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Summary 
 

English version 
 
N-methyl-D-aspartate receptors (NMDARs) are glutamate-gated ion channels that play a central role in 
learning and memory processes. Recent developments on Next-Generation Sequencing have identified a 
growing number of de novo genetic variants affecting GRIN genes (encoding for NMDAR subunits), with 
a high prevalence of GRIN1, GRIN2A and GRIN2B mutations associated with severe 
neurodevelopmental disorders, the so-called GRIN-related disorders (GRDs; ORPHA: 101685, 289266, 
178469). However, the study of GRIN variants pathogenicity in these neurological conditions is very 
scarce, and the therapeutic options are practically unmet. These GRIN variants could potentially affect 
NMDAR stability, surface trafficking and/or biophysical properties, leading to neurodevelopmental and 
psychiatric disorders. In this Thesis, we hypothesized that GRIN de novo mutations could be functionally 
grouped and stratified, for further design of personalized therapies. Ninety-five GRD patients have been 
recruited, and their respective GRIN variants have been annotated in vitro, to shed light in a potential 
genotype-phenotype correlation in the disease.  Further, since most frequent outcome of GRIN disease-
associated variants lead to NMDAR loss-of-function, in addition to cellular models, a constitutive 
haploinsufficient Grin2b+/- mouse model has been characterized (behavior, biochemistry and 
electrophysiology). Finally, we used both cellular and animal models to investigate the therapeutic benefit 
of different therapeutic strategies (genetic, nutraceutical/pharmacological and microbiota manipulation) 
to rescue NMDAR loss-of-function. 
 
 
 
Spanish version 
 
Los receptores ionotrópicos de tipo N-metil-D-aspartato (NMDAR) son canales iónicos activados por 
glutamato que juegan un papel clave en la fisiología neuronal. Los avances en la secuenciación masiva han 
identificado un número creciente de variantes genéticas de novo que afectan a los genes GRIN, codificantes 
de las subunidades del receptor NMDA. Las mutaciones que afectan a los genes GRIN están relacionadas 
con trastornos del neurodesarrollo severos, conocidos como Grinpatías (ORPHA: 101685, 289266, 
178469). No obstante, el estudio de la patogenicidad de las mutaciones GRIN aún es escaso, al igual que 
las opciones terapéuticas para los pacientes con Grinpatías. A nivel funcional, las mutaciones GRIN 
pueden afectar distintos procesos de la fisiología del receptor (estabilidad proteica, tráfico a superficie y/o 
propiedades biofísicas del canal), provocando trastornos del neurodesarrollo. En este Tesis, hipotetizamos 
que las mutaciones GRIN podrían estratificarse en distintos grupos funcionales y que esto permitiría la 
aplicación de tratamientos personalizados. A lo largo de la Tesis, se han reclutado 95 pacientes con 
Grinpatías, y se ha realizado la anotación funcional y estratificación de 57 mutaciones GRIN, observando 
una predominancia de variantes de tipo pérdida de función. Posteriormente, se han evaluado distintas 
estrategias terapéuticas (genética, dietética/farmacológica y manipulación de la flora intestinal) para la 
corrección de la hipofuncionalidad de los receptores NMDA, en modelos celulares y/o en el modelo de 
ratón heterocigoto para la subunidad GluN2B. 
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Introduction 

 

