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Early brain development is characterized by an overproduction of synapses which 

make weak functional connections between neurons. Neuronal activity later 

refines this basic circuitry by strengthening and maintaining subsets of connections 

but suppressing (or “pruning”) others, ultimately resulting in the formation of more 

precise and durable connections. Growing evidence links even subtle deficits in 

the balance between synapse maturation and pruning to a variety of severe brain 

disorders, ranging from autism, schizophrenia or bipolar disorder to 

neurodegenerative conditions that debut in the adult life. In an effort towards 

identifying the molecular underpinnings of this prevalent phenomenon of synaptic 

refinement, NMDA receptors containing GluN3A subunits (GluN3A-NMDARs) 

have emerged as key regulators. GluN3A-NMDARs are typically expressed before 

and during critical periods of postnatal development, prevent premature synapse 

maturation/ stabilization until the arrival of sensory experience, and later target less 

or non-used synapses for pruning. However, the cell biological and signaling 

mechanisms whereby GluN3A ensures correct synapse selection and its coupling 

to experience are yet poorly understood. 

Previous work of our lab revealed that GluN3A-NMDARs sequester the 

scaffolding protein GIT1 and interfere with the restructuring of the actin 

cytoskeleton in spines. Moreover, GluN3A-NMDARs selectively inhibits the 

induction of a subset of activity- and NMDAR-regulated signaling pathways. The 

mTOR pathway, and specifically the multiprotein complex mTORC1, stands out 

within this group because of its central role in driving dendritic protein synthesis in 

response to synaptic signals.  Both actin remodeling and protein synthesis are 

thought to be required for the conversion of relevant experiences into enduring 

memories by driving long-lasting structural changes that stabilize synaptic 

contacts. 

Building on this work, here we investigate how GluN3A-NMDARs inhibit 

synaptic signaling to the multiprotein complex mTORC1 and evaluate its 

consequences on protein synthesis during postnatal development and memory 

encoding. We find that mTORC1 inhibition is mediated by direct binding of GluN3A 

to GIT1, which impedes the assembly of a new type of mTOR signaling complex 

composed of GIT1, mTOR and Raptor (termed GIT1-mTORC1). GIT1-mTORC1 

complexes are located at or near synaptic sites and couple synaptic stimulation to 

mTORC1-dependent protein synthesis, providing a site for nucleating mTOR 
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responses at individual synapses. Loss of GluN3A during development or due to 

genetic manipulation enables GIT1-mTOR complex formation, potentiates 

mTORC1 signaling and enhances protein synthesis. Enhanced activity of the 

protein synthesis machinery correlates with enhanced long-term memory (LTM) 

formation in the conditioned taste aversion paradigm that is manifest after light 

training and reversed by the mTOR inhibitor rapamycin. Together, these findings 

uncover a major role of GIT1 and GluN3A-NMDARs in setting local modes of 

protein synthesis with implications for the development of precise neural circuits 

and adult cognitive processing.  



SUMMARY/ RESUMEN 

 
49 

El desarrollo temprano del cerebro se caracteriza por una sobreproducción de 

sinapsis que establecen conexiones funcionales débiles entre neuronas. La 

actividad neuronal refina después este circuito básico fortaleciendo y manteniendo 

subconjuntos de conexiones pero suprimiendo (o "podando") otras, lo que 

finalmente resulta en la formación de conexiones más precisas y duraderas. 

Evidencias recientes vinculan incluso sútiles déficits en el equilibrio entre la 

maduración y poda sináptica con una variedad de trastornos cerebrales graves, 

que van desde el autismo, la esquizofrenia o el trastorno bipolar hasta las 

afecciones neurodegenerativas que comienzan en la vida adulta. En un esfuerzo 

por identificar los fundamentos moleculares de este fenómeno prevalente de 

refinamiento sináptico, los receptores de NMDA que contienen subunidades 

GluN3A (GluN3A-NMDARs) han surgido como reguladores clave. Los GluN3A-

NMDARs se expresan típicamente antes y durante los períodos críticos del 

desarrollo postnatal, previenen la maduración/ estabilización prematura de la 

sinapsis hasta la llegada de experiencia sensorial, y luego marcan las sinapsis 

menos o no utilizadas para su poda. Sin embargo, los mecanismos biológicos y 

de señalización celular por los que GluN3A asegura la correcta selección de 

dichas sinapsis y su acoplamiento a experiencia, son todavía poco conocidos. 

 En un trabajo anterior, nuestro laboratorio reveló que los GluN3A-

NMDARs secuestran la proteína de andamiaje GIT1 e interfieren con la 

reestructuración del citoesqueleto de actina en las espinas. Además, los GluN3A-

NMDARs inhiben selectivamente la inducción de un subconjunto de vías de 

señalización reguladas por actividad y NMDARs. La vía mTOR, y específicamente 

el complejo multiproteico mTORC1, destaca dentro de este grupo debido a su 

papel central en la regulación de la síntesis de proteínas dendríticas en respuesta 

a estímulos sinápticos. La remodelación del citoesqueleto de actina y la síntesis 

de proteínas son ambos considerados procesos necesarios para la conversión de 

experiencias relevantes en recuerdos duraderos al impulsar cambios estructurales 

perdurables que estabilizan los contactos sinápticos. 

 Sobre la base de este trabajo, aquí investigamos cómo los GluN3A-

NMDARs inhiben la señalización sináptica al complejo multiproteico mTORC1 y 

evaluamos sus consecuencias en la síntesis de proteínas durante el desarrollo 

postnatal y la codificación de la memoria. Encontramos que la inhibición de 

mTORC1 está mediada por la unión directa de GluN3A a GIT1, lo que impide el 
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ensamblaje de un nuevo tipo de complejo de señalización de mTOR compuesto 

por GIT1, mTOR y Raptor (denominado GIT1-mTORC1). Los complejos GIT1-

mTORC1 están ubicados en sitios sinápticos o cerca de ellos y acoplan la 

estimulación sináptica a la síntesis de proteínas dependiente de mTORC1, 

proporcionando un sitio para nuclear las respuestas de mTOR en sinapsis 

individuales. La pérdida de GluN3A durante el desarrollo o por manipulación 

genética permite la formación del complejo GIT1-mTOR, potencia la señalización 

de mTORC1 y aumenta la síntesis de proteínas. El aumento de actividad de la 

maquinaria de síntesis de proteínas correlaciona con un incremento en la 

formación de la memoria a largo plazo en el paradigma de aversión condicionado 

al sabor, el cual se manifiesta tras un entrenamiento ligero y es revertido por el 

inhibidor de mTOR rapamicina. Juntos, estos hallazgos revelan un papel 

importante de GIT1 y los GluN3A-NMDARs en el establecimiento de modos 

locales de síntesis de proteínas con implicaciones para el desarrollo de circuitos 

neuronales precisos y el procesamiento cognitivo adulto.
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1. NMDA RECEPTORS DURING POSTNATAL DEVELOPMENT 

During early brain development, massive synaptogenesis gives rise to immature 

neural circuits highly interconnected by weak synapses. Functional neural circuits 

with the capacity to support biological computation emerge later via coordinated 

refinement mechanisms that strengthen and stabilize some synapses but eliminate 

(or “prune”) others (Katz and Shatz, 1996). The refinement mechanisms operate 

throughout the whole life of the individual but are unusually strong during 

“sensitive” or “critical” periods of postnatal development, when synapses are 

extremely plastic and can be potently remodelled by neuronal activity. For 

instance, in human and primate cortex, over 40% of the synapses initially formed 

are eliminated during this stage (Rakic et al., 1986; Zuo et al., 2005). Critical 

periods span the first couple of weeks in rodents, first years of life in humans, and 

the sensitivity of synapses to activity-dependent refinements diminishes as adult 

patterns of connectivity are established. This malleability is a fundamental property 

of the postnatal brain that allows early sensory experience to modify the 

architecture of neural circuits. As a result, it will shape, often permanently, the 

cognitive, social and emotional abilities so the individual can adapt to the 

environment at hand. 

Accordingly, it is not surprising that growing evidence links defects in the 

balance between synapse maturation and pruning to a variety of brain disorders, 

ranging from autism, schizophrenia or bipolar disorder to neurodegenerative 

conditions that debut in adult life (Boksa, 2012; Kasai et al., 2021; Marco et al., 

2013; Tsai et al., 2012a). The mechanisms that ensure correct synapse selection 

are not well understood, which has prevented the development of rationale-based 

interventions against validated targets. Whereas many high-profile studies have 

studied the reorganization of neural circuits by focusing on events that strengthen 

synapses and permit their maintenance for long periods, pruning is less 

understood at mechanistic and functional levels. One key event that determines 

whether individual synapses will be selected for stabilization versus pruning is the 

replacement of immature by mature forms of N-methyl-D-aspartate-type glutamate 

receptors (NMDARs) as a function of synapse use (Pérez-Otaño and Ehlers, 

2004). 
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1.1. NMDARS’ STRUCTURE AND FUNCTION 

NMDARs are a functional class of ionotropic glutamate receptors (iGluRs) that 

mediate excitatory neurotransmission in the central nervous system (CNS). These 

glutamate-gated ion channels are widely distributed at all stages of development, 

and are critical mediators of functional and structural plasticity. The involvement in 

brain plasticity is supported by their unique properties, including: 1) voltage-

dependent block by extracellular Mg2+; 2) high permeability to Ca2+; 3) requirement 

for both glutamate and a co-agonist (glycine or D-serine) for activation; and 4) the 

ability to sense the extracellular microenvironment via a wide range of modulatory 

sites (Hansen et al., 2017, 2018). 

Functional NMDARs assemble as tetrameric complexes of an obligatory 

GluN1 subunit and various combinations of GluN2 and GluN3 subunits. 

Conventional NMDARs, majority in the CNS, are composed of two GluN1 subunits 

that bind glycine and two GluN2 subunits that bind glutamate (Hansen et al., 2018; 

Paoletti et al., 2013). In non-conventional NMDARs, the glycine-binding GluN3 

subunits can also assemble with GluN1 and GluN2 subunits to form GluN1/ 2/ 3 

receptors, or with GluN1 alone to form GluN1/ 3 excitatory glycine receptors (see 

below) (Cavara and Hollmann, 2008; Chatterton et al., 2002; Henson et al., 2010; 

Madry et al., 2007). 

A total of seven NMDAR subunits, allocated in three different subfamilies, 

have been identified: the GluN1 subunit, including 8 functional splice variants; four 

distinct GluN2 subunits (GluN2A, GluN2B, GluN2C and GluN2D), encoded by four 

different genes; and two GluN3 subunits (GluN3A and GluN3B), encoded by two 

different genes as well. The sequences of NMDAR subunits range from 900 to 

1480 amino acids (aa) in length. GluN1 was the first member of the family to be 

cloned and is the smallest NMDAR subunit, with approximately 938aa depending 

on the splice variant (Moriyoshi et al., 1991). GluN2 subunits show high homology 

(38-53% identity) but low compared to GluN1 (18-20% sequence identity), and 

have longer aa sequences than GluN1: 1464aa, 1482aa, 1250aa and 1356aa in 

GluN2A-D, respectively (Ishii et al., 1993; Monyer et al., 1992). The members of 

the GluN3 subfamily were the last ones to be cloned (Andersson et al., 2001; 

Ciabarra et al., 1995; Sucher et al., 1995). 
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Despite this diversity, all NMDAR subunits share a modular architecture 

with four discrete domains: an extracellular amino (N)-terminal domain (NTD); an 

agonist-binding domain (ABD), where the so-called S1 and S2 segments form a 

ligand binding pocket for glycine/ D‑serine or glutamate depending on the subunit; 

a transmembrane domain (TMD) containing the ion channel pore; and an 

intracellular C-terminal domain (CTD) that couples receptors to signaling 

pathways. The CTD is the most divergent region among subunits in terms of aa 

sequence and length (Figure 1) (Paoletti et al., 2013; Traynelis et al., 2010). 

Combinatorial assembly of subunits confers distinct biophysical and 

pharmacological properties to NMDA receptors and enable various physiological 

roles at synaptic vs extrasynaptic sites, in diverse neuronal cell types and brain 

regions, or along neuronal development (Hansen et al., 2017).  

 

Figure 1. NMDAR subunit architecture. 

(a) NMDAR subunits have a modular structure composed of two large extracellular domains, the NTD 

and the ABD, a TMD that forms part of the ion channel and an intracellular CTD. The ABD is defined 

by two segments of amino acids termed S1 and S2 and binds the agonist glycine or D-serine in GluN1 

and GluN3 subunits or glutamate in GluN2 subunits. The TMD contains three membrane-spanning 

helices (M1, M3, and M4) and a membrane re-entrant loop (M2). (b) Model of tetrameric NMDAR. The 

majority of NMDARs in the CNS are composed of two GluN1 and two GluN2 subunits, which form a 

central cation-permeable channel pore. 
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1.2. DEVELOPMENTAL SUBUNIT EXCHANGES IN NMDAR SUBUNIT 

COMPOSITION 

One prominent example of the functional relevance of NMDAR subunit diversity 

comes from examining changes in subunit composition during early postnatal brain 

development. During this period, the transition from juvenile to mature NMDAR 

subtypes is a key driver of the maturation and stabilization of excitatory synapses 

(Hansen et al., 2017; Paoletti et al., 2013). Soon after birth, synapses throughout 

the CNS are mainly composed of di-heteromeric GluN1/ 2B and tri-heteromeric 

GluN1/ 2B/ 3A NMDARs (Paoletti et al., 2013). These early subtypes are 

essentially required for postnatal cortical development (Hall et al., 2007), and are 

replaced in adults by mature di-heteromeric GluN1/ 2A or tri-heteromeric GluN1/ 

2B/ 2A receptors in most brain regions (Sheng et al., 1994; Watanabe et al., 1992). 

The GluN2B-to-GluN2A subunit exchange has been extensively studied: 

it is driven by synaptic activity and sensory experience (Barria and Malinow, 2002; 

Bellone and Nicoll, 2007; Philpot et al., 2001; Rodenas-Ruano et al., 2012), and 

correlates with the lasting stabilization of active synapses and associated dendritic 

spines (Gambrill and Barria, 2011; Holtmaat et al., 2005). The subunit exchange 

modifies the properties of NMDAR-mediated currents, the temporal integration of 

synaptic inputs and their plasticity properties. GluN2B-containing receptors 

(GluN2B-NMDARs) have slow kinetics and flux large amounts of calcium, enabling 

long-term potentiation (LTP) induction and plasticity-induced spine growth, and are 

thought to be responsible for heightened plasticity during sensitive periods 

(Gambrill and Barria, 2011; Lee et al., 2010b). Their replacement by GluN2A-

containing subtypes (GluN2A-NMDARs) confers faster kinetics to NMDARs, 

shortening the duration of NMDAR-mediated synaptic currents and limiting calcium 

entry (Crair and Malenka, 1995; Hestrin, 1992; Tovar and Westbrook, 1999). The 

GluN2B-to-GluN2A subunit exchange is evident as changes in the pharmacology 

of synaptic currents: the sensitivity to the allosteric GluN2A-specific inhibitor Zn2+ 

increases in parallel with a decrease in the sensitivity to the GluN2B-specific 

antagonist ifenprodil (Figure 2) (Hatton and Paoletti, 2005; Karakas et al., 2011; 

Paoletti et al., 1997).  
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Figure 2. Developmental subunit exchange in NMDAR subunits composition. 

Left, neonatal synapses are mainly composed of di-heteromeric GluN1/ 2B and tri-heteromeric GluN1/ 

2B/ 3A receptors, leading to an increased sensitivity to GluN2B-specific antagonists as ifenprodil. Right, 

in adult synapses these receptors are replaced by di-heteromeric GluN1/ GluN2A and tri-heteromeric 

GluN1/ 2A/ 2B receptors in adults. The increased GluN2A-to-GluN2B ratio promotes an increased 

sensitivity to the GluN2A-specific antagonist Zn+2. Figure adapted from (Paoletti et al., 2013). 

In terms of subcellular localization, it has been widely accepted that 

GluN2A-NMDARs concentrate in postsynaptic densities (PSDs) whereas GluN2B-

NMDARs can be also found at both peri- and extra-synaptic locations (Gladding 

and Raymond, 2011; Hardingham and Bading, 2010; Petralia et al., 2010). 

Therefore, the replacement of GluN2B- by GluN2A-NMDARs in the adult brain 

leads to stronger attachment of mature NMDARs to PSDs which might contribute 

to the kinetics change (Crair and Malenka, 1995; Stocca and Vicini, 1998; Tovar 

and Westbrook, 1999). 

A second change in subunit composition involves the transition between 

GluN3A-containing to GluN3A-lacking NMDARs. As the GluN2B-to-GluN2A 

transition, this subunit exchange occurs postnatally, is controlled by synaptic 

activity and sensory experience, can be regulated locally at individual synapses, 

and plays a role in synapse selection during the postnatal refinement of neural 

circuits (see Role of GluN3A-NMDARs in the refinement of neuronal circuits). 

However, the mechanisms and functional implications are less understood. 
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1.3. GLUN3A-CONTAINING NMDARS: GATE-KEEPERS OF SYNAPSE 

PLASTICITY, MATURATION AND COGNITION 

Along with GluN2B subunits, juvenile NMDARs often contain GluN3A subunits. 

GluN3A was cloned in 1995, lagging behind the identification of the other NMDAR 

subunits (Ciabarra et al., 1995; Sucher et al., 1995). It was initially termed χ-1 (chi-

1, GenBank accession number L34938) or NMDAR-L (NMDAR-like, GenBank 

accession number U29873), later renamed NR3A, and then GluN3A (Das et al., 

1998). In 2001, a new NMDAR subunit closely related to GluN3A was discovered: 

NR3B/ GluN3B (Andersson et al., 2001).  

GluN3A and GluN3B exhibit high sequence homology (57.4% identity), but 

the temporal expression patterns and synaptic localizations are quite different 

(Pachernegg et al., 2012; Wee et al., 2016). GluN3A-NMDARs are more highly 

expressed and extensively studied, exhibit unique properties that allow them to 

behave as dominant-negative regulators of NMDAR activity (Das et al., 1998; Tong 

et al., 2008), and are key modulators of glutamatergic synapse maturation and 

synaptic plasticity (Fiuza et al., 2013; Henson et al., 2012; Kehoe et al., 2014; 

Larsen et al., 2011; Roberts et al., 2009). 

1.3.1. Molecular biology of GluN3A subunits 

The human gene encoding GluN3A, GRIN3A, is located on chromosome 9 

(chromosome 4 in mice and 5 in rats) and encodes a protein of 1115aa with a 

molecular weight of approximately 125 kDa (Andersson et al., 2001). The rodent 

homologue, Grin3a, encodes two isoforms: a CTD-long isoform that includes a 

20aa insertion (GluN3A-L) and a CTD-short isoform (GluN3A-S) (Andersson et al., 

2001; Sun et al., 1998). The functional relevance or physiological impact of these 

isoforms is still lacking, but they display different temporal and regional expression 

patterns and humans only express the short version (Hansen et al., 2017). 

 GluN3A has relatively low sequence homology with GluN1 and GluN2 

subunits (∼27% identity) but shares the modular architecture and topology of all 

NMDAR subunits (Figure 3). Like GluN1, GluN3A subunits bind glycine and D-

serine instead of glutamate in the pocket formed by the S1 and S2 segments. 

Nonetheless, GluN3A binds both agonists with much higher affinity than GluN1 
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(650-fold and more than 10-fold, respectively) (Yao and Mayer, 2006; Yao et al., 

2008). The GluN3A CTD is shorter than GluN2 subunits and mediates interactions 

with different intracellular proteins that modulate a variety of cellular processes 

(Figure 3; see GluN3A-CTD interacts with a unique set of intracellular proteins). 

One other relevant feature of GluN3A subunits sequence is the presence of a ‘GR’ 

motif in the M2 helix loop. This motif differs from the ‘QRN’ site, which controls ion 

permeation in GluN1 and GluN2 subunits and may explain the singular channel-

gating properties of GluN3A-containing NMDARs (Henson et al., 2010). 

 

Figure 3. GluN3A shares the modular architecture and topology of all other NMDAR subunits. 

Schematic showing, from top to bottom, the extended extracellular NTD; two extracellular aminoacidic 

segments, S1 and S2, that form the ABD site for glycine or D‑serine; the TMD, composed of three 

membrane‑spanning helices (M1, M3 and M4) and a membrane re‑entrant loop (M2); and the 

intracellular CTD. Sequence motifs are indicated in blue: glycine–arginine residues (GR) that occupy 

key sites in the loop of M2 and determine ion permeation and a tyrosine‑based internalization motif 

(YWL). Relevant binding sites of intracellular proteins are noted in green: clathrin adaptor protein 2 
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(AP2), Ras homologue enriched in brain (Rheb), protein phosphatase 2A (PP2A), microtubule-

associated protein 1S (MAP1S) and G-protein-coupled receptor kinase interacting protein (GIT1). The 

predicted binding sites of interactors such as intermediate filaments (Plectin), a cell cycle and apoptosis 

regulatory protein (CARP1), protein kinase C and casein kinase substrate in neurons protein 1 

(PACSIN1), G-protein pathway suppressor 2 (GPS2) and Translin associated factor X1 (TRAX1) are 

also shown. In orange is denoted the location of the 20‑aminoacid insertion in the known GluN3A splice 

variant. In red, point mutations of GluN3A sequence linked to CNS diseases are indicated. 

1.3.2. Receptor assembly and biophysical properties 

Co-immunoprecipitation (co-IP) studies demonstrate that GluN3A subunits 

can form stable biochemical complexes with several NMDAR subunits in human 

embryonic kidney 293 (HEK293) and COS-7 cell lines (Chatterton et al., 2002; 

Matsuda et al., 2003; Nishi et al., 2001; Sasaki et al., 2002). However, the precise 

stoichiometry of GluN3A-NMDARs in the brain remains largely unexplored and 

could differ across brain regions, cell types and during development (Paoletti et 

al., 2013). For instance, GluN3A co-assembles with GluN2A and GluN2B in 

neurons (Das et al., 1998; Martínez-Turrillas et al., 2012; Nilsson et al., 2007) and 

with GluN2C in oligodendrocytes (Burzomato et al., 2010; Káradóttir et al., 2005). 

Homomeric GluN3A or di-heteromeric GluN2A/ GluN3A complexes fail to 

exit the endoplasmic reticulum (ER). Co-assembly with GluN1 is required for these 

complexes to exit the ER and reach the cell surface (Perez-Otano et al., 2001), so 

only two types of functional GluN3A-containing receptors can be found in the 

surface: tri-heteromeric NMDARs (GluN1/ 2/ 3A) and di-heteromeric GluN3A-

containing receptors (GluN1/ 3A) (Figure 4). 

GluN3A-containing tri-heteromeric NMDARs 

GluN3A-containing tri-heteromeric NMDARs (from now on referred to as GluN3A-

NMDARs) respond to glutamate and NMDA. However, studies in heterologous 

cells and neurons have shown that GluN3A-NMDARs display atypical biophysical 

and trafficking properties relative to conventional NMDARs (Burzomato et al., 

2010; Das et al., 1998; Matsuda et al., 2003; Perez-Otano et al., 2001; Roberts et 

al., 2009; Sasaki et al., 2002; Tong et al., 2008). 
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Figure 4. Biophysical properties of NMDARs. 

Schematic illustrating the main channel properties of conventional NMDARs containing GluN1 and 

GluN2 subunits (left), non-conventional tri-heteromeric NMDARs containing GluN3A (middle) and the 

lately proven non-conventional GluN3A-containing di-heteromeric receptors (right). Tri‑heteromeric 

NMDARs containing GluN3A exhibit reduced Ca2+ permeability and are less sensitive to 

voltage‑dependent block by Mg2+ compared with conventional NMDARs. GluN3A-containing di-

heteromeric receptors function as excitatory glycine receptors and display even lower Ca2+ permeability 

and are also insensitive to voltage‑dependent Mg2+ block. Therefore, GluN3A expression leads a 

dominant-negative effect on conventional NMDARs properties. 

Electrophysiological studies of pure populations of GluN3A-NMDARs were 

carried out using single-channel recordings upon co-expression of GluN1, GluN2A 

and GluN3A subunits in HEK293 cell lines and Xenopus laevis oocytes (Perez-

Otano et al., 2001; Sasaki et al., 2002). Compared to conventional NMDARs, 

GluN3A-NMDARs were found to exhibit a smaller single-channel conductance 

(Perez-Otano et al., 2001; Sucher et al., 1995), a 10-times lower Ca2+ permeability 

(Sasaki et al., 2002), a lower open probability but longer mean open times (Perez-

Otano et al., 2001), and a relative insensitivity to Mg2+ block at hyperpolarized 

potentials (Burzomato et al., 2010; Chatterton et al., 2002; McClymont et al., 2012; 

Roberts et al., 2009; Sasaki et al., 2002). Because of these properties, they were 

termed “non-conventional NMDARs”. 

Importantly, single-channel recordings also provided evidence for the 

existence of endogenous GluN3A-NMDARs in cortical and hippocampal neurons 

(Sasaki et al., 2002). The channels displayed similar properties to recombinant 

GluN3A-NMDARs and were absent in Grin3a -/- mice (Das et al., 1998), but were 

a major component of the channel population in transgenic mice overexpressing 

GluN3A (Tong et al., 2008). 
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GluN3A-containing di-heteromeric receptors 

Initial work in recombinant systems showed that GluN3A co-assembles with GluN1 

to form excitatory glycine receptors (Chatterton et al., 2002; Das et al., 1998; 

Perez-Otano et al., 2001; Sucher et al., 1995). These complexes are: 1) not 

activated by NMDA nor glutamate, 2) insensitive to APV, a competitive antagonist 

at the glutamate binding site in GluN2 subunits, and 3) relatively Ca2+-impermeable 

(Chatterton et al., 2002; Madry et al., 2007) but see (Otsu et al., 2019). Studies 

with selective antagonists and site-directed mutagenesis revealed that glycine 

binding to the GluN3A ABD triggers channel opening and activation whereas 

binding to the GluN1 ABD causes rapid desensitization (Madry et al., 2007), a 

feature that was later used to unmask GluN1/ 3A currents in vivo. 

Demonstrating the existence of GluN1/ 3A receptors in vivo proved difficult 

due to the rapid desensitization that derives from the GluN1 glycine binding site, 

combined with high levels of free glycine in brain slice preparations. Native GluN1/ 

3A receptors were first observed in oligodendrocytes of mouse optic nerves rather 

than neurons, although their exact role is still a mystery (Piña-Crespo et al., 2010). 

Work on neuronal cultures later proposed a role in metaplasticity of excitatory 

hippocampal synapses by showing that, upon induction of chemical LTP, putative 

GluN1/ 3 receptors are recruited to enlarged synapses to facilitate depotentiation 

(Rozeboom et al., 2015). 

Strong evidence has recently emerged thanks to the use of CGP-78608, 

a competitive antagonist with pronounced preference for the glycine-binding site 

of GluN1 over GluN3A, to unmask GluN1/ 3A responses (Grand et al., 2018; Yao 

and Mayer, 2006). Pre-incubation with CGP-78608 locks the GluN1 ABD, and 

prevents glycine binding to GluN1 that strongly desensitizes the receptor. Later 

application of saturating concentrations of glycine results in glycine binding to the 

GluN3A ABD and full activation of the receptor (Grand et al., 2018). Recordings of 

CA1 neurons in young (P8-P12) mouse hippocampal slices in the presence of 

CGP-78608 revealed a massive potentiation of glycine-induced inward currents in 

wild-type but not Grin3a -/- mice (Grand et al., 2018), clearly implicating GluN1/ 3A 

receptor function. GluN1/ 3 receptors were also found in the adult medial habenula 

(MHb) in adult mice In WT (but not Grin3a -/-) MHb neurons, glycine puffs 

increased firing rates and induced rapidly rising inward currents. Aptly, behavioral 
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tests suggested that MHb GluN1/ 3 receptors mediate conditioned place-aversion, 

a readout that depends on this region. 

1.3.3. GluN3A-CTD interacts with a unique set of intracellular proteins 

The CTD of GluN3A is different from that of GluN1 or GluN2 subunits and mediates 

interactions with a distinct set of intracellular proteins (Figure 3; more detailed in 

Figure 5), that regulate receptor signaling, trafficking and anchoring of the receptor 

to the plasma membrane. 

GIT1 

The G protein-coupled receptor kinase-interacting protein (GIT1) is a 

multifunctional scaffold that interacts with signaling molecules and regulates their 

localized activation.  

In mature neurons, GIT1 is enriched in dendritic spines and postsynaptic 

sites. Spines are actin-rich and their structural remodeling relies on 

rearrangements of the actin cytoskeleton. Cytoskeletal rearrangements are 

regulated by the Rho family of small GTPases, molecular switches that cycle 

between an inactive GDP-bound and an active GTP-bound conformation. Two 

members of this family, Rac1 and RhoA, are major regulators of spine remodeling 

(Tashiro et al., 2000). Their activation state is controlled by guanine exchange 

factors (GEFs), which promote the exchange of GDP for GTP, and GTPase-

activating proteins (GAPs), which catalyze GTP hydrolysis. GIT1 assembles with 

Rac1 and the Rac1-GEF β-PIX in spines, allowing the activation of the Rac1/ PAK 

signaling pathway and promoting synapse maturation (Zhang et al., 2003, 2005; 

Zhao et al., 2000).  

NMDAR activation induces cytoskeletal and spine remodeling by 

activating Rac1-GEFs. Our lab previously reported that GluN3A has the opposite 

effect. GluN3A directly binds and sequesters GIT1 away from synaptic locations, 

impairing its ability to nucleate β-PIX and inhibiting Rac1/ PAK activation in 

dendritic spines (Fiuza et al., 2013). More specifically, this study revealed that 

GluN3A binds GIT1 through the distal 33aa of its CTD (Figure 5). 
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Figure 5. Proteins interacting with GluN3A-CTD. 

Only proteins that directly interact with GluN3A are listed. Schematic representation of the specific 

domains of interaction within GluN3A-CTD. 

Unbiased proteomic fishing for mTOR regulators in mouse astrocytes 

showed that GIT1 binds the serine/ threonine kinase mechanistic target of 

rapamycin (mTOR) (Smithson and Gutmann, 2016). Although the function of these 

complexes could not be established, it places GIT1 as a potential mechanism to 

coordinate actin rearrangements and mTOR activation in dendritic spines and 

ensure their long-term structural stabilization. 



INTRODUCTION 

 
65 

Rheb 

The small GTPase Rheb (from Ras homologue enriched in brain) was originally 

detected as an immediate early response protein whose expression was induced 

by NMDAR-dependent synaptic activity in the brain (Yamagata et al., 1994). Rheb 

is a main activator of the mTOR pathway, and its activity is highly regulated by the 

Tuberous Sclerosis Complex (TSC), a GAP that stimulates the inhibition of Rheb 

by shifting its GTP-bound active conformation into the inactive GDP-bound one. 

Rheb is enriched at synaptic membranes and appears to interact with the 

GluN3A CTD (Sucher et al., 2011) at sites overlapping with PP2A (Figure 5). 

Analogous to GIT1, we could hypothesize that GluN3A displaces Rheb from 

synapses and/ or inhibit its binding to mTOR and subsequent activation. This could 

have relevant physiological implications considering the crucial role of the mTOR 

pathway controlling spine maturation and stabilization as well as the establishment 

of long-term types of plasticity and learning and memory through protein synthesis 

(Costa-Mattioli and Monteggia, 2013). 

TRAX1 

Translin associated factor X1 (TRAX1) forms a complex with the RNA binding 

protein (RBP) Translin to regulate dendritic trafficking and translation of mRNAs 

(Park et al., 2017). Unpublished data from our group unveiled that TRAX1 interacts 

with GluN3A-CTD using a yeast two hybrid screening system. GluN3A binding to 

TRAX1 could thus promote an entirely different sort of mechanism to modulate 

protein synthesis similar to that of the RBP Fragile X Mental Retardation Protein 

(FMRP); upon nuclear export and transport to dendrites, mRNAs might remain 

translationally repressed at GluN3A-expressing non-activated synapses.   

PP2A 

Protein phosphatase 2A (PP2A) is one of the major serine-threonine phosphatases 

in the CNS and is responsible for controlling diverse cellular processes through the 

negative regulation of signaling pathways initiated by protein kinases. PP2A exists 

as a heterotrimeric enzyme complex consisting of a catalytic subunit, a structural 

subunit and a variable regulatory subunit (Strack et al., 1998). GluN3A interacts 
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with the catalytic subunit through the membrane-proximal 37aa CTD region (Figure 

5) (Chan and Sucher, 2001; Ma and Sucher, 2004). This tight interaction is 

abolished upon NMDAR activation, which leads to the GluN1-Ser897 

dephosphorylation and further attenuation of NMDAR channel currents (Chan and 

Sucher, 2001). Intriguingly, enhanced PP2A activity has been associated with 

downregulation of mTOR signaling (Liu et al., 2011). Postmortem examination of 

schizophrenia patients’ brains have also revealed increased levels of GluN3A 

(Mueller and Meador-Woodruff, 2004) and enhanced PP2A activity, being the latter 

linked to decreased levels of phosphorylated GluN1-Ser897 (Emamian et al., 2004). 

Additionally, enhanced PP2A activity together with higher expression of GluN3A 

was found to contribute to the protective mechanism of Simvastatin in ischemic 

stroke (Zhu et al., 2012). Of note, PP2A expression, like GluN3A, is 

developmentally regulated, peaking around P8 and declining from P12 to a low 

level in adulthood (Chan and Sucher, 2001). 

Other GluN3A-CTD interacting proteins 

Other GluN3A binding partners include proteins involved in the trafficking or 

localization of the receptor. For instance, GluN3A endocytic removal is regulated 

through interaction with two different proteins. PACSIN1 (from protein kinase C 

and casein kinase substrate in neurons protein 1) is enriched at synapses and links 

the endocytic machinery with the actin cytoskeleton. Upon synaptic activity, 

PACSIN1 interacts with the GluN3A CTD promoting receptor internalization 

(Pérez-Otaño et al., 2006). The general clathrin adaptor protein 2 (AP2) binds the 

conserved ‘YWL’ motif within GluN3A-CTD and is also involved in endocytic 

removal of GluN3A from the cell surface (Chowdhury et al., 2013).  

Other interactors are the microtubule-associated proteins (MAP1) MAP1S 

(Eriksson et al., 2007a) and MAP1B (Eriksson et al., 2010). MAP1 family proteins 

are important in the development of axon and dendrites, suggesting a potential 

role in transporting GluN3A-NMDARs through the dendritic shaft to their final 

location. However, their binding site on GluN3A-CTD overlaps with that of PP2A 

(Ma and Sucher, 2004), suggesting a potential competition or a reciprocal binding 

pattern. 
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GluN3A also interacts with the scaffolding protein Plectin, the cell-cycle 

and regulatory protein CARP1 and the G-protein signaling suppressor GPS2 

(Eriksson et al., 2007b). However, little is known about these interactions and 

further study is required. Of note, GluN3A-CTDs lack PDZ domain-recognition 

motifs present in GluN2 subunits’ CTDs. These motifs mediate the receptor binding 

to synaptic scaffolding proteins of the PSD-95 family and allow their anchoring and 

stabilization within the PSD (Bard et al., 2010; Eriksson et al., 2007b). The absence 

of PDZ-domain recognition motifs in GluN3A-CTD may explain the labile synaptic 

expression of GluN3A-NMDARs (see GluN3A-NMDARs display a unique 

expression pattern). 

1.3.4. Role of GluN3A-NMDARs in the refinement of neuronal circuits 

Extensive evidence now links juvenile NMDARs containing GluN3A subunits to the 

postnatal refinements that reconfigure neural circuits as a function of experience. 

First, GluN3A is highly expressed in the brain during the narrow temporal windows 

of postnatal development when massive synapse stabilization and elimination 

occur, and its expression drops markedly afterwards (Pérez-Otaño et al., 2006; 

Wong et al., 2002). Second, prolonging GluN3A expression beyond this time 

window inhibits synapse maturation and promotes pruning, whereas GluN3A 

removal is conversely associated with accelerated maturation (Henson et al., 

2012; Kehoe et al., 2014; Roberts et al., 2009). Little is known about the 

downstream mechanisms by which GluN3A drives synapse dysfunction and 

pruning, but this information is critical to evaluate the potential of GluN3A or its 

downstream mechanisms as therapeutic targets. 

GluN3A-NMDARs display a unique expression pattern 

As mentioned, a unique feature of GluN3A is its prevalent expression during time 

windows of postnatal development that precede and overlap with critical periods 

of experience-dependent synaptic refinement. In rodents, GluN3A expression 

levels are low at embryonic stages, rise over the first postnatal week in most brain 

regions peaking around postnatal day 5 (P5) – P10, and then decrease into 

adulthood (Figure 6a) (Wong et al., 2002). Following the same pattern, GluN3A 

expression in humans surges soon after birth, peaks in the first year of life and 

gradually declines through adolescence (Henson et al., 2010).  
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Recent work from our lab mapped Grin3a mRNA expression in the mouse 

brain from embryonic to postnatal and adult stages (Murillo et al., 2021). GluN3A 

levels were found to be retained in areas of the adult mouse brain with high 

plasticity requirements or with a functional need for association of multiple inputs, 

i.e., the nuclei of the amygdala, MHb, association cortices, the olfactory system or 

the claustrum. This work complemented a prior study which identified Grin3a as 

one of the genes most strongly correlated with hierarchy gradients of functional 

integration across the neocortex, based on the MRI T1w:T2w ratio (Fulcher et al., 

2019). High Grin3a expression and low T1w:T2w ratios were found in less 

differentiated association and transmodal cortical areas with strong needs for 

plasticity and functional integration throughout life such as the claustrum, rhinal, 

insular or prefrontal cortex. By contrast, low adult Grin3a expression was observed 

in primary sensorimotor unimodal cortices with highly consolidated circuitry and 

lower plasticity requirements. The match of GluN3A expression with sensory 

experience is remarkable. For instance, GluN3A’s peak of expression is delayed 

in the mouse visual cortex, where synaptic rearrangements occur later, around 

P14, overlapping with eye opening (Figure 6a). Besides, mice deprived from visual 

experience sustained high levels of synaptic GluN3A expression for several weeks 

(Larsen et al., 2014). 

At the ultrastructural level, the subcellular distribution of GluN3A-NMDARs 

differs from that of conventional NMDARs. Post-embedding immunogold electron 

microscopy (Pérez-Otaño et al., 2006) and biochemical fractionation (Martínez-

Turrillas et al., 2012) demonstrate that GluN3A-NMDARs are found at PSDs but 

are specially enriched at perisynaptic (0–120nm from the edge of PSDs) and 

extrasynaptic (more than 120nm away from the PSDs) sites (Figure 6b). Within 

PSDs, GluN3A-NMDARs exhibit an inverse distribution gradient and concentrate 

at the edge of the postsynaptic specialization (Pérez-Otaño et al., 2006) instead of 

peaking at the centre like conventional NMDARs (Racca et al., 2000). This singular 

localization, together with the lack of PDZ-domain binding motifs and their rapid 

endocytic removal, prompted the idea that GluN3A-NMDARs form part of a mobile 

receptor pool and that inclusion of GluN3A within NMDAR complexes might affect 

their stabilization at synaptic sites. Of note, electron microscopy studies shown that 

large synapses (PSD length > 250nm) lack GluN3A expression at all (Roberts et 

al., 2009). 
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Figure 6. GluN3A displays a unique expression pattern. 

(a) GluN3A protein expression in the rodent brain increases during the first postnatal week in most of 

the brain regions, peaks around P5-P10 (green shaded area) and sharply declines into adulthood. 

Schematic adapted from (Marco et al., 2013; Pérez-Otaño et al., 2016). (b) Ultrastructural localization 

of GluN3A at CA1 hippocampal synapses of adult rats using post‑embedding immunogold electron 

microscopy. GluN3A predominantly localizes at perisynaptic (arrowheads) and extrasynaptic (double 

arrows) sites, although synaptic expression is also found (arrows). In the images, ‘t’ indicates the 

position of presynaptic terminals, and ‘s’ indicates the position of a dendritic spine. Image adapted from 

(Pérez-Otaño et al., 2006). (c) Schematic representing the developmental profile of NMDAR subunits 

in the mouse brain; GluN3A expression is highlighted in light red. Image taken from (Paoletti et al., 

2013). 

At the cellular level, neuronal cell types expressing GluN3A include 

excitatory pyramidal neurons in the cortex and hippocampus, retinal ganglion cells, 

cerebellar Purkinje neurons and inhibitory GABAergic interneurons (Henson et al., 

2010; Pachernegg et al., 2012). Of note, GluN3A levels are particularly high in 

somatostatin (SST) interneurons of the neocortex and hippocampus (Murillo et al., 

2021). This correlates with single-cell transcriptomic analyses of mouse 

somatosensory and visual cortex interneurons (Paul et al., 2017; Pfeffer et al., 

2013) that identified Grin3a as a secondary molecular marker for SST 

interneurons. Besides, SST cell densities, as Grin3a levels, are negatively 

correlated with T1w:T2w ratios (Fulcher et al., 2019). Apart from neurons, GluN3A 

is also expressed in oligodendrocytes (Burzomato et al., 2010; Káradóttir et al., 
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2005; Salter and Fern, 2005), astrocytes (Lee et al., 2010a; Palygin et al., 2011), 

microglia (Murugan et al., 2011) and brain endothelial cells (Mehra et al., 2020).  

The spatiotemporal expression profile of GluN3A within the CNS is also 

strikingly unique (Figure 6c; GluN3A is referred as ‘3A’ and denoted as light red 

dots). Early in development, GluN3A expression is widespread, with high levels 

found in the neocortex, hippocampal CA1 region, olfactory bulb, cerebellum, and 

nuclei of the amygdala, thalamus, hypothalamus and brainstem (Pachernegg et 

al., 2012). 

GluN3A-NMDARs in synapse maturation, stabilization and plasticity 

As introduced above, one molecular event required before synapses can be 

selected for stabilization versus pruning is the replacement of juvenile GluN3A-

NMDARs with mature GluN1/ 2-containing conventional NMDARs (Pérez-Otaño 

et al., 2006). Much evidence comes from genetic studies (Figure 7). Initial work 

revealed that young (P19) Grin3a -/- mice exhibit a 2-3 fold increased spine density 

and stronger NMDA-induced currents in cortical pyramidal neurons; a difference 

that was less robust in adult mice (Das et al., 1998) (Figure 7b,c; left panels). Later 

studies using a double-transgenic GFP-GluN3A (dtGluN3A) mouse model 

revealed that enhancing GluN3A expression (Roberts et al., 2009) decreases 

spine density and yields a higher proportion of immature spines with smaller PSDs 

(Figure 7b,c; right panels). Hippocampal LTP was reduced in dtGluN3A mice, while 

Grin3a -/- mice showed an acceleration of the developmental onset of LTP (Figure 

7d) (Roberts et al., 2009) and earlier expression of synaptic maturation markers 

(Henson et al., 2012). 
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Figure 7. GluN3A-NMDARs in synapse plasticity and maturation. 

(a) Effects of loss (Grin3a -/- mouse model; red) and prolonged (dtGluN3A mouse model; green) 

GluN3A protein expression were analyzed at the postnatal stages indicated by the green shaded areas: 

P6 - P8, peak of endogenous GluN3A protein expression, and P25, when endogenous GluN3A is down-

regulated. (b)  Left, cortical neurons from Grin3a -/- mice have increased density of dendritic spines 

with large spine heads, denoting mature morphology. Right, dendritic spine density and size are 

conversely reduced in dtGluN3A mice. (c) Left, genetic deletion of GluN3A accelerates the 

development of strong synaptic NMDAR currents in hippocampal CA1 pyramidal neurons (red). Right, 

on the other hand, prolonging GluN3A expression into later development stages reduces synaptic 
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NMDAR currents (green). (d) Left,  genetic deletion of GluN3A increases LTP evoked by high‑frequency 

stimulation (HFS) of Schaffer collaterals (100 Hz for 1s, repeated three times); measured in 

hippocampal CA1 region at early developmental stages. Right, prolonging GluN3A expression until P25 

reduces the magnitude of hippocampal LTP. fEPSP, field excitatory postsynaptic potential. Figure 

adapted from (Pérez-Otaño et al., 2016). 

GluN3A-NMDARs impact in behavior 

Recent studies have started to unravel potential behavioral consequences of 

GluN3A-NMDARs alteration in plasticity. Young (3-4 week-old) Grin3a -/- mice 

exhibit increased pre-pulse inhibition, an indicator of sensorimotor gating, that is 

normalized in adulthood (Brody et al., 2005). Yu and colleagues described 

enhanced object recognition, spatial memory and learning in adult Grin3a -/- mice 

(Mohamad et al., 2013), but it is unclear whether this is a consequence of GluN3A 

absence during early postnatal life or in the adult brain. Memory acquisition is intact 

in adult dtGluN3A mice, but memory consolidation is disrupted (Roberts et al., 

2009). Both Pérez-Otaño and Yu groups found that absence of GluN3A reduces 

locomotor activity in mice subjected to the open field test, although results from 

other locomotor tasks such as the rotarod were less clear (Marco et al., 2013; 

Mohamad et al., 2013). Further studies reported that Grin3a -/- mice display 

increased pain sensation (Mohamad et al., 2013), lowered odor distinguishable 

abilities (Lee et al., 2016) and impaired social behavior (Lee et al., 2018). More-

extensive behavioral profiling should be performed using transgenic mice in which 

GluN3A expression could be turned off at specific developmental times and 

controlled genetic backgrounds. This would allow us to distinguish defects caused 

by altered development from those caused by normal GluN3A function in the adult 

brain. 

1.3.5. Signaling pathways mediating the effects of GluN3A-NMDARs 

Conventional NMDARs act as coincident detectors of presynaptic glutamate 

release and postsynaptic depolarization that drives the induction of LTP and LTD 

of AMPAR-mediated transmission (Lüscher and Malenka, 2012) and the resulting 

synaptic structural plasticity (Matsuzaki et al., 2004; Nicoll and Malenka, 1999). 

LTP has two phases, early (E-LTP) and late (L-LTP), with independent 

mechanisms regulating the duration of the enhancement of synaptic transmission. 

While E-LTP lasts 1 to 3 hours, L-LTP can last 24 hours or even longer and 
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requires the synthesis of new proteins (Huang and Kandel, 1994). Calcium entry 

via synaptic NMDARs couples this pre- and post-synaptic synergy to intracellular 

signaling pathways that phosphorylate transcription factors and activate gene 

expression to support the plastic changes and long-term maintenance of synapses 

(a phenomenon known as “structural plasticity”) (Hardingham, 2019; Matsuzaki et 

al., 2004). Some of these pathways are linked to persistent synapse remodeling 

as well as memory consolidation: 1) the RAC1–GIT1–β-PIX pathway that controls 

actin rearrangements (Zhang et al., 2003); 2) the cyclic AMP-responsive element-

binding protein (CREB), that regulates transcription (Atkins et al., 1998; Sheng et 

al., 1994; Wu et al., 2001); or 3) the mTOR-dependent mRNA translation, that 

determines the expression of plasticity-related proteins (PRPs) (see mTORC1 and 

protein synthesis) (Buffington et al., 2014; Costa-Mattioli and Monteggia, 2013) 

(Figure 8). 

