic 

(Tyr1472) and extrasynaptic (Tyr1336) membranes among others. Thus, this 

technique does not differentiate between synaptic and extrasynaptic subpopulations 

(Figure 14A). The decreased synaptic levels of GluN2B found in both NSPAtr/tr and 

NSPA-/- mice led us to compare GluN2B Tyr1472 phosphorylation levels in the 

hippocampus of NSPA+/+, NSPAtr/tr and NSPA-/- mice. Immunoblot analysis of the 

hippocampal crude synaptosomal membrane fraction (P2) with antibody specific to 

pTyr1472 revealed a decreased phosphorylation of GluN2B Tyr1472 in NSPAtr/tr and 

NSPA-/- mice (Figure 14B, C and D). These results suggest that deregulation of the 
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phosphorylation status of GluN2B Tyr1472 might account for its decreased levels at 

the PSD, as reported in other conditions (Prybylowski et al 2005, Won et al 2016, Xu 

et al 2006). 

Phosphorylation of GluN2B Tyr1472 residue is catalyzed by Fyn kinase 

(Nakazawa et al 2001), whereas its dephosphorylation involves STEP61 phosphatase, 

which in turn is mainly regulated by ubiquitination (Kurup et al 2010). Therefore, we 

examined both Fyn and STEP61 expression levels in synaptosomal P2 fraction, the 

last in the absence and presence of the proteasome inhibitor MG-132 (25µM). 

Immunoblots of Fyn and STEP61 showed similar mass levels in NSPA+/+ and NSPA-/- 

synaptosomal P2 fractions (Figure 15A and B). 
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2.4 PTPN4 tyrosine phosphatase interacts with GluN2 NMDAR subunits 

and is increased in hippocampus of NSPA knockout mice. 

PTPN4 tyrosine phosphatase, also known as PTPMEG, has been shown to 

interact with NMDAR subunits such as GluN2A (Hironaka et al 2000) and to modulate 

downstream signaling of glutamate receptors through changes in the phosphorylation 

of GluD2 and GluN2 subunits of NMDAR (Hironaka et al 2000, Kina et al 2007, 

Kohda et al 2013). Interestingly, a reported yeast two-hybrid wide-screen (Stelzl et al 

2005) analysis of human proteins reported PTPN4 phosphatase as a potential NSPA 

interacting protein. 

PTPN4 is expressed in mouse brain, particularly in thalamus, cerebellum, 

olfactory bulb, cortex and hippocampus (Hironaka et al 2000) and it has been shown 

to interact with NMDAR subunits such as GluN2A in mouse telencephalon (Hironaka 

et al 2000). We examined whether PTPN4 interacts with NMDAR subunits GluN2A 

and GluN2B in mouse hippocampus. We carried out co-immunoprecipitation 

experiments with an antibody directed against PTPN4 using crude synaptosomal 

membrane (P2) fraction from wild type mice hippocampus. We detected GluN2A and 

GluN2B subunits in the anti-PTPN4 immunoprecipitates (Figure 16A), suggesting that 

PTPN4 interacts with GluN2A and GluN2B in vivo. We found that GluN2B co-

immunoprecipitates with PTPN4 only in wild type mice hippocampus, but not in 

NSPAtr/tr or NSPA-/- hippocampus (Figure 16B). This result may be due to a lower 

availability of GluN2B to interact with PTPN4 in NSPA transgenic mice.  

Then we examined PTPN4 expression levels in hippocampal P2 fraction of 

NSPA+/+ and NSPA-/- mice in absence or presence of the proteasome inhibitor MG-
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132 (25µM). Strikingly, we found an increased mass of PTPN4 in NSPA-/- mice 

compared with wild type mice only in the absence of MG-132 (Figure 16C). The 

presence of MG-132 shielded the difference. Therefore, in the absence of NSPA, an 

increased PTPN4 levels very likely accounts for the decreased phosphorylation of 

GluN2B at Tyr1472. These results also imply that NSPA regulates the levels of 

PTPN4 through the ubiquitin proteasome system. 
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3. Evidence of NSPA as an E3 ubiquitin ligase. 