1.1. The glutamatergic system: biodistribution, glutamate roles and synthesis 
 
1.1.1. Glutamatergic system biodistribution 
 
The glutamatergic neurotransmission system is the main excitatory network in the nervous system (NS). 
Glutamate-mediated neurotransmission is widely present in the central and the peripheral nervous systems 
(CNS and PNS, respectively), both in neuronal and non-neuronal cells, with a particular prominence in 
the circuitry connecting: a) Cortex – Brain stem centers (raphe, locus coeruleus, ventral tegmental area), 
controlling the neurotransmitter release; b) Prefrontal cortex – Striatum, controlling the dopamine system 
and consequently, motor outputs; c) Thalamus – Cortex, d) Prefrontal Cortex – Thalamus, controlling 
sensory processing; e) Septum – Hippocampus, controlling cognitive processes such as learning and 
memory and f) Cortex – Cortex (Schwartz et al., 2012; Khakpai F. et al., 2013) (see figure 1). Besides its 
pivotal role in the NS, glutamatergic system players are also expressed in heart, immune cells, testis, ovary, 
kidney, bone, bone marrow, pancreatic b-cells, intestine, esophagus, hepatocytes, lung and keratinocytes 
(reviewed by Hogan Cann AD. and Anderson CM., 2016). 
 

 
 

Figure 1. Glutamate neurotransmission pathways in the central nervous system: a) Cortex – Brain stem b) Prefrontal cortex 
– Striatum, c) Thalamus – Cortex, d) Prefrontal Cortex – Thalamus, e) Septum – Hippocampus, f) Cortex – Cortex. 
 
1.1.2. Glutamate roles 

 
Glutamatergic neurotransmission uses glutamate as the primary signaling molecule. Glutamate functions 
may vary, based on the heterogenicity of cell types synthetizing and releasing glutamate, in combination 
with their relative target cells/receptors (see table 1) (Chenu C. et al., 1998; Yano S. et al., 1998; Genever 
PG. et al., 1999; Gill S. and Pulido O., 2001; Gill S. et al., 2007; Mckenna M., 2007; Mattson M. et al., 
2008; Anaparti V. et al., 2015; Du J. et al., 2016; Tomé D., 2018; Takahashi H. et al., 2019). 
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Tissue Glutamate roles References 
Gut • Energy production 

• Intestinal motility 
• Salivation 
• Food preference (chemosensing) 
• Precursor (GABA, gluthatione, 

proline, arginine, ornithine, L-alanine, 
2-oxoglutarate) 

Du J. et al., 2016; Tomé D., 2018 

Reproductive system • Ejaculation 
• Erection 
• Spermatogenesis 
• Spermatozoa motility and maturation 
• Ovulation 
• Fertilization 
• Implantation of the ovum 
• Uterus excitability 

Gill S. and Pulido O., 2001 

Heart • Cardiac rhythm 
• Heart excitation 
• Heart contraction 
• Coronary circulation 

Gill S. and Pulido O., 2001; Gill S. 
et al., 2007; Du J. et al., 2016 

Pancreas • Insulin secretion and regulation 
• Glucagon and somatostatin release 

Gill S. and Pulido O., 2001; 
Takahashi H. et al., 2019 

Kidneys • Electrolytes and water homeostasis 
• Renin release (blood pressure) 

Gill S. and Pulido O., 2001; Du J. et 
al., 2016 

Respiratory system • Airway smooth muscle contraction Gill S. and Pulido O., 2001;  
Anaparti V. et al., 2015; Du J. et al., 
2016 

Skin • Epidermal renewal and wound healing 
(proliferation and differentiation) 

Genever PG. et al., 1999 

Bone • Bone resorption Chenu C. et al., 1998 
Immune system • Innate and adaptative immune 

response (activation and proliferation 
of B-cells, T-cells, dendritic cells and 
macrophages) 

Du J. et al., 2016 

Nervous system • Neurotrophic factors synthesis 
(bFGF, EGF, BDNF, IGF-1) 

• Neuronal differentiation from NPCs, 
proliferation, migration and survival 
(via bFGF, EGF, BDNF, IGF-1) 

• Neurite growth (via bFGF, EGF) 
• Sensory processing (thalamus-cortex 

and cortex-thalamus) 
• Control of consciousness (thalamus-

cortex and cortex-thalamus) 
• Motor control (basal ganglia) 
• Learning and memory (hippocampus) 
• Energy production (oxidation) 
• Protein synthesis 
• GABA, gluthatione and glutamine 

precursor 

Yano S. et al., 1998; Nedergaard M. 
et al., 2002; Mckenna M., 2007; 
Mattson M. et al., 2008 