Lower calcium influx through GluN3A-NMDARs could be expected to 

decrease activity-dependent signaling and gene expression, and might underlie 

GluN3A effects on LTP and structural plasticity in neurons. To address this, Partha 

N. Dey (a former PhD student of the lab) performed a screening to test if GluN3A 

has a global inhibitory effect on NMDAR signaling or selectively inhibits pathways 

involved in lasting synapse remodeling and stabilization (Dey, 2017). Using 

primary cortical neurons as a model (Figure 9a), he found that enhancing GluN3A 

expression attenuated the induction of a subset of NMDAR-dependent signaling 

pathways, namely phosphorylation of Calcium/ Calmodulin-dependent kinase II 

(CaMKII), mitogen-activated protein kinase p38 (p38MAPK) and mTOR while 

pathways controlling activity-dependent transcription such as the extracellular 

signal-regulated kinases 1 and 2 (ERK1/2) or CREB were unaffected (Figure 9b; 

up). 

Along with the rapid activation of phosphorylation cascades, NMDARs 

induce de novo expression of PRPs that mediate structural and functional changes 

in the network (Guzowski et al., 2001; Morgan et al., 1987; Rao et al., 2006; Saha 

et al., 2011), including the immediate-early genes (IEGs) Arc, c-Fos and Zif268 

(also known as Egr1). The induction of Arc and c-Fos proteins was significantly 

reduced in GluN3A-infected neurons while Zif268 induction was unaffected, 

indicating that GluN3A does not cause a global inhibition of gene expression 

programs but targets a different mechanism (Figure 9b; down). 
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Figure 8. Signaling pathways mediating persistent synapse and spine enlargement and memory 
consolidation. 

Schematic of signaling pathways downstream synaptic NMDARs that support the plastic changes and 

long-term maintenance of synapses as well as LTM storage upon calcium influx. From left to right: the 

RAC1–GIT1–β-PIX pathway controls the actin remodeling, the ERK1/2-CREB pathway mediates gene 

transcription and the mTOR pathway is involved in PRPs synthesis.  

Considering the key position of mTOR controlling protein synthesis, a 

feasible scenario would be that mTOR and PRPs inhibition were related. Two set 

of experiments linked GluN3A inhibition of the mTOR pathway with the specific 

suppression of a subset of PRPs. First, the induction of Arc and c-Fos proteins, 

but not of Zif268 protein, was blocked by the specific mTOR inhibitor rapamycin. 

Second, restoring mTOR activation by expressing a constitutively active form of 

Rheb was sufficient to normalize Arc and c-Fos induction even in the presence of 

elevated GluN3A levels (data not shown). 

Thus, Partha N. Dey’s work provided insight onto the specific restriction by 

GluN3A of two major signaling pathways involved in long-lasting structural synaptic 

remodeling and memory consolidation: phosphorylation of the postsynaptic kinase 

CamKII and activation of the mTOR protein synthesis pathway (Dey, 2017). 
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Figure 9. GluN3A-NMDARs selectively inhibit a specific subset of signaling pathways and IEGs. 

(a) Scheme of protocols used for the induction of synaptic activity in primary cortical cultures to induce 

activity-regulated signaling pathways (Dey, 2017). (b) Up, GluN3A-NMDARs inhibit a specific subset of 

signaling pathways involved in structural plasticity and memory consolidation without affecting others. 

Namely, GluN3A inhibits the activation of mTOR, CaMKII and p38MAPK signaling pathways while it 

allows ERK1/2 and CREB signaling pathways activation. Down, GluN3A also selectively inhibits the 

IEGs Arc and c-Fos at the protein level without affecting Zif268. 

1.3.6. GluN3A dysregulation is linked to CNS disorders 

Growing evidence links even subtle deficits in the balance between synapse 

maturation and pruning to severe brain disorders, ranging from autism, 

schizophrenia or bipolar disorder to neurodegenerative conditions that debut in 

adult life. Notably, adult reactivation of GluN3A expression or function has been 

shown to reinstate a juvenile state of synapse plasticity and spine turnover which 

also underlies synaptic and cognitive deficits in major brain disorders. Here, the 

focus will be placed in human studies (as summarized in a recent review from our 

group (Crawley et al., 2021)). 

Addiction 

Substance addictions are chronic and relapsing brain disorders that are extremely 

dangerous to personal and public health. Recent findings from next-generation 

sequencing (NGS) or genome-wide association studies (GWAS) have placed 

GluN3A centre stage in the etiology of addiction (Chen et al., 2018a). GRIN3A 

mRNA levels are increased in the hippocampus and orbitofrontal cortex of 
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individuals with alcoholism (Jin et al., 2014). Risk of nicotine dependence has also 

been linked with a number of rare non-synonymous variants in GRIN3A gene, as 

shown in a series of studies performed in European and African-American (Ma et 

al., 2010; Yang et al., 2015), and Chinese Han populations (Chen et al., 2019a). 

Moreover, addiction and abstinence to several illicit drugs are also associated to 

GRIN3A gene variants as well as changes in GRIN3A mRNA levels of expression. 

For instance: heroin (Xie et al., 2016), cocaine (Yuan et al., 2013), 

methamphetamine (Huang et al., 2017) and opioids (Roozafzoon et al., 2010; 

Wang et al., 2018) addiction. 

 Behavioral addictions are disorders analogous to substance addiction, 

with a behavioral core based on repeated performances. Behavioral addictions 

include from sexual addiction to pathological gambling, being computer game 

addiction a twenty-first century addiction still barely studied. Interestingly, the 

mRNA analysis of different NMDAR subunits in human blood lymphocytes 

revealed a reduction in GRIN3A mRNA levels in game addicts (Sadat-Shirazi et 

al., 2018).  

Neuropsychiatric Disorders 

GluN3A dysfunction has been linked to psychiatric disorders such as 

schizophrenia and bipolar disorder. Schizophrenia is believed to originate from a 

combination of genetic risk and environmental factors, especially in utero and in 

the early postnatal period. Post-mortem studies of individuals with schizophrenia 

led to controversial results regarding the levels of GluN3A expression in the 

dorsolateral prefrontal cortex, a relevant region for the pathology that displays 

reduced spine density in affected individuals (Glantz and Lewis, 2000). Mueller 

and Meador-Woodruff reported increased GluN3A expression in the dorsolateral 

prefrontal cortex (Mueller and Meador-Woodruff, 2004), but a second group found 

no differences of expression in this particular region (Henson et al., 2008). GWAS 

have identified genetic variants within the protein-coding region of GRIN3A in 

individuals with schizophrenia (Shen et al., 2009; Takata et al., 2013; Yu et al., 

2018), with potential functional relevance. Genetic variations or low GRIN3A 

expression levels correlate with improved cognitive performance in traits impaired 

in schizophrenia, such as working memory (Sadat-Shirazi et al., 2019), associative 

memory (Papenberg et al., 2014) and prefrontal activation during auditory 
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processing (Gallinat et al., 2007). Additional links between GRIN3A genetic 

variations and cognitive endophenotypes in schizophrenia are emerging 

(Greenwood et al., 2011, 2016; Ohi et al., 2015) and a deep analysis will be 

required. 

Bipolar disorder (BD) is a chronic, recurrent and incapacitating mood 

disorder characterized by episodes of mania/ hypomania and depression 

interspaced with euthymia. Post-mortem studies of affected individuals revealed a 

decrease in GluN3A mRNA (Mueller and Meador-Woodruff, 2004) and protein 

(Rao et al., 2010) levels. On the other hand, a recent publication proposes that 

drugs employed to treat BD decrease GRIN3A mRNA levels by increasing the 

expression of its negative microRNAs regulators, miR-128 and miR-378 

(Kidnapillai et al., 2020). 

Finally, (Kazmierski et al., 2014) linked GRIN3A genetic variations with 

post-operative delirium, a neuropsychiatric disorder of unknown pathogenesis. 

Neurodegenerative Disorders 

Alzheimer’s Disease (AD) is a progressive neurodegenerative disorder that results 

in dementia. One of the few treatments used to mitigate the cognition deficits is the 

NMDAR antagonist memantine, indicating that a disturbance in glutamatergic 

transmission might be involved. Surprisingly, studies continuing this line of thinking 

demonstrate that genetic variations within the coding region of GRIN3A are a risk 

factor for AD in the Taiwanese population (Liu et al., 2009).  

Huntington’s Disease (HD) is a dominantly inherited neurodegenerative 

disorder with severe motor, cognitive and psychiatric disturbances that is caused 

by expansion of a polyglutamine repeat within the N-terminal region of the 

huntingtin protein. Elevated GluN3A protein levels have been found in the striatum 

of patients with HD, a region where neurodegeneration is most prominent (Marco 

et al., 2013). Remarkably, silencing GluN3A expression in a HD mouse model has 

been proven a potential therapeutic approach, as it improves motor and cognitive 

symptoms and delays neurodegeneration even at late disease stages (Marco et 

al., 2018). 
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2. THE MTOR PATHWAY 

In 1994, a Canadian expedition was sent to the Easter Island (natively named 

Rapa Nui) in search for new compounds. From the soil collected, they isolated a 

strain of Streptomyces hygroscopicus that produced an unknown compound which 

inhibited yeast growth. They named it rapamycin in deference to its place of origin 

(Vézina et al., 1975). Further studies boosted the interest in rapamycin, showing 

that its antiproliferative properties extended beyond fungi and conferred 

antitumoral and immunosuppressive activities (Eng et al., 1984; Houchens et al., 

1983; Martel et al., 1977). However, its mechanism of action remained uncharted 

for more than 20 years until a series of breakthroughs in the early 90s cracked 

open both the mystery of rapamycin and one of the most important signaling 

networks in biology (Liu and Sabatini, 2020; Sabatini, 2017).  

First, rapamycin was found to induce immunosuppressant activity by 

arresting cell cycle at the G1 phase in both mammalian T cells (Bierer et al., 1990; 

Dumont et al., 1990) and yeasts (Heitman et al., 1991). Second, genetic screening 

studies using the rapamycin resistant Saccharomyces cerevisiae revealed that 

rapamycin interferes with three genes: FRP1, TOR1 and TOR2. FRP1 encodes 

the prolyl-isomerase FK-binding protein 12 (FKBP12), an enzyme that assembles 

with rapamycin in a complex that inhibits cell growth and proliferation (Chung et 

al., 1992; Heitman et al., 1991). TOR1 and TOR2 (from Target of Rapamycin) 

encode two protein homologues of a large 289-KDa serine-threonine kinase that 

were also observed to be essential for yeast cell cycle progression at the G1 phase 

(Kunz et al., 1993). Nonetheless, the full mechanism of action of rapamycin was 

only revealed in 1994, when three different groups discovered an eukaryotic TOR 

orthologue by biochemical affinity purification of the FKBP12 - rapamycin complex: 

the mechanistic  (originally “mammalian”) Target of Rapamycin (mTOR) (Brown et 

al., 1994; Sabatini et al., 1994; Sabers et al., 1995).  

mTOR is an evolutionally conserved serine-threonine kinase that is part of 

the phosphatidylinositol 3-kinase (PI3K)-related kinase family. Since its discovery, 

mTOR stood out as a core regulator of signal transduction that integrates 

extracellular stimuli into intracellular metabolic resources to maintain cellular 

homeostasis and control cell growth, survival and proliferation (Sabatini, 2017). 

mTOR is involved in a vast majority of cellular processes: energy metabolism, 
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lysosome biogenesis, autophagy, cytoskeletal reorganization and lipid, nucleotide 

and protein synthesis (Liu and Sabatini, 2020). To carry out these functions, mTOR 

forms two functionally and structurally distinct multiprotein complexes: mTOR 

complex 1 (mTORC1) and mTOR complex 2 (mTORC2). 

2.1. THE MTOR COMPLEXES 

mTORC1 and mTORC2 are distinguished by their component proteins, differential 

sensitivity to rapamycin and distinctive substrates and functions (Figure 10). 

Besides mTOR, both complexes contain common components: the DEP-domain-

containing mTOR-interacting protein (DEPTOR), the mammalian lethal with 

SEC13 protein 8 (mLST8, also known as GβL) and the scaffold proteins Tti and 

Tel2 (Costa-Mattioli and Monteggia, 2013; Liu and Sabatini, 2020). 

 

Figure 10. mTORC1 and mTORC2. 

mTOR forms two functionally distinct complexes: mTORC1 and mTORC2. mTORC1 integrates 

information about nutritional abundance and environmental status to tune the balance of anabolism 

and catabolism in the cell, and thus controlling cell growth. On the other hand, mTORC2 governs 

cytoskeletal rearrangements and modulates cell survival and proliferation signaling pathways. Unlike 

mTORC1, which is acutely inhibited by low doses of rapamycin, mTORC2 responds only to chronic 

rapamycin treatment. Dysregulation of both complexes has been implicated in a variety of 

neurodevelopmental and neuropsychiatric disorders (further detailed in Dysregulated mTOR and 

Neurodevelopmental and Neuropsychiatric Disorders). 

mTORC1 is characterized by the presence of the regulatory associated 

protein of mTOR (Raptor) and the proline rich Akt substrate 40 kDa (PRAS40). 
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Raptor is responsible for the subcellular localization of mTORC1 and mediates 

substrate recruitment by the recognition of TOR signaling (TOS) motifs (Hara et 

al., 2002; Kim et al., 2002). Conversely, PRAS40 is an inhibitor of mTORC1 that 

suppresses substrate recruitment and competes with other mTORC1 targets of 

phosphorylation (Vander Haar et al., 2007; Sancak et al., 2007). Recent structural 

studies have shed light on the assembly and activity of mTORC1. mTOR dimerizes 

with RAPTOR creating a relatively inactive complex that acquires catalytic activity 

upon binding an essential activator, the small GTPase Rheb (Long et al., 2005; 

Yang et al., 2017). Crystallography studies show that FKBP12-rapamycin and 

PRAS40 inhibit mTORC1 by occluding the access of substrates into the kinase 

active site (Yang et al., 2013, 2017). 

mTORC2 contains as defining components the rapamycin-insensitive 

companion of mTOR (Rictor), mammalian stress-activated MAPK-interacting 

protein 1 (mSIN1) and the protein observed with Rictor 1 or 2 (Protor 1/ 2). Rictor 

is a scaffold protein that controls the complex assembly and regulates its substrate 

specificity (Sarbassov et al., 2004). mSIN1 is involved in the recruitment of 

substrates into mTORC2 and in its trafficking to de cytoplasmic membrane (Frias 

et al., 2006; Jacinto et al., 2006; Yang et al., 2006). And Protor 1/ 2 are two Protor 

isoforms whose regulatory functions are still scarcely known (Pearce et al., 2007; 

Woo et al., 2007). Unlike mTORC1, only chronic treatment with rapamycin can 

inhibit the formation and activity of mTORC2, while acute treatment has no effect 

(Jacinto et al., 2004). Crystallography structural studies revealed that Rictor blocks 

the FKBP12-rapamycin complex binding site on mTOR and renders mTORC2 

insensitive to acute rapamycin treatments (Chen et al., 2018b). Nevertheless, 

prolonged rapamycin administration can inhibit mTORC2 signaling by 

sequestering the cellular pool of mTOR into rapamycin-bound complexes that 

cannot nucleate new mTORC2 (Sarbassov et al., 2006).  

2.2. UPSTREAM ACTIVATORS OF MTOR 

In neurons, mTORC1 integrates a wide variety of synaptic inputs, including 

glutamate, changes in cyclic AMP levels and neurotrophins. The latter agglutinates 

the brain-derived neurotrophic factor (BDNF), insulin and insulin-like growth factor 

1 (IGF1) among others. These signals activate NMDAR and/ or tyrosine kinase 

receptor B (TrkB) and activate the PI3K signaling pathway, probably the best 
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characterized upstream regulator of mTORC1 (Figure 11) (Costa-Mattioli and 

Monteggia, 2013; Lipton and Sahin, 2014). 

 

Figure 11. The mTOR signaling pathway in neurons. 

Schematic representation of the main upstream and downstream effectors of mTORC1 and mTORC2 

as well as their cellular responses. 

PI3K activation promotes the conversion of phosphatidylinositol (3,4)-bis-

phosphate (PIP2) into phosphatidylinositol (3,4,5)-trisphosphate (PIP3), a process 

negatively regulated by the phosphatase and tensin homolog (PTEN). Afterwards, 

PIP3 anchors Akt to the plasma membrane, where it can be phosphorylated and 

activated by 3-phosphoinositide-dependent protein kinase 1 (PDK1). Akt 

subsequently phosphorylates and inactivates two proteins in the cascade: 

PRAS40 and TSC protein 2 (TSC2). PRAS40 inactivation leads to its disassembly 

from RAPTOR, allowing phosphorylation of mTORC1 targets. TSC2 forms with 
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TSC1 the TSC1-TSC2 complex, a GAP for the GTPase Rheb. When TSC1-TSC2 

is inhibited, Rheb shifts from a GDP-bound inactive conformation into the active 

GTP-bound one, and activates mTORC1 (Costa-Mattioli and Monteggia, 2013; 

Lipton and Sahin, 2014). 

Little is known about upstream regulation of mTORC2 in the brain. 

Neurotrophins, glutamate, NMDA and stimuli known to induce long-lasting 

changes in synapses such as L-LTP have been reported to activate mTORC2 

through the PI3K-signaling pathway (Huang et al., 2013). PI3K signaling stimulates 

mTORC2 binding to the ribosome, which is required for its activation (Zinzalla et 

al., 2011). Because mTORC1 stimulates ribosome assembly, mTORC1 and 

mTORC2 are, in some way, both upstream and downstream regulators of each 

other, which makes the dissection of their tangled signaling properties even more 

complicated. 

2.3. DOWNSTREAM REGULATION OF MTOR 

mTOR is a core regulator of neuronal signaling during brain development, and has 

been implicated in axonal growth and guidance, dendritic development and spine 

morphogenesis as well as long-term synaptic plasticity. mTOR regulates two main 

processes necessary for long-term changes that could underlie these roles: de 

novo protein synthesis and structural changes effected by the actin cytoskeleton 

(Licausi and Hartman, 2018; Lipton and Sahin, 2014). 

2.3.1. mTORC1 and protein synthesis 

Protein synthesis is the most energy and resource demanding process in growing 

cells (Buttgereit and Brand, 1995), and it is thus tightly regulated. It follows three 

main steps: initiation, elongation and termination, with the majority of translational 

control mechanisms acting at the initiation and elongation steps. At the initiation 

step, we will focus on mechanisms that regulate the recruitment of the ribosome 

to the 5’-end of the mRNA, with emphasis on the translation initiation factors eIF2 

and the mTORC1-dependent 4E-BPs. 

A crucial regulatory step in the initiation of protein synthesis is the 

assembly of the active eukaryotic initiation factor 2 (eIF2)–GTP and the initiator 
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methionyl transfer RNA (tRNAiMet) into a ternary complex that binds the 40S 

ribosome. The initiation factor eIF2 switches from an inactive GDP-bound form to 

an active GTP-bound one thanks to its GEF, eIF2B. The phosphorylation of eIF2α 

at Ser51 prevents the activity of eIF2B, inhibiting general new protein synthesis and 

is a strictly regulated molecular event that acts as a master effector of the 

integrated stress response. Despite this general inhibition, GDP-bound eiF2 

permits the translation of a subset of mRNAs that contain upstream open reading 

frames in their 5’-UTRs, such as the transcription factor ATF4 (Buffington et al., 

2014). In recent publications, Sonnenberg, Klann and colleagues proposed eIF2 

as the main regulator of de novo protein synthesis during LTM consolidation 

(Sharma et al., 2020; Shrestha et al., 2020a, 2020b). Nonetheless, they also 

pointed out mTORC1 as a more specific regulator of protein synthesis upon a 

differential cued threat conditioning paradigm (Shrestha et al., 2020a). 

mTORC1 regulates mRNA translation via phosphorylation of two main 

downstream effectors: the eukaryotic initiation factor 4E (eIF4E)-binding proteins 

(4E-BPs) and P70S6 kinases (P70S6K/ S6K1 and S6K2) (Figure 11). Most 

regulated eukaryotic mRNAs bear a methylated guanosine repeat at their 5´-UTRs 

referred to as ‘‘the cap’’. This structure is regulated by binding of the cap binding 

protein, eIF4E, which is part of cap-dependent translation complex eIF4F. eIF4E 

is regulated by binding of 4E-BPs, that inhibit its association with the mRNA cap 

and suppress translation initiation. mTOR activation promotes 4E-BPs 

phosphorylation, releases eIF4E from the mRNA cap structure and allows initiation 

of cap-dependent protein synthesis (Costa-Mattioli et al., 2009). Of note, three 

different 4E-BP isoforms have been described (4E-BP1/ 2/ 3); 4E-BP2 is the most 

abundant in the mammalian brain (Banko et al., 2005).  

The second mechanism by which mTORC1 regulates translation is 

phosphorylation of S6K at Thr389, which is a reliable read-out of mTORC1 activity 

(Ma et al., 2008). S6K promotes protein synthesis by phosphorylating three 

targets: the 40S ribosomal protein S6, the eukaryotic elongation factor 2 kinase 

(eEF2K), and the eukaryotic initiation factor 4B (eIF4B). S6 phosphorylation is 

essential for ribosomal biogenesis and protein synthesis initiation. eEF2K 

phosphorylation supresses its ability to phosphorylate the eukaryotic elongation 

factor 2 (eEF2), and dephosphorylated eEF2 stimulates the elongation of nascent 

peptide chains. Lastly, eIF4B phosphorylation promotes the activity of the RNA 
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helicase eIF4A and permits the translation of mRNAs with longer 5’-UTRs (Lipton 

and Sahin, 2014). It has been keenly discussed whether and how mTORC1 

signaling regulates specific classes of mRNA transcripts. Global ribosome foot-

printing analyses have revealed that, although acute mTOR inhibition moderately 

suppresses general mRNA translation, it predominantly affects mRNAs containing 

at their 5’-UTR an extensive secondary structure or a 5’ terminal oligopyrimidine 

(TOP) or ‘‘TOP-like’’ motifs. TOP mRNAs mainly encode components of the 

translational machinery, including ribosomal proteins and elongation factors, being 

translation repressed by this TOP sequences until mTORC1 activation (Costa-

Mattioli et al., 2009; Saxton and Sabatini, 2017; Thoreen et al., 2012). 

2.3.2. mTORC1 and autophagy 

Autophagy is a catabolic process that plays a pivotal role in synaptic remodeling 

and memory formation by maintaining homeostatic protein turnover (Nixon, 2013; 

Yan et al., 2018). Upon activation, mTOR inhibits autophagy through 

phosphorylation of Unc-51–like autophagy-activating kinase 1 (ULK1) at Ser757, a 

target residue of mTORC1 that is a documented as an anti-autophagy site. This, 

in turn, sequesters ULK-1 away from AMPK, a key activator of autophagy, and 

prevents the autophagosome formation (Jung et al., 2009; Kim et al., 2011). 

2.3.3. mTORC2 and actin dynamics 

mTORC2 primary functions are the control of cell survival, migration and 

proliferation. mTORC2 activation is known to regulate actin polymerization by 

phosphorylating members of the AGC (PKA/ PKG/ PKC) family of protein kinases 

(Jacinto et al., 2004; Sarbassov et al., 2004) or by directly modulating the Rac1/ 

PAK signaling pathway (Huang et al., 2013). PKB (also known as Akt) promotes 

cell survival and growth through the phosphorylation and inhibition of TSC2, that 

permits mTORC1 activation, or several transcription factors and metabolic 

regulators (Saxton and Sabatini, 2017). 
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2.4. MTOR REGULATES BRAIN PHYSIOLOGY AND FUNCTION 

The mTOR pathway is involved in a wide range of neuronal functions, with core 

roles in early neural development, circuit formation and synaptic plasticity, learning 

and memory (Figure 12) (Lipton and Sahin, 2014; Liu and Sabatini, 2020). 

 

Figure 12. mTOR regulates brain physiology and function. 

Figure adapted from (Liu and Sabatini, 2020). (a) Roles of mTORC1 and mTORC2 during neuronal 

development. (b) Roles of mTORC1 and mTORC2 in postnatal maintenance of synaptic plasticity. 

mTORC1 modulates learning and memory through the control of activity-dependent synaptic translation 

to strengthen or weaken specific neuronal circuits, or via autophagy, to prune obsolete synapses. 

Autophagy may also play a neuroprotective role by degrading misfolded proteins and damaged 

organelles. On the other hand, mTORC2 also modulates learning and memory by remodeling the actin 

cytoskeleton to reshape dendritic spines in response to neuronal signaling. 

The first hint demonstrating the relevance of mTOR in brain development 

came from a mouse mutant ‘‘flat-top’’ that carries a mutation in the mTOR gene. 

This loss of function mutant exhibited a defect in telencephalon formation and died 

in mid-gestation (Hentges et al., 2001). A later study using a full mTOR knockout 

(KO) mouse showed that mTOR controls both cell size and proliferation in early 

mouse embryos and embryonic stem cells, provoking the early lethality of mTOR 

KO embryos (Murakami et al., 2004). Complete ablation of the mTOR components 

Raptor and Rictor also caused embryonic lethality (Guertin et al., 2006; Shiota et 

al., 2006). Conversely, activation of mTOR at different stages of development led 

to diverse outcomes. Aiba and colleagues generated transgenic (Tg) mice with 

gain-of-function mTOR mutations that allow selective activation in the forebrain 

over defined developmental windows. Early embryonic mTOR activation during 
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corticogenesis caused the apoptosis of cortical neuronal progenitors without 

affecting their proliferation, ultimately resulting in cortical atrophy. However, 

activating mTOR in postmitotic neurons in both juvenile and adult mice caused 

cortical hypertrophy, increased neuronal cell size and severe epileptic seizures 

that recapitulates to some extent human TSC (Kassai et al., 2014). Further studies 

aimed to dissect the roles of mTORC1 and mTORC2 using Raptor and Rictor 

conditional KOs. mTORC1 was shown to regulate cortical lamination, cell size, 

neurogenesis and gliogenesis as well as the initiation and thickness of myelination 

(Bercury et al., 2014; Cloëtta et al., 2013; Wahl et al., 2014). mTORC2 is involved 

in cell migration and controls neuronal size and dendritic extension (Thomanetz et 

al., 2013). 

mTOR also plays important roles in neural circuit formation and plasticity 

during development and adulthood (see mTOR and synaptic plasticity, learning 

and memory; from activity to local protein synthesis). For instance, Tsc2+/- mice 

with disrupted mTOR signaling early in development display aberrant retinotopic 

mapping due to a defective axonal guidance (Nie et al., 2010), while adolescent 

(P30) Tsc2+/- mice exhibit increased spine density due to defective pruning (Tang 

et al., 2014). 

2.4.1. mTOR localizes at synapses 

Localization matters. As previously mentioned mTORC1 controls a wide variety of 

cellular processes in response to diverse sets of inputs, which requires the proper 

targeting of mTOR machinery to specific compartments. For instance, mTORC1 

response to amino acids rely on its translocation to the lysosome thanks to a 

concerted action between Rags, Ragulator and v-ATPase that allow its activation 

by the small GTPase Rheb (Sancak et al., 2008, 2010). 

The polarization and extended morphology of neurons makes mTORC1 

subcellular localization even more critical for its proper function. Twenty years ago, 

a pioneer study by Schuman and colleagues demonstrated that mTOR localizes 

at synapses and is necessary for long-term synaptic plasticity (Tang et al., 2002). 

Immunostaining experiments in rodent hippocampal neurons found a co-

localization of mTOR and its downstream effectors eIF-4E, 4E-BP1, and 4E-BP2 

with the postsynaptic protein PSD-95 (Figure 13a). They also found mTOR 
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expression in the soma, but further experiments in hippocampal slices using the 

mTOR inhibitor rapamycin pointed towards a local mode of action for mTOR. 

Rapamycin treatment decreased L-LTP (Figure 13b) and prevented BDNF-

induced synaptic potentiation in hippocampal slices (Tang et al., 2002). Later work 

also supported a L-LTP decrease upon rapamycin treatment in hippocampal slices 

but only when the drug was applied during induction, being ineffective once L-LTP 

was established (Cammalleri et al., 2003). This group also found a dendrite-wide 

activation of S6K in primary hippocampal neurons and slices upon depolarization 

with KCl or glutamate (Figure 13c). This result suggests a link between the L-LTP 

induction and the NMDA- and mTOR-dependent activation of S6K in dendrites but 

not in somas. Consistent with the latter, the sites of dendritic activation of S6K 

appeared restricted to a subset of spines and discrete compartments along the 

dendritic shaft, emulating hotspots for fast dendritic translation (Cammalleri et al., 

2003). 

In parallel, Suzuki and colleagues described mTOR localization at 

synapses using extensive biochemical characterization of the translational 

machinery in synaptic fractions (Asaki et al., 2003). Many components of the 

mTOR pathway –PI3K, Akt, mTOR, 4E-BPs, eIF4E, S6K, S6, eEF2K and eEF2– 

where present in PSDs, dendritic lipid rafts, and synaptic plasma membrane 

fractions. Of them, mTOR, 4EBPs, S6 and eEF2K were enriched in the PSD and 

dendritic fractions (Asaki et al., 2003). The enrichment of S6 in the PSD fraction 

correlates with the reported presence of ribosomes close to PSDs (Pierce et al., 

2000; Steward and Levy, 1982). These findings were corroborated and expanded 

by Greenberg and colleagues. First, they supported again the presence of the 

mTOR machinery at the synapse, showing that acute treatment with BDNF caused 

a rapid activation of S6K and eIF4E in treated dendrites. Second, they proved a 

functional role of mTOR at the synapse by demonstrating that BDNF induces the 

local translation of a subset of mRNAs in a rapamycin-dependent manner (Schratt 

et al., 2004). 
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Figure 13. mTOR machinery localizes at postsynaptic compartments. 

(a) Modified from (Tang et al., 2002). Synaptic localization of eIF4E (‘a’), 4EBP1 (‘d’) and mTOR (‘g’) 

together with PSD-95 (‘b’, ‘e’, ‘h’) in DIV14 primary hippocampal neurons. Insets in the overlays ‘c’, ‘f’, 

and ‘I’ are higher magnification images from the caged dendritic regions marked by boxes (arrows 

indicate the synaptic regions that are double-stained). (b) From (Tang et al., 2002). Rapamycin 

decreases the magnitude of late-phase LTP in hippocampal slices. Ensemble averages for DMSO, 

rapamycin and FK506, a drug that can also bind to FKBP12 but does not inhibit mTOR activity, are 

presented. (c) Modified from (Cammalleri et al., 2003). Dendritic induction of pS6K at Thr389 after KCl 

depolarization in DIV21 primary hippocampal neurons. pS6K staining is shown in green, 

counterstaining for actin with phycoerythrin-conjugated phalloidin in red and the overlay in yellow. A 

representative higher magnification of a dendrite is shown in ‘1’. Higher magnification images showing 

dendritic spines positive for pS6K immunostaining are shown in ‘2’ and ‘3’.  

Besides its postsynaptic localization, mTOR signaling has also been 

observed in axons. He and colleagues first demonstrated mTOR to be required for 

axonal regeneration and survival in the CNS (Park et al., 2008). Using the mTOR 

downstream effector pS6 as a marker, the authors reported that mTOR is activated 

after axonal injury in the optic nerve and promotes axonal growth. They also 
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described a development decline of pS6 expression in retinal ganglion cells 

(RGCs), suggesting that only a small subset of adult RGCs retain mTOR activity 

and regeneration capacity. Elimination of mTOR upstream inhibitors such as PTEN 

and TSC1 also increased axonal growth capacity (Park et al., 2008). This 

correlated with a second study in which mTOR activity was proven to increase 

axonal growth in the Peripheral Nervous System (PNS) (Abe et al., 2010). Deletion 

of the mTOR inhibitor TSC2 in dorsal root ganglial neurons (DRGs) was sufficient 

to induce axonal growth in vitro and in vivo, although defects in target innervation 

were also observed (Abe et al., 2010).  

In a later study, mTOR activity was found elevated in axons 3 hours post-

injury of the sciatic nerve (SN) (Terenzio et al., 2018). Other components of mTOR 

signaling (Akt, S6K, S6 and eiF4B) were also activated shortly after injury, together 

with a decrease in the activity of the upstream inhibitor PTEN. Of note, the authors 

described that mTOR itself is locally translated after SN injury so it can later 

regulate axonal local translation. All the effects reported were impaired by the 

mTOR inhibitor torin-1, suggesting that mTOR regulated its own synthesis in 

injured axons (Terenzio et al., 2018). Finally, in an elegant study Macklis and 

colleagues identified the local transcriptomes and proteomes from labelled growth 

cones (GCs) of single projections in vivo (Poulopoulos et al., 2019). They set out 

to investigate the molecules that form specific connections in GCs and identified 

mTORC1 foci, but not mTORC2, together with mRNAs that contain mTOR-

dependent motifs. They corroborated the results on axonal growth from previous 

groups, finding that deletion of mTOR resulted in failure of callosal axon growth 

(Figure 14) (Poulopoulos et al., 2019). 



INTRODUCTION 

 
90 

 

Figure 14. mTOR machinery localizes at presynaptic compartments. 

Modified from (Poulopoulos et al., 2019). (a) In cultured callosal projection neurons, endogenous 

mTOR, TSC1 and Raptor appear in dense local foci within GCs from while RICTOR expression is 

spread in fine granules (red in overlays, heat-mapped in underlying panels) (b) Volcano plot of GC–

soma RNA mapping, colored according to mTOR-dependent, mTOR-independent or canonical 

transcript classes. λR values plotted for each transcript versus P value (on logarithmic scales). 

Significance thresholds set to a 0.05 permutation-based false discovery rate (FDR). (c) mTOR is 

required for callosal axon growth. Brains electroporated with GFP (control) or Cre in mice with 

homozygous floxed-mTOR alleles for conditional KO (mTOR-KO) were examined at P3. Scale bars, 

100μm. 

2.4.2. mTOR and synaptic plasticity, learning and memory; from activity 
to local protein synthesis  

“…it is possible that synthesis of specific proteins is the essential physical phenomenon 

paralleling memory, fantasy, and intuition. This hypothesis is supported by the fact that 

protein synthesis occurs in strongly stimulated neurons and that cells are able to ‘learn’ 

to synthesize new specific proteins….”  

(Monné A, 1948) 
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Memories can be divided into short-term memories, lasting from seconds to 

minutes, and long-term memories, lasting for hours, months, years or even a 

lifetime (Kandel, 2001). LTP, LTD and associated structural modifications are 

thought to underlie the long-lasting synaptic changes necessary for the 

establishment of long-term memories in the brain. More than 70 years ago, it was 

proposed that the physical root for these processes could be new protein 

synthesis. It was generally assumed that proteins were synthesized in the soma 

and later travelled to their final subcellular localization. However, a number of 

discoveries brought a major shift. 

In 1965, Bodian published the first description of ribosome particles in 

proximal dendrites in monkey spinal cord motoneurons by electron microscopy 

(Bodian, 1965). In 1982, Steward and Levy revealed polyribosomes at synapses 

from distal dendrites of dentate granule neurons by electron microscopy as well, 

indicating that protein synthesis could occur locally at specific synapses (Figure 

15a) (Steward and Levy, 1982). In the 90s, Rao and Steward confirmed that 

isolated synaptoneurosomes could incorporate radiolabeled amino acids into 

nascent proteins (Rao and Steward, 1991), and Kang and Schuman reported that 

BDNF-induced LTP requires dendritic protein synthesis, suggesting a functional 

role in synaptic plasticity (Kang and Schuman, 1996). It was later found that 

mRNAs are transported to synapses in translationally repressed RNA granules 

(Martin and Ephrussi, 2009), allowing the selective de-repression of translation 

(Wang et al., 2010) of activity-induced enriched mRNAs at the base of active 

dendritic spines (Donlin-Asp et al., 2021). Indeed, many dendritic mRNAs that are 

translated in response to synaptic stimulation have been found near postsynaptic 

sites: Camk2a, Arc, Bdnf, Gria1, Psd95 and many others (Figure 15b,c) (Burgin et 

al., 1990; Lyford et al., 1995; Muddashetty et al., 2007; Tongiorgi et al., 1997). 

Moreover dendritic protein synthesis has been dynamically visualized in cultured 

hippocampal neurons using a combination of puromycin or non-canonical amino 

acids together with a proximity ligation assay (PLA) to fluorescently tag newly 

synthesized proteins (Figure 15d) (Dieterich et al., 2010; tom Dieck et al., 2015). 

De novo local protein synthesis is a suitable mechanism for a tight spatial 

and temporal control of gene expression in response to synaptic activity, and the 

data summarized in mTOR localizes at synapses point towards mTOR as a key 

regulator (Graber et al., 2013; Jaworski and Sheng, 2006). Beyond the studies 
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described above (Cammalleri et al., 2003; Schratt et al., 2004; Tang et al., 2002), 

other publications support such role. Nawa and colleagues demonstrated that 

BDNF stimulates protein synthesis initiation by activating mTOR signaling (Takei 

et al., 2001). Using pharmacological inhibition of mTOR by rapamycin or mTOR 

knockdown (Takei et al., 2004), they showed that local protein synthesis was 

mTOR-dependent. And, with live cell imaging of primary hippocampal neurons, 

Sutton and colleagues determined that glycine induced an mTORC1 and protein 

synthesis dependent structural change in spines (Henry et al., 2017). 

Genetic studies shed further light on mTOR-dependent synaptic plasticity. 

For instance, Costa-Mattioli and colleagues carried out a pharmacogenetic 

inhibition study using mTOR heterozygous mice (mTOR+/-) in combination with a 

low dose rapamycin treatment (10nM) to inhibit mTORC1 signaling without 

affecting mTORC2. They concluded that only mTORC1 is required for 

hippocampal L-LTP (Figure 15e), LTM consolidation and reconsolidation of 

contextual fear conditioning memory (Stoica et al., 2011). They later used a 

mTORC2-deficient mouse in which Rictor was conditionally deleted in the murine 

forebrain postnatally (Rictor fb-KO mice). Despite their previous assumptions, they 

described that both L-LTP and LTM were impaired in hippocampal slices from 

mTORC2-deficient mice due to defective actin polymerization dynamics (Huang et 

al., 2013). They also proposed mTORC2 as the main regulator of metabotropic 

glutamate receptor-mediated long-term depression (mGluR-LTD) (Zhu et al., 

2018), a process that is also dependent on new protein synthesis (Huber et al., 

2000). Hippocampal DHPG-induced mGluR-LTD was impaired in mTORC2-

deficient mice but not in mTORC1-deficient ones (Raptor fb-KO mice). They then 

studied mGluR-LTD contribution to hippocampal learning and memory in these 

mice using a spatial recognition task and found that only mTORC2-deficient mice 

displayed impaired novel object recognition (Zhu et al., 2018).  

Recently, particular emphasis has been placed on modulation of mTOR-

dependent learning by exercise (Chen et al., 2019b) or enriched environment 

(Hullinger et al., 2015) paradigms. mTOR activation was compared in the motor 

cortex of runner (subjected to a chronic treadmill exercise training) and nonrunner 

mice. Enhanced mTOR activity, dendritic spine and PSD formation as well as 

axonal myelination and increased mTOR-dependent synaptic transmission and 

motor learning were reported (Chen et al., 2019b). Enriched environment 
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promoted an enhanced hippocampal LTP that depends on ERK and mTOR 

activation (Hullinger et al., 2015). By contrast, sleep deprivation reduced mTORC1 

activation and the consequent 4EBP2 phosphorylation in the hippocampus, 

impairing hippocampal protein synthesis in vivo (Tudor et al., 2016). 

 

Figure 15. mTOR is a key regulator of synaptic plasticity: from NMDARs to local protein 
synthesis. 

(a) Modified from (Steward and Levy, 1982). Distribution of polyribosomes in dentate granule cells. An 

arrow indicated the polyribosome; ‘s’ indicates a spine head and ‘den’ the dendritic shaft. (b) From 

(Cajigas et al., 2012; Holt et al., 2019). Schematic of a subset of mRNAs that encode for synaptically 

relevant proteins in the postsynaptic compartment. mRNAs were identified by RNA-seq from 

hippocampal synaptic neuropil. (c) Modified from (Holt et al., 2019; Tushev et al., 2018). CamKIIα 

mRNA (white) detected by FISH in cultured rat hippocampal neurons. Dendrites were immunostained 

with anti-MAP2 (purple). Scale (d) From (Holt et al., 2019). Visualization of newly synthesized CamKIIα 

protein (white) in neuronal dendrites from hippocampal cultures using the Puro-PLA assay described 

in (tom Dieck et al., 2015) Dendrites were immunostained with anti-MAP2 (purple) (e) From (Stoica et 

al., 2011). Pharmacogenetic inhibition of mTORC1 impairs L-LTP. Hippocampal slices from mTOR +/- 

mice treated with a low concentration of rapamycin (10nM) (f) Modified from (Gong et al., 2006). mTOR 

signaling is necessary for NMDAR-dependent dendritic protein synthesis. Dendritic GFP synthesis was 

induced by NMDA (50µM) and block by the NMDAR antagonist APV (50µM) and the mTOR inhibitor 

rapamycin (200nm). 
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2.4.3. mTOR signaling and local protein synthesis are regulated by 
NMDARs 

Neuronal activity regulates the mTOR pathway and NMDARs have been 

implicated, but the evidence linking NMDAR and mTOR activity is sparse and 

controversial. In 2005, Lenz and Avruch reported that glutamatergic activation of 

mTOR in primary cortical neurons is mediated by calcium entry via postsynaptic 

voltage-dependent Ca2+ channels, but insensitive to pharmacological block by 

APV (Lenz and Avruch, 2005). Snyder and colleagues reported that NMDAR 

activity decreases mTOR signaling by limiting the uptake of the amino acid L-

arginine. Pharmacological block with APV or MK-801 augmented L-arginine 

transport and increased phosphorylation of S6 and 4E-BP, promoting an increase 

of GCs and mature mushroom-shaped dendritic spines formation (Huang et al., 

2007). 

In contrast to the above findings, several publications support a role of 

NMDAR on activating mTOR. Marin and colleagues reported NMDA-induced 

phosphorylation of Akt at Ser473, downstream of mTORC2 (Lafon-Cazal et al., 

2002). Hardingham and colleagues also demonstrated NMDAR-dependent 

phosphorylation of Akt at Ser473 in response to bicuculline that was blocked with 

MK-801, and linked synaptic NMDAR and mTOR activity to neuronal survival 

(Papadia et al., 2005). And as mentioned above, Sanna and colleagues shown 

NMDAR-dependent increased dendritic phosphorylation of the mTOR downstream 

effector S6K upon depolarization with KCl or glutamate in both primary 

hippocampal neurons and slices (Cammalleri et al., 2003).  

Specifically, mTORC1-dependent protein synthesis has also been linked 

to NMDAR activity. In developing synapses, NMDAR-mediated Ca2+ influx 

activates eEF2K, leading to eEF2 phosphorylation and reducing peptide chain 

elongation. Despite an overall decrease in protein synthesis, CaMKIIα protein 

levels were significantly increased (Scheetz et al., 2000). The same effect was 

described by Watson and colleagues (Chotiner et al., 2003). They demonstrated 

that chemical LTP in hippocampal CA1 lasts for at least 3 hours and requires 

mRNA and protein synthesis. However, after the first hour of induction there was 

an unexpected reduction of de novo total protein synthesis that was associated to 

NMDAR-dependent phosphorylation of eEF2 and induction of Arc and c-Fos 
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proteins (Chotiner et al., 2003). Later studies tried to elucidate if this protein 

synthesis occurred locally at synaptic places. Tang and colleagues expressed GFP 

under the control of the 5’ and the 3’ untranslated regions (UTRs) of CaMKIIα to 

study its activity regulation. NMDA stimulated dendritic GFP synthesis in a NMDAR 

and mTOR-dependent manner (Figure 15f) even in the presence of cytoskeleton 

inhibitors, suggesting again that the synthesis was occurring locally (Gong et al., 

2006). Intriguingly, Jan and colleagues found that basal mTOR activity decreased 

the synthesis of the Kv1.1 voltage-gated potassium channel protein in hippocampal 

neuronal dendrites, while mTOR block by rapamycin or NMDAR inhibition 

increased its synthesis (Raab-Graham et al., 2006). Albeit controversial, this 

finding may imply that mTOR locally increases excitability by decreasing synaptic 

potassium currents. 

Deciphering the contribution of the different NMDAR subunits to mTOR 

activity could shed light on the conflicting information. For instance, low doses of 

ketamine induced a rapid activation of mTOR in prefrontal cortex (PFC) 

synaptoneurosomes and increased PSD-95, Arc, GluR1 and Synapsin I translation 

and dendritic spine density in a rapamycin-dependent manner (Li et al., 2010, 

2011). The GluN2B selective antagonist Ro 25-6981 yielded similar effects to 

those of ketamine, indicating that GluN2B subunits are main regulators of NMDAR-

mediated mTOR signaling (Li et al., 2010). Later work by the authors investigated 

that both ketamine and Ro 25-6981 reversed depressant-like behaviors upon 

chronic unpredictable stress (CUS). Blockade of the mTOR pathway obliterates 

ketamine effects (Li et al., 2011). 

Hall and colleagues applied a genetic approach to study the effects of 

GluN2B subunits on mTOR signaling (Wang et al., 2011). To avoid the perinatal 

death described in GluN2B full KO, they developed a mouse line where GluN2B 

subunits were replaced by GluN2A (2B2A) and a GluN2B conditional KO mice 

that restricted GluN2B ablation to neocortical and hippocampal glutamatergic 

neurons (2BΔCtx). Loss of GluN2B in the 2B2A mouse caused an increase in 

phosphorylated S6K that was abolished by rapamycin. The result could be 

interpreted in two ways: GluN2B having an inhibitory role on mTOR or GluN2A 

having an activatory one. The authors hypothesized that GluN2B exerts a tonic 

inhibitory effect on mTOR signaling that is needed for homeostatic synaptic 

plasticity at developing cortical synapses (Wang et al., 2011). Suppression of 
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mTOR-dependent protein synthesis by GluN2B was further supported by 

increased dendritic protein synthesis in GluN2B full KO, 2B2A and 2BΔCtx 

primary cortical neurons respect to WT neurons that was rescued by rapamycin. 

The Hall group explored the relevance of these findings to depressive-like 

behaviors and ketamine-induced protein synthesis (Miller et al., 2014). Cortical 

neurons and synaptoneurosomal preparations from WT mice injected with 

ketamine showed a rapid mTOR activation and an increase of dendritic protein 

synthesis; both effects were occluded in 2BΔCtx mice. The results suggested 

common mechanisms and linked GluN2B signaling to ketamine's antidepressant 

actions (Miller et al., 2014). Further evidence came by Fang and colleagues (Yao 

et al., 2020), which found that the GluN2B antagonist ifenprodil enhances mTOR 

activity and ameliorates depressive-like behaviors in rats subjected to chronic 

unpredictable mild stress (CUMS). Ifenprodil treatment also reduced 

phosphorylation of eEF2 and induced BDNF and GluR1 expression in CUMS rats 

(Yao et al., 2020). From a mechanistic point of view, Monteggia and colleagues 

revealed that ketamine block of spontaneous/ tonic NMDARs activity inactivates 

eEF2K, leading to eEF2 dephosphorylation and enhanced BDNF protein 

synthesis. Thus, spontaneous NMDAR-mediated activation would modulate the 

elongation step of protein synthesis rather than the initiation one (Autry et al., 2011; 

Monteggia et al., 2013).  