Ubiquitination is an important posttranslational modification involved in the 

regulation of glutamatergic transmission and synaptic plasticity (Ehlers 2003, Fu et al 

2011, Lin & Man 2013, Mabb & Ehlers 2010). In a previous work we presented 

evidence indicating that NSPA is somehow necessary for a normal glutamatergic 

transmission and has structural characteristics of E3 ubiquitin ligases (Segovia-

Miranda et al 2015). We found alterations in NMDAR-mediated transmission, synaptic 

plasticity and spatial memory in NSPA knock in mice (NSPAtr/tr) which express a 

truncated form of NSPA lacking the EF-hand and anaphase promoter complex 10 

(APC10) domains (Segovia-Miranda et al 2015). E3 ubiquitin ligases are 

characterized by one of several defining motifs including RING, U-box, F-box, PHD 

and HECT, among others (Freemont 2000, Metzger et al 2014, Rotin & Kumar 2009). 

Therefore, an important aim in this work was to obtain experimental evidence 

supporting a role of NSPA as E3 ubiquitin ligase.  

3.1 NSPA functional domains and predicted topology. 

We proposed that NSPA might be an ubiquitin ligase based on its anaphase 

promoter complex 10 (APC10) domain, as this APC10 domain has only been found in 

proteins that are or are part of E3 ubiquitin ligases (Segovia-Miranda et al 2015). In 

addition to APC10, NSPA also contains two ZZ-type zinc finger domains (Figure 

17A), which belongs to the same Zinc finger family as PHD, RING, and FYVE 

domains (Legge et al 2004) and are present in some E3 ubiquitin ligases (Araki & 

Milbrandt 2003, Nishito et al 2006, Smit et al 2012). Delta-Blast analysis against 

swissprot database of mouse APC10 protein belonging to an E3 ubiquitin ligase, 
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Anaphase Promoter Complex (APC), showed a list of proteins bearing APC10 

domain, only E3 ubiquitin ligases and NSPA showed high homology scores (Figure 

17B). NSPA is a transmembrane protein (Matus et al 2007). As it might be expected 

for a transmembrane E3 ubiquitin ligase, a predicted NSPA topology based in 

CCTOP prediction server analysis showed that APC10 and both ZZ-type zinc finger 

domains would be directed towards the intracellular compartment (Figure 17C). 
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3.2 NSPA is ubiquitinated in vivo. 

E3 ubiquitin ligases that include both an APC10 and ZZ-type zinc finger domains 

are exemplified by Cullin9/PARC, an RBR-type E3, and HERC2, a HECT-type E3 

(Garcia-Gonzalo & Rosa 2005, Kaustov et al 2007). NSPA is more likely an RBR-type 

E3 because it does not have a HECT domain (Bekker-Jensen et al 2010) and has two 

ZZ-type zinc finger domains similar to the RING domains of RBR-type E3 (Spratt et al 

2014). Wherever the case, both HECT and RBR E3 types contain an active Cysteine 

residue to which ubiquitin binds prior to its transfer to the substrate (de Bie & 

Ciechanover 2011, Smit & Sixma 2014, Wenzel et al 2011). Therefore, to have more 

direct evidence of NSPA as an E3 ubiquitin ligase we evaluate if it becomes 

ubiquitinated in vivo. We used a cell-based ubiquitination assay in which HEK293 

cells were co-transfected with NSPA and myc-6xHis-Ub expression plasmids (Figure 

18A). Ni-NTA affinity purification of total ubiquitinated proteins in strong denaturizing 

conditions clearly demonstrated ubiquitin-NSPA complexes (Figure 18B). 
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 3.3 PTPN4 is found ubiquitinated in wild type but not in NSPA transgenic 

mice. 

Degradation mechanism of PTPN4 is unknown but other members of tyrosine 

phosphatase non-receptor type proteins are ubiquitinated and degraded by the 

ubiquitin proteasome system (Jing et al 2007, Won et al 2016, Yamada et al 2013a). 