 
Table 1. Table summarizing the different glutamate roles in distinct body systems where this molecule is expressed. 
Abbreviations: GABA, gamma-aminobutyric acid; bFGF, basic fibroblast growth factor; EGF, epidermal growth factor; 
NPCs, neural progenitor cells; BDNF, brain-derived neurotrophic factor; IGF-1, insulin-like growth factor 1.  
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1.1.3. Glutamate synthesis 
 

Based on the high abundance of glutamate concentration in brain, this aminoacid was initially considered 
as a metabolite. However, the identification of GABA effects on neurons (Curtis DR., Phillis JW. and 
Watkins JC., 1959) and the metabolic relationship between GABA and glutamate suggested that, rather 
than playing a role in metabolic processes (protein synthesis), glutamate could control neuronal function. 
The pioneering studies of Curtis DR. et al. (Curtis DR., Phillis JW. and Watkins JC., 1959) identified 
glutamate effects on the control of neuronal activity, playing a role as a neurotransmitter. 
 
In neurons, glutamate is synthetized de novo from alpha ketoglutarate, by the enzymatic activity of 
glutamate dehydrogenase along the tricarboxylic acid cycle (TCA, also known as Krebs cycle) (see figure 
2), the common pathway for oxidation of carbohydrates, lipids and proteins (Akram M, 2014).  
 

 
 

Figure 2. Krebs cycle and its association with glutamate synthesis. The different substrates/products are indicated in black, 
the enzymes in green and the cofactors in gray.  
 
Upon glutamate release (from the presynaptic neuron) in the synaptic cleft, neurotransmitter glutamate is 
mainly uptaken by surrounding astrocytes (see next paragraph) subsequent to interaction with receptors 
in the synapse. In the astrocyte, glutamate is converted into glutamine (Gln, catalyzed by glutamine 
synthetase, exclusively expressed in astrocytes) and transported to glutamatergic neurons, to be further 
converted into glutamate by phosphate-activated glutaminase (Yu-Ying et al., 2018) (see figure 3). 
 
Glutamine uptake by neurons occurs via SAT2/ATA2/SNAT2/SA1 transporter (System A amino acid 
transporter 2, Amino acid transporter A2, System N amino acid transporter 2, System A transporter 1) 
from SLC38 (Sodium-coupled neutral amino acid transporter) family (see figure 7), using electrical and 
chemical gradients of Na+ (Chaudhry FA. et al. 2002) (see figure 8). 
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Figure 3. Glutamate synthesis from astrocyte-released glutamine. In astrocyte, glucose is transformed into 3PG which is 
converted to pyruvate and consequently, to alpha-ketoglutarate. Alpha-ketoglutarate is then converted to glutamate by 
aspartate aminotransferase. There are additional sources of glutamate for the astrocyte. Finally, glutamate is converted to 
glutamine by glutamine synthetase. 
 
1.2. The glutamatergic tripartite synapse 
 
Traditionally, synapses were thought to be dependent on two cellular players’ communication, with 
information flowing from pre-synaptic neurons to post-synaptic neurons. However, the current consensus 
view, includes, in addition to the presence of the pre-synaptic and post-synaptic neurons, the role of a 
third player, namely the astrocyte. Indeed, astrocytes also exchange information with the two neuronal 
actors, having a regulatory role in neurotransmission, and forming the so-called ‘tripartite synapse’ (Perea 
G. et al., 2009). The glutamatergic synapse is a tripartite synapse, and the following paragraph describes 
their different actors. 
 