Independent evidence using a GFP-reporter of dendritic protein synthesis 

linked GluN2A-containing NMDARs to mTOR-dependent protein synthesis. The 

GluN2A antagonist NVP-AAM077 but not GluN2B antagonists ifenprodil or Ro 25-

6981 blocked the NMDA-induced synthesis of GFP in dendrites of cultured 

neurons (Tran et al., 2007). Later, Adell and colleagues also proposed GluN2A as 

the NMDAR subunit controlling mTOR synaptic activity (Gordillo-Salas et al., 2018; 

Jiménez-Sánchez et al., 2014). The authors reported that the GluN2A specific 

antagonist NVP-AAM077 elicited rapid antidepressant-like effects, inducing an 

increased phosphorylation of mTOR that was prevented by the mTOR inhibitor 

temsirolimus (Gordillo-Salas et al., 2018). Further work is needed to resolve these 

discrepancies. 
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References Model NMDAR effect on mTOR & protein synthesis Global NMDAR 
effect 

(Scheetz et al., 
2000) 

Rat Superior Colliculus synaptoneurosomes treated 
with NMDA 

Increased eEF2 phosphorylation; overall decrease in protein 
synthesis but increased synthesis of CaMKIIα Inhibitory 

(Lafon-Cazal et 
al., 2002) 

Cultured cerebellar granule neurons treated with 
NMDA Increased Akt Ser473 phosphorylation Activatory 

(Cammalleri et 
al., 2003) 

Cultured hippocampal neurons and slices treated with 
NMDA, KCl or glutamate Increased dendritic S6K phosphorylation Activatory 

(Chotiner et al., 
2003) Hippocampal slices under chemical LTP Increased eEF2 phosphorylation; overall decrease in protein 

synthesis but increased Arc and c-Fos Inhibitory 

(Lenz and 
Avruch, 2005) 

Cultured cortical neurons treated with GNA (glutamate 
+ NMDA + APV), BAP (Bicuculline + 4-AP), KCl or 

BDNF ± APV 
mTOR activation is independent on NMDAR activity None 

(Papadia et al., 
2005) 

Cultured hippocampal neurons treated with BAP ± 
APV or MK801 

Induced Akt Ser473 phosphorylation is blocked by NMDAR 
antagonists Activatory 

(Gong et al., 
2006) 

Cultured hippocampal neurons treated with NMDA ± 
APV or rapamycin 

NMDAR- and mTOR-dependent dendritic synthesis of a GFP 
reporter under CaMKIIα UTRs Activatory 

(Raab-Graham et 
al., 2006) 

Cultured hippocampal neurons treated with APV or 
rapamycin Increased Kv1.1 synthesis upon NMDAR and mTOR inhibition Inhibitory 

(Huang et al., 
2007) 

Cultured cortical neurons treated with NMDA ± MK-
801 

Increased S6 and 4E-BP phosphorylation upon NMDAR blockade; 
and increased GCs and maturation of dendritic spines upon 

NMDAR blockade 
Inhibitory 

(Tran et al., 2007) Cultured hippocampal neurons treated with NMDA ± 
NVP-AAM077, ifenprodil or Ro-25-6981 

Dendritic synthesis of a GFP reporter under CaMKIIα UTRs is 
blocked by antagonizing GluN2A Activatory 
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(Li et al., 2010, 
2011) 

Rat PFC synaptoneurosomes treated with ketamine or 
Ro-25-6981 ± rapamycin 

Ketamine and GluN2B antagonists increase mTOR, S6K and 4E-
BP1 phosphorylation; increase Arc, Synapsin I, PSD-95 and 

GluR1 protein levels; and increase dendritic spine density and 
maturation 

Inhibitory 

(Autry et al., 
2011) 

Anterior hippocampal slices from mice receiving 
ketamine ± MK-801 intraperitoneally (i.p.) and cultured 
hippocampal neurons treated with ketamine ± APV or 

TTX 

NMDAR blockade by ketamine or APV decreased eEF2 
phosphorylation and increased BDNF protein synthesis Inhibitory 

(Wang et al., 
2011) 

Cultured cortical neurons from WT and 2B2A mice 
treated with rapamycin 

Increased S6K phosphorylation in 2B2A neurons in a mTOR-
dependent manner Activatory 

(Miller et al., 
2014) 

Cultured cortical neurons from WT, 2B2A, 2BΔCtx 
and 2B full KO mice treated with rapamycin and 

cortical synaptoneurosomes from WT and 2BΔCtx 
mice receiving ketamine i.p. 

Absence of GluN2B increased basal dendritic protein synthesis in 
a mTOR-dependent manner occluding further ketamine induction Activatory 

(Gordillo-Salas et 
al., 2018) 

Medial PFC (mPFC) from rat receiving NVP-AAM077 
± temsirolimus i.p. 

Increased mTOR phosphorylation upon GluN2A blockade is 
prevented by temsirolimus; contradictory effect on S6K and 4E-

BP1 
Inhibitory 

(Yang et al., 
2019) NMDA-induced infant spam rat model hippocampus Increased mTOR and PI3K phosphorylation but not S6K nor Akt Activatory 

(Yao et al., 2020) Hippocampi and mPFC from rats subjected to CUMS 
and receiving ifenprodil i.p. 

Decreased eEF2 phosphorylation by antagonizing GluN2B; 
increased BDNF and GluR1 protein levels Inhibitory 

Table 1. NMDAR effects on mTOR signaling and protein synthesis. 

Summary of relevant pharmacological and genetic approximations undergone to shed light on the link between NMDAR function and mTOR signaling and its control on protein 

synthesis. 
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2.5. DYSREGULATED MTOR AND NEURODEVELOPMENTAL AND 

NEUROPSYCHIATRIC DISORDERS 

mTORpathies are caused by loss-of-function mutations in negative regulators of 

mTORC1 that result in constitutive or unchecked hyperactivation of mTOR 

signaling (Liu and Sabatini, 2020) (Figure 10).  

Autism Spectrum Disorders (ASDs) stands out as the most studied 

neurodevelopmental disorders linked to mTOR dysregulation (Costa-Mattioli and 

Monteggia, 2013; Huber et al., 2015; Lipton and Sahin, 2014). ASDs agglutinates 

a heterogeneous group of disorders with common symptoms such as impaired 

social interactions, repetitive behaviors or intellectual disability (DiCicco-Bloom et 

al., 2006). At the cellular level, ASD patients display increased dendritic spine 

densities in cortical regions and reduced synaptic pruning during postnatal critical 

periods (Hutsler and Zhang, 2010; Irwin et al., 2000; Penzes et al., 2011). These 

disorders are believed to be polygenic, although monogenic syndromes such as 

TSC, Rett syndrome, Fragile X syndrome (FXS) or Neurofibromatosis type I, have 

a strong ASD comorbidity (Costa-Mattioli and Monteggia, 2013; Lipton and Sahin, 

2014). For instance, mutations in mTOR itself and negative regulators of mTORC1, 

such as TSC1 or TSC2 (Crino et al., 2006), PTEN (Busch et al., 2019; Zhou and 

Parada, 2012) and NF1 (Diggs-Andrews and Gutmann, 2013) are associated with 

upregulation of mTOR signaling and ASD symptoms (Yeung et al., 2017). It is 

noteworthy that ASD patients holding mutations in TSC1 or TSC2 show a loss of 

cerebellar Purkinje cells and that conditional deletion of Tsc1 in Purkinje cells of 

mice recapitulates much of the ASD-like behavior, with both the pathological and 

behavioral deficits rescued by rapamycin (Bauman and Kemper, 2005; Tsai et al., 

2012b). 

Recent studies have also linked alterations in mTOR signaling with 

neuropsychiatric disorders such as depression, schizophrenia or drug addiction. 

As described in mTOR signaling and local protein synthesis are regulated by 

NMDAR, many publications link mTOR and depression (Autry et al., 2011; Li et al., 

2010, 2011; Miller et al., 2014; Yao et al., 2020). In schizophrenia, knockdown of 

the disrupted-in-schizophrenia-1 (Disc1) gene in newborn neurons in the dentate 

gyrus induces the activation of both mTORC1-dependent S6 phosphorylation and 
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mTORC2-dependent Akt Ser473 phosphorylation (Kim et al., 2009, 2012). Disc1 

knockdown in adult-born neurons also induces an increased S6 phosphorylation, 

hyperexcitability and neuronal structure deficits that could be rescued with 

rapamycin treatment (Zhou et al., 2013).  

mTOR has also been linked to drug addiction. Single systemic 

administration of drugs like cocaine (Wu et al., 2011), tetrahydrocannabinol (THC) 

(Puighermanal et al., 2009, 2013) or alcohol (Neasta et al., 2010) promote an 

induction of the mTOR pathway that can be abolished by pre‑treatment with 

rapamycin or temsirolimus. Notably, reconsolidation of alcohol-related memories 

activates mTORC1 in the amygdala, the mPFC and the orbitofrontal cortex (OFC), 

and drives the production of plasticity proteins such as Arc, GluN1, GluR1 and 

PSD-95. Rapamycin-mediated inhibition of mTORC1 in the central amygdala 

disrupted protein synthesis–dependent alcohol-associated memories, leading to a 

long-lasting suppression of relapse (Barak et al., 2013). 

Finally, mTORC1-dependent autophagy dysregulation is also associated 

to neurodegenerative disorders (Liu and Sabatini, 2020; Nixon, 2013). Malfunction 

of autophagic clearance has arisen as a key hallmark of neurotoxic cell death that 

indorses a progressive but lasting destruction of neurons and the consequent 

cognition and motor failures. Alzheimer’s Disease (Caccamo et al., 2011), 

Parkinson’s Disease (Bové et al., 2011) or Huntington’s Disease (Ravikumar et al., 

2004) are some representative examples of neurodegenerative disorders that 

have been related to a mTORC1-dependent autophagy dysfunction.
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This thesis seeked to untangle signaling and cell biological mechanisms that 

underlie the effects of juvenile GluN3A-NMDARs in persistent synapse remodeling 

and memory consolidation. To do so, we set out with the following aims: 

I. To study the downstream consequences of mTOR inhibition by 
GluN3A-NMDARs. Specifically, we: 

i. Evaluated GluN3A effects on the induction by activity of plasticity-

related proteins at the transcriptional and translational level. 

ii. Evaluated GluN3A effects on mTOR-dependent protein synthesis. 

II. To investigate the mechanisms by which GluN3A expression inhibits 
synaptic mTOR signaling. With this purpose, the following studies 
were carried out: 

i. Characterization of the role of ionotropic properties and GluN3A 

C-Terminal Domain interactions on mTOR activation and mTOR-

dependent protein synthesis. 

ii. Characterization of synaptic GIT1-mTORC1 complexes. 

iii. Modulation of GIT1-mTORC1 complexes by GluN3A during 

development. 

III. To evaluate whether and how GluN3A disruption of mTOR signaling 
modulates cognition.
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1. ANIMALS 

All experimental procedures were carried out according to the Spanish Royal 

Decree (RD) 53/2013 and Law 6/2013 that transcribes the European Directive 

2010/63/UE regarding the “Protection of Vertebrate Animals used for 

Experimentation and other Scientific Purposes”. Procedures involving Genetically 

Modified Organism satisfied the text in the European Directive 2009/41/CE as well 

as Spanish Law 9/2003 and RD 178/2004. Procedures were approved by our 

Animal Experimentation Ethical Committee according to biosafety and bioethical 

guidelines and authorized by the Spanish Government. 

During the first half of the project, mice were maintained at the animal 

facility of the Centre for Medical Applied Research (CIMA, Pamplona), which is 

classified as a high standard type II Specific Pathogen – Free (SPF) facility 

according to the Institute Laboratory Animal Research (ILAR). Later, when our lab 

moved to the Institute of Neurosciences (IN CSIC-UMH, Alicante), mouse lines 

were rederived at its animal facility and maintained under standard ILAR type III 

conditions. In all cases, special attention was given to the implementation of the 3 

R’s housing and environmental conditions and analgesia to improve the animals’ 

welfare. Mice were regularly screened for pathogens following the Federation for 

Laboratory Animal Science Associations (FELASA, UK) recommendations for the 

“Health Monitoring of Mouse Colonies in Breeding and Experimental Units” and 

maintained in an environment with HEPA (high-efficiency particulate) – filtered air 

with a rate of 16-20 changes per hour, food and water ad libitum, 12 hours light/ 

dark cycle, regulated temperature of 22 ± 2°C and relative humidity of 55 ± 10%.  

1.1. MOUSE LINES 

C57Bl/6J JAX™ mice were used as wild-type (WT) controls in the majority of the 

experiments. Colony founders were obtained from Charles River Europe and 

raised at CIMA and IN animal facilities. Grin3a KO mice (referred as Grin3a -/-) 

were kindly provided by Nobuki Nakanishi and Stuart Lipton (Das et al., 1998) and 

bred in homozygosis in C57Bl/6J background. Double-transgenic GFP-GluN3A 

(dtGluN3A) mice backcrossed for 10-12 generations into a C57Bl6/J background 

were used. dtGluN3A were generated using the tetracycline-controlled 

transactivator (tTA) system. Briefly, mice expressing the GluN3A coding region 
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tagged with enhanced green fluorescent protein (GFP-GluN3A) under the control 

of the tetO promoter, were crossed with mice expressing tTA under the CaMKIIα 

promoter. The resulting double-transgenic mice expressed GFP-GluN3A in the 

absence of doxycycline and in a temporal/ spatial pattern dependent on the 

CaMKIIα promoter (Roberts et al., 2009). Single transgenic mice were used as 

controls for dtGluN3A mice. 

1.2. BRAIN REGION DISSECTION 

Dissection of specific brain regions was performed for RNA and protein isolation 

from WT and Grin3a -/- mice at different stages of development. All the procedure 

was performed using ice-cold reagents and sterilized dissection tools. Mice were 

sacrificed by decapitation, the skin and the cranium were removed and regions of 

interest were dissected out using a brain cutting block as a guide and the Allen 

Brain Atlas as reference. Depending on the experiment, whole cortex, 

somatosensory cortex or hippocampus were dissected. The resulting fragments of 

tissue were immediately processed for RNA isolation or snap frozen in liquid 

nitrogen and stored at -80ºC for protein isolation. 

2. CELL CULTURE 

2.1. CELL LINES 

HEK293T cells (HEK293T/17; ATCC® CRL-11268) were purchased from the 

American Type Culture Collection (ATCC) due to their high transfectability and 

capability to produce high titers of infectious viruses. Cells were grown on 75cm2 

flasks (Corning® 430641U) with Dulbecco’s Modified Eagle’s Medium (D-MEM; 

Gibco® 10313-021) supplemented with 10% Fetal Bovine Serum (FBS; Gibco® 

16140-071), 2% L-glutamine (Gibco® GlutamaxTM 35050-061) and 1% Penicillin-

Streptomycin (Gibco® 15140-122). Cells were subcultured every 3 days, coinciding 

with a confluence of 70-80%, in a 1:10 ratio using Trypsin-EDTA (Gibco® 25300-

054). 

For lentiviral production, cells were cultured with Iscove’s Modified 

Dulbecco’s Medium (IMDM + GlutamaxTM; Gibco® 31980-030) supplemented with 
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10% FBS, 1% Penicillin-Streptomycin and 1% Sodium Pyruvate (Gibco® 13360-

070). This modified media allows the rapid proliferation of high density cell cultures. 

Culture conditions were 37ºC and 5% CO2. 

2.2. PRIMARY CULTURED NEURONS 

Primary cortical and hippocampal neurons were cultured from E19 rat pups as 

described in (Pérez-Otaño et al., 2006) (Kaech and Banker, 2006) with some 

modifications. Embryos were obtained from pregnant Sprague-Dawley rats 

(supplied by Charles River). Mouse cultured neurons were prepared from E17.5 

pups from WT and Grin3a -/- mice. 

For both rat and mouse embryonic primary cortical and hippocampal 

cultures the protocol followed was the same and is summarized in Figure 16. 

Briefly, pups were quickly decapitated and the craniums were removed to immerse 

the brains in cold Hank’s Buffer (Sigma-Aldrich® H2387) supplemented with 5µg/ml 

gentamicin (Gibco® 15710-049) and 10mM HEPES pH 7 (Gibco® 15630-080). 

Using a dissecting scope, the cerebellum and brainstem were cut out allowing the 

separation of both hemispheres. The meninges were peeled off and cortical and 

hippocampal tissues were dissected out. Tissues were digested for 30min at 37ºC 

with papain (Worthington Biochemical Corporation® LS003126) in the 

supplemented Hank’s buffer detailed above; DNaseI (Sigma-Aldrich® AMPD1-

1KT) (50µg/ml) was added for the last 15min. Finally, tissues were washed three 

times with plating media [Neurobasal medium (Gibco® 21103-049), 5% FBS 

(Hyclone® SH3007103), 2% B27 supplement (Gibco® 11530-536), 1% Glutamax 

and 1µg/ml gentamycin] and dissociated into single-cell suspension by a gentle 

three-steps passage through a 5ml serological pipette. 

For biochemistry, cortical neurons were plated on 100mm dishes, 60mm 

dishes or 6-well plates at a density of 1·106, 8·105 or 5·105 cells/ well respectively. 

Plates were coated with poly-D-lysine (Sigma-Aldrich® P0899) (100µg/ml) and 

laminin (Corning® 354232) (1µg/ml) 24h before plating. At day in vitro 3 (DIV3) 

cells were treated with 10µM of an anti-mitotic mix of 5-fluoro-2’-deoxyuridine 

(Sigma-Aldrich® F0503) and uridine (Sigma-Aldrich® U3003) (FUDR) to prevent 

glial overgrowth. Moreover, plating media was sequentially replaced every three 
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days with serum-free media [Neurobasal medium, 2% B27 supplement, 1% 

Glutamax and 1µg/ml gentamicin] to achieve cultures serum-deprived. 

For immunostaining, hippocampal neurons were plated on 15mm glass 

coverslips in 12-well plates at a density of 5·104 cells/ well. Coverslips were 

previously washed in absolute ethanol and coated with poly-DL-ornithine (Sigma-

Aldrich® P0421) (100µg/ml) and laminin (1µg/ml) 24h before plating. Cells were 

treated with 10µM of FUDR at DIV5 and fresh feeding media was added every 

three days. 

Our cultures displayed a consistent proportion of GABA-expressing 

neurons (15-20%) (Dey, 2017). 

 

Figure 16. Primary cortical culture. 

Schematic diagram of the main steps of the procedure.  

3. LENTIVIRAL PRODUCTION 

For silencing or prolonging GluN3A expression, and knocking-down its interactor 

GIT1 in primary cortical cultured neurons, we used lentiviral vectors. Lentiviruses 

are retroviral vectors consistent on enveloped particles containing a genome 

based on homodimers of single-stranded RNA (Naldini et al., 1996). They are 
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characterized for being stably integrated into the host cell genome allowing long-

term and constitutive expression of a transgene in both dividing and non-dividing 

cells (Wollebo et al., 2013). For the reasons given above and their high 

transduction efficiency, lentiviruses have become a powerful tool for gene transfer 

in post-mitotic neurons (Gascón et al., 2008). 

3.1. RECOMBINANT LENTIVIRAL SYSTEM 

A three-plasmid expression system was used to generate infectious but non-

replicative lentiviral particles by transient transfection of HEK297T cells. 

3.1.1. Transducing vector  

Encodes the transgene of interest. 

- hSYNp-WPRE-hSYNp-GFP: dual-promoter lentiviral vector under the 

control of the human Synapsin 1 promoter (hSYNp) allow neuron-specific 

and simultaneous expression of the transgene of interest and GFP, as 

positive control of the infection (Gascón et al., 2008). This vector was used 

to prolong GluN3A expression in neurons. 

- pLentiLox3.7-GFP: lentiviral vector that allows expression of a short hairpin 

RNA (shRNA) under the U6 promoter and GFP under the cytomegalovirus 

promoter (CMVp). This vector was used to knockdown GluN3A and GIT1 

expression with high specificity. 

3.1.2. Packaging vector (pCMV∆R8.91) 

Carries the genes necessary for expressing the structural and enzymatic 

components of the virion (gag and pol) and for transcriptional and post-

transcriptional regulatory functions (tat and rev). 

3.1.3. Envelope vector (pVSVg) 

Encodes the G glycoprotein of vesicular stomatitis virus (VSV), which promotes 

non-specific membrane fusion to broaden the cellular tropism of the vector. 
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3.2. LENTIVIRAL CONSTRUCTS 

The lentiviral constructs used are summarized in Table 2 and Figure 17. Full-length 

wild-type GluN3A and a set of mutants were cloned into hSYNp-WPRE-hSYNp-

GFP: GluN3A1082∆-GFP lacking the distal 33aa of the CTD (1082-1115) that 

correspond to the binding site to GIT1 (Fiuza et al., 2013), and GluN3ACt2A-GFP 

where the CTD of GluN3A was replaced by the corresponding GluN2A’s region. 

For silencing experiments, we used a pLentiLox vector expressing a shRNA 

against both mouse and rat GluN3A that consist in a 19 base pairs (bp) 

oligonucleotide directed to the target sequence ‘CTACAGCTGAGTTTAGAAA’ 

(shGluN3A1185-GFP; (Yuan et al., 2013)). To silence the scaffolding protein GIT1, 

we cloned an shRNA against GIT1 directed to the target sequence 

‘TGATCACAAGAATGGGCATTA’ (shGIT1_7730-GFP; (Smithson and Gutmann, 

2016)) in a pLentiLox vector. 

Table 2. Lentiviral constructs. 

Name Transducing 
vector Insert References/ 

Source 

GFP hSYNp-WPRE-
hSYNp-GFP - (Gascón et al., 

2008) 

GFP pLentiLox3.7-GFP - Addgene 11795 

GluN3A-GFP hSYNp-WPRE-
hSYNp-GFP Rat GluN3A (full-length) (Kehoe et al., 

2014) 

GluN3A1082∆-
GFP 

hSYNp-WPRE-
hSYNp-GFP 

Rat GluN3A (GluN3A distal CTD 
mutant lacking the 1082-

1115aa) 

(Dey, 2017; 
Fiuza et al., 

2013) 

GluN3ACt2A-GFP hSYNp-WPRE-
hSYNp-GFP 

Rat GluN3A (GluN3A-CTD 
swapped by GluN2A-CTD) (Dey, 2017) 

shGluN3A1185-
GFP pLentiLox3.7-GFP 

shRNA against mouse/ rat 
GluN3A. 

Target sequence: 
CTACAGCTGAGTTTAGAAA 

(Yuan et al., 
2013) 

shGIT1_7730-
GFP pLentiLox3.7-GFP 

shRNA against mouse/ rat GIT1. 
Target sequence: 

TGATCACAAGAATGGGCATTA 

(Smithson and 
Gutmann, 2016) 
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Figure 17. Schematic representation of GluN3A’s lentiviral constructs. 

Dual promoter lentiviral constructs to prolong (a) or silence (b) GluN3A expression. 

For amplification, the above plasmids were transformed into competent 

Escherichia coli cells (One Shot™ Stbl3™ Chemically Competent E. coli; 

Invitrogen C7373-03) and grown in selective media. This strain of E. coli was 

chosen because of its reduced rate of homologous recombination of the Long 

Terminal Repeats (LTRs) present in our lentiviral expression vectors. Plasmid DNA 

was purified from bacterial cultures using the Nucleobond® Xtra Maxi kit 

(Macherey-Nagel 740414.50). Briefly, bacteria were lysed and loaded onto the 

Nucleobond® Xtra column and filter. The lysate was cleared by the filter and the 

plasmid DNA bound to the column. Finally, the plasmid DNA was washed, eluted, 

precipitated and dissolved in Milli-Q® water. DNA concentration and purity were 

assessed with Thermo Scientific™ NanoDrop™ OneC Microvolume UV-Vis 

Spectrophotometer. Furthermore, plasmid DNA integrity was verified by restriction 

digestion and sequencing. 

3.3. LENTIVIRAL PRODUCTION  

3.3.1. Transfection of HEK293T/17 – calcium phosphate method 

Since its development in the early 1970s, calcium phosphate has been a widely 

used transfection method due to its low cost and toxicity (Graham and Van der EB, 
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1973). The principle of the method involves the formation of fine calcium 

phosphate – DNA precipitates that cells can incorporate by endocytosis thanks to 

calcium phosphate – mediated binding of the DNA to the cell surface. 

The first step was to replace the media of 70-80% confluent HEK293T/17 

cells with pre-warmed serum-free Minimum Essential Media (MEM; Gibco® 12492-

013) 1h before transfection. In the meantime, the transfection mix was prepared: 

i) we diluted the plasmid DNA in sterile Milli-Q® water in a ratio 2 : 1.5 : 1 

(transducing vector : packaging vector : envelope vector); ii) we added 312.5mM 

CaCl2 by the wall and incubated the mix for 5min at room temperature (RT); iii) we 

added the mix dropwise while vortexing to an equal volume of HEPES-buffered 

saline (HBS) pH 6.97 – 7.03 (2XHBS; 280mM NaCl, 20mM KCl, 0.75mM 

Na2HPO4, 15mM D-glucose, 50mM HEPES); iv) the mix was bubbled by pipetting 

up and down 8-10 times to ensure that the precipitate formed is as fine as possible 

and incubated in dark for 20min. Then, the transfection mix was added dropwise 

to each plate and incubated for 6h at 37ºC/ 5% CO2. After the incubation, the 

precipitate was dissolved by replacing the media with fresh pre-warmed MEM 

media and incubating for 16min at 37ºC/ 10% CO2; this step was repeated twice. 

Finally, the media was replaced with IMDM supplemented media and incubated 

for 40h at 37ºC/ 5% CO2. 

3.3.2. Harvest and lentiviral purification 

HEK293T/17 cells supernatants were collected 40h after transfection and 

centrifuged at 1200rpm for 5min to remove cell debris and detached cells. Then, 

the supernatant was filtered through Millex-HV 0.45µM polyvinylidene difluoride 

filters (PVDF; Millipore® SLHV033RS) and centrifuged at 28000rpm for 2h at 4ºC 

using a Beckman Coulter SW28Ti swinging bucket rotor to concentrate the virus 

particles. The supernatant was carefully removed and the pellets dried out. Later, 

180µl of ice cold Phosphate Buffered Saline (PBS) was added to the pellet and left 

overnight (o/n) at 4ºC. The following day, the pellets were resuspended by pipetting 

up and down and the viral productions were aliquoted and stored at -80ºC. 
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3.4. LENTIVIRAL TITRATION IN NEURONAL CULTURES 

The transduction efficiency of each viral batch was estimated by immunoblot and 

immunofluorescence of infected cultured neurons. Immunoblot further allowed us 

to estimate the degree of silencing or overexpression relative to the endogenous 

protein levels. In GluN3A overexpression experiments, we only considered apt a 

2-to-3-fold overexpression to avoid artefacts. In the following sections, the lentiviral 

manipulation of GluN3A is taken as example for the titration protocols. 

3.4.1. GFP and GluN3A immunoblot 

Cortical neurons were infected and lysed at the times indicated in the Results 

section “Lentiviral Manipulations of GluN3A Expression in Primary Neuronal 

Cultures”. The lentiviral aliquots were thawed slowly in ice and the desired volume 

was added to each well dropwise. Then, plates were gently swirled to spread the 

viral particles and were incubated at 37ºC/ 5%CO2. 24 hours after infection, media 

was replaced with fresh one to limit toxicity. Four days later, infected neurons were 

lysed and immunoblotted with antibodies against GluN3A and GluN1, as control. 

3.4.2. GFP immunofluorescence 

Cortical neurons plated on coated glass coverslips were infected and five days 

later we performed immunofluorescence staining. The efficiency of neuronal 

infection was determined by quantifying the co-localization of the neuronal marker 

NeuN with lentiviral GFP. A minimum of 10 fields per condition were captured using 

a 10X objective on a Zeiss Axiovert 200M microscope and the percentage of 

infected vs non-infected neurons was calculated. After optimization, we obtained 

lentiviral batches with a transduction efficiency over 80% that were considered 

suitable for biochemical experiments (Figure 18). 
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Figure 18. Characterization of transduction efficiency of lentiviral GluN3A. 

(a) Representative immunofluorescence images of primary cortical neurons infected with lentiviruses 

expressing GFP and GluN3A-GFP and immunostained for NeuN (scale bar, 250µM). (b) Lentiviral 

transduction rates calculated as percentage of NeuN positive neurons expressing GFP. Graph 

corresponds to one batch production (n=8 10X optical fields with a mean of 25 neurons per field from 

2 different cultures). Histograms in this and subsequent figures represent mean ± s.e.m. unless 

otherwise stated. 

3.4.3. Biotinylation of Surface Proteins 

Cultured neurons plated in 90mm plates at a density of 1·106 cells/ well were 

sequentially washed with DPBS with Ca2+ and Mg2+ at decreasing temperatures: 

RT, 10ºC and 4ºC. Next, cells were incubated with 1mg/ml solution of EZ-Link™ 

Sulfo-NHS-SS-Biotin (ThermoFisher® Scientific™ 211331) for 15min at 4ºC. 

Excess of biotin was quenched with 50mM glycine (rinsed followed by nutation for 

10min 4ºC). and later the glycine solution was removed and cells were harvested 

with a cell scraper in cold DPBS supplemented with protease and phosphatase 

inhibitors. Collected cells were centrifuged at 3000rpm for 10min and the pellets 

were resuspended in Triton X-100 lysis buffer [10mM NaPO4, 150mM NaCl, 5mM 

EDTA, 0.1% SDS, 1% Triton X-100] also supplemented with proteases and 

phosphatases inhibitors. Homogenate was sonicated (10 pulses, duty cycle 20, 

output 3) and kept nutating for 30min at 4ºC. Lysates were then centrifuged at 

16000xg for 30min at 4ºC to remove insoluble material. At this point we collected 

10% of supernatant and stored it at -80ºC as Total Lysate. The remaining 

supernatant was incubated with 1:10 dilution of Pierce™ NeutrAvidin™ Plus 

UltraLink™ Resin (ThermoFisher® Scientific™ 53151) for 2h nutating at 4ºC to 

obtain the Surface Fractions. Beads were washed 4 times with 500μl of a modified 
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version of Triton X-100 lysis buffer without SDS by centrifuging at 5000rpm for 

5min and bound proteins were eluted in SDS sample buffer for 10min at 65ºC. 

Surface Fractions and Total Lysates from each sample were analyzed by 

quantitative Western Blotting. 

Surface biotinylation assays were performed to quantify the fraction of 

exogenously expressed GluN3A that reaches the cell surface in cultured neurons. 

Comparison of surface-to-total GluN3A levels were in GFP vs GluN3A-GFP 

infected neurons demonstrated that a similar fraction of endogenous and lentiviral 

GluN3A reached the cell surface; same result was achieved for the AMPAR 

subunit GluR1, used as positive control of the assay. Therefore, this confirms that 

regulation of GluN3A surface expression is preserved in our experimental system 

(Figure 19). 

 

Figure 19. Characterization of surface expression of lentiviral GluN3A. 

(a) Surface and total GluN3A and GluR1 protein levels in cultured primary cortical neurons infected 

with lentiviruses expressing GFP and GluN3A-GFP. Absence of tubulin in the surface fraction validates 

the effectiveness of the protocol. (b) Quantification of surface GluN3A and GluR1 levels normalized to 

total. n=6-8 from 3-4 independent cultures. ´ns´ paired Student’s t-test. 

4. NEURONAL CULTURE TREATMENTS 

Stock solutions of each drug were prepared according to manufacturer’s protocols 

and added to the cultured neurons at the doses and incubation times indicated in 

(Table 3). 
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Name and Biological 
Effect Dose Incubation 

time Supplier References 

(L,D) APV sodium 
salt 

NMDAR antagonist 
100µM 15min TOCRIS® 

3693 
(Davies et al., 1981; Rao 

et al., 2006) 

Anisomycin 
Protein synthesis 

inhibitor 
0.8µM 30min 

Sigma-
Aldrich® 
A5862 

(Aakalu et al., 2001; 
Grollman, 1967) 

BDNF 
TrkB and p75 receptor 

stimulator 

100ng/ 
ml 1h Peprotech® 

450-02 
(Klein et al., 1991; Takei 

et al., 2004) 

Bicuculline 
methiodide 

GABAA receptor 
inhibitor 

50µM 1h Abcam® 
Ab120108 

(Curtis DR, Duggan AW, 
Felix D, 1970; Rao et al., 

2006) 

CGP-78608 
GluN1 competitive 

antagonist 
500nM Systemic 

application 
TOCRIS® 

1493 
(Auberson et al., 1999; 

Grand et al., 2018) 

Cycloheximide 
Protein synthesis 

inhibitor 
25µM 15min 

Sigma-
Aldrich® 
C7698 

(Baliga et al., 1969; Briz 
et al., 2017) 

Glycine 100µM 6s TOCRIS® 
0219 

(Cummings and 
Popescu, 2015; Grand 

et al., 2018) 

MG-132 
Proteasome inhibitor 

30µM 1h TOCRIS® 
1748 

(Briz et al., 2017; Rao et 
al., 2006) 

Puromycin 
Label C-terminal of 
nascent polypeptide 

chains 

10ng/ ml 30min 
Sigma-
Aldrich® 
P8833 

(Nathans, 1964; Schmidt 
et al., 2009) 

Rapamycin 

mTOR inhibitor 
100nM 1h Alfa Aesar® 

J62473 
(Heitman et al., 1991; 

Takei et al., 2004) 

U0126 
MKK inhibitor 

5µM 20min Abcam® 
Ab120241 

(Barnes et al., 2015; 
Favata et al., 1998) 

Table 3. Drug treatments for cultured neurons. 



MATERIALS AND METHODS 

 
119 

4.1. BDNF PROTOCOL OPTIMIZATION 

We set up a new protocol to induce synaptic activity and mTOR signaling using 

BDNF. To choose an optimal time-window for mTOR activation, DIV14 serum-

deprived primary cortical neurons were incubated with 100ng/ml BDNF for lengths 

of time ranging from 30min to 4h and induction of the IEG Arc and the mTOR 

effector p-S6 were evaluated (Figure 20a-c). BDNF treatment for 1h yielded an 

acute induction of mTOR comparable to the achieved with bicuculline (Figure 

20d,e) albeit with higher levels of Arc induction (Figure 20d,f). Taking this into 

account, we chose 1h of treatment for further experiments. 

 

Figure 20. BDNF stimulus as a new protocol for synaptic-activity induction. 

(a) Representative western blots of DIV14 serum-deprived cortical neurons treated with BDNF 

100ng/ml for increasing periods of time. (b, c) Quantification of the induction of phosphorylation of the 

mTOR downstream effector S6 (b) and the IEG Arc (c) respect to untreated control neurons. (d) 

Representative western blots of DIV14 serum-deprived cortical neurons treated with bicuculline 50µM 

and BDNF 100ng/ml for 1h. (e, f) Quantification of the induction of phosphorylation of the mTOR 

downstream effector S6 (b) and the IEG Arc (c) respect to untreated control neurons. n=2 replicates 

from 1 preparation of cells. 
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5. RNA PROFILING 

To study the modulation by GluN3A of activity-dependent gene expression 

programs, we carried out RNA sequencing (RNAseq) and quantitative polymerase 

chain reactions (qPCR) experiments. 

5.1. RNA ISOLATION  

5.1.1. RNA isolation from cell culture 

Cortical cultured neurons plated in 6-well plates at a density of 5·105 cells/ well 

were collected for RNA isolation at DIV14. First, cultures were washed with DPBS 

with Ca2+ and Mg2+ (Gibco® 14040-091) and RNA was extracted with the 

Nucleospin® RNA kit (Macherey-Nagel 740955.50) following the manufacturer’s 

instructions. Briefly, cells were lysed using a buffer that inactivates RNases and 

favors the adsorption of RNA to the silica membrane of the columns provided. 

Then, contaminating DNA, salts, and macromolecular cell components were 

removed with sequential washing steps, and final pure RNA was eluted in 40µl of 

RNase-free water. 

RNA concentration and purity were assessed with NanoDrop™. RNA 

quality was determined by the RNA Integrity Number (RIN) algorithm using the 

Agilent® 2100 Bionalyzer Instrument. This equipment performs capillary gel 

electrophoresis of the RNA samples and generates their electropherogram. Based 

on the later, RIN algorithm will assign to each sample a score from 1 to 10, being 

10 the least degraded; only samples with RIN>9 will match our standards.  

5.1.2. RNA isolation from tissue 

Tissues (see Brain Region Dissection) were weighed upon dissection, 

homogenized in Qiazol using a tissue disruptor, and RNA isolated using the 

RNeasy® mini kit (QIAGEN® 74104) following manufacturer’s protocol. As above, 

RNA concentration and integrity were estimated. 
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5.2. RNASEQ 

Whole-genome transcriptional profilingmRNA – strand specific (mRNAseq) were 

performed in: 1) cortical cultured neurons, and 2) tissue samples from the 

somatosensory cortex and the hippocampus of P11 and P18 WT and Grin3a -/- 

mice. In this thesis, only results from cortical cultured neurons will be discussed. 

DIV14 cortical cultured neurons infected at DIV9 with GFP or GluN3A-GFP 

lentiviruses were treated with bicuculline (50µM, 1h) or BDNF (100ng/ml, 1h) and 

processed as detailed above. A total of 2-4 samples per condition were collected 

from 2 different cultures. We performed bulk mRNA sequencing single-end with a 

length of 50bp using the RNAseq Illumina Hiseq2500. The preparation of the polyA 

sequencing library, library’s quality control and quantification, sequencing run and 

base calling data were carried out by the Genomics Core Facility of the Centre for 

Genomic Regulation (CRG, Barcelona). Later, the transcriptomic analysis was 

performed in collaboration with Prof. Ángel Barco and Sergio Niñerola (IN CSIC-

UMH, Alicante). Adapters were trimmed using trim_galore v0.6.4_dev and reads 

with longer length than 40 bp were selected. Trimmed reads were aligned using 

star c2.6.1b to the mouse genome (mm10). Reads with mapq >30 were selected 

using Samtools v1.9. Mapped reads were quantified using R scripts (R version 

4.0.3, 2020), Rsubread v2.4.3 and the Mus_musculus.GRCm38.99.gtf annotation 

data. Differential expression analysis was performed using DESeq2 1.31.1 and 

limma 3.46.0; genes were annotated using biomaRt v2.46.3 and Volcano plots 

were performed with EnhancedVolcano 1.6.0. The tracks from the samples were 

performed with DeepTools v3.5.0, normalized with RPKM and visualization was 

done in IGV v2.6.3. 

5.3. CDNA SYNTHESIS (REVERSE-TRANSCRIPTION) 

First strand cDNA was synthesized using the Invitrogen™ SuperScript™ IV First-

Strand cDNA Synthesis System (ThermoFisher® Scientific™ 15327696). First, a 

mix of 1µg of total RNA, 2.5µM Oligo dT primer, 0.5mM dNTP mix and DEPC water 

was prepared in a final volume of 13µl and incubated for 5min at 65ºC to anneal 

the primer to template RNA. The reaction was stopped in ice for 1min and later the 

annealed RNA was combined up to 20µl with the Reverse-Transcription reaction 
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mix consisting of: 1X SSIV buffer, 5mM DTT, 2U/µl RNaseOUT™ Recombinant 

RNase Inhibitor and 10U/µl SuperScript® IV Reverse Transcriptase. We briefly 

centrifuged the mix and incubated it in the PCR Thermocycler at the following 

conditions: 10min at 50ºC and 10min at 80ºC. Finally, to remove the RNA 1µl of E. 

coli RNase H was added and the mix was incubated for another 20min at 37ºC. 

The resulting cDNA was stored at -20ºC until use. 

5.4. QPCR 

qPCR was performed using the Applied Biosystems™ QuantStudio™ 3 Real-Time 

PCR system and analyzed with the QuantStudio™ 3 Design and Analysis software 

v1.5.1 from ThermoFisher® Scientific™. First, a 20µl mix was prepared with the 

ready-to-use PyroTaq EvaGreen qPCR Mix Plus ROX (cmb™ 87H24-001), 5pmol 

of forward (fwd) and reverse (rv) primers (Table 4) and cDNA. Five-fold serial 

dilutions of cDNA sample were used to build the standard curve cDNA, being 

optimal a 1:4 dilution for the target genes and 1:8 for the reference gene GAPDH. 

Primer Host Sequence (5’ – 3’) Fragment 
size (bp) 

Arc_fwd Mo GAGCCTACAGAGCCAGGAGA 
340bp 

Arc_rv Mo TGCCTTGAAAGTGTCTTGGA 

Arc_fwd Rat GCCACCTGGAAGAGTACCTG 
237bp 

Arc_rv Rat AACTGGTCAAGTGGCTCACC 

BDNF ex. IV_fwd Mo/ Rat CGCCATGCAATTTCCACTATCAATAATT
TA 273bp 

BDNF ex. IV_rv Mo/ Rat GCCTTCATGCAACCGAAGTATG 

c-Fos_fwd Mo/ Rat CTGCTCTACTTTGCCCCTTCT 
215bp 

c-Fos_rv Mo/ Rat TTTATCCCCACGGTGACAGC 

Egr1_fwd (Zif268) Mo/ Rat AGAAGCCTTTTGCCTGTGACA 
54bp 

Egr1_rv (Zif268) Mo/ Rat CGTTCATCACTCCTGGCAAAC 

GAPDH_fwd Mo/ Rat CATGGCCTTCCGTGTTCCT 
85bp 

GAPDH_rv Mo/ Rat TGATGTCATCATACTTGGCAGGTT 

Grin1_fwd Mo/ Rat TCCACCAAGAGCCCTTCGTG 
106bp 

Grin1_rv Mo/ Rat CCCGTACAGATCACCTTC 

Grin3a_fwd Mo/ Rat GCTTCCCAGAGATGCATGAG 
176bp 

Grin3a_rv Mo/ Rat ATGGCTTTCCTACGGTCAGA 
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Homer1a_fwd Mo/ Rat CAAACACTGTTTATGGACTG 
300bp 

Homer1a_rv Mo/ Rat TGCTGAATTGAATGTGTACC 

Npas4_fwd Mo/ Rat CTGGCCCAAGCTTCTTCTCA 
419bp 

Npas4_rv Mo/ Rat TCCATGCTTGGCTTGAAGTCT 

Table 4. List of primers used in qPCR analyses. 

Next, qPCR was run in triplicates in the conditions referred in Figure 21. 

Mean cycle threshold (Ct) values for each reaction were recorded and the relative 

RNA expression levels were calculated referring to GAPDH: ∆𝐶𝐶𝐶𝐶 = 𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 −

𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑡𝑡𝑡𝑡𝑔𝑔𝑡𝑡. Then, the gene expression fold change normalized to GAPDH and 

relative to control sample was calculated as 2∆𝐶𝐶𝑡𝑡. 

 

Figure 21. Cycle parameters used for amplification by qPCR. 

6. PROTEIN SAMPLE PREPARATION 

6.1. CELL CULTURE LYSATES 

Cortical neurons were washed with DPBS with Ca2+ and Mg2+, and collected with 

a cell scraper in prewarmed lysis buffer [50mM Tris-HCl pH 6.8, 10% glycerol 

(Sigma-Aldrich® G5516), 2% SDS (Sigma-Aldrich® L4509), 0.1M fresh (D,L)-

Dithiothreitol (DTT; Sigma-Aldrich® D0632), 0.04% bromophenol blue] 

supplemented with protease (cOmplete™ Protease Inhibitor Cocktail; Sigma-

Aldrich® 4693116001) and phosphatase inhibitors (PhosSTOP™; Sigma-Aldrich® 

4906845001). Samples were boiled for 10min at 65ºC, centrifuged 1min at 

maximum speed and stored at -80ºC until processing by Western Blotting. To this 

effect, equal volume of samples was loaded and Ponceau S staining and GluN1 

or β-tubulin were used as loading controls. 
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6.2. TISSUE LYSATES 

The dissected regions of interest (see Brain Region Dissection) were thawed in ice 

and homogenized using a motor-driven teflon – glass douncer (Heidolph RZR-1, 

600-800rpm, 12 strokes) in 15 volumes (w/v) of cold RIPA lysis buffer [50mM Tris-

HCl pH 7.5, 150mM NaCl, 1% NP-40 (IGEPAL® CA-630; Sigma-Aldrich® I8896), 

0.05% deoxycholate, 0.01% SDS] supplemented with protease and phosphatase 

inhibitors. Homogenates were sonicated with a Branson tip – sonicator (20 pulses, 

duty cycle 20, output 3), nutated for 15min at 4ºC, sonicated again using the same 

parameters and centrifuged for 20min at 16200xg and 4ºC. The resulting 

supernatant was recovered and stored at -80ºC.  

Protein concentration was estimated comparing to a BSA protein standard 

curve using the Pierce™ BCA Assay kit (ThermoFisher® Scientific™ 23227) and 

measuring the absorbance at 562nm with a microplate reader (Biochrom EZ Read 

400). 

6.3. SUBCELLULAR FRACTIONATION 

The biochemical fractionation method used was previously described in (Franchini 

et al., 2019) and is summarized in Figure 22. Briefly, cortical cultured neurons 

plated in 60mm dishes were washed with DPBS with Ca2+ and Mg2+ and 

homogenized using a glass-glass homogenizer at 4ºC in a mild homogenization 

buffer [320mM sucrose,1mM HEPES, 1mM NaHCO3, 1mM MgCl2, 0.1mM PMSF, 

1mM NaF] supplemented with proteases and phosphatases inhibitors. To purify 

Crude Membrane Fractions (P2) and post-synaptic Triton Insoluble Fractions 

(TIF), total homogenates (H) were firstly centrifuged at 1000g for 5min at 4ºC to 

remove nuclei and achieved a Postnuclear Supernatant (PNS or P1). The resulting 

supernatant was later centrifuged at 13000g for 15min at 4°C. An aliquot of the 

pellet was taken for the P2 fraction and dissolved in 20mM HEPES buffer. The rest 

was dissolved in a buffer containing 1% Triton X-100 (Sigma-Aldrich® T8787) and 

150mM KCl, incubated on ice for 15min and centrifuged at 100000g for 1h at 4°C. 

The resulting pellet (TIF) was homogenized using a glass-glass homogenizer in 

20mM HEPES buffer. 
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Figure 22. Schematic of the subcellular fractionation protocol. 