Since we found an increase in PTPN4 mass in NSPA-/- mice and also that 

proteasome inhibition with MG-132 increased PTPN4 expression in wild type mice 

(Figure 16C), we explored whether PTPN4 is ubiquitinated and if NSPA is regulating 

its ubiquitination and degradation. We immunoprecipitated PTPN4 from crude 

hippocampal synaptosome membrane fractions and the immunoblot for ubiquitin 

revealed a reduction of ubiquitinated PTPN4 in both NSPAtr/tr and NSPA-/- compared 

with NSPA+/+ mice (Figure 19A and B). We also evaluated the ubiquitination status of 

PSD95 and STEP61 known to be ubiquitinated and degraded by the ubiquitin 

proteasome system (Colledge et al 2003, Kurup et al 2010, Xu et al 2017). We 

immunoprecipitated PSD95 from P2 fractions of NSPA+/+, NSPAtr/tr and NSPA-/- 

hippocampus, PSD95 ubiquitination status was normal in NSPAtr/tr and NSPA-/- mice 

(Figure 20A). STEP61 ubiquitination status also showed no difference between the 

hippocampus of NSPA+/+ and NSPA-/- mice (Figure 20B). These results show that in 

NSPA transgenic mice there is less ubiquitination of PTPN4, without changes in the 

ubiquitination status of other proteins like, PSD95 and STEP61, thus PTPN4 might be 

NSPA first identified substrate.  
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Taken together, these data show that mice lacking NSPA have less ubiquitination 

of PTPN4, elevated PTPN4 expression, and decreased phosphorylation of GluN2B at 

Tyr1472 and NMDARs levels at the PSD. These observations likely explain the 

synaptic and behavioral deficits of NSPA knockout mice. As NSPA it self is very likely 

an E3 ubiquitin ligase, PTPN4 emerged as its first identified substrate. Therefore, the 

structural analysis of relevant domains and the decreased ubiquitination of PTPN4 in 

NSPA silenced mice indicate that NSPA is very likely an E3 or part of an E3 ubiquitin 

ligase. 
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DISCUSSION 

 

This thesis reveals a functional relationship between NSPA and NMDA 

receptors involving the tyrosine-phosphatase PTPN4 as a potential NSPA 

ubiquitination substrate in mice hippocampus. Our present study in NSPA knockout 

mice demonstrates that NSPA is required to ensure adequate NMDAR expression 

levels at the PSD, synaptic plasticity and memory, PTPN4 ubiquitination and 

regulation of its expression levels and also is important to maintain normal rates of 

adult neurogenesis. In addition, biochemical experiments provided evidence 

supporting a role of NSPA as E3 ubiquitin ligase. 

Immunoblots of hippocampus preparations revealed significant reductions in 

the levels of GluN2A and GluN2B NMDA receptor subunits in NSPA-/- postsynaptic 

densities. Further analysis of GluN2B posttranslational modifications revealed a 

significant decrease in phosphorylation of Tyr1472 of GluN2B in NSPA-/- mice, 

phosphorylation that promotes surface expression of GluN2B-containing NMDARs 

(Lavezzari et al 2003, Roche et al 2001). The decreased Tyr1472 phosphorylation in 

GluN2B subunits predicts increased levels of endocytosis of NMDARs that could 

explain the lower levels of NMDAR found at the PSDs. 

PTPN4 tyrosine phosphatase has been associated with regulation of NMDAR 

phosphorylation (Kina et al 2007) and appeared in a wide screen analysis as a 

potential NSPA interacting protein (Stelzl et al 2005). We found increased PTPN4 

levels in NSPA-/- compared with wild type mice in hippocampus. However, these 

differences disappeared when the proteasome activity is inhibited with MG-132. This 
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finding proves that both NSPA and the proteasome are involved in the regulation of 

PTPN4 levels, suggesting a linking role based on ubiquiination, as the proteasome 

substrates are ubiquitinated proteins. 

We had previously proposed that the presence of an APC10 domain in NSPA 

implies a possible role as an E3 ubiquitin ligase (Segovia-Miranda et al 2015). All 

known proteins that bear a APC10 domain are E3 ubiquitin ligases (Boratyn et al 

2012, Segovia-Miranda et al 2015). Here we provide some evidence supporting a role 

of NSPA as E3 ubiquitin ligase, including NSPA ubiquitination in vivo. We also show 

that PTPN4 is less ubiquitinated in hippocampal preparations of NSPA knockout 

mice. This together with the yeast two-hybrid indication of an interaction of PTPN4 

and NSPA (Stelzl et al 2005) makes very likely that PTPN4 is a direct substrate of 

NSPA acting as E3 ubiquitin ligase. Futhermore, this provides a link between NSPA 

function regulating PTPN4 ubiquitination and expression of GluN2B-containing 

NMDARs in hippocampus. 