7. CO-IMMUNOPRECIPITATION 

PNS from mouse hippocampus or cortex or total homogenate/ P2/ TIF from 

cultured cortical neurons were solubilized at 4°C for 30min. For most conditions, 

0.1% Triton X-100 + 0.1% SDS lysis buffer [150mM NaCl, 10mM EDTA, 50mM 

HEPES, 0.1% Triton X-100, 0.1% SDS] supplemented with protease/ phosphatase 

inhibitors was used. However, Triton X-100 disrupts the interaction between mTOR 

and Raptor (Kim et al., 2002). Thus, to study this particular interaction, we used a 

0.3% CHAPS lysis buffer [150mM NaCl, 1mM EDTA, 40mM HEPES, 0.3% CHAPS 

(Sigma-Aldrich® C3023)] supplemented with protease/ phosphatase inhibitors. 
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Insoluble material was removed by centrifugation at 16.250g for 15min and the 

resulting supernatants were incubated overnight at 4°C with primary antibody 

(Table 5). As control, samples were incubated in the same experimental conditions 

without antibody (IgG- control). Later, samples were incubated with a 1:1 mix of 

protein A and protein G magnetic beads (BioRad® SurebeadsTM 1614013 – 

1614023) for additional 2h at 4ºC on a wheel. Beads were precipitated using a 

magnetic rack, washed thrice in lysis buffer, and immunoprecipitated proteins were 

eluted with SDS sample buffer to resolve them by Western Blotting. For the input 

lane, 10% of the sample used for the co-immunoprecipitation (co-IP) experiment 

was loaded onto the gels. 

Antibody Supplier Catalog 
number Host Working 

dilution 

GIT-1 Cell Signaling 
Technology® (CST) 2919S Rabbit 1:200 

mTOR CST 2972S Rabbit 1:100 

Table 5. Primary antibodies used for co-IP. 

8. WESTERN BLOTTING 

8.1. SDS-PAGE ELECTROPHORESIS 

Proteins were resolved in a discontinuous denaturing buffer system using sodium 

dodecyl sulfate – polyacrylamide gel electrophoresis (SDS-PAGE). The 

Criterion™ System (BioRad® 1656025) was selected to run midi-format vertical 

electrophoresis with capacity up to 26 samples per gel.  

Hand-casted gels were prepared in commercial cassettes (BioRad® 

345990-1/2/3) and consisted of a large-pore stacking section on top of a small-

pore resolving one. Different concentrations of polyacrylamide (6-14%) were used 

in the resolving gel to separate proteins from a wide range of molecular weights. 

The resolving gel [Acrylamide/ Bis-Acrylamide 37.1:1 (BioRad® 161-0148), 375mM 

Tris-HCl pH 8.8, 0.1% SDS, 0.05% APS (Sigma-Aldrich® A3678), 0.05% TEMED 

(Sigma-Aldrich® T9281), distilled water] was mixed in a falcon and poured 

smoothly in the cassette. The solution was overlaid with 2-propanol to achieve an 

aligned upper border and left to polymerize for 30min. Once solidified, 2-propanol 
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was removed and the gel surface was rinsed with distilled water. The stacking gel 

(Acrylamide/ Bis-Acrylamide, 125mM Tris-HCl pH 6.8, 0.025% SDS, 0.05% APS, 

0.1% TEMED, distilled water) was then poured on top of the resolving gel and the 

comb, with a variable number of wells depending on the experiment, was inserted 

in the cassette and left to polymerize for another 30min.  

The polymerized gels were placed in the electrophoresis chamber and 

filled with Electrophoresis Running Buffer (25mM Tris-HCl, 192mM glycine, 0.1% 

SDS). The combs were removed and denatured samples were loaded into the 

wells along with a prestained protein weight marker (Nippon Genetics® MWP04). 

Electrophoresis was performed at 100V till the samples piled up onto the resolving 

section and then at 120V to allow the protein migration until the dye front reached 

the bottom of the gel. When the electrophoresis was over, the cassettes containing 

the gels were carefully broken to take out the gels. 

8.2. IMMUNOBLOTTING 

Proteins were transferred from the gel to 0.45µM PVDF membranes (GE 

Healthcare® 10600023). First, gels were equilibrated for 10min in Transfer Buffer 

(10mM Tris-HCl, 100mM glycine, 5% methanol) to wash out the excess of SDS 

and the PVDF membranes were pre-activated in methanol. Next, using the 

Criterion Blotter set the transfer cassettes sandwiches were prepared by 

sequentially adding one fiber pad, three Whatman® filter papers, the gel, the PVDF 

membrane, three Whatman® filter papers and another fiber pad. Finally, the 

transfer cassettes were closed avoiding bubbles formation and placed within the 

chamber with the gel facing the cathode end so proteins can migrate from the 

negative to the positive pole. The chamber was filled with cold Transfer Buffer and 

blotting was carried out at constant 300mA for 2h at 4ºC. 

Blotting efficiency was verified with a Ponceau S staining [0.1% (w/v) 

Ponceau S (Sigma-Aldrich® P3504) in 5% (v/v) acetic acid]. For that purpose, 

membranes were taken from the transfer sandwich, rinsed with distilled water and 

incubated in Ponceau S for 10min.  

Unoccupied protein-binding sites on the membranes were saturated to 

prevent nonspecific binding of antibodies by blocking with 5% Bovine Serum 
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Albumin (BSA; Sigma-Aldrich® A9647) in Tris Buffer Saline 0.05% Tween 20 (TBS-

T) for 1h at RT. 

8.3. IMMUNODETECTION 

The blots were probed for the proteins of interest with specific primary antibodies 

(Table 6) diluted in TBS-T + 2% BSA o/n at 4ºC. 

Antibody Supplier Catalog 
number Host Working 

dilution 

Arc (clone C-7) Santa Cruz Biotechnology® 
(SCB) Sc-17839 Mo 1:100 

β-PIX, SH3 domain Millipore® 07-1450 Rb 1:1000 

c-Fos (clone 4) SCB Sc-52 Rb 1:500 

eEF2 CST 2232S Rb 1:1000 

Egr-1 (also named 
Zif268) (clone 588) SCB Sc-110 Rb 1:500 

GFP (clone JL-8) Clontech® 632381 Mo 1:2000 

GIT-1 CST 2919 Rb 1:1000 

GluN1 (clone R1JHL) Millipore® MAB1586 Mo 1:1000 

GluN2A (clone A12W) Millipore® 05-901R Rb 1:1000 

GluN2B (clone BWJHL) Millipore® 05-920 Mo 1:1000 

GluN2A/B Millipore® AB1548 Rb 1:1000 

GluN3A Millipore® 07-356 Rb 1:1000 

GluN3A 
Neuromab®-University of 

California (produced by Jim 
Trimmer) 

 Mo 1:100 

GluR1 Millipore® AB1504 Rb 1:1000 

mTOR CST 2972S Rb 1:1000 

Meox2 ThermoFisher® Scientific™ PAS-51005 Rb 1:1000 

P44/42 MAPK (Erk 1/2) CST 9102S Rb 1:1000 

P70 S6 kinase CST 9202S Rb 1:1000 

Phospho-4EBP1 
(Thr37/46) CST 2855S Rb 1:500 

Phospho-eEF2 (Thr56) CST 2331S Rb 1:1000 

Phospho-mTOR 
(Ser2448) CST 2971S Rb 1:1000 
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Phospho-p44/42 MAPK 
(Erk1/2) (Thr202/ Tyr204) CST 9101S Rb 1:1000 

Phospho-p70 S6 kinase 
(Thr389) (clone 108D2) CST 9234S Rb 1:1000 

Phospho-p70 S6 kinase 
(Thr421/ Ser424) CST 9204S Rb 1:1000 

Phospho-S6 ribosomal 
protein (Ser240/244) CST 2215S Rb 1:1000 

Puromycin (clone 12D10) SIGMA-Aldrich® MABE343 Mo 1:2000 

Raptor (clone 53A2) CST 2114 Rb 1:500 

Rictor (clone 24C12) CST 2280 Rb 1:1000 

Rheb (clone E1G1R) CST 13879S Rb 1:1000 

S6 ribosomal protein 
(clone 5G10) CST 2217S Rb 1:1000 

Synaptophysin (clone 
SY38) Millipore® MAB5258 Mo 1:2000 

β-Actin SIGMA-Aldrich® A5441 Mo 1:15000 

β-Tubulin class III SIGMA-Aldrich® T8660 Mo 1:20000 

Table 6. Primary antibodies used for immunoblotting. 

The membranes were washed with TBS-T for 30min and incubated with 

horseradish peroxidase (HRP)-conjugated secondary antibodies (Table 7) diluted 

in TBS-T + 2% BSA for 1h at RT. They were then washed with TBS-T for another 

20min and with TBS for 10min. 

Antibody Supplier Catalog 
number Host Working 

dilution 

HRP-mouse IgG GE-Healthcare® NA931V Sheep 1:10000 

HRP-rabbit IgG GE-Healthcare® NA934V Donkey 1:10000 

Table 7. Secondary antibodies used for immunoblotting. 

Proteins were visualized using an Enhanced Chemiluminescence (ECL) 

Western Blotting Detection Reagent (GE Healtcare® RPN2209 & ThermoFisher® 

Scientific™ 32132) an exposed onto photographic films (GE Healtcare® 28-9068-

37). The films were scanned with an imaging densitometer (GS800 Bio-Rad®) and 

the individual bands were quantified using the ImageQuant 5.2 software. 
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9. SURFACE SENSING OF TRANSLATION (SUNSET) 

Basal protein translation was measured using the SUnSET assay as described in 

(Schmidt et al., 2009) with minor modifications. Briefly, primary cortical cultures 

were treated with 10ng/ ml of puromycin for 30min, and then lysed as in Cell 

Culture Lysates. Untreated neurons and neurons treated with 25μM of the protein 

synthesis inhibitor cycloheximide 15min before puromycin were used as negative 

controls; 0.8µM of the protein synthesis inhibitor anisomycin led to equal inhibition 

rates than cycloheximide (data not shown). Proteins were resolved as described 

in Western Blotting and analyzed using an anti-puromycin antibody (see Table 6 

for further information). Ponceau S staining was used as protein loading control. 

10. IMMUNOFLUORESCENCE STAINING OF TOTAL PROTEINS 

Immunofluorescence for total and surface proteins was performed on neurons 

grown in glass coverslips as indicated (see Primary Cultured Neurons). First, 

culture media was removed and coverslips were washed with DPBS with Ca2+ and 

Mg2+. Neurons were then fixed with 4% paraformaldehyde (PFA) + 4% sucrose in 

PBS pH 7.4 for 10min at 4ºC. After 3-5min’s washes with PBS, neurons were 

permeabilized with 0.2% Triton X-100 for 15min at RT, blocked with 5% BSA for 

30min and incubated o/n at 4ºC with primary antibody (Table 8).  

Antibody Supplier Catalog number Host Working 
dilution 

NeuN Millipore® MAB377 Mo 1:1000 

GFP Millipore® AB16901 Chk 1:300 

GFP Synaptic 
Systems 132002 Rb 1:1000 

Table 8. Primary antibodies used for immunostaining. 

The following day, neurons were rinsed in PBS 3 times for 5min and 

blocked with 2% BSA + 4% normal serum for 30min at RT. Next, neurons were 

incubated with the corresponding fluorescent secondary antibody (Table 9) in dark 

for 1h at RT. The secondary antibody was washed out with 3-5min’s washes of 

PBS and neurons were incubated with DAPI (Sigma-Aldrich® D9542) for 2min at 

RT. Finally, coverslips were mounted using Dako Fluorescent Mounting Medium 
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(Dako S3023). Images were acquired with an epifluorescent Zeiss Axiovert 200M 

microscope using 10X and 25X objectives and a CoolSnap HQ camera (Roper 

Scientific) and analyzed with Metamorph software (Universal Imaging). 

Antibody Supplier Catalog 
number 

Fluorescing 
dye 

Working 
dilution 

Alexa Fluor 488 Goat 
anti-Chicken IgG Invitrogen A11039 Green 1:1000 

Alexa Fluor 488 Goat 
anti-Rabbit IgG 

ThermoFisher® 

Scientific™ A11008 Green 1:1000 

Cy™3-AffiniPure Goat 
Anti-Rabbit IgG 

Jackson 
Immunoresearch 

111-165-
003 Red 1:1000 

Cy™3-AffiniPure Goat 
Anti-Mouse IgG 

Jackson 
Immunoresearch 

115-165-
003 Red 1:1000 

Cy™5 AffiniPure Goat 
Anti-Mouse IgG 

Jackson 
Immunoresearch 

115-175-
166 Far-red 1:500 

Table 9. Secondary antibodies used for immunostaining. 

11. PROXIMITY LIGATION ASSAY 

Proximity Ligation Assay (PLA) allows the detection, visualization and easily 

quantification of protein-protein interactions in very close proximity (<40 nm). PLA 

was performed as described in (Dinamarca et al., 2016) using the Duolink In Situ 

Red Starter Kit Mouse/ Rabbit (Sigma-Aldrich® DUO92101). Cultured neurons 

transfected with GFP were fixed at DIV17 with 4% PFA + 4% sucrose in PBS (RT, 

10min), permeabilized with 0.2% Triton X-100 (RT, 15min) and incubated with 

blocking solution. Cells were then incubated with a mix of rabbit/ mouse primary 

antibodies (Table 10) overnight at 4°C, washed thrice with Wash Buffer A and 

incubated for 1h with the PLA secondary probes (anti-mouse Plus and anti-rabbit 

Minus, 1:5) at 37°C. Cells were washed thrice with Wash Buffer A and incubated 

with the ligase (1:40) in ligase buffer for 30 min at 37°C. After three additional 

washes with Wash Buffer A, cells were incubated with DNA polymerase (1:80) in 

the amplification buffer for 100 min at 37°C in darkness. Cells were later washed 

thrice with Wash Buffer B and GFP signal was enhanced following the 

immunofluorescence protocol detailed above. Finally, coverslips were mounted 

using Fluoroshield mounting medium (Sigma-Aldrich® F6182). Fluorescence 

images were acquired by using Nikon A1 Ti2 system with a sequential acquisition 
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setting at 1024 x 1024 pixels resolution. Cells were randomly selected from 

different coverslips and analyzed with Fiji software. 

Antibody Supplier Catalog 
number Host Working 

dilution 

GIT-1 SCB Sc-365084 Mouse 1:150 

mTOR CST 2972S Rabbit 1:150 

Table 10. Primary antibodies used for PLA. 

12. ELECTROPHYSIOLOGY 

Electrophysiology experiments were performed thanks to collaborations with Dr. 

Steven J. Tavalin, from the University of Tennessee and Dr. Pierre Paoletti from 

L´Institut de Biologie de l’Ecole Normale Supérieure (IBENS).  

HEK293 cells were cultured, transfected and recorded as previously described 

in (Chowdhury et al., 2013). Cells were transfected with pcDNA1 vectors 

expressing GluN1-1A and GluN2A, and either a pCI-neo vector expressing GFP-

GluN3A or GFP-GluN3A1082∆ in a 1 : 1 : 3 ratio and maintained in medium with 

APV (250µM). GFP was used as a transfection marker in cells where GluN3A 

constructs were omitted. Whole-cell recordings were made with on GFP-positive 

cells using a Multiclamp 700A amplifier (Molecular Devices) 24h following 

transfection. Patch pipettes (2-to-4MΩ) contained: 140mM Cs methanesulfonate, 

10mM HEPES, 5mM adenosine triphosphate (sodium salt), 5mM MgCl2, 200µM 

CaCl2, and 10mM BAPTA (pH 7.4). The extracellular solution contained: 150mM 

NaCl, 5mM KCl, 2 or 10mM CaCl2, 10mM HEPES, 10mM glucose (pH 7.4) and 

was adjusted to 330mOsm with sucrose. Currents were digitized at 2kHz and 

filtered at 1kHz. Series resistance (90 to 95%) and whole-cell capacitance 

compensation were employed. Experiments were performed at a holding potential 

of -80mV with ramps (300ms to +50mV) elicited following a 3s application of 

glutamate (1mM) and glycine (100µM) at 20°C. The ∆Erev, was calculated by 

subtracting the Erev obtained in 2mM Ca2+ from the Erev measured in 10mM Ca2+ 

and corrected for the junction potential between solutions. Initial peak currents 

were obtained from 1s agonist applications in 2mM Ca2+ and used to calculate the 

current density.  
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Experiments on glycine-gated di-heteromeric GluN1/ 3A receptors 

expressed in HEK293 cells were performed as previously described in (Grand et 

al., 2018) using GluN1-1A and GFP-GluN3A or GFP-GluN3A1082Δ subcloned in 

pCI-neo and transfected in a 1 : 3 ratio. 500nM CGP-78608 was systematically 

applied before 100µM of glycine perfusion. 

13. BEHAVIOR 

13.1. CONDITIONED TASTE AVERSION TEST (CTA) 

CTA test was adapted from (Adaikkan and Rosenblum, 2015). Briefly, mice were 

trained to drink from two bottles of water for 6 days. On conditioning day, water 

was changed for 0.2% (regular CTA) or 0.1% (weak CTA) saccharin for 40 minutes 

(regular) or 5 hours (weak) after the exposure, mice were injected LiCl i.p. at 0.15M 

(regular) or 0.025M (weak). Saccharin preference was evaluated 24 hours after 

injection.  

For unconditioned taste preference, mice were presented two drinking 

bottles for 48 hours: one contained water and the other one of the following 

solutions: Sucrose 5% (sweet), NaCl 75 mM (salty), Quinine 300 µM (bitter) and 

HCl 0.03 M (sour). Bottle sides were switched after 24 hours to avoid potential side 

bias. Solution preference was evaluated at 48 hours.  

For assessing sensitivity to LiCl toxicity, “lying on belly” (LOB) behavior 

was registered after injection of LiCl (0.15M) or saline. This behavior consists in a 

totally general suppression of activity, and localization of the mouse in the cage’s 

corner. The activity was measured for 20 minutes. 

14. STATISTICAL ANALYSIS 

Statistical analyses were conducted with GraphPad Prism software version 7.00 

for Windows. Sample size ‘n’ refers to the number of plates or mice analyzed, 

being the number of independent experiments specified in each figure. 

Comparison of quantitative variables between two groups were performed using 

parametric two-tailed unpaired or paired Student’s t-test. One-way or two-way 
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analysis of variance (ANOVA) followed by a post-hoc Tukey’s multiple comparison 

tests were used when more than two groups were compared. Results were 

presented as mean ± standard error of the mean (SEM) from the indicated number 

of independent experiments and expressed as fold of the indicated control. P 

values > 0.05 were regarded as not significant (ns), whereas significant values 

were indicated with ‘*’ (p < 0.05), ‘**’ (p < 0.01) and ‘***’ (p < 0.001). 
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1. MODEL SYSTEM AND OTHER TOOLS 

As mentioned, previous work in our laboratory discovered a selective modulation 

by GluN3A subunits of a subset of activity-dependent signaling pathways, and 

pointed towards a remarkable inhibition of mTOR (see Signaling pathways 

mediating the effects of GluN3A-NMDARs; (Dey, 2017)). Yet many questions 

remained. Answering them has been the goal of my Thesis work, with an emphasis 

on identifying the underlying mechanisms and the physiological roles of GluN3A-

mediated inhibition of mTOR signaling.  

Below I describe key aspects of the model systems used. A main 

difference from the initial work was the use of primary mouse cultures rather than 

rat cultures (see Primary Cultured Neurons), which allowed us to take advantage 

of Grin3a -/- mice for rescue and mechanistic experiments. 

1.1. LENTIVIRAL MANIPULATIONS OF GLUN3A EXPRESSION IN PRIMARY 

NEURONAL CULTURES 

To investigate GluN3A effects on activity-dependent signaling, we chose primary 

neurons in culture as they: 1) recapitulate the formation and refinement of neuronal 

networks and share a commonality of mechanisms; 2) recapitulate the peak and 

down-regulation of GluN3A expression seen in vivo; and 3) are amenable to 

genetic manipulation with a well-defined time-course. I used a collection of 

lentiviruses to enhance or silence GluN3A expression, and to replace GluN3A with 

mutant versions harboring modified CTDs (see Figure 17). Within NMDAR 

subunits, the CTD is critical for interaction with signaling proteins and has been 

shown to control synapse stabilization and maturation (Barria and Malinow, 2005; 

Wang et al., 2011). Selective neuronal expression was achieved by using the 

human Synapsin 1 promoter (Gascón et al., 2008). 

As outlined in the INTRODUCTION, GluN3A-NMDARs are typically 

expressed before and during postnatal critical periods and largely reduced 

afterwards in most brain regions. In the rodent brain, highest expression is 

observed over the first two postnatal weeks in vivo with a peak around P5-P8 

(Pérez-Otaño et al., 2016). In vitro models including organotypic hippocampal slice 

cultures (Kehoe et al., 2014) or our dissociated cortical culture model (Dey, 2017) 
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recapitulated the GluN3A peak of expression at DIV8-12 and subsequent down-

regulation, that overlapped the period when intense synaptic refinements involving 

synapse maturation and elimination are taking place in culture (Figure 23a). 

For overexpression or rescue experiments, infection was timed to enhance 

GluN3A expression from the onset of its down-regulation; neurons were infected 

at DIV9 and analyzed at DIV12-14 (top, Figure 23b). For silencing experiments, 

neurons were infected at DIV3 and analyzed at DIV7-9 to suppress GluN3A 

expression at times when levels are highest (bottom, Figure 23b). 

 

Figure 23. Timings for lentiviral infections. 

(a) Light-field image of cultured primary cortical neurons (scale bar, 250µM) and representative 

immunoblot showing the time course of expression of NMDAR subunits. In this and subsequent western 

blots, membranes were re-probed for β-tubulin to verify protein loading. (b) Schematic of endogenous 

GluN3A expression (grey) and the windows of lentiviral infection (green square) in primary cortical 

neurons. Top, for overexpressing experiments, cortical neurons were infected with GFP, GluN3A-GFP 

and its mutant variants at DIV9 and analyzed at DIV12-14, when endogenous GluN3A’s expression 

starts to decrease. Bottom, for silencing experiments, cortical neurons were infected at DIV3 with the 

lentiviruses shGluN3A1185-GFP (hereinafter referred to as sh3A-GFP) or control GFP and analyzed 

at DIV7-9, within endogenous GluN3A’s peak of expression.  

The transduction efficiency of lentiviral batches was tested after each 

production by infecting neuronal cultures with increasing virus doses followed by 

immunoblotting and immunostaining analysis (see Lentiviral Titration in Neuronal 

Cultures in the Materials and Methods section for further details). The goal was to 

control two key parameters: 1) the fraction of infected neurons; 2) the levels of 

GluN3A overexpression. We titrated exogenous GluN3A expression to ensure that 

it does not exceed by 2 to 3-fold the endogenous levels and avoid overexpression 
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artifacts (Figure 24). Same approach was conducted to titrate other 

overexpressing (data not shown) and silencing (Figure 32) constructs. 

 

Figure 24. Titration of GluN3A-GFP lentiviruses. 

(a) Representative western blots of DIV14 cortical neurons infected at DIV9 with different doses of 

lentiviruses expressing GFP and GluN3A-GFP. (b) Quantification of GluN3A protein levels upon 

infection with different virus doses without detectable changes in the obligatory subunit GluN1 (n=4 

from 2 independent cultures). 

1.2. SYNAPTIC STIMULATION PROTOCOLS 

We induced synaptic activation with two well-established protocols to examine the 

modulation by GluN3A of known activity- and NMDAR-dependent signaling 

pathways. In the first protocol we treated neurons for 1 hour (h) with bicuculline, 

which inhibits ɣ-aminobutyric acid (GABA) transmission and triggers bursts of 

action potential firing (Hardingham and Bading, 2002). In the second, we treated 

neurons with BDNF because it is a potent activator of mTOR signaling and local 

protein synthesis (Takei et al., 2004; Troca-Marin et al., 2010). BDNF protocol 

optimization is summarized in the Materials and Methods section “BDNF Protocol 

Optimization”. 

2. GLUN3A INHIBITS THE INDUCTION OF PLASTICITY-RELATED 

PROTEINS AT THE POST-TRANSCRIPTIONAL LEVEL 

As mentioned, GluN3A-NMDARs selectively inhibit a subset of activity-dependent 

signaling pathways that are activated by conventional NMDARs (see Signaling 

pathways mediating the effects of GluN3A-NMDARs). A crucial end result of 

conventional NMDAR signaling is de novo expression of plasticity proteins that will 
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drive persistent structural and functional modifications leading to the stabilization 

of synapses and consolidation of memories (Rao et al., 2006; Saha et al., 2011). 

De novo expression is mediated by both transcriptional and translational 

regulation. Transcriptional activation generates a neuron-wide pool of mRNAs, 

while local translational control is thought to fine-tune neuronal function by 

ensuring that activity-induced gene products are deployed to selected synapses. 

mTOR inhibition indicated a role of GluN3A-NMDARs on translation but effects on 

activity-dependent transcription were examined. 

To dissect out impacts of GluN3A-NMDARs on transcriptional vs 

translational regulation, DIV9 primary cortical neurons were infected with GFP or 

GluN3A-GFP lentiviruses, treated at DIV14 with bicuculline or BDNF, and sister 

wells collected for protein (Western Blot) and mRNA (RNAseq) analysis. As 

previously shown, bicuculline potently induced the production of IEGs Arc, c-Fos 

and Zif268 (Rao et al., 2006). Remarkably, the induction of Arc and c-Fos proteins 

was significantly reduced upon GluN3A expression while Zif268 induction was 

unaffected suggesting independent regulatory mechanisms (Figure 25). Analysis 

at the mRNA level showed that GluN3A does not affect the production of these 

IEGs by limiting activity-dependent transcription. We conducted global gene 

expression analysis using mRNA-strand specific RNAseq to identify genes 

differentially induced in primary cortical cultures infected with GFP or GluN3A-

GFP. In basal conditions, the only gene differentially expressed was Grin3a due to 

its exogenous overexpression (Figure 26a). Later, we compared the bicuculline-

induced genes in GFP and GluN3A-GFP infected neurons. The data were 

represented in Volcano plots to compare the statistical significance (p value) vs 

the magnitude of change between control and bicuculline induction conditions (fold 

change), and no change was observed (Figure 26b). We further validated the 

RNAseq data of selected IEGs with roles in synaptic plasticity by qPCR. Arc, c-

Fos and Zif268 mRNA levels were robustly induced by bicuculline in both GFP- 

and GluN3A-GFP-infected neurons with similar time-courses of induction (Figure 

26c). The transcriptional induction by bicuculline of other IEGs such as Npas4 was 

also unaffected by GluN3A (Figure 26c). Similarly, there were no changes in the 

induction of late-response genes (LRGs) that regulate synapse development and 

function, such as Homer1a or BDNF (Figure 26d). 
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Figure 25. Inhibition of bicuculline-dependent protein production of IEGs by GluN3A. 

Cortical neurons infected with GFP or GluN3A-GFP on DIV9 were stimulated with bicuculline (50μM, 

1h) and collected at DIV14. Left, representative western blots showing that GluN3A inhibits the synaptic 

activation of the IEGs Arc and c-Fos with no changes on Zif268. Right, signal intensities of the indicated 

proteins as percentage of stimulated GFP-infected neurons. n=4 from 2 independent cultures, 

***p<0.001, unpaired t-test. 

 

Figure 26. GluN3A does not alter bicuculline-dependent iEGs’ mRNA production. 

Cortical neurons infected with GFP or GluN3A-GFP on DIV9 were stimulated with bicuculline (50μM, 

1h) and collected at DIV14. (a) Volcano plot comparing GFP and GluN3A-GFP differentially expressed 

genes in basal conditions (padj < 0.05 and log 2(Fold Change) > 1). The x-axis represents the log 

2(Fold Change), while y-axis represents statistical significance for each gene. Grey dots symbolize no 

change of expression. (b) Volcano plot comparing the differential fold-change expression of hundreds 

of genes upon bicuculline induction. GFP and GluN3A-GFP infected neurons were plotted separately 

and representative genes are noted. (c) qPCR analysis of the induction time-course upon bicuculline 

treatment of the IEGs Arc, c-Fos, Zif268 and Npas4, and (d) the LRGs BDNF (exon IV) and Homer 1a. 
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Plotted values are shown as fold induction relative to non-stimulated neurons. n=2-4 from 2 

independent cultures. 

An analogous dissociation between inhibited protein expression (Figure 

27) and preserved transcriptional induction (Figure 28) was observed upon 

stimulation of GluN3A-infected neurons with the mTOR activator BDNF. These 

results suggest that GluN3A-NMDARs regulate the translation of specific mRNAs 

into protein without affecting cell-wide transcriptional programs, consistent with 

their lack of effect on the induction of CREB and ERK1/2 that are the two major 

pathways for activity-dependent transcription (Flavell and Greenberg, 2008; 

Hardingham et al., 2001) (Figure 29). 

It is worth noting that the selective inhibition of activity-dependent signaling 

by GluN3A largely differed from the effects of the general NMDAR antagonist APV 

that blocked all signaling pathways tested as well as the induction of IEGs at both 

mRNA (Figure 30) and protein levels (Dey, 2017). This result argued against a 

general dominant-negative effect of GluN3A subunits on NMDAR signaling. 

 

Figure 27. Inhibition of BDNF-dependent protein production of IEGs by GluN3A. 

Cortical neurons infected with GFP or GluN3A-GFP on DIV9 were stimulated with BDNF (100ng/ml, 

1h) and collected at DIV14. Left, representative western blots showing that GluN3A inhibits the synaptic 

activation of the IEGs Arc and c-Fos with no changes on Zif268. Right, signal intensities of the indicated 

proteins as percentage of stimulated GFP-infected neurons. n=4 from 2 independent cultures, **p<0.01, 

unpaired t-test.  
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Figure 28. GluN3A does not alter BDNF-dependent iEGs’ mRNA production. 

Cortical neurons infected with GFP or GluN3A-GFP on DIV9 were stimulated with BDNF (100ng/ml, 

1h) and collected at DIV14. (a) Volcano plot comparing the differential fold-change expression of 

hundreds of genes upon BDNF induction (padj < 0.05 and log 2(Fold Change) > 1). GFP and GluN3A-

GFP infected neurons were plotted separately and representative genes are noted. (b) qPCR analysis 

of the induction time-course upon BDNF treatment of the IEGs Arc, c-Fos and Zif268, and the LRG 

Homer 1a. Plotted values are shown as fold induction relative to non-stimulated neurons. n=2-4 from 2 

independent cultures. 

 

Figure 29. Transcriptomic profile of GFP and GluN3A-GFP neurons upon bicuculline and BDNF 
stimuli. 

Heatmap showing relative mRNA expression of all genes upon 1h bicuculline or BDNF treatment. 
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Figure 30. General blockade by APV of IEGs mRNA induction.  

Quantitative analysis of the IEGs Arc and c-Fos mRNA induction from DIV14 cultured cortical neurons 

pretreated with APV (50μM, 30min) before stimulation with bicuculline (50μM, 1h). n=4-6 from 2-3 

independent cultures, ***p<0.001 one-way ANOVA followed by Bonferroni´s test. 

Finally, we ruled out alternative mechanisms such as enhanced IEGs 

degradation by GluN3A-NMDARs. IEGs are mostly degraded in the proteasome, 

so we took advantage of the proteasome inhibitor MG-132 to promote IEGs 

accumulation (Rao et al., 2006). DIV14 cortical neurons were treated with MG-132 

or vehicle for 1h prior 1h BDNF stimulation. Selectively inhibited induction of IEGs 

by GluN3A was not rescued by pre-treatment with MG-132 (Figure 31). Altogether, 

these results point towards a selective role of GluN3A-NMDARs in repressing the 

translation of specific activity-regulated mRNAs. 

 

Figure 31. Proteasome blockade did not rescue GluN3A inhibition of IEGs protein production. 

DIV14 neurons were treated with MG132 (30μM, 1h before and during BDNF treatment). 

Representative western blot probed with the indicated antibodies is shown. 

3. POTENTIATED MTOR SIGNALING AND IEG PRODUCTION IN THE 

ABSENCE OF GLUN3A 

We expanded the initial characterization of GluN3A modulation of mTOR pathway, 

by assessing the effects of GluN3A deletion. First, we tested the effects of silencing 
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GluN3A using a validated sh3A construct (sh3A-GFP) that efficiently and 

selectively silences GluN3A expression (Figure 32; (Kehoe et al., 2014)). Primary 

cortical neurons were infected at DIV3 with GFP or sh3A-GFP lentiviruses and 

analyzed at DIV7-9 in basal and stimulated conditions. Lentiviral knockdown of 

GluN3A enhanced basal mTOR activation, as shown by enhanced 

phosphorylation of its downstream effectors S6K and S6 (Figure 33). Moreover, 

the induction of the IEGs Arc and c-Fos in response to both bicuculline (Figure 

34a) and BDNF (Figure 34b) was enhanced by GluN3A removal. 

 

Figure 32. Titration of sh3A-GFP lentiviruses. 

(a) Representative western blots of DIV7 cortical neurons infected at DIV3 with different doses of GFP 

and sh3A-GFP lentiviruses. (b) Quantification of downregulation of endogenous GluN3A protein levels 

upon infection with different virus doses. n=4 from 2 independent cultures. 

 

Figure 33. GluN3A knockdown potentiates basal mTOR activation in young neurons. 

Neurons were infected on DIV3 with lentiviruses expressing either GFP or sh3A-GFP and collected at 

DIV7-9. Left, representative western blots and, right, quantification of phosphorylated mTOR effectors 

S6K and S6 normalized to total protein (n=6-8 from 3-4 independent cultures). GluN3A specific band 

is indicated with a black arrow while a star indicates an unspecific one. *p< 0.05, **p< 0.01, two-tailed 

paired t-test. 
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Figure 34. GluN3A knockdown potentiates IEG induction in young neurons. 

Neurons were infected on DIV3 with lentiviruses expressing either GFP or sh3A-GFP and collected at 

DIV7-9. (a,b) Representative western blots and quantification of IEG induction upon stimulation with 

bicuculline (a; 50μM, 1h) and BDNF (b; 100ng/ml, 1h) in GFP and sh3A-GFP expressing neurons (n=6-

12 from 3 independent cultures). *p< 0.05, **p< 0.01, ***p< 0.001, two-tailed paired t-test. 

To determine whether enhanced IEG induction was linked to the enhanced 

mTOR activity, we blocked mTORC1 with the pharmacological inhibitor rapamycin. 

In order to selectively block mTORC1, we acutely administered a low dose 

(100nM) of rapamycin to which mTORC2 is insensitive (Sarbassov et al., 2006; 

Stoica et al., 2011). Cortical cultures infected at DIV3 with GFP or sh3A-GFP 

lentiviruses were treated at DIV7-9 with rapamycin or vehicle for 1h prior to 1h of 

BDNF stimulation (Figure 35). Enhanced mTOR activation upon BDNF stimulation 

in sh3A-GFP expressing neurons was completely abolished in the presence of 

rapamycin (Figure 35a,b) while there was no inhibitory effect on the ERK pathway 

(Figure 35a). Regarding the IEG Arc induction, rapamycin treatment in sh3A-GFP 

expressing neurons rescued the induction levels to those achieved in control GFP-

expressing neurons (Figure 35c). Rapamycin had no significant effects on control 

GFP neurons (Figure 35c). Thus, we could conclude that lack of GluN3A promotes 

the emergence of a mTOR-dependent component in the induction of the IEG Arc. 
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Figure 35. mTOR and Arc potentiation in GluN3A knockdown neurons is rapamycin dependent. 

Neurons were infected on DIV3 with lentiviruses expressing either GFP or sh3A-GFP and collected at 

DIV7-9. (a) Representative western blots of phosphorylated mTOR effector S6, the IEG Arc, and 

unchanged ERK. (b) Quantification of phosphorylated S6 upon stimulation with BDNF (100ng/ml, 1h). 

Plotted values are shown as fold induction relative to non-stimulated neurons (n=7-8 from 4 

independent cultures). (c) Quantification of Arc induction upon stimulation with BDNF (100ng/ml, 1h) 

with or without a rapamycin pre-treatment (100nM; 1h) in GFP and sh3A-GFP expressing neurons (n=4 

from 2 independent cultures). *p< 0.05, two-tailed paired t-test. 

Similarly enhanced basal mTOR activation was found in primary cortical 

cultures from Grin3a -/- mice (relative to control) at DIV4, as shown by enhanced 

phosphorylation of mTOR, S6K, S6 and 4EBP1 (Figure 36a). Here, an early stage 

of GluN3A expression was chosen to identify first consequences and rule out 

compensatory effects. Likewise, hyperactivation of mTOR was detected in 

hippocampal lysates of Grin3a -/- mice over postnatal refinement stages (P8 and 

P16; Figure 36b,c), as revealed by the increased phosphorylation of the mTOR 

downstream effectors S6K and S6. 
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Figure 36. Potentiation of mTOR signaling in Grin3a -/-. 

(a) Paired DIV4 WT and Grin3a -/- primary cortical cultures showing an increased basal activation of 

the mTOR pathway in Grin3a -/- respect to WT (n=6-15 from 3-7 independent cultures). (b-c) Status of 

S6K and S6 phosphorylation in lysates prepared from wild-type (WT) and Grin3a -/- hippocampi at P8 

(b) and P16 (c). Left, representative western blots, and right, quantification (n=4-8 mice). *p< 0.05, **p< 

0.01, two-tailed unpaired t-test. 

4. GLUN3A PREVENTS THE DEPHOSPHORYLATION OF EEF2, KEY 

REGULATOR OF THE ELONGATION STEP OF PROTEIN SYNTHESIS 

A branch of the mTOR pathway that had not been explored regulates the 

phosphorylation of eEF2 (see mTORC1 and protein synthesis). eEF2 is required 

for the elongation step of protein synthesis and blocks general translation when it 

is phosphorylated (Dever and Green, 2012). 
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 In a first set of experiments, we prolonged or downregulated GluN3A 

expression in WT primary neuronal cultures and measured basal levels of peEF2 

(Figure 37). Higher levels of peEF2 were observed in cortical neurons infected with 

GluN3A-GFP (Figure 37a,b). Conversely, GluN3A knockdown neurons showed 

lower levels of peEF2 than control neurons (Figure 37c,d). Collectively, these 

results demonstrate that GluN3A modulates the phosphorylation status of eEF2. 

 

Figure 37. GluN3A modulates eEF2 phosphorylation status. 

(a,b) WT cortical neurons were infected on DIV9 with lentiviruses expressing either GFP or GluN3A-

GFP and collected at DIV14. (a) Representative western blots of the phosphorylation status of eEF2. 

(b) Quantification of basal phosphorylated eEF2 (n = 7-10 from 4 independent cultures). (c-d) WT 

cortical neurons were infected on DIV3 with lentiviruses expressing either GFP or sh3A-GFP and 

collected at DIV7. (c) Representative western blots of the phosphorylation status of eEF2. (d) 

Quantification of basal phosphorylated eEF2 (n = 14 from 5 independent cultures). ***p<0.001, two-

tailed unpaired t-test. 

We then conducted rescue experiments in primary neuronal cultures from 

Grin3a -/- embryos. We infected the neurons at DIV7 with GFP or GluN3A-GFP 

lentiviruses and pretreated them at DIV12 with rapamycin or vehicle prior to 

stimulation (Figure 38). Both bicuculline (Figure 38a,b, white bars) and BDNF 

(Figure 38c,d, white bars) increased the level of the active unphosphorylated form 

of eEF2 in Grin3a -/- neurons. eEF2 dephosphorylation was mTOR-dependent as 

judged by inhibition with rapamycin as previously described in (Inamura et al., 
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2005; Kenney et al., 2015). However, eEF2 dephosphorylation and its rapamycin 

inhibition was occluded in Grin3a -/- neurons infected with GluN3A-GFP (Figure 

38, grey bars). Together, these results demonstrate that GluN3A modulates 

mTORC1-dependent eEF2 dephosphorylation. 

 

Figure 38. GluN3A prevents the mTOR-dependent dephosphorylation of eEF2. 

Grin3a -/- cortical neurons were infected on DIV7 with lentiviruses expressing either GFP or GluN3A-

GFP and collected at DIV12. (a) Representative western blots of the phosphorylation status of eEF2 

upon bicuculline (50µM, 1h) and rapamycin (100nM, 1h prior bicuculline) treatment showing that 

GluN3A abolish the activity-mediated dephosphorylation and occludes its rapamycin inhibition. (b) 

Quantification of phosphorylated eEF2 upon stimulation with bicuculline. Plotted values are shown as 

fold induction relative to non-stimulated neurons. (c-d) Analogous experiments upon stimulation with 

BDNF (100ng/ml, 1h). n=4 from 2 independent cultures. **p<0.01, ***p<0.001, two-tailed paired t-test. 

5. GLUN3A CONTROLS THE POSTNATAL EMERGENCE OF MTORC1-
DEPENDENT PROTEIN SYNTHESIS  

Our results thus expanded the previous work and demonstrated that GluN3A 

bidirectionally modulates mTOR activation in vivo and in vitro. We then asked 

whether GluN3A-modulation of mTOR signaling affects protein synthesis. For this, 

we measured translational rates in cortical neurons in the presence or absence of 

rapamycin using a non-radioactive puromycin-labeling assay: Surface Sensing of 
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Translation (SUnSET). Puromycin, an aminonucleoside antibiotic produced by 

Streptomyces alboniger, is a structural analog of aminoacyl tRNAs that enters 

ribosomes actively engaged in translation and becomes covalently attached to the 

carboxy terminus of nascent polypeptide chains preventing elongation (Figure 39) 

(Nathans, 1964). When used in low amounts, puromycin incorporation into newly 

synthesized proteins reflects the rate of mRNA translation in vitro, allowing its 

monitorization and quantification (Schmidt et al., 2009).  

 

Figure 39. SUnSET assay. 

(a) Comparison of the molecular structure of puromycin and tyrosyl-tRNA. (b) Puromycin’s mode of 

action involves its incorporation into growing peptide chains via the formation of a peptide bound. Then, 

the puromycin-labelled peptide is unable to undergo further elongation and is released from the 

ribosome.  

Due to its mode of action, puromycin can be toxic for the cells at high 

doses. We thus first established the optimal dose of puromycin that allowed us to 

measure the translational rates avoiding cell death but also yielding signal 

saturation in the later western blotting. To that end, we performed a dose-

dependent curve considering the already described working doses (Briz et al., 

2017; Fortin et al., 2012; Di Prisco et al., 2014), and chose a 10ng/ml dose for 30 

minutes. 

5.1. LACK OF GLUN3A ACCELERATES THE EMERGENCE OF MTOR-
DEPENDENT TRANSLATION 

In a first approach, we measured protein synthesis rates in cortical neurons at 

different developmental stages, DIV7 and DIV14, and analyzed its mTORC1-
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dependence by pre-treating the neurons with rapamycin 100nM (Figure 40). We 

found that protein synthesis in young cortical neurons (DIV7) is not dependent on 

mTORC1 activation, while strong rapamycin sensitivity emerges at later stages 

(DIV14) (Figure 40a,c). Moreover, basal protein synthesis increased throughout 

development (Figure 40b). 

 

Figure 40. Age-dependence of mTORC1-dependent protein synthesis. 

(a) Representative blots and (b,c) quantification of puromycin incorporation (10ng/ml, 30min incubation) 

and sensitivity to  rapamycin (rapa, 100nM, 1h incubation) in WT DIV7 and DIV14 cortical neurons. 

Neurons non-incubated with puromycin were used as negative control. Puromycin levels were 

normalized to Ponceau S staining. n=6-8 samples from 3-4 independent cultures; **p<0.01, (b) two-

tailed unpaired t-test and (c) two-way ANOVA followed by Tukey’s test. 

To assess the effect of GluN3A expression, we first knocked-down 

GluN3A from WT cortical neurons using GFP or sh3A-GFP lentiviruses, and basal 

protein synthesis was analyzed at DIV7-9. Knockdown of GluN3A caused a large 

increase in protein synthesis in young neurons (DIV7-9), which exhibited a strong 

rapamycin-dependence compared to controls (Figure 41), and closer to the typical 

of later developmental stages (Figure 40). Thus, GluN3A places inhibitory 

constraints on the emergence of mTOR-dependent protein synthesis which are 

relieved upon removal. 
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Figure 41. GluN3A knockdown boosts mTORC1-dependent protein synthesis. 

WT cortical neurons were infected on DIV3 with lentiviruses expressing GFP or sh3A-GFP and protein 

synthesis was analyzed at DIV7-9. (a) Representative western blot showing puromycin incorporation 

(puro, 10ng/ml, 30min incubation) in GFP and sh3A-GFP expressing neurons treated with rapamycin 

(rapa, 100nM, 1h incubation), the protein synthesis inhibitor cycloheximide (CHX, 25μM, 15min 

incubation) or vehicle. Neurons non-incubated with puromycin were used as negative control. (b) 

Quantification of puromycin levels normalized to Ponceau S staining. n=5-7 from 4 independent 

cultures; **p<0.01, ***p<0.001, two-way ANOVA followed by Tukey’s test. 

5.2. GLUN3A RESCUES INCREASED MTOR-DEPENDENT TRANSLATION IN 

GRIN3A -/- CORTICAL NEURONS 

Robust mTOR-dependent protein synthesis was also observed in cortical neurons 

from Grin3a-/- mice in line with the knockdown result (Figure 42). The GluN3A role 

was tested in rescue experiments where neurons were infected at DIV6 with GFP 

or GluN3A-GFP lentiviruses and SUnSET was performed at DIV12. Re-expression 

of GluN3A was sufficient to decrease basal protein synthesis rates to physiological 

levels (Figure 42a,b). Neurons were also subjected to treatments with the mTOR 

inhibitor rapamycin (Figure 42c) and the MEK/ ERK inhibitor U0126 (Figure 42d). 

U0126 promoted a global inhibition in both GFP- and GluN3A-infected neurons at 

further greater levels than rapamycin. On the other hand, GluN3A expression 

obliterated rapamycin sensitivity as was described above, turning neurons into a 

juvenile state in which protein synthesis is no longer mTORC1-dependent. 
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Figure 42. GluN3A rescues exacerbated mTOR-dependent protein synthesis. 

Grin3a-/- cortical neurons were infected at DIV6 with lentiviruses expressing GFP or GluN3A-GFP and 

protein synthesis was analyzed at DIV12. (a) Representative western blot and (b-d) quantification of 

puromycin incorporation (puro, 10ng/ml, 30min incubation) in infected neurons in basal conditions, (b) 

or upon rapamycin (rapa, 100nM, 1h incubation) (c) and U0126 (5µM, 20min incubation) treatment. 

Puromycin levels were normalized to Ponceau S staining. GluN3A expression levels are shown (IB). 

n=4-8 from 4 independent cultures; *p<0.05, ***p<0.001, two-way ANOVA followed by Tukey’s test. 

6. MTOR INHIBITION REQUIRES GLUN3A C-TERMINAL DOMAIN 

INTERACTIONS 

Two broad mechanisms could in principle be involved in these differences in 

signaling: 1) inhibition of NMDAR-mediated calcium influx and voltage-dependent 

magnesium block by GluN3A (“ionotropic function”); 2) recruitment by GluN3A, 

through interactions of its intracellular CTD (“metabotropic function”). GluN3A-CTD 

binds scaffolding and signaling proteins that anchor the receptor to the actin 

cytoskeleton and regulate functions such as synaptic plasticity, spine stabilization 
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and morphogenesis (see GluN3A-CTD interacts with a unique set of intracellular 

proteins).  