In addition, NSPA-/- mice performed poorly in memory flexibility and object 

recognition test reflecting an impaired hippocampal-dependent memory, congruent 

with abnormal synaptic plasticity. NSPA-/- mice displayed decreased synaptic activity 

and proliferation of neural progenitors without changes in the differentiation of 

newborn cells in SGZ of DG. Reduced neurogenesis and synaptic activity in the 

NSPA-/- adult DG might be associated with the decreased LTP and impaired memory 

in these mice. 
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 NSPA knockout mice (NSPA-/-) characterization. 

In 2015 our laboratory reported evidence indicating that NSPA participates in 

NMDA receptor function and in synaptic plasticity, as our NSPA knock-in mice 

showed impaired memory and decreased NMDAR activity and LTP (Segovia-Miranda 

et al 2015). However, these NSPA knock-in mice still express a truncated form of 

NSPA and therefore we decided to further validate the phenotype using knockout 

mice lacking any form of NSPA expression discarding unnoticed effects of the 

truncated version of NSPA. We characterized a NSPA full knockout mice (NSPA-/-; 

Zzef1tm2.1(KOMP)vlcg) produced by our collaborator Dr. David Valenzuela in Regeneron 

Pharmaceuticals (Terrytown, New York, USA). RT-PCR for different exons and 

immunoblots with two antibodies showed that NSPA-/- mice do not express NSPA and 

neither any truncated version of NSPA (Figure 2B and C).  

In NSPA-/- mice, we found decreased synaptic plasticity and impaired NMDAR-

mediated transmission in SC-CA1 and MPP-DG synapses of dorsal hippocampus 

(Annex Figure 1A, 1D and 2A), without alterations in presynaptic activity (Annex 

Figure 1B and 2B). Therefore, NSPA absence reproduces the phenotype of the 

truncated version of NSPA in mice at least in electrophysiology experiments. 

NSPA modulates NMDAR expression at the postsynaptic region of mice 

hippocampus. 

The results showing that NSPA regulates NMDAR-dependent transmission, 

prompted us to evaluate the levels of NMDAR and other synaptic proteins comparing 

NSPA+/+, NSPAtr/tr and NSPA-/- mice hippocampus. When analyzing hippocampal 

whole lysates, we did not found significant differences in synaptic receptors and 
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scaffolding proteins between NSPA+/+ and NSPA-/- mice (Figure 3A and C). However, 

NSPAtr/tr hippocampus showed significant reductions in the levels of GluN2A and 

GluN2B NMDAR subunits (Figure 3B and C). By RT-PCR we showed that GluN2A 

and GluN2B mRNA levels were unchanged in the hippocampus of NSPAtr/tr mice 

(Figure 4). Therefore GluN2A and GluN2B decrease in NSPAtr/tr mice whole 

hippocampus may not be due to a lower transcription, but most probably to a 

posttranslational regulation.  

In contrast with the experiments in whole hippocampal extracts, we found 

decreased expression of GluN2A and GluN2B subunits of NMDAR in hippocampal 

synaptosomes and postsynaptic densities (PSD) from NSPAtr/tr and NSPA-/- mice 

(Figure 6 and 12), without changes in other synaptic proteins. Further analysis in 

NSPA-/- mice showed a decrease in GluN2 subunits only in membrane preparations 

and not in total hippocampal homogenate, suggesting a redistribution of NMDA 

receptor subunits among subcellular compartments. This decrease at the 

postsynaptic region could explain the deficits in NMDAR-dependent transmission and 

synaptic plasticity found in NSPA transgenic mice.  

NSPA-/- mice displayed defects in hippocampal-dependent tasks and 

decreased adult neurogenesis.  

Hippocampal NMDARs are crucial elements in the induction of synaptic 

plasticity and memory acquisition (Gao et al 2010, Quinn et al 2005). Alterations in 

postsynaptic abundance of NMDAR and glutamatergic transmission can affect 

hippocampal-dependent memory (Tsien et al 1996), and NSPAtr/tr mice have 

alterations in spatial memory (Segovia-Miranda et al 2015). Here we found that 
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NSPA-/- mice also performed poorly in memory flexibility (Figure 7A) and object 

recognition (Figure 7B) tests, thus reflecting an impaired hippocampal-dependent 

memory (Stackman et al 2016). These results are congruent with abnormal synaptic 

plasticity in mice lacking NSPA function.  

Adult mice that lack NMDAR-mediated LTP in the CA1 synapses have been 

shown to exhibit impaired spatial memory (Tsien et al 1996). However, the role of the 

hippocampus in recognition memory remains controversial. The neural basis of 

recognition memory implicates several brain regions and some studies reported no 

effect of hippocampal lesions in object recognition, while others found significant 

impairments (Barker & Warburton 2011, Cohen et al 2013). Therefore, our findings of 

NSPA-/- altered object recognition may reflect not only a dysfunction in the 

hippocampus but also in other brain regions where NSPA is expressed. 

The limbic system is a key site for anxiety and includes structures like 

amygdala, hippocampus, and cingulate cortex among others (Clement & Chapouthier 

1998). Since NSPA is expressed in hippocampus as well as in other areas that 

include cortex and amygdala (Matus et al 2007), we evaluated if NSPA-/- mice 

presented alterations in anxiety-like behaviors. Measuring the time spend in the 

center region of an open field arena we did not found differences between the wild 

type and NSPA-/- group (Figure 8A), thus NSPA knockout mice do not display anxiety-

like behaviors.  

In addition, we show that NSPA is required for adult neurogenesis in dentate 

gyrus. Neurogenesis in the hippocampus represents a form of cellular plasticity in the 

adult brain contributing to hippocampal functions in learning and memory (Deng et al 
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2010, Goncalves et al 2016, Kheirbek et al 2012, Zhao et al 2008). NSPA-/- mice 

displayed decreased synaptic activity (Figure 10A) and proliferation of neural 

progenitors (Figure 9A and B) without changes in the differentiation of newborn cells 

in SGZ of DG (Figure 10B). Reduced proliferation of neural progenitors and synaptic 

activity in the NSPA-/- adult DG might be associated with the decreased LTP and 

impaired memory in these mice. Indeed, reduced adult neurogenesis has been shown 

to suppress both LTP and LTD, and Arc synthesis, which we found decreased 

reflecting decreased synaptic activity, is also required for LTP (Massa et al 2011, 

Messaoudi et al 2007). These results suggest that NSPA role is important in the 

proliferation but not in the differentiation of neural progenitors. Interestingly, NMDAR-

mediated glutamatergic inputs plays an important role in the survival of new neurons, 

without affecting neuronal maturation (Tashiro et al 2006). Therefore, the decreased 

NMDAR synaptic levels found in NSPA-/- mice may contribute to reduce proliferation 

of neural progenitors.  

Decreased phosphorylation of GluN2B Tyr1472 in NSPA transgenic mice. 

 To approach the mechanism by which the GluN2 subunits are decreased in the 

postsynaptic region of NSPA transgenic mice, we evaluated posttranslational 

modifications known to regulate NMDARs localization. The cytoplasmic C-tails of 

NMDAR subunits are substrates for posttranslational modifications that control 

NMDAR function, trafficking and interactions with cytosolic proteins (Chen & Roche 

2007, Goebel-Goody et al 2009, Lin & Man 2013). GluN2A and GluN2B are subjected 

to differential regulation by several posttranslational mechanisms in their C-tails, 

including ubiquitination (Jurd et al 2008, Yin et al 2011). Ubiquitination can control 
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NMDAR localization and degradation and therefore is involved in modulating NMDAR 

functionality (Jurd et al 2008, Kato et al 2005). GluN2 subunits can be ubiquitinated in 

vitro while in vivo ubiquitination has only been described for GluN2A subunit (Yin et al 

2011). If NSPA directly ubiquitinates NMDAR subunits it might be expected that 

increased levels of NMDAR are found in NSPA transgenic mice. But as mentioned we 

found the opposite, i.e. increased levels of NMDAR subunits in the absence of NSPA. 

In any case, we tried to evaluate ubiquitination levels of GluN2 subunits and could not 

detect this modification in hippocampal extracts (Figure 13B). Therefore, we searched 

for alternative regulation of NMDAR levels through indirect mechanisms involving 

other proteins. 