To evaluate whether GluN3A modulates the mTOR pathway via 

metabotropic interactions of its CTD, we generated a GluN3A mutant lacking the 

whole CTD. However, the truncated version did not go to the cell surface, 

precluding further experiments (data not shown) (Dey, 2017). As an alternative, 

we used a previously characterized GluN3A mutant lacking the distal 33aa of the 

GluN3A-CTD (GluN3A1082∆-GFP; Figure 17). This mutant displays similar 

distribution and targeting to the cell surface than full-length GluN3A (Fiuza et al., 

2013). 

Primary cortical neurons from Grin3a -/- embryos were then infected at 

DIV6 with lentiviruses expressing GFP, full-length GluN3A (GluN3A-GFP) or 

GluN3A1082∆-GFP and treated at DIV12 with bicuculline or BDNF for 1h (Figure 

43). While full-length GluN3A fully reversed enhanced mTOR activation (Figure 

43b,e, white vs. grey bars) and hyper-induction of Arc and c-Fos (Figure 43c,f, 

white vs. grey bars) by either bicuculline or BDNF, the GluN3A1082∆ mutant failed 

to do so (Figure 43b,c,e,f, white vs. pale blue bars). Furthermore, GluN3A1082∆ 

did not affect other activity-dependent signaling pathways like MAPK-ERK 

pathway or induction of Zif268 (Figure 43d), as was already described for full-

length GluN3A (Dey, 2017).  
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Figure 43. Inhibition of mTOR requires GluN3A-CTD interactions. 

(a) Experimental design for re-expression of full-length or mutant GluN3A in Grin3a -/- cortical neurons. 

Neurons were infected with lentiviruses expressing GFP, GluN3A-GFP or GluN3A1082∆-GFP, and 

stimulated with bicuculline (b, c) or BDNF (e, f) for 1h. (a) Representative western blots of lysates from 

bicuculline-treated neurons probed for the indicated antibodies. (b) Fold-induction of phosphorylated 

S6K and S6 (normalized to total levels), Arc and c-Fos in response to bicuculline (n=3-6 from 2-3 

independent cultures, *p<0.05, **p<0.01, ***p<0.001 one-way ANOVA followed by Tukey’s test). (d-f) 

Analogous experiments to those represented in (a-c) upon BDNF stimulation (n=4-7 from 2-4 

independent cultures, *p<0.05, **p<0.01, ***p<0.001 one-way ANOVA followed by Tukey’s test). 

To evaluate potential differences in ionotropic function, we studied the 

Ca2+ permeability and response to glycine of receptors containing full-length 
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GluN3A or GluN3A1082∆ in collaboration with Dr. Stephen J. Tavalin (University 

of Tennessee) and Dr. Pierre Paoletti (L´Institut de Biologie de l’Ecole Normale 

Supérieure -IBENS-, Paris). GFP-GluN3A and GFP-GluN3A1082∆ constructs 

were co-transfected with GluN1-1A and GluN2A in HEK293 cells to analyze the 

electrophysiological responses to acutely applied glutamate. GluN3A and 

GluN3A1082∆ yielded similarly reduced shifts in reversal potential (∆Erev) 

compared to conventional GluN1-1A/GluN2A NMDARs (Chowdhury et al., 2013; 

Pérez-Otaño et al., 2006), measured during steady-state I-V relations obtained via 

a voltage-ramp protocol in 2 and 10mM extracellular Ca2+, indicating that 

differences could not be attributed to Ca2+ permeability (Figure 44a,b). Additionally, 

both GluN3A versions harbored similarly reduced current densities compared to 

conventional NMDARs, suggesting that the truncation does not affect the extent to 

which these subunits incorporate into functional triheteromeric receptors (Figure 

44c).  

 

Figure 44. GluN3A and GluN3A1082∆ have no ionotropic differences. 

(a) Representative steady-state glutamate-evoked ramp currents obtained with 2mM (black) and 10mM 

(red) extracellular Ca2+ for HEK293 cells expressing GluN1A/ 2A alone, or with either GFP-GluN3A or 

GFP-GluN3A1082∆. Insets show currents on expanded scale to highlight the Erev. (b) Summary graph 

of the ∆Erev obtained from multiple experiments. (c) Summary graph depicting current density from 

HEK293 cells expressing GluN1-1A/GluN2A alone, or with either GFP-GluN3A or GFP-GluN3A1082∆. 

n = 10–11, *p< 0.05, **p< 0.01 one-way ANOVA followed by Bonferroni post-hoc test. 
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We additionally ruled out the possibility that the deletion modified 

responses to glycine of diheteromeric GluN1/ 3 receptors. We took advantage of 

the GluN1 antagonist CGP-78608, which prevents glycine binding to GluN1 

(Auberson et al., 1999; Yao and Mayer, 2006). It therefore bypasses 

desensitization and unmask large glycine-activated currents mediated by GluN1/ 

3A receptors (Grand et al., 2018). No differences in evoked glycine currents were 

observed between GluN1/ 3A and GluN1/ 3A1082∆ (Figure 45).  

 

Figure 45. GluN1/ 3A and GluN1/ 3A1082∆ receptors generate equally evoked glycine currents. 

(a) Responses to glycine of HEK293 cells expressing GluN1/ 3A receptors in absence or presence of 

CGP-78608 (500 nM). (b) Quantification of fold potentiation by CGP-78608 for GluN1/ 3A and GluN1/ 

3A1082∆ receptors (n = 3-11). 

Collectively, the absence of any evident ionotropic differences and the 

involvement of distal 33aa of the GluN3A-CTD supports the idea that inhibition of 

mTOR involves metabotropic interactions of GluN3A-containing NMDARs with 

synaptic adaptors or scaffolds. 

6.1. GLUN3A-CTD IS NECESSARY TO DECREASE ENHANCED PROTEIN 

SYNTHESIS RATES IN GRIN3A -/- CORTICAL NEURONS 

Given the role of GluN3A-CTD in the control of mTORC1 activity and mTORC1-

dependent IEG induction, we directly analyzed its role on mTORC1-dependent 

protein synthesis. Grin3a -/- neurons were infected at DIV6 with lentiviruses 

expressing GFP, full-length GluN3A (GluN3A-GFP) or the mutant GluN3A1082∆-

GFP and treated at DIV12 with rapamycin or vehicle for 1h (Figure 46). As shown 

above, GluN3A expression obliterated rapamycin sensitivity, turning neurons into 

a juvenile mode of protein synthesis which is no longer mTORC1-dependent 

(Figure 46b white vs. grey bars). By contrast, the CTD mutant GluN3A1082∆ did 

not reduced basal protein synthesis rates and mTORC1-dependence was 
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preserved as demonstrated by rapamycin sensitivity (Figure 46b white vs. pale 

blue bars). This finding further confirmed that the distal 33aa region of GluN3A-

CTD is critical for the control of mTORC1-dependent protein synthesis. 

 

Figure 46. GluN3A rescues the increased mTOR-dependent protein synthesis in Grin3a -/- 
neurons. 

Grin3a-/- cortical neurons were infected at DIV6 with lentiviruses expressing GFP, GluN3A-GFP or 

GluN3A1082∆-GFP and protein synthesis was analyzed at DIV12. (a) Representative western blot and 

(b) quantification of puromycin incorporation (10ng/ml, 30min incubation) in infected neurons in the 

presence or absence of rapamycin (rapa, 100nM, 1h) normalized to Ponceau S staining. GluN3A 

expression levels and status of mTOR activation were monitored with the indicated antibodies (IB). 

GFP and GluN3A data points are the same than in Figure 42. n=4-8 from 4 independent cultures; 

*p<0.05, **p<0.01, ***p<0.001, two-way ANOVA followed by Tukey’s test. 

We conducted an independent experiment to address the role of the 

GluN3A-CTD in protein synthesis using a mutant where the GluN3A-CTD was 

replaced by the GluN2A-CTD (GluN3ACt2A-GFP; see Figure 17). Because the 

longer GluN2A-CTD couples NMDARs to different signaling molecules than 

GluN3A-CTD (Hardingham, 2019; Pérez-Otaño et al., 2016; Sun et al., 2018), we 

would expect the GluN3A-Ct2A to abolish GluN3A-mediated metabotropic 

signaling. Additionally, GluN2A has been reported to activate mTOR thus having 

an opposite role to the GluN3A-driven repression of mTOR that we observe here 

(Gordillo-Salas et al., 2018; Tran et al., 2007). In this experiment, Grin3a -/- cortical 

neurons were infected at DIV6 with GFP, GluN3A-GFP and GluN3ACt2A-GFP, 

and protein synthesis analyzed at DIV12. As GluN3A1082∆-GFP (Figure 46), 

GluN3ACt2A-GFP mutant did not rescue enhanced protein synthesis in contrast 

to the full-length GluN3A (Figure 47a,b, grey vs pink column). Remarkably, 

GluN3ACt2A-GFP boosted protein synthesis above the already high basal rates 
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of Grin3a -/- neurons (Figure 47b, white vs pink column). The effect is in-line with 

the previously reported activation of mTOR and demonstrates that NMDAR subunit 

composition determines the modes and magnitude of protein synthesis. 

 

Figure 47. GluN3ACt2A mutant boosts protein synthesis. 

Grin3a-/- cortical neurons were infected at DIV6 with lentiviruses expressing GFP, GluN3A-GFP or 

GluN3ACt2A-GFP and protein synthesis was analyzed at DIV12. (a) Representative western blot and 

(b) quantification of puromycin incorporation in infected neurons normalized to Ponceau S staining. 

GluN3ACt2A has a higher molecular weight (pink arrow) than full-length GluN3A (black arrow) as 

shown in the IB. GFP and GluN3A data points are the same than in Figure 42. n=4-8 from 2-4 

independent cultures; **p<0.01, ***p<0.001, two-way ANOVA followed by Tukey’s test. 

7. GLUN3A-CTD INTERACTIONS CONTROL THE ASSEMBLY OF 

SYNAPTIC GIT1-MTORC1 COMPLEXES 

We then searched for GluN3A partners that bind the CTD and could mediate its 

ability to inhibit mTOR-dependent translation. A prominent candidate is the 

postsynaptic scaffold GIT1. Binding to GluN3A sequesters GIT1 away from 

synaptic locations and impairs its ability to nucleate actin regulators such as the 

Rac1-GEF β-PIX in dendritic spines (see GIT1; Intriguingly, proteomic work 

detected GIT1 in mTOR immunoprecipitates from mouse astrocytes but neither 

the complex composition nor a function for the interaction could be established 

(Smithson and Gutmann, 2016). GIT1 binds GluN3A through the distal 33aa of its 

CTD. As shown above, those 33aa are required for mTOR inhibition. We reasoned 

that, analogous to β-PIX, GluN3A sequestration of GIT1 might impair mTOR 
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function by: 1) displacing mTOR from synapses, and/ or 2) inhibiting the formation 

of mTOR complexes.  

7.1. GIT1-MTORC1 COMPLEXES ARE SYNAPTIC AND FUNCTIONAL 

We first conducted a series of biochemical experiments to examine whether mTOR 

and GIT1 form a complex in neurons and to identify other putative components of 

the complex. Using reciprocal co-immunoprecipitation (co-IP) assays with GIT1 or 

mTOR antibodies, we identified mTOR-GIT1 complexes in P16 WT mice 

hippocampal (Figure 48a) and cortical (Figure 48b) PNS fractions. Using a 

standard co-IP buffer (0.1% TX-100 + 0.1% SDS) we were able to coprecipitate 

the mTOR−GIT1−β-PIX complex previously described by (Smithson and Gutmann, 

2016) (Figure 48). However, the adaptor proteins Raptor or Rictor, constitutive part 

of mTORC1 and mTORC2 respectively, were not pulled down by the mTOR 

antibody. To preserve the physiological interactions, we modified lysis conditions 

and used a buffer containing the detergent 0.3% CHAPS (Kim et al., 2002). Under 

this condition, the mTOR antibody pulled down both Raptor and Rictor (Figure 49a; 

mTOR IP lane). However, only Raptor was identified in GIT1 immunoprecipitates 

(Figure 49a; GIT1 IP lane), indicating that GIT1-mTOR interaction was exclusive 

for mTORC1 (Figure 49c). Moreover, we detected phosphorylated mTOR at 

Ser2448 in GIT1 immunoprecipitates, demonstrating GIT1-mTORC1 complex 

functionality (Figure 49b). 

 

Figure 48. mTOR and GIT1 interaction in mouse brain. 

Representative IB of a co-IP experiment on PNS of (a) hippocampal and (b) cortical tissue from P16 

WT mice using a buffer containing 0.1% TX-100 + 0.1% SDS. mTOR and GIT1 were 
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immunoprecipitated and mTOR, GIT1, β-PIX, GluN2A/B and Synaptophysin1 (Syp1) revealed by 

western blotting in the immunoprecipitated material. For the input lane, 10% of the PNS used for the 

co-IP experiment was loaded onto the gels. IgG- refers to a negative control in which the sample was 

incubated without antibody. 

 

Figure 49. Functional GIT1-mTORC1 complexes. 

(a) Representative IB of a co-IP experiment on PNS of hippocampal tissue from P16 WT mice using a 

buffer containing 0.3% CHAPS. mTOR and GIT1 were immunoprecipitated and mTOR, GIT1, Raptor, 

Rictor, β-PIX and Syp1 revealed by western blotting in the immunoprecipitated material. (b) Analogous 

experiment to (a) in which pmTOR (Ser2448), GIT1 and Syp1 were revealed by western blotting in the 

immunoprecipitated material. For the input lane, 10% of the PNS used for the co-IP experiment was 

loaded onto the gels. IgG- refers to a negative control in which the sample was incubated without 

antibody. (c) Schematic of the GIT1-mTOR partners detected in our experiments. 

We then asked if GIT1-mTORC1 complexes are found in synaptic 

compartments. To answer this question, we first carried out a subcellular 

fractionation as in (Franchini et al., 2019) (Figure 50). Starting from total 

homogenates (H) of DIV14 rodent primary hippocampal neurons, we purified P2 

and TIF fractions (the detailed protocol is in the Materials and Methods section 

Subcellular Fractionation). GIT1 was enriched in postsynaptic compartments, as 

previously described in (Fiuza et al., 2013). Other components of the mTOR 

machinery were also found in the TIF fraction (Figure 50a). Remarkably, mTOR 

machinery (mTOR, Raptor and the effector S6) was also present in the P2 and TIF 

fractions. We further discovered that GIT1 coprecipitated with mTOR and Raptor 

in both P2 and synaptic (TIF) fractions from DIV14 primary hippocampal neurons 

(Figure 50b).  
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Figure 50. GIT1 co-immunoprecipitates with mTOR in synaptic TIF fractions. 

(a) Characterization of the protein enrichment of GIT1, mTOR, Raptor, S6 and GluN2A/B, positive 

control, by western blotting after a subcellular fractionation of DIV14 primary hippocampal neurons (H, 

homogenate; P2; Crude Membrane Fraction; TIF, Triton Insoluble Fraction). (b) Representative IB of a 

co-IP experiment on DIV14 primary hippocampal neurons P2 and TIF. mTOR was immunoprecipitated 

and mTOR, GIT1, Raptor and Meox2 revealed by western blotting in the immunoprecipitated material. 

For the input lane, 40% of the P2 or TIF used for the co-IP experiment was loaded onto the gels. IgG- 

refers to a negative control without antibody. 

To further examine the subcellular localization of GIT1-mTORC1 

complexes in cultured neurons, we conducted an in situ Proximity Ligation Assay 

(PLA) with antibodies against GIT1 and mTOR. DIV17 hippocampal neurons 

transfected at DIV9 with GFP were processed as described in the methods section 

“Proximity Ligation Assay”. PLA puncta were present along the dendritic shaft and 

often localized within or at the base of dendritic spines (Figure 51), suggesting that 

GIT1 provides a mode to position ready-to-use pools of mTORC1 translational 

machinery near synaptic sites to support fast dendritic protein synthesis in 

response to synaptic signals.  

 

Figure 51. mTOR and GIT1 directly interact in synaptic compartments. 

Representative images of PLA for mTOR-GIT1 (magenta) in DIV17 hippocampal neurons transfected 

with GFP to visualize dendritic morphology (scale bar, 5µm). High magnification examples of spines 

(scale bar, 0.5µm) and dendrites (scale bar, 1µm) containing mTOR-GIT1 complexes are shown in the 

right. As negative control, only mTOR primary antibody was used. 
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To study if GIT1-mTORC1 complexes respond to activity, we stimulated 

DIV14 cortical neurons with BDNF or bicuculline and quantified mTOR 

phosphorylation in the GIT1 immunoprecipitates. Both bicuculline and BDNF 

induced large increases in the phosphorylation of GIT1-bound mTOR on Ser2448 

(Figure 52a,b). The phosphorylation of mTOR in GIT1-mTORC1 complexes was 

much higher than phosphorylation of the total cellular mTOR pool (Figure 52c) 

(BDNF: 1.98 ± 0.38 fold-increase in total lysates vs 4.2 ± 1.15 in GIT1-

immunoprecipates; bicuculline: 1.42 ± 0.15 vs 4.63 ± 1.24). Altogether, these 

experiments demonstrate the existence of neuronal mTORC1 complexes 

composed of GIT1, mTOR and Raptor that mediate mTORC1 activation by 

synaptic stimuli. 

 

Figure 52. GIT1-mTORC1 complexes respond to activity. 

Cortical neurons stimulated with BDNF (100 ng/ml, 1h) or bicuculline (50µM, 1h) were solubilized with 

0.3% CHAPS and incubated with GIT1 antibody (IP). (a) Representative immunoblots. (b,c) 

Quantification of mTOR phosphorylation in (b) GIT1 immunoprecipitates and (c) total lysates. n = 3-6 

from 3 independent cultures; *p<0.05, # = 0.06, ## = 0.07, two-tailed unpaired t-test. 
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7.2. GLUN3A REGULATES THE ASSEMBLY OF GIT1-MTORC1 COMPLEXES 

Given the unique expression profile of GluN3A subunits, we studied the 

abundance of GIT1-mTORC1 complexes over postnatal brain development. 

Hippocampal (Figure 53a) and cortical (Figure 53b) extracts from P7, P10 and P16 

WT mice were lysed with 0.1% TX100 + 0.1% SDS buffer and immunoprecipitated 

with GIT1 antibody. GIT1-mTORC1 complexes were absent at P7 and P10, and 

were not observed until P16 (Figure 53a,b; red asterisk), matching the timing of 

synaptic GluN3A down-regulation and suggesting a negative regulatory role of 

GluN3A expression on complex assembly (see GluN3A-NMDARs display a unique 

expression pattern; (Henson et al., 2012)). To test this idea, we compared the 

formation of GIT1-mTORC1 complexes in P10 WT vs Grin3a -/- hippocampal 

extracts (Figure 54). This postnatal age overlaps GluN3A’s peak of expression and 

did not reveal GIT1-mTORC1 complex in WT mice (Figure 53). However, genetic 

deletion of GluN3A was sufficient to unleash the formation of GIT1-mTORC1 

complexes, as shown by enhanced GIT1-mTOR and GIT1-Raptor binding (Figure 

54a,b). 

 

Figure 53. GIT1-mTORC1 complexes are regulated through postnatal development.  

(a) Hippocampal and (b) cortical PNS extracts from P7, P10 and P16 WT mice were lysed with 0.1% 

TX100 + 0.1% SDS buffer, immunoprecipitated with GIT1 antibody, and immunoprecipitates probed for 

the indicated antibodies (IB). Input is 10% of the lysate used for immunoprecipitation. IgG- refers to a 

negative control without antibody. Red asterisks indicate mTOR-bound GIT1. 
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Figure 54. GIT1-mTORC1 complex formation is enhanced in P10 Grin3a-/- hippocampus. 

(a) Representative IB and (b) quantifications of a co-IP experiment on PNS of hippocampal tissue from 

P10 WT and Grin3a -/- mice using a buffer containing 0.3% CHAPS. GIT1 was immunoprecipitated 

and mTOR, pmTOR (Ser2448), GIT1, Raptor and β-PIX revealed by western blotting in the 

immunoprecipitated material. n=2-4 mice; **p<0.01 two-tailed unpaired t-test. Bound mTOR and Raptor 

were normalized to GIT1 levels in the immunoprecipitate. For the input lane, 10% of the PNS used for 

the co-IP experiment was loaded onto the gels. IgG- refers to a negative control in which the sample 

was incubated without antibody. 

7.3. GLUN3A-CTD INTERACTIONS ARE REQUIRED FOR THE MODULATION 

OF GIT1-MTORC1 COMPLEX ASSEMBLY 

We finally assessed if GluN3A control over GIT1-mTORC1 interaction was 

mediated by the GluN3A-GIT1 interaction through the distal CTD 33aa. For that 

purpose, we carried out in vitro rescue experiments using DIV13 primary cortical 

neurons from Grin3a-/- mice infected with lentiviruses expressing full-length 

GluN3A-GFP, the GluN3A1082∆-GFP mutant and control GFP. We discovered 

that only full-length GluN3A but not GluN3A1082∆ was capable to reduce the 

amount of mTOR bound to GIT1 (Figure 55). Together, these results demonstrate 

that modulation of GluN3A expression could offer a key local regulatory 

mechanism to set modes of translational control poised for synapse and perhaps 

memory selection. 
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Figure 55. GluN3A but not GluN3A1082∆ disrupt GIT1-mTORC1 interactions. 

DIV13 cortical neurons derived from Grin3a-/- mice were infected at DIV7 with GFP, GluN3A-GFP and 

GluN3A1082∆-GFP and solubilized with 0.1% TX100 + 0.1% SDS buffer. Lysates were incubated with 

GIT1 or mTOR antibodies and immunoprecipitated materials were blotted with the indicated antibodies 

(IB). Input is 10% of the lysate used for immunoprecipitation. IgG- refers to a negative control without 

antibody. Red asterisks indicate mTOR-bound GIT1. 

8. THE SYNAPTIC SCAFFOLDING PROTEIN GIT1 IS NECESSARY FOR 

MTORC1-DEPENDENT PROTEIN SYNTHESIS 

To test whether GIT1 is required for nucleating synaptic mTORC1 signaling, we 

knocked-down expression using a validated shGIT1 that silenced GIT1 expression 

levels in an effective and selective manner (Figure 56; (Smithson and Gutmann, 

2016)). Primary cortical neurons were infected at DIV10 with GFP or shGIT1-GFP 

lentiviruses and analyzed at DIV14 upon BDNF stimulation in the presence or 

absence of rapamycin (Figure 57). Lentiviral knockdown of GIT1 reduced 

mTORC1 responses to BDNF, as shown by reduced phosphorylation of S6 and 

S6K (Figure 57a,b). Moreover, GIT1 knockdown decreased the rapamycin-

sensitive translation of Arc (Figure 57a,c). 

 

Figure 56. Experimental timing for GIT1 knockdown. 

Schematic of endogenous GIT1 (green) and GluN3A (grey) expression and the windows of lentiviral 

infection (green square) in primary cortical neurons. For silencing experiments, cortical neurons were 
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infected at DIV10 with the lentiviruses shGIT1_7730-GFP (hereinafter referred to as shGIT1-GFP) or 

control GFP and analyzed at DIV14, when endogenous GIT1 expression is maximum. 

 

Figure 57. GIT1 knockdown reduces mTORC1 activation by BDNF and rapamycin-sensitive Arc 
translation. 

Cortical neurons infected at DIV10 with shGIT1-GFP were stimulated at DIV14 with BDNF (100ng/ml, 

1h) with or without pre-incubation with rapamycin (100nM, 1h). (a) Representative western blot probed 

with the indicated antibodies (IB). (b) BDNF induction of phosphorylated S6K and S6 normalized to 

total protein levels (n = 8-10 samples from 4-5 independent cultures; # pS6K: p=0.13, # pS6: p=0.05, 

two-tailed paired t-test). (c) BDNF induction of Arc protein production (n = 4-6 samples from 2 

independent cultures; ***p<0.001, two-way ANOVA followed by Tukey’s test). 

Further evidence was provided by SUnSET measures of protein synthesis 

rates upon GIT1 silencing. Primary cortical neurons were infected with GFP or 

shGIT1 lentiviruses at DIV10 and SUnSET was performed at DIV14. GIT1 

knockdown reduced protein synthesis in a dose-dependent manner, with higher 

inhibition in lower GIT1 expression levels (Figure 58a,b). Then, we studied if GIT1 

inhibition was mTORC1-dependent (Figure 59). As previously shown in conditions 

of GlluN3A overexpression, knocking-down GIT1 was sufficient to prevent the 

onset of mTORC1-dependent protein synthesis in mature neurons, as evident by 

lack of rapamycin-dependence in DIV14 cortical neurons (Figure 59a,c). Together, 

these results further indicate that GIT1 is necessary for the emergence of mature, 

mTORC1-dependent protein synthesis.  
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Figure 58. GIT1 knockdown reduces protein synthesis in a dose-dependent manner.  

Cortical neurons were infected at DIV10 with lentiviruses expressing GFP or shGIT1-GFP and treated 

with vehicle or CHX (25µM, 15min) prior puromycin incubation (puro, 10ng/ml, 30min) (a) 

Representative IB of puromycin incorporation and GIT1 levels. (b) Quantification of puromycin 

incorporation related to the achieved GIT1 silencing. In all cases, puromycin levels were normalized to 

Ponceau S staining. n = 2-6 from 3 independent cultures; ***p<0.001, one-way ANOVA followed by 

Tukey’s test. 

 

Figure 59. GIT1 knockdown reduces mTORC1-dependent protein synthesis. 

Cortical neurons were infected at DIV10 with lentiviruses expressing GFP or shGIT1-GFP and 

responses to rapamycin (rapa, 100nM, 1h) were analyzed at DIV14 after puromycin (puro, 10ng/ml, 

30min) incubation. (a) Representative IB and quantification of (b) GIT1 silencing and (c) puromycin 

incorporation in GFP and shGIT1-GFP expressing neurons in the presence or absence of rapamycin 

are shown. In all cases, puromycin levels were normalized to Ponceau S staining. n = 5-7 from 4 

independent cultures; *p<0.05, **p<0.01, ***p<0.001, two-way ANOVA followed by Tukey’s test. 
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9. GLUN3A CONSTRAINTS ON MTOR ACTIVATION FAVORS THE 

FORMATION OF ASSOCIATIVE MEMORIES 

To test whether the modulation of protein synthesis by GluN3A affects memory 

formation, we assessed the ability of genetically modified GluN3A mice to store 

associative memories in collaboration with a postdoc in the lab, Dr. Luis García-

Rabaneda. For this purpose, we took advantage of a well-established learning and 

memory paradigm: Conditioned Taste Aversion (CTA). CTA is a classical 

conditioning test in which mice learn to associate a novel taste (conditioned 

stimulus -CS-, saccharin) with an aversive unconditioned stimulus that induces 

nausea (US, LiCl) (Welzl et al., 2001). Associative memory formation in this task 

requires protein synthesis and can be achieved with a single pairing of CS-US 

allowing stable LTM formation (Adaikkan and Rosenblum, 2015; Rosenblum et al., 

1993).  

In a first set of experiments, double transgenic mice expressing high 

GluN3A levels into adulthood (dtGluN3A) and control mice (single transgenic mice) 

were habituated for 6 days to drink water from 2 different bottles placed on their 

cages. At day 7, the water was replaced with saccharin 0.2% (CS) and 40 minutes 

later mice were injected i.p. with saline or LiCl 0.15M (US). Mice were subjected 

to a two-bottle preference test 24 hours later, in which the animal is given the 

opportunity to choose between the familiar (water) and novel (saccharin) fluid 

(Figure 60a). Under these conditions, dtGluN3A displayed deficits in the CTA 

paradigm, exhibiting similar preference for saccharin after treatment with saline or 

LiCl (Figure 60b, green bars). A series of control experiments ruled out the 

possibility that the deficit was due to insensitivity to LiCl or to defects in 

distinguishing flavors (sweet, bitter, etc.) (Figure 60d-e). Conversely, Grin3a -/- 

mice did not display differences in CTA memory (Figure 60c). 

Differences emerged when using more demanding versions of the task. 

The Rosenblum’s group demonstrated that the LiCl dose and temporal contiguity 

between CS-US can be regulated to evaluate standard memory, as above, or 

“enhanced” memory by using a weaker paradigm (Adaikkan and Rosenblum, 

2015). In a second set of experiments, we used a weak CTA paradigm where the 

strength of the US was reduced (LiCl 0.025 M) and the US and CS were separated 

by 5 hours (Figure 61a). Under this new set-up, only Grin3a -/- mice were able to 
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assciate the CS-US, as shown by their significantly reduced preference for 

saccharin after LiCl injection but intact preference in WT controls (Figure 61b). To 

determine whether this memory was mTOR-dependent, we treated mice with 

rapamycin using a subthreshold dosing regime (20 mg/kg for 5 days) that does not 

affect standard CTA memory in wild-type or Grin3a-/- mice (Figure 61d). 

Rapamycin completely erased the weak CTA memory in Grin3a-/- mice (Figure 

61c). Thus, relief of GluN3A limitations on mTOR activation increases the ability of 

mice to form associative memories. 

 

Figure 60. dtGluN3A mice, but not Grin3a-/- mice, exhibited aberrant regular associative 
memories.  

(a) Standard CTA paradigm. (b) Saccharin preference of control and dtGluN3A mice, and (c) WT and 

Grin3a-/- mice after vehicle or LiCl (0.15M i.p.) injection (n=5-7 mice per group; ***p<0.001, two-way 
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ANOVA followed by Bonferroni post-hoc test). (d) dtGluN3A and control mice showed similar “lying on 

belly” (LOB) latencies after a 0.15M LiCl injection (n=4-5 mice per group; ***p<0.001, unpaired two-

tailed t-test). (e) dtGluN3A and control mice showed similar taste preferences (n=8 mice per group). 

 

Figure 61. Rapamycin reverses enhanced associative memory in Grin3a-/- mice. 

(a) Schematic of the weak CTA paradigm and rapamycin treatment regime. (b-c) Quantification of the 

saccharin preference after the weak CTA showing that Grin3a-/- mice exhibited a decreased preference 

(b) reversed by rapamycin 20mg/kg (c) (n=13-19 mice per group; **p<0.01, two-way ANOVA followed 

by Bonferroni post-hoc test). (d) Rapamycin treatment does not affect standard CTA memory in WT 

nor Grin3a-/- mice (n=6-8 mice per group; **p<0.01, two-way ANOVA with Bonferroni post-hoc test).
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The aim of this thesis was to untangle cell biological mechanisms including 

receptor activated intracellular signaling that underlie the effects of juvenile 

GluN3A-NMDARs in long-term synapse remodeling and memory consolidation 

during postnatal development critical periods. In doing so, we have identified a 

novel mechanism that affords spatiotemporal control of synaptic mTORC1 

activation and translation of a subset of activity-regulated mRNAs without affecting 

neuron-wide transcriptional responses. Specifically, we found that GluN3A-

NMDARs prevent the assembly of GIT1-mTORC1 signaling complexes and limit 

local activation of mTORC1 through direct physical interaction with the 

postsynaptic scaffold GIT1. On the contrary, developmental or genetic removal of 

GluN3A enables the formation of GIT1-mTORC1 complexes and potentiates 

mTORC1 signaling both in vitro and in vivo. Among the physiological impacts, we 

show that GluN3A regulates the onset of mature, mTORC1-dependent protein 

synthesis in developing brains, and that this modulation endures until adulthood to 

place boundaries on LTM consolidation that determine which types of memories 

will be stored. 

I. GLUN3A REGULATES THE ASSEMBLY OF GIT1-MTORC1 COMPLEXES 

Several lines of evidence point towards juvenile GluN3A-NMDARs as key 

regulators of postnatal circuit refinements: i) GluN3A has a peak of expression in 

the postnatal brain that precedes and overlaps critical periods of experience-

dependent synaptic refinement (Figure 6); ii) GluN3A prevents premature synapse 

maturation/ stabilization; iii) GluN3A later targets non-used synapses for pruning 

(Pérez-Otaño et al., 2016); and iv) activity-dependent endocytic removal from 

specific synapses promotes their maturation and long-lasting stabilization (Kehoe 

et al., 2014). 

In an effort to decipher the molecular mechanisms, previous work from our 

lab demonstrated that GluN3A constrains the maturation and growth of inactive 

synapses by sequestering GIT1 away from synaptic locations (Fiuza et al., 2013). 

GluN3A physically interacts with GIT1 through the distal 33aa of its CTD (Figure 

5), decreases its ability to nucleate β-PIX and in turn disrupts the activation of the 

Rac1/ PAK actin-remodelling pathway in dendritic spines. 
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Subsequent work from our group further screened the effects of GluN3A 

on activity-dependent signaling, finding that GluN3A selectively restricts the 

induction of a subset of NMDAR-dependent pathways including the 

phosphorylation of CaMKII, p38MAPK and mTOR (Figure 9b) (Dey, 2017). The 

serine/ threonine kinase mTOR stands out due to its major role in long-lasting 

structural synaptic and memory consolidation. Specifically, mTORC1 is a central 

cellular hub that promotes protein synthesis and cell growth in response to a 

diverse set of signals including nutrients availability, energy levels, insulin, growth 

factors and synaptic inputs. A number of previous studies associated stimulation 

of NMDARs to mTORC1 activation (summarized in mTOR signaling and local 

protein synthesis are regulated by NMDAR), but tonic repression of mTORC1-

dependent protein synthesis by GluN2B-containing NMDARs has also been 

described (Miller et al., 2014; Wang et al., 2011). Our work expands the concept 

that activation or repression of mTOR is determined by subunit composition, with 

GluN2A-NMDARs activating but GluN3A or GluN2B repressing mTOR signaling 

likely under different physiological conditions (Gordillo-Salas et al., 2018; Miller et 

al., 2014; Tran et al., 2007; Wang et al., 2011). However, until now, the molecular 

determinants of stimulation or repression of protein synthesis had not been 

addressed and whether GluN3A and GluN2B share common mechanisms remains 

to be deciphered. 

One major advance in the mTOR field was the discovery that mTOR has 

to be localized at specific subcellular compartments to sense couple the many 

diverse signals that trigger its activation (Liu and Sabatini, 2020). For instance, 

mTORC1 responses to amino acids require its recruitment to lysosomal 

membranes by the Ragulator-Rag complex (Sancak et al., 2008, 2010). A number 

of publications have previously reported that mTOR is localized in postsynaptic 

(Cammalleri et al., 2003; Schratt et al., 2004; Tang et al., 2002) and presynaptic 

(Poulopoulos et al., 2019; Terenzio et al., 2018) compartments, but the targeting 

mechanisms or complexes that coupled mTOR to synaptic signals remained 

undefined (further reviewed in mTOR localizes at synapses). Our work here 

suggest that GIT1 plays a scaffolding role targeting mTORC1 to dendritic synapses 

and, possibly presynaptic compartments as well. At the synapse, mTOR could 

sense synaptic signals and ensure their long-term structural stabilization, while 

GluN3A would negatively regulate mTORC1-translation at specific developmental 



DISCUSSION 

 
177 

times or at immature or inactive synapses in an analogous manner to the 

translational repression by FMRP-CYFIP1 complexes (DeRubeis et al., 2013). 

In this thesis we identified for the first time GIT1-mTORC1 complexes in 

neurons and characterized their composition and localization. Neuronal GIT1-

mTORC1 complexes contain Raptor but not Rictor (Figure 48 & Figure 49) and are 

at dendritic and synaptic locations where they might provide the postulated “hot-

spots” for dendritic translation (Figure 50 & Figure 51). We show that GIT1-

mTORC1 complexes are functional and respond to synaptic stimuli, as shown by 

phosphorylation of mTOR on Ser2448 preferentially within the complex (Figure 52). 

Likewise, knockdown of GIT1 is sufficient to reduce synaptic mTORC1 signaling 

and mTORC1-dependent protein synthesis of specific activity-regulated genes 

(Figure 57 & Figure 59). 

The abundance of GIT1-mTORC1 is upregulated during development and 

is bidirectionally modulated by GluN3A expression (Figure 53 & Figure 54). 

Rescue experiments demonstrated that a mutant lacking the GIT1-binding site 

does not prevent GIT1-mTOR assembly (Figure 55) or synaptic mTORC1 

activation (Figure 43). Given that GluN3A and mTOR bind overlapping regions 

within GIT1 (Figure 62) (Fiuza et al., 2013; Smithson and Gutmann, 2016), we 

hypothesize that GluN3A competes for mTOR access to its binding site. Of note, 

the results presented in this work indicate that GluN3A exerts a more potent 

regulation over GIT1-mTORC1 than GIT1–β-PIX complexes (Figure 54), 

suggesting that modulation of mTOR signaling is the leading event. 

It is worth noting that GIT1 KO mice display similar deficits to those with 

elevated adult GluN3A expression (dtGluN3A), including: reduced spine size, 

impaired stabilization of spines and learning and memory deficits in LTM (Martyn 

et al., 2018). However, deficits related to STM have also been described in GIT1 

KO but appear intact in the dtGluN3A mice (Martyn et al., 2018; Roberts et al., 

2009). Additional phenotypes reported in mice and flies upon GIT1 deletion bears 

close resemblance to that of mTOR KO, such as microcephaly, reduced neuronal 

size or hyperactivity (Badea et al., 2021; Hong and Mah, 2015; Won et al., 2011). 

And, similarly to GluN3A (see GluN3A dysregulation is linked to CNS disorders) 

and mTOR (see Dysregulated mTOR and Neurodevelopmental and 

Neuropsychiatric Disorders), GIT1 signaling is likewise related to substance 
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addictions (Shao et al., 2020) and neuropsychiatric disorders like schizophrenia. 

Rare coding variants in GIT1 have been also identified in schizophrenic patients 

(Kim et al., 2017), and brain-specific deletion of GIT1 expression in the brain 

impairs cognition and the activation of synaptic proteins involved in this disease, 

such as CamKIIα or Shank1 (Fass et al., 2018). However, constitutive GIT1 KO 

have high lethality rates in the first postnatal weeks and further work on conditional 

mice should address specific roles on neuronal mTOR functions. 

 

Figure 62. GIT1 binding domains. 

GIT1 is a multimodular protein that contains a N-terminal ADP ribosylation factor-GAP domain (Arf-

GAP) and three ankyrin (ANK) repeats involved in receptor endocitosis, a Spa2 homology domain 

(SHD), a central synaptic localization domain (SLD), and a C-terminal paxillin-binding domain (PBD). 

Regions of interaction with β-PIX, GluN3A, mTOR and paxillin (Turner et al., 1999) are indicated. 

Our biochemical and transcriptomic analyses indicate that GluN3A acts 

strictly at the level of translation (Figure 25-Figure 29), while conventional 

NMDARs operate at both transcriptional and translational levels (Figure 30). This 

selectivity of GluN3A would preserve the supply of activity-induced plasticity 

mRNAs but restrict their active translation to specific synapses. However, GluN3A 

knockdown in cultured neurons was recently reported to enhance the transcription 

of a subset of mRNAs (Chen et al., 2020). The effect was detected upon prolonged 

synaptic activation (6-8 hours TTX withdrawal vs 1h TTX withdrawal in a previous 

work from the lab (Dey, 2017) or 1h bicuculline/ BDNF in the present study) and 

included genes involved in repression of synaptic firing, suggesting later/ chronic 

modulation by GluN3A of compensatory or homeostatic responses. 
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II. RESTRICTING TRANSLATION FOR PRECISE CIRCUIT REFINEMENTS AND LTM 

STORAGE 

The consolidation of synapses and memories requires protein synthesis (Monné 

A, 1948). Thousands of mRNAs are found in axons and dendrites, and it is 

assumed that regulating their transport and distribution to sites of localized 

signaling machinery is crucial for controlling where and when proteins are to be 

synthesized. LTP and LTD orchestrate long-lasting synaptic changes necessary 

for the establishment of LTMs in the brain, translating synaptic activity-derived 

signals into structural changes in spine morphology that ultimately rely on de novo 

local protein synthesis for persistence. For instance, injections of the protein 

synthesis inhibitor puromycin into rodent brains during specific time windows after 

training blocked LTM formation (Flexner et al., 1963). Importantly, several models 

propose that the limitation of protein synthesis to specific sites of active translation 

underlies phenomena such as the competition between spines for lasting LTP or 

the clustered dendritic plasticity (Fonseca et al., 2004; Govindarajan et al., 2011). 

In a recent work, induction of chemical LTP or mGluR-LTD in vitro resulted in 

decreased mRNA motility and specific enrichment of mRNAs at the base of 

dendritic spines. mRNA accumulation in close proximity to localized signaling 

pathways was proposed to control which specific sets of transcripts are translated 

and when, resulting in a tailored remodeling of the proteome at individual synapses 

(Donlin-Asp et al., 2021). 

GluN3A-NMDARs act as molecular switches for persistent synaptic 

structural plasticity, and control whether a synapse will be maintained or 

eliminated. In this work, we provide mechanistic insight by revealing bidirectional 

regulation by GluN3A of synaptic mTORC1 signaling: removing GluN3A 

expression potentiates and accelerates, while prolonging GluN3A inhibits the 

onset of mTORC1-dependent protein synthesis (Figure 41 & Figure 42). 

Translational repression is consistent with gain and loss-of-function studies 

demonstrating that GluN3A expression selectively affects long-term synaptic 

modifications and memory encoding. For example, analyses of spine dynamics 

upon GluN3A overexpression showed that chemical LTP-induced plasticity 

prompts an enlargement of synapses although later stabilization is impaired 

(Kehoe et al., 2014). At the behavioral level, transgenic mice with elevated GluN3A 

expression exhibit defects in memory consolidation (Roberts et al., 2009) while 
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GluN3A deletion enhances LTM (Mohamad et al., 2013), but STM is preserved in 

both mouse lines. 

We propose a model whereby the lack or presence of GluN3A at synaptic 

locations contributes to synapse-specific translation by setting a GO or NO-GO 

biochemical environment for mTORC1 signaling. This function will be influenced 

by: i) the age, as demonstrated by the GluN3A-dependent switch from mTORC1-

independent to mTORC1-dependent protein synthesis (Figure 40); and ii) the 

activity history of each synapse, that is key for its strengthening (Redondo and 

Morris, 2011). At early postnatal stages, immature synapses express GluN3A-

NMDARs, which bind GIT1 via their CTD preventing the nucleation of GIT1-

mTORC1 complexes (Figure 63). At juvenile/ adult stages, the arrival of sensory 

experience triggers GluN3A-NMDARs endocytosis and disrupts GluN3A binding 

to GIT1 (Chowdhury et al., 2013; Larsen et al., 2011; Pérez-Otaño et al., 2006). 

Activity-dependent removal of GluN3A-NMDARs would thus drive the assembly of 

GIT1-mTORC1 complexes. Such removal would prime active synapses for 

mTORC1-dependent protein synthesis of plasticity mRNAs involved in synapse 

and memory consolidation upon further stimulation, offering an advantage for 

consolidation vs less-active neighbors. In our model, synapse selection would 

occur via competition for the signaling machinery required for mTORC1-dependent 

protein synthesis (Fonseca et al., 2004). Competition would provide a way for 

selective synapse stabilization and storage of relevant events, while defects in this 

process would allow the consolidation of otherwise lost synaptic changes. 

Hallmarks of this competition-based model are: i) the restricted localization of 

GluN3A to small, immature synapses in adult brains seen by electron microscopy 

(Roberts et al., 2009); ii) the enhanced availability of GIT1-mTORC1 complexes 

upon GluN3A deletion (Figure 54); and, iii) the lower thresholds for consolidation 

of associative memories when deleting GluN3A, which are revealed with weak 

training protocols normally insufficient for attaining stable memories in wild-type 

mice and that can be reversed by rapamycin (Figure 61). This model might 

broaden the arsenal for new ways of testing how these phenomena determine 

memory capacity and efficiency and for amending cognitive dysfunction. 
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Figure 63. Model for GIT1/ GluN3A control of mTORC1-dependent protein synthesis. 

Left, immature synapses express GluN3A-NMDARs, which bind the postsynaptic scaffold GIT1 via their 

CTD preventing the nucleation of GIT1-mTORC1 complexes. Middle, later global and synapse-specific 

down-regulation of GluN3A enables the formation of GIT1-mTOR-Raptor complexes. Right, upon 

synaptic stimulation, primed synapses are ready to undergo mTORC1-dependent protein synthesis of 

mRNAs involved in synapse and memory consolidation. 

The behavioral analysis reported here demonstrates that GluN3A 

expression continues to play a role in gating cognitive processing in the adult brain 

beyond its better recognized functions in postnatal neural circuit refinements. For 

instance, temporal contiguity of events is required for many forms of associative 

learning: within the scale of seconds to minutes for classical conditioning 

paradigms and minutes to hours in other types of memory. Specifically, in the CTA 

the CS and US can be hours apart, with temporal boundaries set by the strength 

of the US (Adaikkan and Rosenblum, 2015). The results presented in this thesis 

show that GluN3A deletion extends this temporal limit and facilitates the learning 

of demanding tasks. The effects can be prevented by inhibiting mTOR signaling 

with rapamycin, suggesting that enhanced readiness of the translational 

machinery in mice lacking GluN3A increases the range for consolidation of 

memory traces (Figure 61). Yet significant adult GluN3A levels are retained in 

defined areas of the mouse and human brain which have in common strong 

plasticity or functional integration needs (Fulcher et al., 2019; Murillo et al., 2021), 

and genetic variations in GRIN3A have been shown to modulate prefrontal cortex 

activity and episodic memory (Crawley et al., 2021; Gallinat et al., 2007; 

Papenberg et al., 2014). Future studies using mouse lines where GluN3A can be 

controlled in a temporal and cell-specific manner should determine whether other 

domains of memory and cognition are compromised by GluN3A deletion or 

whether the action of GluN3A is restricted to specific cell-types. 
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III. GLUN3A AND SYNAPTIC LOCAL PROTEIN SYNTHESIS AS SELECTIVE 

THERAPEUTIC TARGETS 

The effects in cognition of enhancing mTOR signaling or protein synthesis fall at 

both sides of the spectrum (see Dysregulated mTOR and Neurodevelopmental 

and Neuropsychiatric Disorders). Loss of constraints on protein synthesis due to 

mutations in negative regulators of translation (FMR1, MECP2, or mTORC1 

suppressors including NF1, TSC1/2 or the phosphatase PTEN) are associated 

with cognitive impairment and high incidence of autism spectrum disorders and 

intellectual disability (Kelleher and Bear, 2008). Yet a fraction of autistic individuals 

exhibit enhanced cognitive skills within specific domains (Heaton and Wallace, 

2004). Lowered memory thresholds had been reported after inhibiting the 

phosphorylation of eIF2α, which increases globally protein synthesis (Costa-

Mattioli et al., 2005, 2007; Stern et al., 2013), or by enhancing mTORC1 activity 

through removal of FKBP12 (Hoeffer et al., 2008). However, cognitive 

enhancement came at the cost of reduced memory fidelity and cognitive flexibility 

even when cell-type specific modulation was attempted (Santini et al., 2013; 

Shrestha et al., 2020a, 2020b; Trinh et al., 2012), which we did not observe here. 