NMDARs GluN2 subunits undergo active phosphorylation that regulates 

surface and synaptic expression of NMDARs (Lussier et al 2015). In particular, 

tyrosine phosphorylation regulates the trafficking of NMDARs from intracellular 

compartments to the postsynaptic density (PSD) and the stability of NMDARs at the 

synaptic membrane (Dunah & Standaert 2001, Prybylowski et al 2005). Moreover, 

GluN2B subunit has been identified as the main tyrosine-phosphorylated protein in 

the PSD (Moon et al 1994). Its phosphorylation at Tyr1472 prevents endocytosis 

leading to an enhanced NMDAR surface expression at the synaptic zone 

(Prybylowski et al 2005, Xu et al 2006). Therefore, we focused on this post-

translational modification. Interestingly, immunoblot analysis showed a decrease in 

phosphorylation of GluN2B Tyr1472 in NSPAtr/tr and NSPA-/- mice compared with wild 

type mice (Figure 14B, C and D). Such a decreased Tyr1472 phosphorylation in 



	 75	

GluN2B subunits predicts increased levels of endocytosis of NMDARs, which indeed 

may explain the lower levels of NMDAR found at the PSDs.  

It remains to evaluate this posttranslational modification in GluN2A subunit, as 

tyrosine phosphorylation also plays an important role in GluN2A surface stability 

(Vissel et al 2001). 

PTPN4 levels are increased in hippocampus of NSPA knockout mice and 

is ubiquitinated in wild type but not in NSPA transgenic mice 

NMDAR subunits, scaffolding proteins and signaling enzymes compose the 

NMDAR complex (Husi et al 2000), including Fyn tyrosine kinase and STEP61 

tyrosine phosphatase (Pelkey et al 2002, Tezuka et al 1999) which are well known to 

regulate GluN2B Tyr1472 phosphorylation (Kurup et al 2010, Nakazawa et al 2001, 

Xu et al 2006). However, we found no changes in Fyn and STEP61 levels in NSPA-/- 

mice compared with wild type mice (Figure 15A and B).  

The NMDAR complex also contains PTPN4 tyrosine phosphatase (Hironaka et 

al 2000), which has been involved in learning, spatial memory and cerebellar synaptic 

plasticity (Kina et al 2007, Kohda et al 2013). PTPN4 modulates signaling 

downstream of the glutamate receptors through changes in phosphorylation of 

NMDAR GluD2 and GluN2 subunits (Kina et al 2007) and AMPAR GluA2 subunit 

(Gallimore et al 2016, Kohda et al 2013). PTPN4 hypofunction has been implicated in 

clinical cases of neurodevelopmental disorders (Szczaluba et al 2018, Williamson et 

al 2015). A missense variant in the PTPN4 gene produces a mutated form of PTPN4 

that do not reach dendritic spines and therefore cannot interact with and regulate 
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glutamatergic receptors (Szczaluba et al 2018). Thus alterations in PTPN4 function or 

levels may alter NMDAR phosphorylation status, localization and function. 

PTPN4 has been reported as a potential NSPA interacting protein by a yeast 

two-hybrid massive screen (Stelzl et al 2005). We show that PTPN4 levels are 

increased in NSPA-/- compared with wild type mice in hippocampus particularly when 

the proteasome activity is not inhibited (Figure 16C). If the proteasome is inhibited 

with MG-132, PTPN4 levels were similar in wild type and NSPA-/- mice (Figure 16C). 

Also, we showed that PTPN4 is ubiquitinated in mouse hippocampus and is less 

ubiquitinated in NSPAtr/tr and NSPA-/- mice (Figure 19A and B). These results indicate 

that PTPN4 is very likely a potential substrate of NSPA regulation that affects 

NMDAR phosphorylation status. A potential link between NSPA function regulating 

PTPN4 ubiquitination and levels and surface expression of GluN2B-containing 

NMDARs in hippocampus is thus revealed. NSPA and the proteasome are involved in 

the regulation of PTPN4 levels. The increased PTPN4 levels can well account for the 

decreased phosphorylation of GluN2B at Tyr1472. We also found that PTPN4 

interacts with GluN2A and GluN2B subunits of NMDAR in mice hippocampus (Figure 

16A), suggesting that it can regulate both NMDAR subunits.  