Key differences could be that other negative regulators of mTOR such as FMRP, 

PTEN or Tsc1/2 lack neuronal/ synapse specificity, as demonstrated by mutation 

linkage to altered cell growth and appearance of tumors (Lipton and Sahin, 2014). 

Moreover, in some of the above situations, protein synthesis is constitutively 

activated and responses to incoming signals might be occluded. By contrast, lack 

of GluN3A does not obliterate mTORC1 activation but rather seems to prime 

mTOR activation by synaptic stimuli.  

At present, the enhancement of learning and memory produced by loss of 

GluN3A suggests that targeting GluN3A expression or signaling functions might 

be of therapeutic benefit. For instance, small molecules that perturb the GluN3A-

GIT1 association might work in subtler ways by specifically modulating synaptic 

mTORC1 signaling. 
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The present study investigated the molecular mechanisms that underlie the effects 

of GluN3A-NMDARs in long-term synapse remodeling and memory consolidation, 

yielding the following novel findings and conclusions: 

I. GluN3A modulates synaptic mTORC1 activation and mTORC1-

mediated protein synthesis of specific activity-regulated mRNAs, without 

altering neuron-wide transcriptional programs of gene expression. 

II. Neuronal signaling complexes composed of mTOR, Raptor and GIT1 

localize in synaptic compartments and nucleate the activation of mTOR 

by synaptic signals, providing a to-date lacking mechanism for 

controlling translation at the synapse level. 

III. Inhibitory constraints on mTORC1 signaling are mediated by a distal 

region within the GluN3A C-terminal distal domain that directly 

associates with the postsynaptic adaptor GIT1, impeding the assembly 

of synaptic GIT1-mTORC1 signaling complexes and limiting the local 

activation of mTOR by synaptic signals. 

IV. The selective modulation of translation by GluN3A is a suitable 

mechanism for selective synapse and memory stabilization, and 

determines the postnatal emergence of mTORC1-dependent protein 

synthesis in developing brains and the types of memories that will be 

persistently stored in adult brains.
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El presente estudio investigó los mecanismos moleculares que subyacen a los 

efectos de GluN3A-NMDARs en la remodelación de la sinapsis y la consolidación 

de la memoria a largo plazo, arrojando los siguientes hallazgos y conclusiones 

novedosos: 

I. GluN3A modula la activación sináptica de mTORC1 y la síntesis de 

proteínas mediada por mTORC1 de ARNm específicos regulados por 

actividad, sin alterar los programas transcripcionales de expresión génica 

neuronal. 

II. Los complejos de señalización neuronal compuestos por mTOR, Raptor y 

GIT1 se localizan en compartimentos sinápticos y nuclean la activación 

de mTOR por señales sinápticas, proporcionando un mecanismo para el 

control de la traducción a nivel de sinapsis carente hasta la fecha. 

III. Las restricciones inhibitorias sobre la señalización de mTORC1 están 

mediadas por una región distal del dominio C-terminal de GluN3A que 

interacciona directamente con el adaptador postsináptico GIT1, 

impidiendo el ensamblaje de los complejos de señalización sinápticos 

GIT1-mTORC1 y limitando la activación local de mTOR por señales 

sinápticas. 

IV. La modulación selectiva de la traducción por GluN3A es un mecanismo 

adecuado para la estabilización selectiva de sinapsis y memoria, y 

determina la emergencia postnatal de la síntesis de proteínas 

dependiente de mTORC1 en los cerebros en desarrollo y los tipos de 

memorias que se almacenarán de forma persistente en los cerebros 

adultos. 
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 ABSTRACT 

Non-conventional N-Methyl-D-Aspartate receptors (NMDARs) containing GluN3A subunits 

have unique biophysical, signaling and localization properties within the NMDAR family, and 

are typically thought to counterbalance functions of classical NMDARs made up of GluN1/2 

subunits. Beyond their recognized roles in synapse refinement during postnatal 

development, recent evidence is building a wider perspective for GluN3A functions. Here 

we draw particular attention to the latest developments for this multifaceted and unusual 

subunit: from finely-timed expression patterns that correlate with plasticity windows in 

developing brains or functional hierarchies in the mature brain to new insight onto 

presynaptic GluN3A-NMDARs, excitatory glycine receptors and behavioural impacts, 

alongside further connections to a range of brain disorders. 

 

This is an open access article under the terms of the Creative Commons Attribution License, 

which permits use, distribution and reproduction in any medium, provided the original work 

is properly cited. doi: 10.1113/JP280879.  
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INTRODUCTION 

N-Methyl-D-Aspartate receptors (NMDARs) are a major class of ionotropic glutamate 

receptors that mediate a slow component of excitatory neurotransmission in the central 

nervous system (CNS), acting as critical mediators of experience-dependent synaptic 

plasticity, learning and memory (Paoletti et al., 2013). NMDARs are large tetrameric 

complexes composed of an obligatory GluN1 subunit and combinations of GluN2 (A-D) and 

GluN3 (A-B) subunits. Each subunit confers distinct properties to NMDARs, such as ion 

permeability, subcellular localization and trafficking patterns, or signalling interactions, and 

displays unique spatiotemporal expression profiles across the nervous system (Lau & Zukin, 

2007; Paoletti et al., 2013; Hansen et al., 2018). Complexes composed of GluN1 and GluN2 

subunits have been more extensively studied and are referred to as classical or 

conventional NMDARs whereas non-conventional NMDARs denote incorporation of GluN3 

subunits. 

One of the most enigmatic of the NMDAR subunits is GluN3A (encoded by the human gene 

GRIN3A, Grin3a in rodents); the more widely expressed of the ‘non-conventional’ GluN3 

subfamily. Work to date has established GluN3A as an important regulator of neural circuit 

refinements by preventing the maturation of synapses until the arrival of sensory experience 

and later determining which synapses will be maintained or eliminated (Pérez-Otaño et al., 

2016). In line with this role, in many brain regions GluN3A shows a characteristic peak of 

expression during narrow windows of postnatal development that precedes or overlaps with 

critical periods of experience-dependent plasticity. However, here we highlight how growing 

evidence is expanding this view and places GluN3A as a broader regulator of brain functions 

at later ages, in multiple areas and cell types. 

This article briefly encompasses some of the established knowledge around GluN3A that 

has been previously discussed in several thorough reviews (Henson et al., 2010; Low & 

Wee, 2010; Pachernegg et al., 2012; Pérez-Otaño et al., 2016) but is primarily focused on 

more recent findings. In doing so, we hope to draw attention to the strides forward that are 

being made, especially in building a more complete picture of the spatiotemporal distribution 

of GluN3A throughout the CNS within the context of brain-wide functional implications, and 

the underappreciated roles of this subunit in excitatory glycine receptors and at presynaptic 

locations as well as the ever-expanding links between brain disorders and GluN3A. 

GLUN3A EXPRESSION PATTERNS IN THE CNS 

Temporal and regional patterns: GluN3A expression begins at low levels in the embryonic 

CNS and rises after birth, peaking at the end of the first postnatal week in rodents (early 
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years in humans) (Henson et al., 2010; Jantzie et al., 2015; Pérez-Otaño et al., 2016; Wee 

et al., 2016) (Fig. 1A). During this zenith high GluN3A levels are found in many brain regions 

including the cortex, hippocampus CA1, thalamus, amygdala, hypothalamus, olfactory 

nuclei and others (Wong et al., 2002; Henson et al., 2010; Pachernegg et al., 2012; Pérez-

Otaño et al., 2016), demonstrating the broad roles of this non-canonical subunit. Expression 

drops during the second and third postnatal weeks in rodents (childhood and adolescence 

in humans) (Fig. 1A). Yet the time-courses of GluN3A emergence and down-regulation vary 

across brain regions, correlating with differences in the timing of circuit maturation, sensory 

modality, and degrees of functional specialization (Murillo et al., 2021). For instance, a 

detailed time series across postnatal days revealed that in primary somatosensory cortex 

GluN3A expression is initially constrained to layer 5 and later extends to layers 2-4 (Murillo 

et al., 2021) (Fig. 1B). This layer profile sequence evokes the inside-outside patterning 

model of cortical maturation and was found to be conserved in motor, visual and auditory 

cortices. However, both GluN3A expression and down-regulation are delayed in primary 

visual cortex, which matures later following eye-opening (around P12-P14 in rodents) 

(Murillo et al., 2021); and visual deprivation further delays the developmental loss of 

GluN3A, demonstrating  a remarkable coupling of GluN3A expression with sensory 

experience (Larsen et al., 2014) (Fig. 1A). Studies where the calcium-regulated transcription 

factor CaRF promotes GluN3A expression (Lyons et al., 2016) further supported a link 

between neuronal activity and GluN3A levels and offered mechanistic insight into how 

regional and temporal patterns might be produced. 

This distinctive profile of postnatal expression coinciding with windows of experience-driven 

synaptic plasticity and refinements is a unique hallmark of GluN3A among glutamate 

receptor subunits. However, GluN3A levels are retained into adulthood to some extent 

((Wong et al., 2002); Allen Brain Atlas) and a recent paper systematically mapped regions 

where Grin3a mRNA expression persists in the adult mouse brain (Murillo et al., 2021), most 

notably in nuclei of the amygdala, medial habenula (MHb), association cortices and high-

order thalamic nuclei. The work elegantly complements a different study which identified 

Grin3a as one of the genes most strongly correlated with hierarchy gradients of functional 

integration across the neocortex –from primary sensorimotor to higher-order association 

areas—established using the MRI T1w:T2w ratio (Fig. 1C). Low T1w:T2w ratios and high 

GluN3A expression were found to be typical of less differentiated association and 

transmodal cortical areas with strong needs for plasticity and functional integration 

throughout life such as the claustrum, rhinal, insular or prefrontal cortex (Fulcher et al., 2019; 

Murillo et al., 2021). By contrast, low adult Grin3a expression was observed in primary 

sensorimotor unimodal cortices with highly consolidated circuitry and lower plasticity 

requirements. Correlations between functional hierarchy and Grin3a expression also apply 

to organization of the primate and human brain (Burt et al., 2018; Fulcher et al., 2019). 
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Cell-type specificity: Expression of GluN3A has been documented in excitatory neurons 

and also within inhibitory GABAergic or cholinergic interneurons (Pérez-Otaño et al., 2016). 

Using RNAscope hybridization techniques, the Murillo et al. study dissected the proportion 

of GluN3A-expressing cells belonging to particular neuron types and demonstrated 

particularly strong Grin3a expression in somatostatin (SST) interneurons of the neocortex 

(Fig. 1D) and hippocampus. This is in-line with single-cell transcriptomic analyses of mouse 

somatosensory and visual cortex interneurons (Pfeffer et al., 2013; Paul et al., 2017) (Fig. 

1E) that identified Grin3a as a secondary molecular marker for SST interneurons, most 

prominently Martinotti cells. Further work found the Grin3a locus in SST interneurons to be 

a site of prominently open chromatin and low DNA methylation (Yao et al., 2020), two marks 

of actively transcribed genes that promote/maintain cell identity. Of note, SST cell densities, 

like Grin3a expression, are negatively correlated with T1w:T2w ratios (Fulcher et al., 2019). 

SST interneurons innervate distal dendrites of pyramidal neurons and other interneurons to 

control the gating of dendritic inputs, consistent with integrative transmodal areas having a 

preference towards greater input control. Beyond neurons, morphological and RNAseq 

methods detected GluN3A/ Grin3a expression in oligodendrocytes (Káradóttir et al., 2005; 

Salter & Fern, 2005; Spitzer et al., 2019), microglia (Murugan et al., 2011) and brain 

endothelial cells (Mehra et al., 2020). 

Subcellular localization: A defining characteristic of classical NMDARs is their 

concentration at postsynaptic densities (PSDs) of excitatory synapses. By contrast, high-

resolution electron microscopy (EM) and biochemical fractionation studies have shown that 

GluN3A, while present at PSDs, predominates at perisynaptic and extrasynaptic locations 

(Fig. 2A-C). Within the PSD itself, GluN3A particle density increases towards the lateral 

edge differing from GluN1 that concentrates at the center (Fig. 2C). This localization has 

been attributed to decreased physical association with PSDs relative to classical GluN1/2 

NMDARs due to the absence in GluN3A of PDZ-binding motifs for synaptic scaffolds (Pérez-

Otaño et al., 2016), and could reflect a specialized function such as sensing specific patterns 

of glutamate release or activating signalling pathways in dendrites. Alternatively, it might 

reflect a higher mobility of GluN3A-NMDARs in and out of the plasma membrane via endo-

exocytosis or lateral diffusion that might contribute to keep synapses in a labile state. The 

latter is supported by the observation that the density of GluN3A particles peaks at the PSD 

edge, indicating the presence of a rate-limiting step at this level which is in-line with models 

of the PSD acting as a ´diffusion trap´ (Fig. 2C). Of note, the postsynaptic enrichment of 

GluN3A is higher at early postnatal stages and declines into adulthood in contrast to the 

progressive synaptic stabilization of GluN1 or GluN2 subunits (Pérez-Otaño & Ehlers, 2004; 

Pérez-Otaño et al., 2006; Henson et al., 2012). These observations broadly correlate with 

proposed roles of GluN3A in postsynaptic signalling and refinement of dendritic spines (see 

below) (Das et al., 1998; Roberts et al., 2009; Fiuza et al., 2013; Kehoe et al., 2014).  
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On the other hand, immunogold EM studies have also observed GluN3A at presynaptic 

locations (Fig. 2B). Presynaptic GluN3A-NMDARs are rarer than their postsynaptic 

counterparts and exhibit remarkable synapse, temporal and circuit selectivity. To date, they 

have been identified in layer 4 to layer 2/3 synapses of the juvenile visual cortex (Larsen et 

al., 2011) and perforant path (PP) synapses in juvenile and adult hippocampus (Savtchouk 

et al., 2019). Interestingly, presynaptic GluN3A immunolabeling was almost exclusively 

found in medial perforant path (MPP) axon terminals but not in lateral perforant path (LPP) 

terminals, away from the synaptic cleft and often facing astrocytic membranes (Fig. 2B). At 

both synapses, presynaptic labeling decreased with age, but the decline was sharp at visual 

cortex (between P16-P23) while significant expression (~50%) persisted into adulthood at 

MPP axons. These topographical data are supported by electrophysiology experiments 

where presynaptic GluN3A function was isolated by blocking postsynaptic NMDAR activity 

(Larsen et al., 2011, 2014; Savtchouk et al., 2019). 

NON-CONVENTIONAL GLUN3A-NMDARS AND EXCITATORY GLYCINE 

RECEPTORS  

GluN3A can assemble with other NMDAR subunits to form two types of functional 

complexes: 1) GluN1/2/3A triheteromers that display non-conventional biophysical and 

signalling properties, and 2) GluN1/3A diheteromers that behave as excitatory glycine 

receptors (Fig. 3A).  

GluN1/2/3A triheteromeric NMDARs (or “non-conventional” GluN3A-NMDARs): 
Composed of GluN1, GluN2 and GluN3A subunits, GluN3A-NMDARs receptors are 

activated by glutamate or NMDA and require glycine as co-agonist, as such they are 

considered bona fide NMDARs (Henson et al., 2010; Low & Wee, 2010; Pachernegg et al., 

2012; Pérez-Otaño et al., 2016). Compared to classical GluN1/2 NMDARs, they exhibit 

atypical biophysical properties such smaller single-channel conductance (Perez-Otano et 

al., 2001); 10-fold lower Ca2+ permeability (Sasaki et al., 2002); and diminished sensitivity 

to Mg2+ block at hyperpolarized potentials (Sasaki et al., 2002; Roberts et al., 2009) (Fig. 

3A, B). FRET-based assembly studies support a GluN1:GluN2:GluN3 stoichiometry of 2:1:1 

(Schüler et al., 2008), but see (Ulbrich & Isacoff, 2008). The identity of the GluN2 subunit 

varies: using biochemical or electrophysiological approaches GluN3A has been shown to 

complex with GluN2A or 2B in neurons (Das et al., 1998; Al-Hallaq et al., 2002; Nilsson et 

al., 2007; Larsen et al., 2011; Martínez-Turrillas et al., 2012; Pilli & Kumar, 2012; Savtchouk 

et al., 2019) and with GluN2C in oligodendrocytes (Káradóttir et al., 2005; Burzomato et al., 

2010). 
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Because of their non-conventional properties GluN3A subunits have been hypothesized to 

act as negative regulators of classical NMDAR activity (Pachernegg et al., 2012; Kehoe et 

al., 2013; Pérez-Otaño et al., 2016). In a traditional view, postsynaptically located NMDARs 

detect coincident pre- and postsynaptic activity and couple calcium entry to intracellular 

signalling pathways that trigger long-lasting synaptic structural and functional plasticity 

(Hardingham, 2019). By contrast, GluN3A-NMDARs inhibit synapse plasticity and 

stabilization and have been shown to delay synapse maturation until the arrival of sensory 

experience and later target non-used synapses for pruning (Roberts et al., 2009) as 

summarized in (Pérez-Otaño et al., 2016). This model is supported by: 1) restriction of 

GluN3A expression to immature synapses shown by EM; 2) the match of GluN3A 

expression and down-regulation with the timing of plasticity and refinements across different 

brain regions; 3) the control of synaptic GluN3A levels by activity and sensory experience. 

How this works at a mechanistic level is unknown and might involve impaired coincident 

detection due to the lesser Mg2+ block of GluN3A-NMDARs, inhibition of calcium-activated 

signalling cascades or coupling to distinct signalling adaptors (see below). Furthermore, a 

series of recent studies have brought to light other unconventional modes of NMDAR 

signalling that do not rely on ion flux or postsynaptic localization. As such, NMDARs can be 

dynamically regulated by synaptic activity even in the absence of Ca2+-dependent functions 

or via presynaptic localization (summarized in (Dore et al., 2017)).  

Presynaptic GluN3A: Despite the canonical view of NMDARs as postsynaptic coincidence 

detectors, presynaptic NMDARs have been reported in many locations of the nervous 

system (Bouvier et al., 2015; Banerjee et al., 2016; Wong et al., 2021). The first reports of 

a presynaptic GluN3A function (Larsen et al., 2011, 2014) demonstrated a role of (likely 

GluN1/2B/3A) in promoting spontaneous glutamate release and mediating spike-timing-

dependent long-term depression (tLTD) at young visual cortex synapses (L4 to L2/3). Loss 

of presynaptic GluN3A expression was associated to the developmental loss of tLTD, a form 

of plasticity thought to be involved in the refinement of visual maps (Larsen et al., 2011). 

Presynaptic GluN3A-NMDARs have been more recently identified in juvenile mouse 

hippocampus (P17-22) at PP synapses onto dentate gyrus granule cells (GCs) (Savtchouk 

et al., 2019). As in visual cortex, presynaptic GluN3A-NMDARs contained GluN2B subunits 

and increased glutamate release probability in a circuit-specific manner due to their 

selective localization at MPP (but not LPP) axons. LTP is strongly influenced by presynaptic 

release probability and was enhanced in Grin3a-null mice, which could be explained by the 

lack of basal ‘prepotentiation’ dependent on pre-NMDARS at GluN3A-null MPP-GC 

synapses and consequently increased dynamic range for LTP induction. Blocking local 

astrocyte Ca2+ signalling in wild-type controls reproduced the enhanced LTP at MPP 

synapses found in Grin3a knockouts (Savtchouk et al., 2019), implying astrocyte modulation 
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in conferring differential  release and plasticity properties to LPP-GC and MPP-GC 

synapses. As in visual L4 to L2/3 synapses, GluN3A expression decays with age but the 

significant levels retained into adulthood support a life-long role in setting different modes 

of information processing between LPP and MPP circuits. The presence of GluN3A, which 

confers low calcium permeability, has been suggested as an explanation for why many 

studies failed to detect presynaptic NMDAR-mediated calcium signals (Wong et al., 2021). 

It would also explain why presynaptic NMDARs can be activated tonically in the absence of 

axon firing or previous depolarization.  

GluN1/3A diheteromeric NMDARs: Initial work in recombinant systems showed that 

GluN3A co-assembles with GluN1 in the absence of GluN2 subunits to form functional 

excitatory glycine receptors (Chatterton et al., 2002). These complexes are: 1) not activated 

by NMDA nor glutamate, 2) insensitive to APV, a competitive antagonist at the glutamate 

binding site in GluN2 subunits, as well as to open-channel NMDAR blockers such as Mg2+, 

memantine or MK-801, and 3) relatively Ca2+-impermeable (Chatterton et al., 2002; Madry 

et al., 2010) but see (Otsu et al., 2019) (Fig. 3A). Studies with selective antagonists and 

site-directed mutagenesis revealed that glycine binding to the GluN3A ligand binding 

domain (LBD) triggers channel opening and activation whereas binding to the GluN1 LBD 

causes rapid desensitization (Madry et al., 2007; Awobuluyi et al., 2007). 

Demonstrating the existence of GluN1/3A receptors in vivo proved difficult due to the rapid 

desensitization that derives from the GluN1 glycine binding site, combined with ambient 

levels of free glycine in brain slice preparations. Intriguingly, native GluN1/3A receptors 

were first observed in oligodendrocytes (OLs) of mice optic nerves rather than neurons, and 

specifically within myelin sheaths but not somas of OLs (Piña-Crespo et al., 2010). The 

exact role of these receptors in myelin remains a mystery but is in line with GluN3A 

expression in the OL lineage (see GluN3A expression patterns in the CNS). Work on 

neuronal cultures later proposed a role in metaplasticity of excitatory hippocampal synapses 

by showing that, upon induction of chemical LTP, putative GluN1/3 receptors are recruited 

to enlarged synapses to facilitate depotentiation (Rozeboom et al., 2015). 

Strong evidence has more recently emerged thanks to the use of CGP-78608, a competitive 

antagonist with pronounced preference for the glycine-binding site of GluN1 over GluN3A 

(Yao & Mayer, 2006; Grand et al., 2018). By preventing glycine binding to GluN1, CGP-

78608 bypasses desensitization and unmasked large glycine-activated currents mediated 

by GluN1/3A receptors (Fig. 3C). Recordings of CA1 neurons in young (P8-P12) mouse 

hippocampal slices in the presence of CGP-78608 revealed a massive potentiation of 

glycine-induced inward currents in wild-type but not Grin3a knockout mice (Grand et al., 

2018), clearly implicating GluN1/3A receptor function. Although expression of GluN3A is 

typically highest in young brains as discussed earlier, regions such as the MHb retain high 
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levels into adulthood. Building from their initial study, the same group demonstrated the 

presence of GluN1/3 receptors in this region in adult mice (Otsu et al., 2019). In wild-type 

(but not GluN3A knockout) MHb neurons, glycine puffs increased firing rates and induced 

rapidly rising inward currents. GluN3A immunolabeling was detected in dendrites and 

somata of MHb neurons, often in juxtaposition to glial profiles. Selective expression of 

DREADDs in glial cells pointed towards astrocytes as the physiological source of glycine 

(Otsu et al., 2019), resembling the ability of this cell type to modulate specific circuit 

functions via presynaptic GluN3A-NMDARs (Savtchouk et al., 2019). Aptly, behavioural 

tests found a specific requirement of MHb GluN1/3 receptors for the ability to acquire 

conditioned place-aversion, a readout that depends on this region. 

Pharmacology: The lack of pharmacological reagents has hampered our understanding of 

the physiological roles of NMDA or glycine GluN3A-containing receptors, particularly 

triheteromeric GluN1/2/3 given the difficulty of expressing a pure population in cell lines. 

Among the limited information available, GluN3A-NMDARs have been shown to be blocked 

by the general NMDAR antagonist APV ((Sasaki et al., 2002) and (Larsen et al., 2014) for 

pre-GluN3A-NMDARs), and are less sensitive to open-channel blockers such as memantine 

or MK-801 in-line with the lesser Mg2+ block (McClymont et al., 2012). More extensive 

compound screening using glycine-activated GluN1/3A receptors has led to the 

identification of GluN3A- and GluN3B- competitive (TK80) and non-competitive (TK13 and 

TK30) antagonists with modest (5-10 fold) preference for GluN1/3A or 3B vs GluN1/2 

receptors (Kvist et al., 2013) and a remarkably selective negative allosteric modulator, 

EU1180-438 (Zhu et al., 2020) (Table 1). EU1180-438 produced robust inhibition of native 

GluN1/3A glycine-activated currents in hippocampal CA1 pyramidal neurons (Zhu et al., 

2020). This work demonstrates that the structural differences between the glycine-binding 

sites of GluN1 and GluN3 can be exploited to develop GluN3A-selective ligands (Kvist et 

al., 2013). Information regarding these ligands´ effects on GluN1/2/3A triheteromeric 

receptors is lacking. 

GLUN3A MODULATES PLASTICITY AND COGNITION 

Structural plasticity allows stable rewiring of synaptic networks through the formation of new 

connections and the stabilization of specific contacts with pruning of others. Converging 

lines of evidence place GluN3A as a critical modulator of functional and structural plasticity. 

First, regulated GluN3A expression has been shown to control the timing of long-lasting 

forms of plasticity implicated in the opening and closure of critical periods of postnatal 

development. At CA3-CA1 hippocampal synapses, ablation of GluN3A accelerates the 

developmental onset of LTP while prolonging expression beyond the physiological window 

reduces the magnitude of LTP (Roberts et al., 2009). At L4-L2/3 visual cortex synapses, 
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developmental down-regulation of GluN3A correlates with reductions in tonic glutamate 

release and ability to induce presynaptic tLTD, both processes linked to the stabilization of 

sensory maps (Larsen et al., 2011; Feldman, 2012). Genetic deletion or overexpression of 

GluN3A was sufficient to accelerate or delay the plasticity loss. Crucially, sensory input was 

identified as a driving force for down-regulation of GluN3A and the associated shifts in 

functional properties of visual cortex synapses (Larsen et al., 2014). In both preparations, 

loss of GluN3A allows a switch to GluN1/2 NMDARs that changes plasticity properties: 

GluN1/2A (Henson et al., 2012); or GluN1/2B (Larsen et al., 2014). Further work will be 

required to establish whether this is a general mechanism that operates at other synapses 

to control different modes of developmental plasticity, as suggested by the conserved profile 

of GluN3A down-regulation in primary cortices.  

Second, studies in vivo and with organotypic slices showed that GluN3A inhibits the long-

lasting stabilization of excitatory synapses by plasticity-inducing stimuli and regulates the 

number of synapses and associated dendritic spines without modifying initial spine 

formation (Roberts et al., 2009; Kehoe et al., 2014). Inhibition of actin cytoskeleton 

remodeling by direct binding to the postsynaptic scaffold and actin regulator GIT1 has been 

implicated (Fiuza et al., 2013). Whether GluN3A also modulates NMDAR-dependent gene 

expression remains largely unexplored, but a recent study in cortical cultures suggests that 

GluN3A might interfere with MEF2C-mediated transcription (Chen et al., 2020).  

Genetically modified mice have provided some initial insight onto how GluN3A expression 

impacts behavioural output. Young (3-4 week-old) Grin3a knockout mice exhibit increased 

pre-pulse inhibition (Brody et al., 2005), an indicator of sensorimotor gating related to 

schizophrenia but the phenotype fades later on. Enhanced object recognition and spatial 

learning have been reported in adult Grin3a knockouts (Mohamad et al., 2013), in-line with 

human studies that correlate enhanced cognitive performance with low GluN3A levels 

(Sadat-Shirazi et al., 2019). Whether this is a consequence of altered developmental 

plasticity or reflects adult roles of GluN3A in cognition is yet to be established, but will be of 

paramount importance for the development of GluN3A-based therapeutics (see below). The 

retention of adult GluN3A expression in areas implicated in higher cognitive processing with 

strong requirements for plasticity and input control supports the latter, as does the 

observation that elevating GluN3A levels in adult brain is sufficient to impair memory 

consolidation (Roberts et al., 2009). Also, genetic variations in GRIN3A influence prefrontal 

cortex activation during attention tasks and consolidation of episodic memories (Gallinat et 

al., 2007; Papenberg et al., 2014). Additional studies report altered odor discrimination (Lee 

et al., 2016) and social deficits (Lee et al., 2018) in constitutive Grin3a knockouts, consistent 

with high GluN3A levels in olfactory areas and defects in oxytocin signalling in the prefrontal 

cortex. CRISPR-generated Grin3a knockouts are short-sleepers and display lower 
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transitions from awake to sleep states, possibly reflecting GluN3A expression in brain 

centers mediating wakefulness (Sunagawa et al., 2016; Murillo et al., 2021). Finally, glycine-

gated GluN1/3A receptors in the MHb have been implicated in the control of aversive 

behaviours (Otsu et al., 2019). 

GLUN3A/GRIN3A DISEASE LINKS 

Genetic and expression data are unveiling connections between brain diseases and 

GluN3A which implicate this subunit not only in neurodevelopmental processes, but also in 

disorders where adult reactivation of GluN3A expression reinstates juvenile modes of 

plasticity thought to underlie many of the synaptic and behavioural alterations (Table 2). 

Schizophrenia – One of the most prominently GluN3A-associated disorders is 

schizophrenia, a psychiatric disease characterized by delusions, hallucinations and 

impaired cognition and where aberrant synapse pruning is a key neuropathological feature. 

Elevated Grin3a transcripts have been found in schizophrenic brains (Mueller & Meador-

Woodruff, 2004) and prepulse inhibition (PPI) (Brody et al., 2005), a behavioural readout 

strongly related to schizophrenia, is altered in Grin3a knockout mice. Human genetic studies 

have reported altered prevalence of common and rare GRIN3A variants in schizophrenia 

patients (Table 2), as well as a linkage peak on chromosome 9 close to the GRIN3A locus 

in a schizophrenia family study (Greenwood et al., 2016), correlated to specific cognitive 

traits in patients. GRIN3A variants have also been associated with post-operative delirium 

(Kazmierski et al., 2014), a disorder sharing major features with schizophrenia.  

Bipolar disorder – Early studies found reduced mRNA and protein levels for GluN3A in the 

frontal cortex of Bipolar Disorder (BD) patients (Mueller & Meador-Woodruff, 2004; Rao et 

al., 2010). Later genetic work identified a GRIN3A SNP as the top associated variant with 

severely (suicide attempters) versus milder affected patients (Table 2). A further connection 

was suggested by the finding that Grin3a was among the top three downregulated genes in 

neurons treated with widely prescribed BD drugs (Kidnapillai et al., 2020). 

Neurodevelopmental disorders - Autism spectrum disorder (ASD) is thought to arise from 

incorrect configuration of circuits due to altered synapse refinement and resulting 

excitation/inhibition imbalances (Peça & Feng, 2012). Deficits in social behaviour tasks, a 

hallmark of ASD (Lee et al., 2018), have been observed in Grin3a knockout mice alongside 

decreases in oxytocin signalling in the prefrontal cortex, correlating with claims that oxytocin 

treatment improves symptoms in ASD patients (Gordon et al., 2013). Interestingly, a study 

that also looked at schizophrenia concurrently found some rare missense GRIN3A variants 

in ASD patients (Yu et al., 2018), disorders with overlap in symptoms and genetic risk 

factors. A recent meta-analysis combining RNA-seq and microarray data from multiple ASD 
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mouse models with human brain transcriptional datasets identified Grin3a as a hub gene 

within the ‘Juvenile-Cortex’ and ‘Adult-Hippocampus’ gene networks (Duan et al., 2020). 

Single cell transcriptomics in cortex samples from human patients with epilepsy, another 

primarily neurodevelopmental disorder, showed major upregulation of GRIN3A (Pfisterer et 

al., 2020). Upregulation was particularly evident in certain L5/6 excitatory neurons and two 

SST interneuron subtypes.  

Addiction and hedonistic behaviour - Substance addictions are chronic and relapsing 

disorders that are extremely dangerous to personal and public health. Next-generation 

sequencing (NGS) or genome-wide association (GWA) approaches have placed GluN3A 

centre-stage in the etiology of nicotine and alcohol addiction (Chen et al., 2018). GRIN3A 

mRNA levels are increased in the hippocampus and orbitofrontal cortex of individuals with 

alcoholism (Jin et al., 2014). Risk of nicotine dependence has been linked with a number of 

rare non-synonymous variants in GRIN3A, as shown in a series of studies in European, 

African-American and Chinese Han populations (Table 2). Moreover, GRIN3A gene variants 

or changes in GluN3A expression have been associated with addiction to illicit drugs such 

as heroin and opioids (Table 2) (Roozafzoon et al., 2010; Liu et al., 2020). In mouse studies, 

a single cocaine injection drives the insertion of GluN3A-NMDARs at synapses in reward-

related regions with subsequent recruitment of calcium-permeable AMPARs, a form of 

adaptive plasticity involved in relapse (Yuan et al., 2013). Chronic methamphetamine also 

enhances GluN3A expression, reducing cortical plasticity and impairing motor learning 

(Huang et al., 2017). 

Behavioural addictions are disorders analogous to substance addiction, in which there is a 

behavioural core based on repeated performances. The analysis of mRNA levels of different 

NMDAR subunits in human blood lymphocytes surprisingly revealed a reduction in GRIN3A 

mRNA levels in computer game addicts (Sadat-Shirazi et al., 2018). Dysregulated Grin3a 

expression has also been observed during transgenerational transmission of hedonistic and 

addictive behaviours such as increased preference of palatable foods (Sarker et al., 2019). 

Neurodegeneration – Reactivation of GluN3A expression in adult medium-spiny neurons 

of the striatum has been documented in human and mouse models of Huntington´s disease 

(HD) (Marco et al., 2013; Wesseling & Pérez-Otaño, 2015; Mahfooz et al., 2016). The 

disease mechanism involves sequestration by mutant huntingtin of the GluN3A-selective 

adaptor PACSIN1, leading to accumulation of GluN3A-NMDARs at the cell surface of 

striatal neurons and age-inappropriate synapse pruning (Marco et al., 2013). Suppressing 

aberrant GluN3A expression by genetic deletion or AAV-mediated RNAi in HD mouse 

models was able to prevent and even reverse disease phenotypes, including striatal 

dendritic spine loss and motor performance (Marco et al., 2013, 2018). Also, GRIN3A 
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genetic variants have been associated with increased risk of developing Alzheimer’s 

disease (Table 2) 

SUMMARY AND FUTURE DIRECTIONS 

Research into GluN3A continues to reveal new and surprising functions for this unusual 

NMDAR subunit. The expanding knowledge of GluN3A expression is transforming our 

perception, and paves the way to a better understanding of its roles in neurodevelopment 

and adult functions. Of note, the remarkable correlation between GluN3A expression in the 

mature brain and functional hierarchy adds particular weight to argument for the importance 

of this subunit in the adult beyond its better recognized functions in controlling 

developmental plasticity. An open question is how such specific spatio-temporal patterns of 

GluN3A are achieved between areas, cell types and cellular compartments? Also, how do 

these patterns influence the wider assembly and function of circuits, and how is behavioural 

output impacted by local or collective expression across the brain? 

The continued support for presynaptic GluN3A in long-term plasticity at very particular 

circuits and synapses (Savtchouk et al., 2019) raises questions on how exactly do 

presynaptic GluN3A-NMDARs mediate their function. Is it via ionotropic or metabotropic 

mechanisms? Is there preferential trafficking regulation to axons in certain cell types? Why 

do astrocytes appear to be important for the function of synapses containing GluN3A-

NMDARs presynaptically, as well as postsynaptically in certain situations? (Otsu et al., 

2019). The evidence for functional roles of excitatory glycine-gated GluN1/3A receptors in 

the CNS and impacts on behaviour are especially compelling (Grand et al., 2018; Otsu et 

al., 2019), but much is still to learn. Do these receptors co-exist with non-conventional 

GluN1/2/3A receptors in terms of temporal, regional or cell type patterns? What governs 

their preference at certain cell types or subcellular compartments? What synaptic and circuit 

properties do they provide to neurons? Are these the same in all locations where they exist?  

The increasing breadth of studies documenting the effects of GluN3A on forms of plasticity 

and multiple readouts including sensory processing, social cognition, sleep and learning 

place GluN3A as an important regulator of various behaviours and add insight to some of 

the disease links for this gene. More extensive behavioural profiling in transgenic mice in 

which GluN3A is removed at specific developmental times should allow us to distinguish 

defects caused by altered development from GluN3A functions within the adult brain. 

Finally, the long and diverse list of diseases from psychiatric and addiction disorders to 

neurodevelopmental and neurodegeneration that continue to show links to GluN3A over 

recent years demonstrates the remarkable brain-wide impacts of this unusual NMDAR 

subunit. Future studies in disease models, as well as new tools, are required to elucidate 

how GluN3A influences the various diseases it is linked to, which could lead to direct 
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therapies for these disorders, as hinted at for HD (Marco et al., 2018). Such work may 

additionally provide avenues for improving symptoms in other conditions where affected 

brain regions and phenotypes overlap with the diverse roles for GluN3A. 
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Abstract figure legend. 
GluN3A (red) is known to exist in two types of receptor complexes: in non-conventional NMDARs alongside both 

GluN1 (grey) and GluN2 (yellow) subunits or in excitatory glycine receptors with only GluN1. Peak expression of 

GluN3A coincides with critical periods of postnatal development and persists through life in specific brain regions. 

GluN3A-containing receptors are expressed in various neuronal and non-neuronal populations, with localization 

observed at postsynaptic and presynaptic compartments. Genetic modulation of GluN3A expression in rodents 

causesmultiple behavioural phenotypes, and its dysregulation in humans is linked to a range of brain diseases.  
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Figure 1. Temporal and regional GluN3A expression patterns in the rodent CNS 
A) Regional postnatal expression profiles of GluN3A protein (shaded area = predominant expression window, adapted 

from (Pérez-Otaño et al., 2016)); visual deprivation (dashed green line) delays the developmental expression drop 

(Larsen et al., 2014). B) Time-course of Grin3a mRNA emergence and down-regulation varies across layers in primary 

somatosensory cortex (SS1). In situ hybridization images and quantification of Grin3a mRNA levels across layers at 

indicated postnatal ages are shown; dotted lines mark layer 5 (L5) boundaries. Data are mean ± S.E.M. ****P<0.0001; 

### P<0.001. C) Correlation between mouse Grin3a transcription and MRI T1w:T2w ratio (for abbreviations see 

(Fulcher et al., 2019)). Colours represent connectivity-based area groupings; light green = somatomotor, turquoise = 

medial, yellow = temporal, pink = visual, red = anterolateral, dark green = prefrontal. D) RNAscope analysis of Grin3a 

mRNA localization in SS1 interneurons in a P6 Nkx2–1-cre:Ai9tdTomato mouse brain: Grin3a mRNA (red); tdTomato 

mRNA (green); somatostatin (Sst) mRNA (blue). Solid arrows = Grin3a+ MGE-derived SST interneurons. Empty 

arrowheads = Grin3a+ excitatoryneurons. E) Molecularly distinct interneuron categories defined by scRT-PCR (Pfeffer 

et al., 2013). Note high levels of Grin3a expression in SST interneurons. 
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Figure 2. Subcellular distribution of GluN3A-NMDARs 
A) Membrane distribution of GluN3A-containing (synaptic, peri- and extra-synaptic) and GluN3A-lacking NMDARs 

(mostly anchored to the PSDs via their C-terminal PDZ-binding motif). Diagram also illustrates the presence of 

GluN3A-NMDARs in presynaptic membranes next to astrocytes and the high rates of endocytosis driven by the 

adaptor PACSIN1 in mature neurons. (B) Post-embedding immunogold electron microscopy demonstrated that 

GluN3A is expressed at synaptic sites in CA3-CA1 hippocampus (arrows), but preferentially localizes at perisynaptic 

(100-120 nm from the edge of PSD) and extrasynaptic sites (>120 nm away from PSDs) (double arrows). Presynaptic 

GluN3A immunolabeling is also detected at MPP-GC synapses. (C) Quantification of GluN3A gold particle density as 

a function of distance to the PSD. Inset shows differential tangential distribution of GluN3A and GluN1 immunoparticles 

along the PSD of CA1 synapses. Note that labeling for GluN1 is highest at the center of the PSD while GluN3A 

increases towards the PSD periphery.  Panels B&C are adapted from (Pérez-Otaño et al., 2006; Savtchouk et al., 

2019). 
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Figure 3. Unique properties of GluN3A-containing receptors 
A) Cation permeabilities of different types of GluN3A-containing complexes; the calcium permeability of both 

GluN1/2/3A triheteromers and GluN1/3A diheteromers is lower than conventional GluN1/2 receptors but the exact 

value for relative permeability of GluN1/3A receptors remains less well established (see question mark). B) Mg2+ 

sensitivity is an electrophysiological signature of GluN1/2/3 NMDARs: at early developmental stages (P6-P8), genetic 

deletion of GluN3A increases NMDAR current rectification at CA1 hippocampal synapses due to loss of GluN3A-

NMDARs, which exhibit reduced voltage-dependent Mg2+-block (left panel); at later stages when synaptic GluN3A is 

typically down-regulated, transgenically prolonging GluN3A expression (tgGluN3A) decreases NMDAR current 

rectification (right panel, adapted from (Roberts et al., 2009)). C) CGP-78608, an antagonist of the GluN1 glycine 

binding site, unmasks glycine currents mediated by GluN1/3A receptors (from (Grand et al., 2018)).  
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Table 1. GluN3-specific antagonists. 
Inhibition measured in Xenopus oocytes expressing the indicated recombinant receptor. The compounds were co-

applied with 100 µM glutamate and 0.5 µM glycine. Abbreviations: N.E, no significant effect. Maximal inhibition is 

100%. IC50>300 µM indicates that the compound showed some inhibition but less than 50% at 300 µM. 

Ligand Functional property GluN1/3A GluN1/3B GluN1/2A Refs. 

EU1180-438 Negative allosteric modulator 1.8µM 2.2µM N.E. (Zhu et al., 2020) 

TK13 Non-competitive antagonist 67µM 49µM >300µM (Kvist et al., 2013) 

TK30 Non-competitive antagonist 14µM 7.4µM 270µM (Kvist et al., 2013) 

TK80 GluN3B competitive antagonist N.E 79µM >300µM (Kvist et al., 2013) 



APPENDIX I: SCIENTIFIC PUBLICATIONS 

 
249 

Table 2. Grin3a mutations associated with human diseases. 
dbSNP is a NCBI public database for human single nucleotide polymorphisms. *non-sense mutation. Abbreviations: N-Terminal Domain (NTD); Ligand Binding Domain (LBD); C-Terminal Domain 

(CTD) 

dbSNP ID dbSNP 
allele Amino acid change Domain Phenotype Disease Related Reference 

- G > A Val132Leu Extracellular (NTD) Possibly damaging Nicotine dependence (Yang et al., 2015) 

rs556419599 C > T Asp133Asn Extracellular (NTD) ---- Schizophrenia (SCZ) (Shen et al., 2009) 

rs769491656 G > A, C, T Arg137Ser Extracellular (NTD) Disease causing Autism Spectrum Disorder 
(ASD) (Yu et al., 2018) 

rs773593066 G > A Arg337Trp Extracellular (NTD) Possibly damaging ASD, SCZ (Yu et al., 2018) 

rs10989591 C > A, T Val362Met Extracellular (NTD) 
Higher P300 amplitude 

Better associative and/ or 
recognition memory 

Prefrontal Cortex activation (Gallinat et al., 2007; 
Papenberg et al., 2014) 

- A > C Val389Leu Extracellular (NTD) Possibly damaging Nicotine dependence (Yang et al., 2015) 

rs200120504 C > T Val389Ile Extracellular (NTD) Disease causing SCZ (Yu et al., 2018) 

rs34755188 C > T Arg480His Extracellular (NTD) Possibly damaging Nicotine dependence (Yang et al., 2015) 

rs149729514 G > A, C Arg480Gly Extracellular (NTD) Probably damaging SCZ (Shen et al., 2009; Takata et 
al., 2013) 

rs189425146 T > C Lys488Glu Extracellular (NTD) Disease causing ASD, SCZ (Yu et al., 2018) 

- C > T Gln508* Extracellular (NTD) 
Patient with catatonic SCZ, 

inherited from mother in SCZ 
spectrum 

SCZ (Tarabeux et al., 2011) 
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rs75981117 T > C Asn549Ser 
Extracellular - 

glycosylation site (LBD 
S1) 

Possibly damaging Nicotine dependence, Bipolar 
suicide attempting 

(Yang et al., 2015; Gaynor et 
al., 2016) 

rs10989563 C > T Asp835Asn Extracellular (LBD S2) Susceptibility for Alzheimer’s 
Disease (AD) pathogenesis AD (Liu et al., 2009) 

- C > A Gly898Trp Extracellular (LBD S2) Possibly damaging ASD (Yu et al., 2018) 

- C > T Arg1024* Intracellular (CTD) Possibly damaging SCZ (Shen et al., 2009) 

rs3739722 C > T Arg1041Gln Intracellular (CTD) 
AD susceptibility, increased risk 

of cerebral palsy and 
postoperative delirium 

AD, Dementia, Cerebral palsy, 
Non-substance-abuse delirium 

(Liu et al., 2009; Cacabelos 
et al., 2012; Constantine et 
al., 2012; Kazmierski et al., 

2014) 

- G > C Gln1091His Intracellular (CTD) Possibly damaging SCZ (Shen et al., 2009) 

rs10121600 C > T - Intronic Possibly damaging Nicotine dependence (Ma et al., 2010) 

rs11788456 G > A - Intronic Possibly damaging Nicotine dependence 
(Ma et al., 2010; Yang et al., 
2015)(Ma et al., 2010; Yang 

et al., 2015) 

rs1323423 T > A, C, G - Intronic Surrounding DNA region harbors 
an enhancer element Nicotine dependence (Chen et al., 2019) 

rs17189632 T > A, G - Intronic Possibly damaging Nicotine dependence, heroin 
addiction 

(Ma et al., 2010; Yang et al., 
2015; Xie et al., 2016)(Ma et 

al., 2010; Xie et al., 2016; 
Yang et al., 2015) 

rs2067056 T > C - 5' UTR Upstream transcript variant Nicotine dependence (Chen et al., 2019) 

rs2485530 C > G, T - Intronic Possibly damaging Bipolar suicide attempting (Gaynor et al., 2016) 
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rs45537432 C > G, T - Intronic Possibly damaging Bipolar suicide attempting (Gaynor et al., 2016) 

rs7030238 A > C - 3' UTR Possibly damaging Nicotine dependence (Ma et al., 2010) 
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ABSTRACT 

De novo protein synthesis is required for synapse modifications underlying stable memory 

encoding. Yet neurons are highly compartmentalized cells and how protein synthesis can 

be regulated at the synapse level is unknown. Here, we characterize neuronal signaling 

complexes formed by the postsynaptic scaffold GIT1, the mechanistic target of rapamycin 

(mTOR) kinase, and Raptor that couple synaptic stimuli to mTOR-dependent protein 

synthesis; and identify NMDA receptors containing GluN3A subunits as key negative 

regulators of GIT1 binding to mTOR. Disruption of GIT1/mTOR complexes by enhancing 

GluN3A expression or silencing GIT1 inhibits synaptic mTOR activation and restricts the 

mTOR-dependent translation of specific activity-regulated mRNAs. Conversely, GluN3A 

removal enables complex formation, potentiates mTOR-dependent protein synthesis, and 

facilitates the consolidation of associative and spatial memories in mice. The memory 

enhancement becomes evident with light or spaced training, can be achieved by selectively 

deleting GluN3A from excitatory neurons during adulthood, and does not compromise other 

aspects of cognition such as memory flexibility or extinction. Our findings provide 

mechanistic insight into synaptic translational control and reveal a potentially selective 

target for cognitive enhancement. 
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INTRODUCTION 

Memories are thought to be encoded through formation and modification of the synaptic 

connections between neurons. Lasting memory encoding requires de novo mRNA and 

protein synthesis in response to neuronal activity and sensory experience. It entails the 

transcription of immediate-early genes (IEGs) to mRNA, and the protein products of some 

IEG transcripts mediate structural and functional modifications of synapses (Yap and 

Greenberg, 2018). However, transcription occurs in the cell body and generates a neuron-

wide pool of mRNAs, whereas only a fraction of synapses of any individual neuron are 

modified by a given memory (Holtmaat and Caroni, 2016; Josselyn and Tonegawa, 2020). 

To ensure input specificity, transcription is coupled to local mechanisms that restrict the 

effects of activity-induced gene products to selected synapses (Wang et al., 2010). 

One of these mechanisms is thought to be the local, synapse-specific translation 

of mRNA into protein (Holt et al., 2019; Klann and Dever, 2004; Sossin and Costa-Mattioli, 

2019). The main rate-limiting step in translation is initiation, which is regulated by the 

phosphorylation of two separate proteins: the eukaryotic initiation factor 2α (eIF2α) and the 

mTOR (‘mechanistic target of rapamycin’) serine/threonine kinase. Manipulations of eIF2α 

phosphorylation have been implicated in synapse plasticity and memory (Costa-Mattioli et 

al., 2007; Sharma et al., 2020; Shrestha et al., 2020b), but evidence for a role in local 

translation is lacking. mTOR could in principle afford more selective translational control. 

mTOR forms at least two distinct multiprotein complexes, mTORC1 and mTORC2. 

mTORC1 is defined by the presence of Raptor, an adaptor protein which recruits mTOR 

substrates to promote the translation of specific mRNAs, and compartmentalized activation 

has been shown to be essential for mTORC1 responses to nutrients in nonneuronal cells 

(Liu and Sabatini, 2020). In neurons, components of mTORC1 localize to axons, dendrites, 

and synapses (Poulopoulos et al., 2019; Takei et al., 2004; Tang et al., 2002), and 

pharmacological inhibition of mTORC1 with Rapamycin blocks long-lasting synaptic 

plasticity and memory formation (Cammalleri et al., 2003; Hou and Klann, 2004; Stoica et 

al., 2011; Tang et al., 2002). Moreover, dysregulated translation is a feature in diseases of 

cognition, from autism to intellectual disability, and many of the mutations associated with 

these diseases affect genes encoding negative regulators of mTORC1 (Costa-Mattioli and 

Monteggia, 2013; Lipton and Sahin, 2014). However, it is currently unclear how mTOR 

activation might be controlled at specific synapses and linked to mechanisms that gate 

learning and memory. 

The most intensively studied mechanism gating learning and memory involves the 

NMDA-type glutamate receptor (NMDAR). NMDARs contain multiple subunits, including an 

obligatory GluN1 subunit, various GluN2 (A–D) and, for some subtypes, one of the GluN3 
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(A–B) subunits (Paoletti et al., 2013). Conventional subtypes containing GluN1 and GluN2 

trigger gene expression programs that mediate the strengthening and stabilization of active 

synapses and the persistent storage of information (Lyons and West, 2011). By contrast, 

nonconventional subtypes containing the GluN3A subunit (GluN3A-NMDARs) inhibit many 

of these synaptic modifications (Pérez-Otaño et al., 2016). Synapses that express GluN3A 

are resistant to the induction of long-lasting functional and structural plasticity, and 

memories fade more quickly in mutant mice with enhanced GluN3A expression (Kehoe et 

al., 2014; Roberts et al., 2009). In line with this work in mice, human genetic studies 

correlate enhanced cognitive performance with low GluN3A levels or variations in GRIN3A 

(human gene encoding GluN3A) (Gallinat et al., 2007; Papenberg et al., 2014; Sadat-Shirazi 

et al., 2019); and GluN3A dysregulation in humans is linked to cognitive impairment in 

schizophrenia (Greenwood et al., 2019; Mueller and Meador-Woodruff, 2004; Ohi et al., 

2015; Takata et al., 2013), Huntington’s disease (Marco et al., 2013; Marco et al., 2018), 

addiction, and other pathologies (Huang et al., 2017; Pérez-Otaño et al., 2016; Sarker et 

al., 2019; Yang et al., 2015; Yuan et al., 2013). We reasoned that understanding the 

underlying mechanisms would yield insight into the brain processes that constrain long-term 

memory formation and might uncover targets for therapeutic intervention. 

Here, we report that GluN3A-NMDARs selectively and negatively regulate synaptic 

mTORC1-dependent translation without affecting neuron-wide transcriptional activation. 

The negative regulation is mediated by inhibition of the assembly of mTOR complexes that 

contain the postsynaptic adaptor GIT1 (G-protein-coupled receptor kinase-interacting 

protein) and Raptor. GIT1/mTORC1 complexes are located at or near synaptic sites, and 

couple mTORC1 kinase activity to synaptic stimulation. Through biochemical, mouse 

genetics, and behavioral approaches, we further show that GluN3A deletion increases the 

availability of GIT1/mTORC1 complexes, boosts mTORC1-dependent protein synthesis, 

and facilitates long-term memory formation. The advantage is selectively evident when mice 

are subjected to weak training behavioral paradigms; can be reversed by the mTORC1 

inhibitor rapamycin; and unlike the memory enhancement seen after manipulations of 

general translational regulators, is not associated with deficits in memory flexibility or 

extinction (Shrestha et al., 2020a). Our findings identify a novel regulatory mechanism 

whereby GluN3A/GIT1 interactions set local modes of protein synthesis and gate memory 

formation, and reveal a potentially selective target for correcting cognitive impairment in 

pathological contexts.  
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RESULTS 

Selective inhibition of activity-dependent gene expression by GluN3A at the post-
transcriptional level 

GluN3A expression is pervasive during postnatal brain development, and regulated removal 

allows for the activity-dependent stabilization or elimination of excess synapses (Pérez-

Otaño et al., 2016). To assess whether GluN3A-NMDARs modulate activity-dependent 

gene expression, we expressed GluN3A in cultured cortical neurons over the stage when 

endogenous downregulation normally occurs (days in vitro [DIV] 9–14, ~ postnatal days P8–

P16 in vivo, Figure 1A; Figure 1—figure supplement 1; Kehoe et al., 2014). We used 

lentiviral vectors where expression is targeted to neurons by the synapsin one promoter and 

induced synaptic activity with bicuculline, which inhibits ɣ-aminobutyric acid (GABA) 

transmission and triggers bursts of action potential firing (Hardingham et al., 2002). 

As expected, bicuculline induced a robust expression of IEGs implicated in the 

consolidation of synaptic modifications and memories, including Arc, Fos, and Zif268/Egr1 

(Flavell and Greenberg, 2008; Figure 1B). Enhancing GluN3A expression largely reduced 

the induction of Arc and Fos proteins while Zif268 induction was unaffected, indicating that 

GluN3A selectively inhibits specific activity-dependent signaling pathways (Figure 1B). 

Analysis at the mRNA level demonstrated that modulation occurs downstream of gene 

transcription: Arc, Fos, and Zif268 mRNA levels were strongly induced by bicuculline in both 

control and GluN3A-infected neurons, and no differences were observed in the time-

courses or magnitude of induction (Figure 1C). Unchanged transcription was in line with 

intact activation of the phosphorylation of extracellular signal-regulated kinase (ERK1/2) and 

CREB (Figure 1—figure supplement 1B), the two major pathways for activity-dependent 

transcription (Flavell and Greenberg, 2008). By contrast, the general NMDAR antagonist D-

2-amino-5-phosphonovaleric acid (APV) inhibited all signaling pathways analyzed and the 

induction of IEGs at both mRNA and protein levels (Figure 1—figure supplement 1C, D). 

An analogous dissociation between protein and transcript levels of a subset of 

IEGs was observed when GluN3A-infected neurons were stimulated with the neurotrophin 

BDNF (Figure 1—figure supplement 1E, F), a potent inducer of gene expression at both 

transcriptional and translational levels (Rao et al., 2006). Whole transcriptome RNAseq 

analyses confirmed that transcriptional responses to bicuculline or BDNF were unaffected 

by GluN3A expression (Figure 1D; Figure 1—figure supplement 2). Together these results 

indicated that GluN3A-NMDARs repress the translation of specific activity-regulated 

mRNAs without affecting global transcriptional programs of gene expression. Inhibited 

induction of IEGs by GluN3A was not rescued by pretreatment with the proteasome inhibitor 
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MG-132 (Figure 1E), ruling out alternative mechanisms such as enhanced proteasome-

dependent degradation (Rao et al., 2006). 

 

Figure 1. GluN3A inhibits the activity-dependent induction of a subset of immediate-early genes (IEGs). (A) Timeline 

of endogenous GluN3A expression and downregulation and of lentiviral infections. Rat cortical neurons in primary 

culture were infected on days in vitro (DIV) 9 with lentiviruses where GFP or GluN3A and GFP (GFP-GluN3A) 

expression is driven by the human synapsin one promoter (synP). (B, C) DIV14 neurons were treated with bicuculline 

(50 μM, 1 hr) and matching samples collected for immunoblot and mRNA analyses (n = 4 from two independent 

cultures; ***p < 0.001, two-tailed unpaired t-test). (B) Left, representative western blots show that GluN3A inhibits the 

induction of the IEGs Arc and Fos but not Zif268. Right, signal intensities of indicated proteins as percentage of 

stimulated GFP-infected neurons. (C) qRT-PCR analysis of IEG mRNA induction. Plotted values are fold-induction 

relative to non-stimulated neurons. (D) Volcano plots presenting the RNAseq-based differential expression analysis 

in DIV14 neurons treated with bicuculline or BDNF for 1 hr (n = 2–4 from two independent cultures). (E) DIV14 neurons 

were treated with MG132 (30 μM). A representative western blot probed with the indicated antibodies is shown. In 

immunoblot analyses, tubulin or actin was used as a loading control and GluN1 as a measure of potential effects of 

GluN3A on overall NMDAR numbers. Histograms in this and subsequent figures are mean ± standard error of the 

mean (SEM). 

The online version of this article includes the following figure supplement(s) for figure 1: 

Source data 1. Western blots for immediate-early gene (IEG) induction in GFP and GFP-GluN3A-infected neurons 

after bicuculline treatment. 

Source data 2. Western blots for bicuculline induction of immediate-early genes (IEGs) in GFP and GFP-GluN3A-

infected neurons in the presence of MG132. 

Figure supplement 1. Selective versus global effects of GluN3A expression and general NMDAR blockade on 

activity-dependent signaling. 

Figure supplement 1—source data 1. Annotated western blots and original scans. 

Figure supplement 1—source data 2. Annotated western blots and original scans. 

Figure supplement 1—source data 3. Annotated western blots and original scans. 

Figure supplement 1—source data 4. Annotated western blots and original scans. 

Figure supplement 2. RNAseq analysis of activity-dependent gene expression. 

GluN3A inhibits mTORC1-dependent translation of IEGs  

We thus turned to protein synthesis pathways to search for mechanisms underlying the 

selective inhibition of gene expression by GluN3A. We focused on mTORC1 because it has 
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been shown to couple synaptic signals including BDNF and NMDAR activation to translation 

of specific mRNAs in dendrites and synapses (Takei et al., 2004; Tang et al., 2002). 

mTORC1 signaling was strongly activated by bicuculline in DIV14 cortical neurons, as 

shown by phosphorylation of mTOR on Ser2448 (a reliable readout of mTORC1 kinase 

activity; see Chiang and Abraham, 2005) and of its downstream effectors, the p70-kDa 

ribosomal protein S6 kinase (S6K, Thr389) and the ribosomal protein S6 (Ser240–4, Figure 2A 

and B). The effects were blocked by APV and the NMDAR open-channel blocker MK-801, 

confirming NMDAR dependence in our model (Figure 2—figure supplement 1). 

The phosphorylation of mTOR, S6K, and S6 following bicuculline treatment was 

significantly reduced in GluN3A-infected neurons, indicating that GluN3A interferes with 

synaptic mTORC1 activation (Figure 2B). Two experiments linked mTORC1 inhibition to the 

altered production of IEGs. First, low concentrations of rapamycin (100 nM) that inhibit 

mTORC1 but not mTORC2 (Zhu et al., 2018), blocked Arc and Fos translation in response 

to bicuculline without affecting Zif268, demonstrating selective mTORC1 dependence 

(Figure 2C). By contrast, the general protein synthesis inhibitor anisomycin fully suppressed 

Arc, Fos, and Zif268 induction (Figure 2—figure supplement 1B). Second, restoring 

mTORC1 signaling in GluN3A-infected neurons by expressing a constitutively active form 

of Rheb, the main upstream activator of mTORC1, was sufficient to normalize IEG induction 

(Figure 2D). 

 

Figure 2. GluN3A expression regulates synaptic mTORC1 activation. (A) Schematic of the mTORC1 signaling 

pathway. (B) Left, representative western blots of primary rat cortical neurons infected with GFP and GFP-GluN3A 

(DIV9) and treated with bicuculline at DIV14. Right, fold-induction of phosphorylated mTOR, S6K and S6 normalized 

to total protein (n=6-8 from 3-4 independent cultures; *p<0.05, ***p<0.001, two-tailed paired t-test). (C) mTOR is 

required for activity-dependent induction of Arc and Fos but not Zif268. Left, representative western blots of DIV14 
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neurons stimulated with bicuculline after pre-incubation with rapamycin (100 nM, 1 h before and during bicuculline 

treatment). Right, fold-induction of IEGs in response to bicuculline (n=4 from 2 independent cultures; *p<0.05, 

***p<0.001, two-tailed paired t-test). (D) Reactivation of mTOR in GFP-GluN3A infected neurons by AAV-driven 

constitutively active Rheb (caRheb) rescues Arc induction. Left, representative western blots of neurons infected with 

lentiviral GFP-GluN3A and AAV-caRheb and treated with bicuculline. Right, fold-induction by bicuculline of pS6 and 

Arc in the indicated conditions (n=4 from 2 independent cultures; ***p<0.001, one-way ANOVA followed by Tukey’s 

test).  

The online version of this article includes the following figure supplement(s) for figure 2: 

Source data 1. Western blots for mTOR and downstream effector phosphorylation in GFP and GFP-GluN3A-infected 

cortical neurons after bicuculline treatment. 

Source data 2. Western blots for rapamycin dependence of immediate-early genes (IEGs) induction in DIV14 cortical 

neurons by bicuculline treatment. 

Source data 3. Western blots for caRheb rescue of p-S6 and Arc induction in DIV14 cortical neurons by bicuculline 

treatment. 

Figure supplement 1. General inhibition of the activity induction of immediate-early genes (IEGs) by anisomycin. 

Figure supplement 1—source data 1. Annotated western blots and original scans. 

Figure supplement 1—source data 2. Annotated western blots and original scan. 

Conversely, lentiviral knockdown of GluN3A in cortical neurons with a validated 

short hairpin RNA (Kehoe et al., 2014) enhanced mTORC1 activity (Figure 3A and B) and 

potentiated the induction of Arc and Fos by bicuculline or BDNF (Figure 3C and D). 

Increased phosphorylation of S6K and S6 was additionally detected in hippocampal lysates 

from mice lacking GluN3A (Grin3a−/−) relative to wild-type littermates (Figure 3E), 

confirming a role of GluN3A in limiting mTORC1 signaling in vivo. 

 

Figure 3. GluN3A deletion potentiates synaptic mTORC1 signaling. (A) Primary rat cortical neurons were infected 

on days in vitro (DIV) 3 with lentiviruses expressing GFP alone or along with a small hairpin RNA (shRNA) against 

GluN3A (GFP-sh3A) and collected at DIV7–9, when GluN3A expression is maximal. (B) Representative blots and 
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quantification of phosphorylated S6 kinase (S6K) and S6 normalized to total protein (n = 6–8 from three to four 

independent cultures; *p < 0.05, **p < 0.01 two-tailed paired t-test). Arrow marks specific GluN3A band. (C, D) 
Representative western blots and quantification of immediate-early gene (IEG) induction by bicuculline or BDNF (n = 

6–12 from three independent cultures; *p < 0.05, **p < 0.01, ***p < 0.001, two-tailed paired t-test). Data plotted as 

percentage of stimulated control GFP-infected neurons. (E) Immunoblots and quantification of S6K and S6 

phosphorylation in lysates from wild-type (WT) and Grin3a−/− hippocampi (n = 4–8 mice; *p < 0.05, **p < 0.01, two-

tailed unpaired t-test).  

The online version of this article includes the following figure supplement(s) for figure 3: 

Source data 1. Western blots for S6 kinase (S6K) and S6 phosphorylation in control and sh3A-infected days in vitro 

(DIV) 7 cortical neurons. 

Source data 2. Western blots for Arc and Fos induction by bicuculline and BDNF in control and sh3A-infected days 

in vitro (DIV) 7 cortical neurons. 

Source data 3. Western blots for S6 kinase (S6K) and S6 phosphorylation in lysates from P8 and P16 wild-type and 

Grin3a−/− hippocampi. 

mTORC1 inhibition requires GluN3A C-terminal domain interactions  

GluN3A subunits confer unique biophysical properties to NMDARs, including reduced 

channel conductance and calcium permeability, and enable distinct interactions with 

signaling/scaffolding proteins via their intracellular C-terminal tail (Perez-Otano et al., 2016). 

To dissect their contribution to inhibited mTORC1 signaling, we derived primary cortical 

neurons from Grin3a-/- mice and re-expressed full-length GluN3A, a mutant where the distal 

33 amino acids of the GluN3A C-terminus have been deleted and lacks synapse 

destabilizing activity (GluN3A1082∆) (Fiuza et al., 2013; Kehoe et al., 2014), or GFP as a 

control (Figure 4A). While full-length GluN3A rescued the enhanced mTOR activation and 

hyper-induction of Arc and Fos proteins by bicuculline or BDNF in Grin3a-/- cultures, the 

GluN3A1082∆ mutant failed to do so (Figure 4B-E). Neither GluN3A nor GluN3A1082∆ 

modified the activation of other signaling pathways such as ERK1/2 phosphorylation or the 

induction of Zif268 in Grin3a-/- neurons (Figure 4D).  

Since GluN3A and GluN3A1082∆ display similar distributions and cell surface 

targeting (Fiuza et al., 2013), the differences we observed are unlikely to stem from altered 

subcellular localization. We evaluated whether the deletion alters ion fluxes via GluN3A-

NMDARs by analyzing electrophysiological responses to glutamate of GluN3A and 

GluN3A1082∆ when co-expressed with GluN1 and GluN2A in HEK293 cells. The relative 

calcium permeability was estimated by measuring the shift in reversal potential (∆Erev) of 

recombinant NMDAR currents induced by changing extracellular Ca2+ (Perez-Otano et al., 

2001). GluN3A and GluN3A1082∆ yielded similarly reduced shifts in ∆Erev relative to 

conventional GluN1/GluN2A NMDARs, confirming that the mutant incorporated into 

functional triheteromeric GluN3A-NMDARs and arguing against differences in Ca2+ 

permeability (Figure 4 - figure supplement 1A). In addition, both GluN3A versions drove 

comparable reductions in current densities relative to conventional NMDARs (Figure 4 - 
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figure supplement 1B). Along with non-conventional NMDARs, GluN3A subunits can form 

glycine-gated diheteromeric GluN1/GluN3 receptors (Perez-Otano et al., 2016). Thus we 

additionally examined whether the deletion modified responses to glycine of GluN1/GluN3 

receptors taking advantage of the CGP-78608 compound (Grand et al., 2018), but no 

differences were found (Figure 4 - figure supplement 1C). The absence of ionotropic 

differences favored the hypothesis that inhibition of mTOR signaling requires metabotropic 

interactions of GluN3A-NMDARs, possibly modulating its association with synaptic adaptors 

or scaffolds. 

 

Figure 4. mTORC1 inhibition is mediated by GluN3A C-terminal domain interactions. (A) Cortical neurons from 

Grin3a−/− mice were infected on days in vitro (DIV) 6 with lentiviruses expressing GFP, GFP-GluN3A, or GFP-

GluN3A1082Δ, and stimulated with bicuculline or BDNF at DIV12. (B, D) Representative western blots of lysates from 

bicuculline or BDNF-treated neurons probed for the indicated antibodies. (C, E) Induction of phosphorylated S6 

(normalized to total levels), Arc and Fos by bicuculline or BDNF (n = 3–7 from two to four independent cultures, *p < 

0.05, **p < 0.01, ***p < 0.001 analysis of variance [ANOVA] followed by Tukey’s test). 

The online version of this article includes the following figure supplement(s) for figure 4: 

Source data 1. Western blots for mechanistic target of rapamycin (mTOR) effector phosphorylation and Arc and Fos 

induction in GFP, GFP-GluN3A, and GFP-GluN3A1082Δ-infected cortical neurons after bicuculline treatment. 

Source data 2. Western blots for mechanistic target of rapamycin (mTOR) effector phosphorylation and Arc and Fos 

induction in GFP, GFP-GluN3A, and GFP-GluN3A1082Δ-infected cortical neurons after BDNF treatment. 

Figure supplement 1. Electrophysiological properties of recombinant NMDA and excitatory glycine receptors 

containing full-length or truncated GluN3A. 
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GluN3A expression modulates the assembly of synaptic GIT1/mTORC1 complexes 

A leading candidate is the multifunctional adaptor GIT1. GIT1 is enriched in postsynaptic 

compartments and binds the 33 amino acids of the GluN3A C-terminus that we show above 

are required for mTORC1 inhibition (Fiuza et al., 2013). Although best known for its role in 

actin signaling (Zhang et al., 2003), GIT1 has been detected in mTOR immunoprecipitates 

from mouse astrocytes by mass spectrometry (Smithson and Gutmann, 2016) though a 

function for this association could not be established. Using reciprocal immunoprecipitation 

with GIT1 and mTOR antibodies, we isolated GIT1/mTOR complexes from lysates of 

microdissected hippocampal (Figure 5A) and cortical (not shown) tissue. We chose 

detergent conditions that preserve mTOR interactions with Raptor and Rictor (0.3% 

CHAPS) to further characterize the composition of the complex, and were able to identify 

Raptor (but not the mTORC2 component Rictor) in GIT1 immunoprecipitates. The mTOR 

antibody pulled-down both, validating our assay conditions (Figure 5A). The GIT1-binding 

protein and Rac1 activator ßPIX was also pulled down by the mTOR antibody while the 

control presynaptic protein synaptophysin was not (Figure 5A). We additionally detected 

phosphorylated mTOR at Ser2448 in GIT1 immunoprecipitates, demonstrating 

GIT1/mTORC1 complex functionality (Figure 5B).  

We then examined the subcellular localization of GIT1/mTORC1 complexes using 

in situ proximity-ligation assay (PLA) with antibodies against GIT1 and mTOR. PLA puncta 

were present along dendritic shafts often localized within or at the base of dendritic spines 

(Figure 5C), suggesting that GIT1 positions mTORC1 near synaptic sites to mediate 

dendritic translation in response to synaptic signals. To test this, we stimulated cortical 

neurons with bicuculline or BDNF and quantified mTOR phosphorylation in total lysates and 

GIT1 immunoprecipitates. Both bicuculline and BDNF induced large increases in the 

phosphorylation of GIT1-bound mTOR on Ser2448 (Figure 5D, E). Importantly, the 

phosphorylation of GIT1-bound mTOR was much higher than phosphorylation of the total 

cellular mTOR pool (BDNF: 1.98 ± 0.38-fold increase in total lysates vs 4.2 ± 1.15 in GIT1-

immunoprecipates; bicuculline: 1.42 ± 0.15 vs 4.63 ± 1.24), consistent with a role for GIT1 

in nucleating synaptic mTORC1 activation. Further evidence came from GIT1 loss-of-

function experiments. Lentiviral knockdown of GIT1 blunted the activation of mTORC1 by 

BDNF, as shown by reduced phosphorylation of S6 and S6K (Figure 5F, G), and inhibited 

mTORC1-dependent protein synthesis assessed using a non-radioactive puromycin-

labeling assay (SUnSET) (Figure 5H). Arc translation was also reduced, as judged by loss 

of rapamycin sensitivity relative to control neurons, while Zif268 which is mTORC1-

independent was unaffected (Figure 5F, G). Collectively, these experiments demonstrated 

the existence of mTORC1 complexes composed of GIT1, mTOR and Raptor that mediate 

mTORC1 signaling in response to synaptic stimuli. 
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Figure 5. GIT1/mechanistic target of rapamycin (mTOR)/Raptor complexes couple synaptic activation to mTORC1-

dependent protein synthesis. (A, B) Protein extracts from P16 mouse hippocampus were solubilized with 0.3 % 

CHAPS buffer, incubated with antibodies against mTOR or GIT1 (IP), and immunoprecipitated proteins analysed by 

immunoblot (IB). Input: 10 % of lysate used for immunoprecipitation. IgG−: no antibody control. A cartoon of the 

interactions and regulation by activity (see panel D) is shown. (C) Representative images of proximity ligation assay 

for rat mTOR: GIT1 (magenta) in days in vitro (DIV) 17 rat hippocampal neurons transfected with GFP (green) to 

visualize dendritic morphology (scale bar, 5 μm). High magnification examples of spines and dendrites (scale bars, 

0.5 and 1 μm) are shown. As negative control, only mTOR primary antibody was used. (D, E) Rat cortical neurons 

stimulated with BDNF or bicuculline were solubilized with 0.3 % CHAPS and incubated with GIT1 antibody (IP). 

Representative immunoblots (D) and quantification of mTOR phosphorylation in GIT1 immunoprecipitates (E) are 

shown (n = 3–6 from three independent cultures; *p < 0.05, # = 0.06, two-tailed unpaired t-test). (F–H) Primary mouse 

cortical neurons were infected with lentiviruses expressing GFP or GFP-shGIT1 on DIV7. mTOR responses to BDNF 

(F, G) and puromycin incorporation (H) in the presence or absence of 100 nM rapamycin were analyzed at DIV14. 

Quantification of phosphorylated S6K and S6 and Arc induction (#pS6K: p = 0.13, #pS6: p = 0.05, two-tailed paired; 

***p < 0.001, two-way analysis of variance [ANOVA] followed by Tukey’s test) (G) and puromycin levels normalized 
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to Ponceau S (n = 5–7 from four independent cultures, **p < 0.01, two-way ANOVA followed by Tukey’s test) (H) are 

shown. 

The online version of this article includes the following figure supplement(s) for figure 5: 

Source data 1. Coimmunoprecipitation assays of GIT1 with mechanistic target of rapamycin (mTOR), Raptor, and 

Rictor in P16 mouse hippocampus. 

Source data 2. Coimmunoprecipitation of GIT1 with phosphorylated mechanistic target of rapamycin (mTOR) in 

Ser2448 in P16 mouse hippocampus. 

Source data 3. Coimmunoprecipitaion of GIT1 and phosphorylated mechanistic target of rapamycin (mTOR) in days 

in vitro (DIV) 17 hippocampal neurons after bicuculline and BDNF treatment. 

Source data 4. Western blots of mechanistic target of rapamycin (mTOR) effectors and immediate-early gene (IEG) 

induction by BDNF in the presence or absence of rapamycin in days in vitro (DIV) 14 cortical neurons infected with 

control or shGIT1-expressing lentiviruses. 

Source data 5. Western blots of puromycin incorporation in days in vitro (DIV) 14 cortical neurons infected with control 

or shGIT1-expressing lentiviruses. 

GluN3A/GIT1 interactions control the emergence of mTORC1-dependent protein 
synthesis 

We further found that the abundance of GIT1/mTORC1 complexes is regulated throughout 

postnatal development. GIT1/mTORC1 complexes were readily observed in P16, but not 

P7 or P10, hippocampus or cortex of wild-type mice (Figure 6A; Figure 6 - figure supplement 

1). Because this time-course matches well the timing of synaptic GluN3A down-regulation 

in vivo (Henson et al., 2012), we asked whether GluN3A expression influences 

GIT1/mTORC1 assembly. Biochemical analysis of GIT1 immunoprecipitates from 

hippocampi of P10 wild-type and Grin3a-/- showed that GluN3A removal enables the 

formation of GIT1/mTORC1 complexes at earlier stages, as judged by enhanced 

GIT1/mTOR and GIT1/Raptor binding (Figure 6B). Reciprocally, re-expression of full-length 

GluN3A (but not the GluN3A1082∆ mutant) in Grin3a-/- neurons was sufficient to prevent 

the GIT1/mTOR association, indicating that GluN3A-bound GIT1 cannot incorporate into 

the complex (Figure 6C). Taken together, the results support a model where GluN3A 

expression regulates the abundance of synaptic GIT1/mTORC1 complexes by directly 

binding GIT1, impeding its association with mTOR and limiting mTORC1 activation and 

downstream protein synthesis of plasticity factors. Conversely, developmental or genetic 

GluN3A down-regulation enables GIT1/mTORC1 formation and primes synapses for 

mTORC1-dependent translation (Figure 6D).  

To test this model, we asked whether genetic manipulations of GluN3A/GIT1 

interactions affect the timing and magnitude of mTORC1-dependent protein synthesis.  A 

first set of experiments showed that protein synthesis in young cortical neurons (DIV7-9) is 

not dependent on mTORC1 activation, with strong rapamycin sensitivity emerging at later 

stages (DIV14) (Figure 6 - figure supplement 2). Knockdown of GluN3A resulted in a large 
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increase in protein synthesis in DIV7-9 neurons, which exhibited a rapamycin-dependence 

typical of mature neurons (Figure 6E). Robust rapamycin-dependent protein synthesis was 

also observed in Grin3a-/- neurons (Figure 6F). Re-expression of GluN3A, but not 

GluN3A1082∆, reduced protein synthesis rates and was sufficient to block mTORC1-

dependence, reinstating a juvenile mode of protein synthesis (Figure 6F). Thus GluN3A, via 

binding to GIT1, controls the age-dependent switch between mTORC1-independent and 

mTORC1-dependent protein synthesis. 

 

Figure 6. GluN3A/GIT1 interactions control the age-dependent onset of mTORC1-dependent protein synthesis. (A) 
Hippocampi from P7, P10, and P16 wild-type mice were lysed, immunoprecipitated with GIT1 antibody and probed 

for the indicated antibodies. Input: 10 % of the lysate used for immunoprecipitation. IgG−: negative control without 

antibody. Red asterisks here and other panels indicate mechanistic target of Rapamycin (mTOR)- and Raptor bound 

to GIT1. (B) GIT1/mTORC1 complex formation is enhanced in P10 Grin3a−/− hippocampus. Representative blots of 

GIT1 immunoprecipitates and quantifications are shown (n = 2–4 mice; **p < 0.01 unpaired t-test). Bound mTOR and 

Raptor are normalized to immunoprecipitated GIT1. Syp1: synaptophysin 1. (C) Grin3a−/− cortical neurons infected 

with GFP, GFP-GluN3A, or GFP-GluN3A1082Δ were solubilized and GIT1 immunoprecipitates blotted as indicated 

(IB). (D) GIT1/GluN3A control mTORC1 translation. Left: at early postnatal stages, immature synapses express 

GluN3A-NMDARs, which bind the postsynaptic scaffold GIT1 via their C-terminal tail preventing the nucleation of 

GIT1/mTORC1 and the mTORC1-mediated synthesis of plasticity proteins. Right: at juvenile/adult stages, GluN3A 

downregulation enables GIT1/mTOR/Raptor complex assembly and primes synapses for mTORC1 translation of 

mRNAs involved in synapse and memory consolidation. The genetic manipulations shown here to alter the timing of 

the age-dependent switch from mTORC1-independent to mTORC1-dependent modes of translation are indicated. 

Note that GluN3A expression is retained by subsets of synapses in adult brains and might play roles in selecting 

synapses that will be recruited to stably encode memory traces (see Discussion). (E) Mouse cortical neurons were 
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infected with lentiviruses expressing GFP or GFP-sh3A on days in vitro (DIV) 3 and protein synthesis analyzed at 

DIV7–9. Representative blots and quantification of puromycin incorporation in infected neurons treated with rapamycin 

(100 nM), cycloheximide (CHX, 25 μM), or vehicle. (F) Grin3a−/− cortical neurons were infected with GFP, GFP-

GluN3A or GFP-GluN3A1082Δ lentiviruses, and protein synthesis analyzed at DIV12. GluN3A expression and mTOR 

activation were monitored with the indicated antibodies (IB). In panels D–E, n = 4–7 from three to four independent 

cultures (*p < 0.05, **p < 0.01, ***p < 0.001, two-way analysis of variance [ANOVA] followed by Tukey’s test). 

The online version of this article includes the following figure supplement(s) for figure 6: 

Source data 1. Coimmunoprecipitation of GIT1 and mechanistic target of rapamycin (mTOR) in lysates from P7, P10, 

and P16 mouse hippocampus. 

Source data 2. Coimmunoprecipitation of GIT1 with mechanistic target of rapamycin (mTOR) and Raptor in 

hippocampal lysates from P10 wild-type and Grin3a−/− mice. 

Source data 3. Coimmunoprecipitation of GIT1 with mechanistic target of rapamycin (mTOR) in Grin3a−/− cortical 

neurons infected with GFP, GFP-GluN3A, and GFP-GluN3A1082Δ lentiviruses. 

Source data 4. Western blots of puromycin incorporation in neurons infected with control or sh3A-expressing 

lentiviruses. 

Source data 5. Western blots of puromycin incorporation in the presence or absence of rapamycin in Grin3a−/− 

cortical neurons infected with GFP, GFP-GluN3A, and GFP-GluN3A1082Δ. 

Figure supplement 1. Postnatal regulation of GIT1/mTORC1 complexes in mouse somatosensory cortex. 

Figure supplement 1—source data 1. Annotated western blots and original scans. 

Figure supplement 2. Age-dependent emergence of mTORC1-dependent protein synthesis in cultured rat cortical 

neurons. 

Figure supplement 2—source data 1. Annotated western blots and original scans. 

Long-term memory formation is enhanced in Grin3a-deficient mice in a rapamycin-
dependent manner 

While GluN3A expression is typical of immature synapses at early postnatal stages as 

illustrated in our model, electron microscopy analyses demonstrate that subsets of 

synapses continue to express GluN3A into adulthood in areas such as the hippocampal 

CA1  (Roberts et al., 2009); and a recent mRNA expression study revealed that significant 

GluN3A levels are retained in a variety of brain regions (Murillo et al., 2021). Previous work 

showed that transgenic GluN3A overexpression impairs memory consolidation in 

hippocampal-dependent paradigms such as the Morris water maze (Roberts et al., 2009), 

but whether endogenous GluN3A expression has a physiological role in memory formation 

is unknown. We hypothesized that GluN3A modulation of synaptic mTORC1 signaling might 

provide a mechanism to set modes of translational control participating in memory encoding. 

We reasoned that, if so, GluN3A deletion would create a permissive environment 

for stable memory formation and tested this by assessing mice learning in increasingly 

demanding tasks. Testing of Grin3a-/- mice in a standard version of the Morris water maze 

(4 trials per day) did not reveal differences in the latencies to reach the hidden platform 

relative to wild-type controls (Figure 7 - figure supplement 1). Wild-type and Grin3a-/- mice 
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displayed similar preferences for the target quadrant in probe trials where the platform was 

removed from the pool at the end of training, confirming that both had learnt the platform 

location (PT1; Figure 7 - figure supplement 1C). Differences emerged with a more 

demanding version of the task (2 trials per day): both male and female Grin3a-/- mice 

reached the platform significantly faster than wild-types, with shorter latencies by day 3 of 

training and greater preference for the target quadrant in probe trials (PT1; Figure 7A, B; 

Figure 7 - figure supplement 1B, D). No differences were observed in a visible version of 

the maze or in swim velocities, suggesting that motor or perceptual differences do not 

account for the phenotype (Figure 7 - figure supplement 1E, F).  

Similarly reduced learning thresholds had been reported in mice with elevated 

activity of mTOR or other pathways controlling translation (Banko et al., 2007; Costa-Mattioli 

et al., 2007; Hoeffer et al., 2008; Stern et al., 2013), often at the expense of impaired ability 

to respond to changed environments, altered memory fidelity, or appearance of perseverant 

and repetitive behaviors (Banko et al., 2007; Hoeffer et al., 2008; Santini et al., 2013 ; 

Shrestha et al., 2020b; Trinh et al., 2012). Thus we evaluated cognitive flexibility by re-

training the mice to learn a new platform location (“reversal”). Grin3a-/- mice were better at 

shifting their preference relative to wild-type controls as evident in probe trials conducted 7 

days after reversal (PT2; Figure 7A, B, Figure 7 - figure supplement 1B, D). No 

perseverative behavior was observed either in a Y-maze spontaneous alternation task 

(Figure 7 - figure supplement 1G). These results showed that GluN3A deletion facilitates 

spatial learning and memory without the unwanted effects associated to other modulators 

of translation. 

We then assessed associative memory formation using two tasks that depend on 

new protein synthesis and can be achieved with the single pairing of a conditioned (CS) and 

unconditioned stimulus (US): conditioned taste aversion (CTA) and contextual fear 

conditioning. In CTA, a novel taste (saccharin, CS) is associated with an aversive US (LiCl, 

which induces nausea). The LiCl dose (US) and temporal contiguity between CS-US can 

be regulated to evaluate standard memory (Figure 7C), or “enhanced” memory by using a 

weaker paradigm (Figure 7F) (Adaikkan and Rosenblum, 2015). Transgenic mice with 

prolonged GluN3A expression into adulthood (dt GluN3A) displayed deficits in a standard 

CTA paradigm (US, LiCl 0.15 M i.p.) as judged by their similar preference for saccharin 24 

hours after saline or LiCl injections (Figure 7D, green bars). This result was in-line with the 

memory deficits reported in other behavioral paradigms (Roberts et al., 2009). Control 

experiments ruled out the possibility that the defect was due to insensitivity to LiCl or to 

defects in distinguishing flavors (Figure 7 - figure supplement 2). By contrast, Grin3a-/- mice 

did not show differences relative to wild-types in a standard paradigm of CTA memory 

(Figure 7E). We then used a weak CTA paradigm where the strength of the US was reduced 
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(LiCl 0.025 M), and US-CS were separated by 5 hours (Figure 7F). Under these conditions, 

only Grin3a-/- mice formed an association between CS-US, as shown by their significantly 

reduced preference for saccharin after LiCl injection but intact preference in wild-type 

controls. The negative association was long-lasting as it could be observed 24 (Figure 7G) 

and 48 hours after conditioning (data not shown). To determine whether it was mTOR-

dependent, we treated mice with a subthreshold dosing regime of rapamycin (Stoica et al., 

2011) that does not affect standard CTA memory (Figure 7 - figure supplement 2). 

Rapamycin erased the weak CTA memory in Grin3a-/- mice (Figure 7H), supporting the 

notion that disinhibited mTOR signaling causes the cognitive enhancement. 

 

Figure 7. GluN3A deletion facilitates spatial and associative learning. (A) Escape latencies of male wild-type (WT) 

and Grin3a−/− mice on a weak version of the Morris water maze (two trials per day) during 7-day training and after 

platform reversal on day 8. (B) Probe trials performed 24 hr after day 7 (PT1), or 24 hr after reversal training (PT2) (n 

= 10–13 mice per genotype; two-way analysis of variance [ANOVA] with Bonferroni post hoc test, *p < 0.05, ***p < 

0.0001). (C) Conditioned taste aversion (CTA) paradigm. (D) Saccharin preference of control and double transgenic 

(dt) GluN3A mice, and (E) WT and Grin3a−/− mice after vehicle or LiCl injection (n = 5–7 mice per group; ***p < 0.001, 

two-way ANOVA followed by Bonferroni post hoc test). (F–H) Weak CTA paradigm and rapamycin treatment regime. 

Decreased saccharin preference of Grin3a−/− mice on the weak CTA (G) was reversed by rapamycin (H) (**p < 0.01, 

two-way ANOVA followed by Bonferroni post hoc test). 

The online version of this article includes the following figure supplement(s) for figure 7: 

Figure supplement 1. Behavior of male and female Grin3a−/− mice in the Morris water maze. 

Figure supplement 2. Controls for conditioned taste aversion (CTA) experiments.  

 In contextual fear conditioning, a particular environment (CS) is associated with a 

foot-shock (US) (Figure 8A). Wild-type and Grin3a-/- littermates showed similar freezing 
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responses before the delivery of the foot-shock (Figure 8B). However, freezing was 

significantly stronger in Grin3a-/- mice 24 and 48 hours after a weak training protocol (single 

pairing of a tone with a 0.3 mA foot-shock, Figure 8B, C), demonstrating enhanced and 

lasting memory formation. No differences were observed in short-term (1 hour) memory that 

is protein-synthesis independent (Figure 8B). As in CTA, rapamycin occluded the difference 

between wild-type and Grin3a-/- mice (Figure 8C). Taken together, our behavioral results 

demonstrate that GluN3A deletion lowers the threshold for stable memory storage and 

provide pharmacological evidence linking the enhanced learning to a relief of GluN3A 

constraints on mTORC1 signaling.  

Yet the cognitive enhancement could have been due to lack of GluN3A during 

development rather than adult stages. Also, GluN3A is expressed by excitatory neurons 

and somatostatin interneurons, both recently implicated in protein-synthesis dependent 

memory consolidation (Sharma et al., 2020; Shrestha et al., 2020a). We therefore 

selectively ablated Grin3a from excitatory neurons or somatostatin-expressing interneurons 

by crossing floxed Grin3a mice (Grin3af/f) with mice that express Cre recombinase under 

the control of the Ca2+ calmodulin kinase IIα (Camk2a-CreERT2) or somatostatin (Sst-Cre) 

promoter. The first strategy allowed conditional deletion of GluN3A at adult stages by 

injecting tamoxifen (Figure 8D). Biochemical analysis of adult hippocampal lysates 

confirmed effective deletion of GluN3A, and revealed that ~70% and ~20% of GluN3A 

protein is expressed by excitatory and somatostatin interneurons respectively (Figure 8 - 

figure supplement 1). We then subjected the mice to the weak fear conditioning protocol. 

Adult deletion of GluN3A from excitatory neurons was sufficient to enhance long-term 

memory, as shown by stronger freezing of Grin3af/f x Camk2a-CreERT2 mice 24, 48 hours 

and even 7 days after training (Figure 8D). In contrast, Grin3af/f x Sst-Cre and control mice 

exhibited similar freezing levels 24 and 48 hours after training (Figure 8E). Thus, adult 

GluN3A expression in excitatory neurons gates long-term memory formation. 

Finally, we evaluated fear extinction, a form of memory where repeated 

presentation of a CS without reinforcement leads to the extinction of the acquired fear 

memory (Andero and Ressler, 2012). Fear extinction requires protein synthesis and is 

another indicator of behavioral flexibility that has been shown to be impaired after 

manipulation of general elements of translation. Mice were subjected to a strong auditory 

cued-fear conditioning protocol (5 pairings of a tone (CS) with a 0.3 mA foot-shock) followed 

by four cued-fear extinction sessions (15 CS alone, no foot-shock) (Figure 8F). Fear 

memory acquisition was similar between WT and Grin3a-/- littermates but fear extinction 

was enhanced in Grin3a-/- mice (Figure 8G), demonstrating that GluN3A deletion does not 

compromise the updating of memories but rather facilitates the extinction of fear memories. 
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Figure 8. GluN3A deletion from excitatory neurons in adult mice is sufficient for memory enhancement. (A) Contextual 

fear conditioning test. (B) Enhanced contextual fear conditioning in Grin3a−/− mice 24 hr but not 1 hr after training (n 

= 9–13 mice per group; left: repeated measures two-way analysis of variance [ANOVA] with Bonferroni post hoc test, 

p = 0.004; right: two-tailed unpaired t-test, *p < 0.05). (C) Enhanced contextual fear conditioning in Grin3a−/− mice at 

48 hr is reversed by rapamycin (2 × 20 mg/kg i.p., 24 hr apart, prior to training) (n = 10–11 mice per group; *p < 0.05; 

**p < 0.01, two-way ANOVA with Bonferroni post hoc test). (D, E) Conditional deletion of GluN3A from adult excitatory 

neurons, but not somatostatin (Sst) interneurons, enhances long-term contextual fear memory. The regime for 

tamoxifen (TMX) injection is indicated (*p < 0.05: ***p < 0.001 two-tailed unpaired t-test). (F, G) Cued-fear extinction 

in Grin3a−/− and wild-type littermates over a four-day fear extinction paradigm (n = 14–13 mice per group; *p = 0.0461 

between-subjects effect, repeated measures ANOVA). Freezing levels were not different between phenotypes in FE1 

(t(25) = 0.760, p = 0.455). 

The online version of this article includes the following figure supplement(s) for figure 8: 

Figure supplement 1. Expression of GluN3A and other synaptic proteins in conditional Grin3a knockout mice. 

Figure supplement 1—source data 1. Annotated western blots and original scans. 

Figure supplement 1—source data 2. Annotated western blots and original scans. 

DISCUSSION 

In this study we report a regulatory mechanism that affords spatiotemporal control of 

mTORC1-dependent translation in response to synaptic stimulation. Specifically we identify 

GIT1/mTORC1 complexes as key mediators of synaptic mTORC1 responses, and 

demonstrate that GluN3A-NMDARs, through direct association with GIT1, impede 

GIT1/mTORC1 assembly and negatively regulate synaptic mTORC1 activation and 
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mTORC1-dependent translation. Using in vitro and in vivo genetic approaches, we further 

show that negative regulation by GluN3A determines the emergence of mature mTORC1-

dependent protein synthesis in developing brains, and continues to play a role in adult life 

by placing boundaries on long-term memory storage. More broadly, our findings suggest 

that neuronal GIT1/mTORC1 complexes might provide a central site for regulation and 

dysregulation of synaptic translation in other physiological and disease contexts. 

Modulation by GluN3A of GIT1/mTORC1 complex assembly  

mTORC1 is a ubiquitous protein kinase complex that promotes protein synthesis and cell 

growth in response to a variety of signals including nutrient availability, energy levels, 

insulin, growth factors and synaptic inputs. Coupling such diverse signals to mTORC1 

activation requires the regulated targeting of mTOR to specific subcellular compartments. 