NSPA role as E3 ubiquitin ligase 

We had previously proposed that the presence of an APC10 domain in NSPA 

implies a possible role as an E3 ubiquitin ligase (Segovia-Miranda et al 2015). All 

known proteins that bear a APC10 domain have been described as E3 ubiquitin 

ligases (Figure 17B) (Boratyn et al 2012, Segovia-Miranda et al 2015). 
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E3 ubiquitin ligases are classified in three major classes, RING, HECT and 

RBR (Zheng & Shabek 2017) (Figure 1). NSPA is more likely an RBR-type E3 

because it has two ZZ-type zinc finger domains (Figure 17A) similar to the RING 

domains of RBR-type E3 (Spratt et al 2014). Those type of E3 ligases contain an 

active Cysteine residue that is ubiquitinated before the transfer of ubiquitin to the 

substrate (Wenzel et al 2011). We performed experiments in transfected HEK293 

cells that clearly demonstrated ubiquitination of NSPA in vivo (Figure 18B), thus 

accomplishing a crucial characteristic of RBR E3 ubiquitin ligases (Dove et al 2016, 

Wenzel et al 2011). RBR E3s are defined by a highly conserved catalytic unit of three 

characteristic domains each of which coordinates two Zn2+ ions: RING1, in-between 

RING (IBR), and RING2 (Wenzel et al 2011) and the active cysteine residue is on 

RING2 (Smit et al 2012). NSPA does not posses the conserved catalytic domain of 

RBR E3s, as only two zinc finger domains are present in its sequence. Some studies 

have shown that IBR-RING2 of Parkin, an RBR E3, can still promote ubiquitination, 

conserving its catalytic activity in the absence of RING1 (Chew et al 2011, Matsuda et 

al 2006). NSPA could be a particular RBR type with only two zinc finger domains. 

Future experiments should explore whether NSPA is ubiquitinated in one of the zinc 

finger domain, and also its capacity to bind to E2 enzymes. 

The results obtained in NSPA transgenic mice points to PTPN4 tyrosine 

phosphatase as its first possible identified substrate. These findings support the 

possible role of NSPA as an E3 ligase or as a part of one. Moreover it seems that 

NSPA regulation over NMDARs phosphorylation status involves specifically PTPN4 

phosphatase, and not STEP61.  
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We propose the following model. NSPA normally promotes ubiquitination and 

proteasome-mediated degradation of PTPN4 and thus regulates its expression levels, 

which in turn regulates the phosphorylation levels of GluN2B at Y1472 (Figure 21). In 

NSPA absence, PTPN4 ubiquitination and its proteasomal-mediated degradation 

becomes reduced and in consequence its increased levels would reduce the 

phosphorylation of GluN2B at Y1472 leading to a reduced GluN2B-containing 

NMDARs levels at the PSD (Figure 21). This mechanism can explain the depressed 

synaptic plasticity, impaired hippocampal-dependent memory and altered adult 

neurogenesis in NSPA knockout mice. 
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CONCLUDING REMARKS 

 

The present thesis provides evidence that NSPA might be an E3 ubiquitin 

ligase that regulates PTPN4 phosphatase ubiquitination status and levels, which 

points PTPN4 as a potential NSPA ubiquitination substrate. On the other hand 

PTPN4 could be modulating the phosphorylation status of GluN2B-containing 

NMDARs, and in consequence NMDAR synaptic abundance and function in mouse 

hippocampus.  

Impaired NMDAR-mediated transmission, decreased synaptic plasticity and 

poor performance in memory tests in NSPA knockout mice correlates with reduced 

levels of GluN2A and GluN2B NMDAR subunits in the PSD. Decreased GluN2B 

phosphorylation at Tyr 1472 in NSPA knockout mice may lead to diminished GluN2B 

levels at the PSD. Interestingly levels of Fyn kinase and STEP61 phosphatase, known 

regulators of GluN2B Tyr 1472 phosphorylation, not dot change in NSPA absence, 

but there is less ubiquitination of PTPN4, resulting in increased expression. PTPN4 

has been shown to interact with and modulate changes in the tyrosine 

phosphorylation of NMDAR subunits. All these results indicate that NSPA absence 

leads to a deregulation in PTPN4 ubiquitination and expression levels that result in 

alterations in phosphorylation of GluN2B at Tyr1472 and NMDARs levels at the PSD, 

producing synaptic alterations and behavioral deficits in mice.  
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