For instance, mTORC1 responses to amino acids require its recruitment by the Ragulator-

Rag complex to lysosomal membranes, where interactions between positive (Rheb) and 

negative (Tsc1/2 complex) mTOR regulators take place (Benjamin and Hall, 2014; Sancak 

et al., 2010).  Our observations suggest that GIT1 could play an analogous scaffolding role 

to position mTORC1 such that it senses synaptic signals, with negative regulation by 

GluN3A limiting mTORC1-dependent translation at specific developmental times and/or in 

specific subsets of synapses in adult brains.  

First, GIT1/mTORC1 complexes are located at dendritic/synaptic sites and 

respond to synaptic stimuli, as shown by phosphorylation of GIT1-bound mTOR on 

Ser2448, an event that is stimulated by NMDARs (Figure 2- figure supplement 1) and is 

amplified by feedback from the downstream of the mTORC1 substrate S6K (Chiang and 

Abraham, 2005). Second, knocking-down GIT1 blunts synaptic mTORC1 signaling and 

mTORC1-dependent translation of specific activity-regulated genes. Third, GIT1/mTORC1 

abundance increases during postnatal development and is bi-directionally modulated by 

GluN3A expression. Fourth, association of GIT1 with GluN3A is required for mTORC1 

modulation, as demonstrated by the fact that expression in the Grin3a knockout of a GluN3A 

mutant lacking the GIT1-binding site does not rescue the increased assembly of GIT1 with 

mTOR (Figure 6) or the increased activation of synaptic mTORC1 (Figure 4). Given that 

GluN3A and mTOR bind overlapping regions in GIT1 (Fiuza et al., 2013; Smithson and 

Gutmann, 2016), the most parsimonious explanation is that GluN3A competes with mTOR 

for binding to GIT1.  

We previously reported that GluN3A modulates the formation of GIT1 complexes 

with βPIX (Fiuza et al., 2013), and might coordinately inhibit two central mechanism in 

spines that are necessary for memory consolidation —actin cytoskeletal rearrangements 
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and protein synthesis.  This action would be analogous to the translational repression by 

FMRP/CYFIP1 complexes (De Rubeis et al., 2013). Our results here (see Figure 6B) 

indicate that GluN3A exerts a more potent regulation over GIT1/mTORC1 than GIT1/βPIX 

complexes and suggest that mTOR modulation might be the primary event. Of note, rare 

coding variants in GIT1 have been identified in schizophrenic patients (Kim et al., 2017) and 

GIT1 knockout mice display deficits that resemble those seen in mice with elevated GluN3A 

expression, including reduced spine size and poor learning and memory (Martyn et al., 

2018). Additional phenotypes reported in mice and flies upon GIT1 deletion, such as 

microcephaly, reduced neuronal size or hyperactivity, might also be related to mTOR 

modulation (Hong and Mah, 2015; Won et al., 2011). 

Our RNAseq analyses indicate that GluN3A acts at the level of translation and 

would thus preserve the supply of activity-induced plasticity mRNAs but restrict their active 

translation to specific synapses, in contrast to classical NMDARs that work at both 

transcriptional and translational levels. Nevertheless, GluN3A knockdown in cultured 

neurons has recently been shown to enhance the transcription of a subset of mRNAs (Chen 

et al., 2020) upon prolonged periods of synaptic activation (6-8 hours vs 1 hour in the 

present study), and we cannot rule out later regulation by GluN3A of compensatory or 

homeostatic responses. Of note, tonic repression of mTOR-dependent protein synthesis by 

GluN2B-containing NMDARs has also been reported (Wang et al., 2011). However, the 

molecular determinants of stimulation or repression of protein synthesis were not 

addressed.  It remains to be established whether GluN3A and GluN2B share common 

mechanisms. 

A role for GluN3A in restricting translation for precise circuit refinements and long-
term memory storage 

GluN3A-NMDARs are highly expressed during critical periods of experience-dependent 

neural circuit refinements, when they have been proposed to determine which synapses will 

be maintained or eliminated, and at lower levels in specific regions of the adult brain (Murillo 

et al., 2021). We propose a model whereby the lack or presence of GluN3A at postsynaptic 

sites contributes to spine-specific translation by setting an enhanced or repressed 

biochemical environment for mTORC1 signaling that will depend on the stage of brain 

development (Figure 6D).  Synaptic GluN3A levels are down-regulated by sensory 

experience and can be controlled at the level of individual synapses by activity-dependent 

endocytosis (Perez-Otano et al., 2006). Thus, regulation of mTORC1 by GluN3A may also 

depend on the activity history of individual synapses, which is a key aspect in theories of 

cellular consolidation (Redondo and Morris, 2011). Removal of GluN3A-NMDARs from 

active synapses would drive formation of nearby GIT1/mTORC1 complexes. This would 
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locally increase the potential for dendritic translation of activity-regulated mRNAs, and might 

give active inputs an advantage for consolidation vs less-active neighbors. Hence, 

competition for active mTORC1 would provide a means for selective synapse stabilization 

and memory storage. Defects in mTORC1 regulation might permit the consolidation of 

otherwise lost synaptic changes.  

Such a competition-based model is supported by the localization of GluN3A to 

subsets of adult synapses (Roberts et al., 2009). It is also supported by the observations 

that in Grin3a-/- mice, the levels of GIT1/mTORC1 are increased and these mice exhibit 

enhanced capacity for memory storage, as shown by their performance in weak training 

protocols that are normally insufficient for stable memory formation in wild-type mice. 

Importantly, the restriction of dendritic translation to sites near active synapses is thought 

to underlie phenomena such as the competition between spines for lasting LTP expression 

(Fonseca et al., 2004) or the potentiation of synapses in clusters along the dendrite 

(Fonseca et al., 2004; Govindarajan et al., 2011). Incorporation into these models of the 

molecular components unveiled here might open avenues for testing how the above 

phenomena determine memory capacity and efficiency and for correcting cognitive 

dysfunction.   

 Our experiments using cell-type specific and inducible Grin3a knockout mice 

demonstrate a role of GluN3A in gating cognitive processing in the adult brain beyond its 

better recognized functions in postnatal neural circuit refinements, and identify excitatory 

neurons as the locus of GluN3A actions. In relation to memory, negative regulators are 

thought to provide an advantage by ensuring that only salient features are learnt and 

irrelevant events or associations are filtered out (Abel et al., 1998; Cho et al., 2015). For 

instance, temporal contiguity of events is required for many forms of associative learning; 

within the scale of seconds or minutes for classical conditioning paradigms, longer in other 

types of memory. In CTA the CS and US can be hours apart, with temporal boundaries set 

by the strength of the US (Adaikkan and Rosenblum, 2015). Our results show that the 

absence of GluN3A broadens this temporal limit and facilitates learning of demanding tasks, 

i.e. where training is spaced apart or the presented stimuli are weaker. The reversal by 

rapamycin is consistent with the notion that the enhanced readiness of the mTORC1 

translational machinery in GluN3A-deficient mice expands the range for consolidation of 

memory traces. While we used a subtreshold dose of rapamycin that does not alter memory 

or mTOR signaling in wild-type mice (Stoica et al., 2011), we cannot rule out potential non-

synaptic effects.  Definitive proof will require the development of tools that directly disrupt 

GluN3A/GIT1 or GIT1/mTOR association or synaptic localization. 

As far as tested here, GluN3A deletion does not impair other aspects of cognition 

such as memory flexibility or extinction. Yet significant GluN3A levels are retained in defined 
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areas of the mouse and human adult brain that have in common strong plasticity or 

functional integration needs (Fulcher et al., 2019; Murillo et al., 2021), and a recent study 

linked adult GluN3A expression to the control of emotional states (Otsu et al., 2019).  In 

addition, genetic variations in GRIN3A have been shown to modulate prefrontal cortex 

activity (Gallinat et al., 2007) and episodic memory (Papenberg et al., 2014). Future 

investigations should determine whether domains of cognition other than the ones we tested 

are compromised by GluN3A deletion.  

GluN3A and synaptic protein synthesis as selective therapeutic targets 

The stabilization of memories requires de novo protein expression. Nevertheless, the effects 

on cognition of enhancing mTOR signaling or protein synthesis are perplexing. Loss of 

constraints on protein synthesis due to mutations in negative regulators of translation 

(FMR1, MECP2, or mTORC1 suppressors including NF1, TSC1/2 or the phosphatase 

PTEN) are associated with cognitive impairment and high incidence of autism spectrum 

disorders and intellectual disability (Kelleher and Bear, 2008), although a fraction of autistic 

individuals exhibit enhanced cognitive skills within specific domains (Heaton and Wallace, 

2004). On the other hand, inhibiting the phosphorylation of eIF2α, which generally increases 

translation (Costa-Mattioli et al., 2007; Stern et al., 2013), or enhancing mTORC1 activity 

by removal of FKBP12 (Hoeffer et al., 2008) have been reported to lower memory 

thresholds. However, the cognitive enhancement came at the cost of reduced memory 

fidelity and cognitive flexibility even when cell-type specific modulation was attempted 

(Santini et al., 2013; Shrestha et al., 2020a; Trinh et al., 2012), which we did not observe 

here. Key differences could be that other negative regulators of mTOR such as FMRP, 

PTEN or Tsc1/2 are expressed in multiple cell types and neuronal locations, as 

demonstrated by their linkage to altered cell growth and appearance of tumors (Lipton and 

Sahin, 2014). Also, in some of the above situations, translation is constitutively activated 

and responses to incoming signals might be obliterated. By contrast, lack of GluN3A does 

not occlude mTORC1 activation but rather seems to prime mTOR activation by synaptic 

stimuli. At present, the enhancement of learning and memory produced by loss of GluN3A 

suggests that targeting GluN3A expression or signaling functions might be of therapeutic 

benefit. For instance, small molecules that perturb the GluN3A/GIT1 association might work 

in subtler ways than general translation regulators by specifically modulating synaptic 

mTORC1 signaling. 
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MATERIAL AND METHODS 

Key resources table 

Reagent type (species) or 
resource Designation Source of reference Identifiers Additional information 

Antibody GIT-1 (mouse monoclonal, clone A-1) Santa Cruz Biotechnology Cat# sc-365084; RRID: 
AB_10850059 PLA 1:150 

Antibody Arc (mouse monoclonal, clone C-7) Santa Cruz Biotechnology Cat# sc-17839; RRID: AB_626696 WB 1:100 

Antibody beta-Tubulin III (mouse monoclonal) Sigma-Aldrich Cat# T8660; RRID: AB_477590 WB 1:20000 

Antibody NMDAR1, all splice variants (mouse 
monoclonal, clone R1JHL) Millipore Cat# MAB1586; RRID: 

AB_11213180 WB 1:1000 

Antibody NR2B (mouse monoclonal, clone BWJHL) Millipore Cat# 05-920; RRID: AB_417391 WB 1:1000 

Antibody NR3A (mouse monoclonal) Kindly provided by Jim Trimmer N/A WB 1:100 

Antibody PSD-95 (mouse monoclonal, clone K28/43) Antibodies Incorporated 
Cat# 75-028 

RRID: AB_10698024 
WB 1:1000 

Antibody Puromycin (mouse monoclonal, clone 
12D10) Millipore Cat# MABE343; RRID: AB_2566826 WB 1:2000 

Antibody Synapsin I (mouse monoclonal, clone 46.1) Synaptic Systems 
Cat# 106 011 

RRID: AB_2619772 
WB 1:5000 

Antibody Synaptophysin (mouse monoclonal, clone 
SY38) Millipore Cat# MAB5258-20UG; RRID: 

AB_11214133 WB 1:2000 

Antibody CREB (rabbit monoclonal, clone 48H2) Cell Signaling Technology Cat# 9197; RRID: AB_331277 WB 1:1000 

Antibody NR2A (rabbit monoclonal, clone A12W) Millipore Cat# 05-901R; RRID: AB_10805961 WB 1:1000 

Antibody Phospho-Cam Kinase II alpha (CaMKIIα) 
Thr286 (rabbit monoclonal, clone D21E4) 

Cell Signaling Technology Cat# 12716; RRID: AB_2713889 WB 1:1000 
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Antibody Phospho-p70 S6 kinase Thr389 (rabbit 
monoclonal, clone 108D2) Cell Signaling Technology Cat# 9234; RRID: AB_2269803 WB 1:1000 

Antibody Raptor (rabbit monoclonal, clone 24C12) Cell Signaling Technology Cat# 2280; RRID: AB_561245 WB 1:1000 

Antibody Rheb (rabbit monoclonal, clone E1G1R) Cell Signaling Technology Cat# 13879; RRID: AB_2721022 WB 1:1000 

Antibody Rictor (rabbit monoclonal, clone 53A2) Cell Signaling Technology Cat# 2114; RRID: AB_2179963 WB 1:500 

Antibody S6 ribosomal protein (rabbit monoclonal, 
clone 5G10) Cell Signaling Technology Cat# 2217; RRID: AB_331355 WB 1:1000 

Antibody GIT1 (rabbit polyclonal) Cell Signaling Technology Cat# 2919; RRID: AB_2109982 IP 1:200, WB 1:1000 

Antibody Egr-1/ Zif268 (rabbit polyclonal) Santa Cruz Biotechnology Cat# sc-110; RRID: AB_2097174 WB 1:500 

Antibody beta-Pix, SH3 domain (rabbit polyclonal) Millipore Cat# 07-1450; RRID: AB_1586904 WB 1:1000 

Antibody c-Fos (rabbit polyclonal) Santa Cruz Biotechnology Cat# sc-52; RRID: AB_2106783 WB 1:500 

Antibody CaMKIIα (rabbit polyclonal) Sigma-Aldrich Cat# C6974; RRID: AB_258984 WB 1:1000 

Antibody mTOR (rabbit polyclonal) Cell Signaling Technology Cat# 2972; RRID: AB_330978 IP 1:100, PLA 1:150, WB 1:1000 

Antibody NMDAR2A&B, pan antibody (rabbit 
polyclonal) Millipore Cat# AB1548; RRID: AB_11212156 WB 1:1000 

Antibody NR3A (rabbit polyclonal) Millipore Cat# 07-356; RRID: AB_2112620 WB 1:1000 

Antibody p30alpha (rabbit polyclonal) Santa Cruz Biotechnology Cat# sc-535; RRID: AB_632138 WB 1:1000 

Antibody p44/42 MAPK (Erk1/2) (rabbit polyclonal) Cell Signaling Technology Cat# 9102; RRID: AB_330744 WB 1:1000 

Antibody p70 S6 kinase (rabbit polyclonal) Cell Signaling Technology Cat# 9202; RRID: AB_331676 WB 1:1000 

Antibody Phospho-CREB Ser133 (rabbit polyclonal) Millipore Cat# 06-519; RRID: AB_310153 WB 1:1000 

Antibody Phospho-mTOR Ser2448 (rabbit polyclonal) Cell Signaling Technology Cat# 2971; RRID: AB_330970 WB 1:1000 

Antibody Phospho-p38 MAPK Thr180/Tyr182 (rabbit 
polyclonal) Cell Signaling Technology Cat# 9911; RRID: AB_10695905 WB 1:1000 
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Antibody Phospho-p44/42 MAPK (Erk1/2) 
Thr202/Tyr204 (rabbit polyclonal) Cell Signaling Technology Cat# 9101; RRID: AB_331646 WB 1:1000 

Antibody Phospho-S6 ribosomal protein Ser240/244 
(rabbit polyclonal) Cell Signaling Technology Cat# 2215; RRID: AB_331682 WB 1:1000 

Cell line (Homo sapiens) HEK293 ATCC Cat# CRL-1573; RRID: CVCL_0045  

Chemical compound, drug (-)-Bicuculline methiodide Abcam Cat# Ab120108; CAS: 55950-07-7  

Chemical compound, drug (D,L)-APV sodium salt Tocris Cat# 3693; CAS: 1303993-72-7  

Chemical compound, drug Anisomycin Sigma-Aldrich Cat# A5892; CAS: 22862-76-6  

Chemical compound, drug B27 supplement ThermoFisher Scientific Cat# 17504044  

Chemical compound, drug BDNF PeproTech Cat# 450-02; AN: P23560  

Chemical compound, drug CGP-78608 Tocris Cat# 1493; CAS: 1135278-54-4  

Chemical compound, drug cOmplete Protease Inhibitor Cocktail Sigma-Aldrich Cat# 04693116001  

Chemical compound, drug Cycloheximide Sigma-Aldrich Cat# C7698; CAS: 66-81-9  

Chemical compound, drug MK-801 Tocris Cat# 0924; CAS: 77086-22-7  

Chemical compound, drug Puromycin dihydrochloride Sigma-Aldrich Cat# P8833; CAS: 58-58-2  

Chemical compound, drug Rapamycin Alfa Aesar Cat# J62473; CAS: 53123-88-9  

Chemical compound, drug Tamoxifen Sigma-Aldrich Cat# T5648  

Chemical compound, drug Tetrodotoxin citrate Alomone Labs Cat# T-550; CAS: 18660-81-6  

Commercial assay, kit Duolink In Situ Red Starter Kit Mouse/Rabbit Sigma-Aldrich Cat# DUO92101  

Commercial assay, kit MasterMix qPCR ROx PyroTaq EvaGreen cmb Cat# 87H24  

Commercial assay, kit Nucleospin RNA Macherey-Nagel Cat# 740955.50  

Commercial assay, kit Pierce BCA Protein Assay kit ThermoFisher Scientific Cat# 23227  

Commercial assay, kit SuperScript IV First-Strand cDNA Synthesis 
System Invitrogen Cat# 18-091-050  
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Genetic reagent (Mus 
musculus) Mouse: B6;129X1-Grin3atm1Nnk/J The Jackson Laboratory Cat# JAX:029974; RRID: 

IMSR_JAX:029974  

Genetic reagent (Mus 
musculus) Mouse: CaMKIIα-CreERT2+/- (Erdmann et al, 2007)   

Genetic reagent (Mus 
musculus) Mouse: Grin3atm1a(EUCOMM)Hmgu/H EUCOMM   

Genetic reagent (Mus 
musculus) Mouse: Sst-IRES-Cre The Jackson Laboratory Stock: 018973  

Genetic reagent (virus) LV-hSYN-WPRE-hSYN-GFP-WPRE (Gascón et al., 2008)   

Genetic reagent (virus) LV-hSYN-GluN3A-WPRE-hSYN-GFP-
WPRE This paper  

See Materials and methods; 
generated and stored in Perez-

Otano’s lab. 

Genetic reagent (virus) LV-hSYN-GluN3A1082∆-WPRE-hSYN-GFP-
WPRE 

This paper  
See Materials and methods; 

generated and stored in Perez-
Otano’s lab. 

Genetic reagent (virus) pLentiLox3.7-GFP (pLL3.7-GFP) Kindly provided by Dr. Michael 
Ehlers 

Addgene plasmid #11795; RRID: 
Addgene_11795  

Genetic reagent (virus) pLL3.7-shGluN3A1185-GFP (Target 
sequence: CTACAGCTGAGTTTAGAAA) (Yuan et al., 2013)   

Genetic reagent (virus) pLL3.7-shGIT1-GFP (Target sequence: 
TGATCACAAGAATGGGCATTA) This paper  

See Materials and methods; 
generated and stored in Perez-

Otano’s lab. 

Recombinant DNA reagent 
(plasmid) pcDNA1-Amp-GluN1-1A (Perez-Otano et al., 2001)   

Recombinant DNA reagent 
(plasmid) pcDNA1-Amp-GluN2A (Perez-Otano et al., 2001)   

Recombinant DNA reagent 
(plasmid) pCIneo-GFPGluN3A (Perez-Otano et al., 2001)   
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Recombinant DNA reagent 
(plasmid) pCIneo-GFPGluN3A1082∆ This paper  

See Materials and methods; 
generated and stored in Perez-

Otano’s lab. 

Recombinant DNA reagent 
(plasmid) pRK5-GFP Kindly provided by Dr. Michael 

Ehlers   

Sequence-based reagent 
(oligonucleotide) Arc_fwd (mouse) This paper  GAGCCTACAGAGCCAGGAGA 

Sequence-based reagent 
(oligonucleotide) Arc_rv (mouse) This paper  TGCCTTGAAAGTGTCTTGGA 

Sequence-based reagent 
(oligonucleotide) c-Fos_fwd (mouse/rat) (Lyons et al., 2016)  CTGCTCTACTTTGCCCCTTCT 

Sequence-based reagent 
(oligonucleotide) c-Fos_rv (mouse/rat) (Lyons et al., 2016)  TTTATCCCCACGGTGACAGC 

Sequence-based reagent 
(oligonucleotide) GAPDH_fwd (mouse/rat) This paper  CATGGCCTTCCGTGTTCCT 

Sequence-based reagent 
(oligonucleotide) GAPDH_rv (mouse/ rat) This paper  TGATGTCATCATACTTGGCAG

GTT 

Software, algorithm ImageJ (Schneider, Rasband and Eliceiri, 
2012)  https://imagej.nih.gov/ij/ 

Software, algorithm ImageQuant software version 5.2 GE Healthcare   

Software, algorithm Prism software version 7.00 Graphpad   

Software, algorithm QuantStudio 3 Design and Analysis software 
v1.5.1 ThermoFisher Scientific   

Software, algorithm SMART software for video-tracking PanLab S.L.   

https://imagej.nih.gov/ij/
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Animals 

Adult (3-6 months old) Grin3a-/-, Grin3atm1a(EUCOMM)Hmgu/H (Grin3af/f) and double-transgenic 

GFP-GluN3A (dtGluN3A) mice backcrossed for 10-12 generations into a C57Bl6/J 

background were used. Single transgenic mice were used as controls for dtGluN3A mice, 

and wild-type littermates from heterozygote crosses were controls for Grin3a-/- mice. 

Commercial C57BL6/J mice were purchased from Charles River Laboratories. For time-

specific knockout of Grin3a in excitatory neurons, tamoxifen-inducible CaMKIIα-CreERT2+/- 

mice (Erdmann et al., 2007) were crossed with Grin3af/f mice. Tamoxifen (Sigma-Aldrich 

T5648, 20 mg/ml dissolved in corn oil) was administered via oral gavage (5 alternate days). 

For inhibitory neuron-specific knockout of Grin3a, Sst-IRES-Cre+/- mice (JAX Stock No. 

018973) were backcrossed with C57BL/6J mice for 12 generations and then bred with 

Grin3af/f mice. Male mice were used for behavioral experiments unless indicated. Animals 

were housed four to six per cage with ad libitum access to food and water and maintained 

in a temperature-controlled environment on a 12 h dark/light cycle. All procedures were 

conducted in accordance with the European and Spanish regulations (2010/63/UE; RD 

53/2013) and were approved by the Ethical Committee of the Generalitat Valenciana 

(2017/VSC/PEA/00196). For the cued-fear conditioning experiments, ethic protocols were 

approved by the Committee of Ethics of the Universitat Autònoma de Barcelona and the 

Generalitat de Catalunya. 

Primary neuronal cultures 

Cortical and hippocampal neurons in primary culture were prepared as described (Perez-

Otano et al., 2006). Briefly, cortices were dissected from E19 rat pups or E17.5 mice pups 

and dissociated with papain (Worthington Biochemical). Mouse primary neurons were used 

for rescue experiments in the Grin3a-null background shown in Figures 4 and 6, and for 

shGIT1 experiments in Figure 5.  Neurons were plated at 75,000 cells per well on 12-wells 

plates, 500,000 cells per well on 6-wells plates and 1,000,000 cells/ dish on 60mm dishes 

coated with laminin and poly-D-lysine and grown in Neurobasal Medium supplemented with 

B27 (ThermoFisher).  

Neurons were infected with lentiviruses 5 days prior to collection (timing of infection 

is indicated in figure legends). Neurotrophic factors and other drugs were used at the 

following concentrations: anisomycin (0.8 µM, Sigma-Aldrich A5892), recombinant human 

BDNF (100 ng/ml, PeproTech 450-02), bicuculline (50 µM, Abcam Ab120108), 

cycloheximide (25 µM, Sigma Aldrich C7698), (D,L)-APV (50 µM, Tocris 3693), MK801 (10 

μM, Tocris 0924), rapamycin (100 nM, Alfa Aesar J62473) and puromycin (10 ng/ml, Sigma 

Aldrich P8833). 
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Lentiviral vectors 

For the generation of lentiviral constructs, full-length GluN3A and GluN3A1082∆ cDNAs 

were subcloned into a dual lentiviral vector Syn-WPRE-Syn-GFP kindly provided by Dr. 

Francisco G Scholl, University of Sevilla, Spain. For knockdown experiments, 19-20 base 

pairs (bp)-long small hairpin RNAs (shRNA) directed to GluN3A (shGluN3A1185, target 

sequence: CTACAGCTGAGTTTAGAAA) or GIT1 (shGIT1, target sequence: 

TGATCACAAGAATGGGCATTA) were cloned into the pLentilox 3.7-GFP vector 

downstream the U6 promoter. The AAV encoding constitutively active human Rheb (AAV-

caRheb, S16H) was kindly provided by Dr. Beverly Davidson, Children´s Hospital of 

Philadelphia, University of Pennsylvania. 

RNA isolation, qRT-PCR and RNAseq analyses 

Total RNA from cultured cortical neurons was isolated using the Nucleospin RNA 

(Macherey-Nagel). RNA concentration and purity were assessed with NanoDrop™. RNA 

quality was determined by the RNA Integrity Number (RIN) algorithm using the Agilent® 

2100 Bionalyzer Instrument; only samples with RIN>9 matched our standard.  

For qRT-PCR experiments, first-strand cDNA was synthesized from 1 μg of total 

RNA using the Invitrogen SuperScript IV First-Strand cDNA Synthesis System 

(ThermoFisher). Quantitative real-time PCR (qPCR) was performed using the Applied 

Biosystems QuantStudio 3 Real-Time PCR system and analyzed with the QuantStudio 3 

Design and Analysis software (v1.5.1,ThermoFisher). Briefly, real-time qPCR was assayed 

in a total volume of 20 μl reaction mixture containing the ready-to-use PyroTaq EvaGreen 

qPCR Mix Plus ROX (Cmb), 5pmol of forward and reverse (rv) primers (detailed in Table 

S1) and cDNA. PCR thermal conditions included an initial hold stage with 5 min at 50ºC and 

15 min at 95 °C followed by 40 cycles of denaturation for 30 s at 95 °C, annealing for 32 s 

at 60 ºC and primer elongation for 32 s at 72 °C. All qPCR reactions were run in triplicates. 

Mean cycle threshold (Ct) values for each reaction were recorded and the relative RNA 

expression levels were calculated referring to Gapdh, encoding glyceraldehyde 3-

phsophate dehydrogenase: ∆Ct=〖Ct〗_GAPDH-〖Ct〗_(target gene). The gene 

expression fold change normalized to GAPDH and relative to control sample was calculated 

as 2^∆Ct. 

For RNAseq experiments, we performed bulk mRNA sequencing single-end with 

a length of 50bp using the RNAseq Illumina Hiseq2500. The preparation of the polyA 

sequencing library, library’s quality control and quantification, sequencing run and base 

calling data were carried out by the Genomics Core Facility of the Centre for Genomic 

Regulation (CRG, Barcelona). For the analysis, adapters were trimmed using trim_galore 
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v0.6.4_dev and reads with longer length than 40 bp were selected. Trimmed reads were 

aligned using star c2.6.1b to the mouse genome (mm10). Reads with mapq >30 were 

selected using Samtools v1.9. Mapped reads were quantified using R scripts (R version 

4.0.3, 2020), Rsubread v2.4.3 and the Mus_musculus.GRCm38.99.gtf annotation data. 

Differential expression analysis was performed using DESeq2 1.31.1 and limma 3.46.0; 

genes were annotated using biomaRt v2.46.3 and Volcano plots were performed with 

EnhancedVolcano 1.6.0. The tracks from the samples were performed with DeepTools 

v3.5.0, normalized with RPKM and visualization was done in IGV v2.6.3. 

Protein extraction and western blotting 

Cultured neurons were collected in lysis buffer containing 50 mM Tris-HCl pH 6.8, 10% 

glycerol, 2% SDS, 0.1 M (D,L)-Dithiothreitol, 0.04% bromophenol blue and supplemented 

with protease (cOmplete Protease Inhibitor Cocktail) and phosphatase (PhosSTOP) 

inhibitors. Lysates were incubated for 10 min at 65 ºC, briefly centrifuged at maximum speed 

and proteins separated by SDS-PAGE. Proteins were transferred onto PVDF membranes 

(GE Healthcare).  After incubation with primary antibodies, membranes were incubated with 

secondary HRP-conjugated secondary antibodies (1:10,000, GE Healthcare). Signals were 

visualized with film autoradiograpy or the Amerham 680 Blot Imager, and non-saturated 

immunoreactive bands were quantified using the ImageQuant 5.2 software. 

For in vivo studies on mouse tissue, hippocampi and somatosensory cortex were 

dissected on ice, snapped frozen in liquid nitrogen and stored at -80ºC until processing. 

Tissues were homogenized in 15 (w/v) volumes of modified ice-cold RIPA buffer (50 mM 

Tris-HCl pH 7.5, 150 mM NaCl, 1% NP-40, 0.05% deoxycholate, 0.01% SDS) 

supplemented with protease and phosphatase inhibitors, sonicated and centrifuged for 20 

min at 16,200 x g at 4ºC. Protein content was estimated using a Pierce BCA Assay kit 

(ThermoFisher) before immunoblotting. 

Immunoprecipitation 

Cultured cortical neurons or mouse hippocampus or somatosensory cortex were solubilized 

for 30 min in cold lysis buffer containing 0.1% Triton X-100, 0.1% SDS, 150 mM NaCl, 10 

mM EDTA and 50 mM HEPES or 0.3% CHAPS, 150 mM NaCl, 1 mM EDTA and 40 mM 

HEPES, supplemented with protease and phosphatase inhibitors. Insoluble material was 

removed by centrifugation at 16,200 x g for 15 min and 100-150 µg of the resulting 

supernatants were incubated overnight at 4 °C with or without (IgG-) the 

immunoprecipitating antibody. Lysates were then incubated with protein A/ G magnetic 

beads (BioRad) for 2 h at 4 ºC. Beads were precipitated using a magnetic rack, washed 
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thrice in lysis buffer and immunoprecipitated proteins were eluted with SDS sample buffer 

and analyzed by western blotting.  

Proximity Ligation Assay 

Cultured neurons transfected with pRK5-GFP were fixed at DIV17 with 4% PFA, 4% 

sucrose in PBS (RT, 10 min), incubated with blocking solution and permeabilized. Cells 

were then incubated with rabbit polyclonal anti-mTOR antibody and mouse monoclonal anti-

GIT1 antibody overnight at 4°C, washed with PBS, and incubated for 1 h with PLA 

secondary probes (anti-mouse Plus and anti-rabbit Minus, Olink Bioscience) at 37 °C. Cells 

were washed twice with Duolink II Wash Buffer A (Olink Bioscience) and incubated with the 

ligase (1:40; Olink Bioscience) in ligase buffer for 30 min at 37 °C. After additional washes 

with Buffer A, cells were incubated with DNA polymerase (1:80; Olink Bioscience) in 

amplification buffer for 100 min at 37 °C in the dark. Cells were then washed with Duolink II 

Wash Buffer B (Olink Bioscience) and incubated with chicken polyclonal anti-GFP for 1 h at 

room temperature. After washing with PBS, cells were incubated with secondary goat anti-

chicken-Alexa Fluor 488 for 1 h at room temperature. Finally, cells were washed in PBS and 

mounted on slides with Fluoroshield mounting medium (Sigma-Aldrich). Fluorescence 

images were acquired by using Nikon A1 Ti2 system with a sequential acquisition setting at 

1024 x 1024 pixels resolution; cells were randomly selected from different coverslips. 

Protein synthesis assays 

Basal protein synthesis was measured using a SUnSET (surface sensing of translation) 

assay. Briefly, primary cortical cultures were treated with 10 ng/ ml of puromycin for 30 min 

and lysed as described above. Untreated neurons and neurons preincubated with the 

protein synthesis inhibitor cycloheximide (15 min before puromycin) were used as controls. 

Proteins were resolved by SDS-PAGE and analyzed by western blotting using an anti-

puromycin antibody. Ponceau S staining was used as protein loading control. 

Behavioral analysis 

Morris Water Maze 

Mice were trained to find a submerged platform in a circular tank (190 cm diameter) filled 

with opaque white water in two or four trials per day with 45 min inter-trial intervals. If mice 

did not find the platform in 120 seconds, they were kindly guided to it. The hidden platform 

was relocated to the opposite quadrant after 7 days of training for the reversal training 

phase. 60-second-long probe tests in which platform was removed were performed at the 
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end of each phase (PT1, after initial hidden platform learning; PT2, after reversal learning), 

and time spent in the target quadrant was compared to the average time spent in all other 

quadrants. Mice were tracked throughout the whole protocol using the video-tracking 

software SMART (Panlab S. L.). 

Y-maze spontaneous alternation 

Mice were introduced in a three-armed Y-shaped maze and recorded for 5 minutes. Correct 

triad scores were noted when all three arms were sequentially entered. Alternation indices 

were calculated as correct triads / possible triads. Maze was cleaned between animals with 

a water-based soap solution. 

Conditioned taste aversion 

Test was adapted from (Adaikkan and Rosenblum, 2015). In brief: mice were trained to 

drink from two bottles of water for 6 days. On conditioning day, water was changed for 0.2% 

(regular CTA) or 0.1% (weak CTA) saccharin for 40 minutes (regular) or 5 hours (weak) 

after the exposure, mice were injected LiCl intraperitoneally at 0.15 M (regular) or 0.025 M 

(weak). Saccharin preference was evaluated 24 hours after injection. For unconditioned 

taste preference, mice were presented two drinking bottles for 48 hours: one contained 

water and the other one of the following solutions: Sucrose 5% (sweet), NaCl 75 mM (salty), 

Quinine 300 µM (bitter) and HCl 0.03 M (sour). Bottle sides were switched after 24 hours to 

avoid potential side bias. Solution preference was evaluated at 48 hours. For assessing 

sensitivity to LiCl toxicity, “lying on belly” behavior was registered after injection of LiCl (0.15 

M) or saline. This behavior consists in a totally general suppression of activity, and location 

of the mouse in the corner of a cage. The activity was measured for 20 minutes. 

Fear conditioning and extinction  

Fear conditioning (FC) and extinction (FE) procedures were carried out with a computerized 

Fear and Startle system (Panlab-Harvard, Barcelona, Spain). Tones and shocks were 

delivered and controlled using Freezing v1.3.04 software (Panlab-Harvard, Barcelona, 

Spain). The fear chambers consisted of a black methacrylate box with a transparent front 

door (25x25x25cm) inside a sound-attenuating cubicle (67x53x55cm). Animals were 

habituated to the chambers for 5 min/day during two consecutive days prior to FC. The 

chambers were carefully cleaned before and after each mouse. 

For contextual FC, mice were placed in the fear chambers and allowed to explore 

a context (CS) (metal grid floor, no light source) for 2 minutes. Mice were then presented 

with a tone (30s, 2.8 kHz, 85 dB tone) that co-terminated with a foot shock (US)(0.3 mA, 

2s). Sixty seconds later, they were returned to their home cage. Conditioning was assessed 
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at 1 (short-term memory), 24 and 48 hours or 7 days (long-term memory) by re-introducing 

mice in the conditioning context for 5 minutes. Freezing behavior, a rodent´s natural 

response to fear defined as the absence of movement except respiration, was scored by a 

high sensitivity weight transducer system located at the bottom of the experimental 

chambers which records and analyses the signal generated by the movement of the animal.  

For cued FC, mice were placed in the fear chambers for 5 minutes and then 

received 5 trials of a tone (CS) (30 s, 6 kHz, 75 dB) that co-terminated with a foot-shock 

(US) (0.3 mA, 1s). The intertrial interval (ITI) was of 3 minutes, and 3 additional minutes 

followed the last trial. The FE sessions were performed 4 times in consecutive days (FE1, 

FE2, FE3, FE4) starting 24h after FC. For FE, mice were placed in the fear chambers for 5 

minutes and then exposed to 15 trials of the 30 s CS tone alone (cued-fear) with a 30 s of 

ITI interval. An additional 30 s interval followed the last trial of FE. Different contexts were 

used for FC and FE tests. FC context consisted of a yellow light source (~10 lux), a grid 

floor of 25 bars (3 mm Ø and 10 mm between bars), a background noise of 60 dB produced 

by a ventilation fan and soapy water in a solution of ethanol 70% was used for cleaning 

between sessions. FE context consisted of a red-light source (~10 lux), a grey plexiglass 

floor covering the bars, no background noise and soapy water in a solution of isopropyl 

alcohol 40% was used as cleaning agent between sessions. Different routes were used to 

transport animals from their home cages to testing room in FC and FE days. Freezing levels 

were scored and averaged in 30 second slots.  

Electrophysiology  

HEK293 cells were cultured, transfected, and recorded as previously described using 

GluN1A and GluN2A in pcDNA1/Amp and GFP-tagged GluN3A or GluN3A1082∆ subcloned 

in pCI-neo (Chowdhury et al., 2013). Briefly, cells were transfected with GluN1-1A, GluN2A, 

and either GFP-GluN3A or GFP-GluN3A1082∆ in a 1:1:3 ratio and maintained in medium 

with APV (250 µM). GFP was used as a transfection marker in cells where GluN3A 

constructs were omitted. Whole-cell recordings were made with on GFP-positive cells using 

a Multiclamp 700A amplifier (Molecular Devices) 24 h following transfection. Patch pipettes 

(2 to 4 MΩ) contained (in mM): 140 Cs methanesulfonate, 10 HEPES, 5 adenosine 

triphosphate (Na salt), 5 MgCl2, 0.2 CaCl2, and 10 BAPTA (pH 7.4). The extracellular 

solution contained (in mM) 150 NaCl, 5 KCl, 2 or 10 CaCl2, 10 HEPES, 10 glucose (pH 7.4) 

and was adjusted to 330 mOsm with sucrose. Currents were digitized at 2 kHz and filtered 

at 1 kHz. Series resistance (90 to 95%) and whole-cell capacitance compensation were 

employed. Experiments were performed at a holding potential of -80 mV with ramps (300 

ms to +50 mV) elicited following a 3 s application of glutamate (1 mM) and glycine (100 µM) 

at 20°C. The ∆Erev, was calculated by subtracting the Erev obtained in 2 mM Ca2+ from 
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the Erev measured in 10 mM Ca2+ and corrected for the junction potential between 

solutions. Initial peak currents were obtained from 1 sec agonist applications in 2 mM Ca2+ 

and used to calculate the current density. Experiments on glycine-gated diheteromeric 

GluN1/GluN3A receptors expressed in HEK293 cells were performed as previously 

described (Grand et al., 2018) using GluN1-1a and GFP-GluN3A or GFP-GluN3A1082Δ 

subcloned in pCI-neo (see above). HEK293 cells were obtained from ATCC. No mycoplasm 

contamination was detected by regular testing. 

Statistical Analysis 

Statistical analyses were conducted with GraphPad Prism software. Comparison of 

quantitative variables between two groups was performed using Student’s t-test. One-way 

or two-way analysis of variance (ANOVA) followed by a post-hoc comparison test were used 

when more than two groups were compared, as indicated in the corresponding figure 

legend. Results are presented as mean ± standard error of the mean (SEM). Statistical 

methods used for behavioral studies are indicated in the corresponding figure legends. 
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SUPPLEMENTAL INFORMATION 

Supplemental information includes ten figure supplements and two Key Resources Tables. 

Supplemental Figures 

 

Figure 1 – figure supplement 1. Selective versus global effects of GluN3A expression and general NMDAR blockade 

on activity-dependent signaling (A) Immunoblot (IB) analysis of the time-course of expression of NMDAR subunits 

and a repertoire of synaptic proteins in cultured cortical neurons. (B) Immunoblot analysis of ERK1/2 and CREB 

phosphorylation in whole cell lysates of DIV14 cortical neurons treated with bicuculline for 1 h. Left, representative 

western blots probed with the indicated antibodies. Right, fold-induction by bicuculline of phosphorylated proteins 

normalized to their total levels (n=6-8 from 3-4 independent cultures). (C) Total lysates from cortical neurons 

pretreated with APV (50 μM, 30 min) before stimulation with bicuculline (50 μM, 1 h) were immunoblotted with the 

indicated antibodies. Quantification showed a general blockade of activity dependent by APV (n=4-6 samples from 2-

3 independent cultures, **p<0.01, ***p<0.001 ANOVA followed by Tukey´s test). (D) APV blocked the increase in Arc 

and c-Fos mRNA induced by bicuculline (n=6-10 samples from 3 independent cultures, ***p<0.001 one-way ANOVA 

followed by Tukey´s test). Data are expressed as fold-induction of non-stimulated neurons. (E, F) Analogous 

experiments to the ones in Figure 1B, C were conducted upon stimulation with BDNF (100 ng/ml, 1 h). 
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Figure 1 – figure supplement 2. RNAseq analysis of activity-dependent gene expression. (A) Principal Component 

Analysis plot representing all RNAseq samples. (B) Volcano plot from RNAseq analysis from gene expression in 

untreated DIV14 neurons infected with GFP or GFP-GluN3A. (C) Integrative Genome Viewer (IGV) tracks for RNAseq 

signal at representative genes in the different conditions. The IEGs Arc, c-Fos and Egr1 are similarly induced by 

bicuculline (Bic) and BDNF treatments in GFP and GFP-GluN3a-transduced cultures. Note that levels of Grin3a are 

very much increased in GFP-GluN3A-transduced cultures compared to GFP-transduced cultures. 

 

Figure 2 – figure supplement 1. General inhibition of the activity-induction of IEGs by anisomycin. (A) Immunoblot 

analysis of the phosphorylation status of the mTOR downstream effector S6 in lysates from DIV14 cortical neurons 

stimulated with bicuculline in the absence (Ctrl) or presence of APV (50 μM, 30 min) or MK801 (10 μM, 1 h). (B) 
General inhibition of protein synthesis blocks activity-induction of Arc, c-Fos and Zif268. Whole lysates from DIV14 

cortical neurons either untreated or treated with bicuculline (50 μM, 1 h) and anisomycin (0.8 μM, 1 h) were 

immunoblotted with the indicated antibodies. Top, representative immunoblots and down, quantifications, show a 

general blockade of IEGs tested by anisomycin. Data are expressed as fold-induction of non-treated neurons (n=3-4 

independent cultures, ***p<0.001 ANOVA followed by Tukey´s test). 
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Figure 4 – figure supplement 1. Electrophysiological properties of recombinant NMDA and excitatory glycine 

receptors containing full-length or truncated GluN3A. (A) Left, representative steady-state glutamate-evoked ramp 

currents obtained with 2 mM (black) and 10 mM (red) extracellular Ca2+ for HEK293 cells expressing GluN1A/GluN2A 

alone, or with either GFP-GluN3A or GFP-GluN3A1082Δ. Insets show currents on expanded scale to highlight the 

Erev. Right, summary graph of the ΔErev obtained from multiple experiments is shown on right (n=10–11, **p<0.01, 

one-way ANOVA followed by Bonferroni post-hoc test). (B) Summary graph depicting current density from HEK293 

cells expressing GluN1A/GluN2A alone, or with either GFP-GluN3A or GFP-GluN3A1082Δ (*p<0.05 compared to 

GluN1A/GluN2A, one-way ANOVA followed by Bonferroni post-hoc test). (C) Top, responses to glycine of HEK293 

cells expressing GluN1/GluN3A receptors in absence or presence of CGP-78608 (500 nM). Bottom, quantification of 

fold peak current potentiation by CGP-78608 for GluN1/GluN3A and GluN1/GluN3A1082Δ receptors (n=3-11). 

 

Figure 6 – figure supplement 1. Postnatal regulation of GIT1/mTOR complexes in mouse somatosensory cortex. 

Somatosensory cortices from P7, P10 and P16 wild-type mice were lysed, immunoprecipitated with GIT1 antibody 

and probed for the indicated antibodies. Input: 10% of the lysate used for immunoprecipitation. IgG- refers to a 

negative control without antibody. Red asterisk indicate mTOR-bound GIT1. 
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Figure 6 – figure supplement 2. Age-dependent emergence of mTORC1-dependent protein synthesis in cortical 

neurons. Representative blots and quantification of puromycin incorporation in the presence or absence of 100 nM 

rapamycin in wild-type DIV7 and DIV14 neurons. Puromycin levels were normalized to Ponceau S staining (n=6-8 

samples from 3-4 independent cultures; **p<0.01, followed by Tukey’s test). 

 

Figure 7 – figure supplement 1. Behavior of male and female Grin3a-/- mice in the Morris Water Maze. (A) Escape 

latencies of male wild-type (WT) and Grin3a -/- mice over the time-course of training on a standard hidden-platform 

version of the Morris water maze (7 days, 4 trials per day). (B) Escape latencies of female Grin3a -/- and WT mice 

over the course of training (2 trials per day). (C) On probe trials for memory acquisition performed 24 hours after day 

7 (PT1), both groups showed similar preference for the target quadrant (n=11-13 mice per group). Dashed lines 

indicate chance levels (25%). (D) Left, On the probe test performed 24 hours after day 7 (PT1), female Grin3a -/- mice 

showed enhanced preference for the target quadrant relative to WT (n=11-13 mice per group; 2-way ANOVA with 

Bonferroni post-hoc test; p=0.0062). Right, on probe tests 24 hours after completion of reversal training (PT2), female 

Grin3a-/- showed significant preference for the target quadrant (n=11-13 mice per genotype; two-way ANOVA with 

Bonferroni post-hoc test, ***p<0.0001). (E) WT and Grin3a -/- mice showed no differences in times to reach a visible 

platform. (F) Swimming speed over the training period. Data plotted correspond to the experiment shown in Fig. 7C. 

(G) Alternation index of wild-type (WT) and Grin3a-/- mice in the Y-maze (n=9-10 mice per genotype). 
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Figure 7 – figure supplement 2. Controls for conditioned taste aversion (CTA) experiments. (A) Double transgenic 

GluN3A (dtGluN3A) and WT mice showed similar “lying on belly” latencies after a 0.15 M LiCl injection (n=4-5 mice 

per group; unpaired two-tailed t-test, ***p<0.001). (B) dt-GluN3A and control mice showed similar taste preferences 

(n=8 mice per group). (C) The rapamycin treatment regime used does not impair the formation of “standard” CTA 

memory in WT nor Grin3a-/- mice (n=6-8 mice per group; 2-way ANOVA with Bonferroni post-hoc test, **p<0.01). 

 

Figure 8 – figure supplement 1. Expression of GluN3A and other synaptic proteins in conditional Grin3a knockout 

mice. (A) Top, tamoxifen (TMX) administration regime to Grin3af/f x CamK2a-CreERT2 mice. Hippocampal lysates of 

P90 mice were analyzed by SDS-PAGE and immunoblotted for the indicated proteins (n=4-8 mice per group; unpaired 

two-tailed t-test, ***p<0.0001). (B) Immunoblot analysis of hippocampal lysates of P90 Grin3af/f x Som-Cre mice (n=4-

10 mice per group; unpaired two-tailed t-test, **p<0.01). Note that conditional deletion of Grin3a decreases GluN3A 

expression without affecting other synaptic proteins.  
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