1.2.1. Pre-synaptic neuron 
 
Upon glutamate synthesis in the pre-synaptic neuron (using one of the mechanisms previously described), 
the neurotransmitter is transported (via vesicular glutamate transporters, VGLUT) and stored in synaptic 
vesicles. This glutamate transport is driven, firstly by chloride ions uptaken during vesicles recycling after 
those vesicles have been fused to the pre-synaptic membrane, and also by a proton ATPase in the vesicular 
membrane that creates a positive gradient that facilitates glutamate (a negatively charged molecule) 
transport into the vesicles (Martineau M. et al., 2017) (see figure 4). 
 
The fine regulation of glutamate exocytosis as for other neurotransmitters release, requires the arrival of 
an action potential to the pre-synaptic neuron. This action potential is translated into a transient Ca2+ 
increase via activation of voltage-gated calcium channels. In synaptic vesicles, there are distinct proteins 
like synaptobrevin or VAMP (vesicle-associated membrane protein) that is a V-SNARE (Vesicle Soluble 
NSF Attachment Protein) which binds to syntaxin and SNAP25 (Synaptosome associated protein 25), 
that are T-SNAREs (Target Soluble NSF Attachment Protein) in the plasma membrane of neuron 
terminals, resulting in the vesicle-membrane fusion, and consequently, the glutamate release, via Ca2+ 
binding to V-SNARE (Lodish H. et al., 2000) (see figure 4). 
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This calcium also mediates phosphorylation of different protein kinases (cAMP- or Ca2+-calmodulin-
dependent) that act in some proteins located in the synaptic vesicles’ membrane, such as synapsins and 
Rab3A (a GTP-binding protein) leading to the vesicles’ recruitment to the active zone (see figure 4). 

 

 
 
Figure 4. Schematic representation of glutamate transport into vesicles through VGLUT transporter (coupled to chloride 
transport and an ATPase pump) and glutamate vesicles fusion with membrane to release the neurotransmitter via SNARE 
complex (kinases phosphorylate synapsins and Rab3, recruiting synaptic vesicles to active zone, where 
synaptobrevin/VAMP binds to syntaxin and SNAP25, and allow vesicles fusion). 
 
Although the precise mechanisms remain elusive, experimental data support the release (in addition to 
glutamate) of D-serine from the pre-synaptic glutamatergic neurons. In brain, D-serine can be de novo 
synthetized from its precursor L-serine by the action of serine racemase (SR) and act as a co-agonist 
together with glutamate. Traditionally, SR was thought to be exclusively expressed in astrocytes, but recent 
data showed SR expression in neurons as well. Neuronal release of D-serine is Ca2+ dependent 
(Kartvelishvily E. et al., 2006). Another molecule which act as co-agonist is glycine. In order to control 
the glycine concentration in the synaptic cleft, there is a glycine transporter GLYT1 (glycine transporter 
type 1), coupling the glycine transport with the transport of 2 Na+ ions and 1 Cl- ion (see figures 7-8) 
(Tsai G. et al., 2004; Cubelos B. et al., 2005, Erdem FA. et al., 2019). 
 
Additionally, in the pre-synaptic neuron, there are some glutamate receptors regulating the release process 
and consequently, having an impact on some critical process such as neuronal plasticity. These receptors 
are known as autoreceptors. Ionotropic pre-synaptic receptors (Kainate, AMPA and NMDA) mainly 
facilitate neurotransmission whereas metabotropic receptors might be facilitating (Group I) or inhibiting 
(Group II and III) depending on the signaling and the coupled G-protein (Pinheiro PS. et al., 2008) (see 
figure 7). 
 
1.2.2. Post-synaptic neuron 
 
Released glutamate in the synaptic cleft can bind to the agonist (glutamate) binding site of the glutamate 
receptors, which are predominantly present in the post-synaptic neuron. Glutamate receptors are 
functionally classified in two main families: metabotropic receptors (mGluRs), a class of ligand-dependent 
receptors coupled to G-proteins; and ionotropic receptors (iGluRs) which are voltage-dependent channels 
that allow direct cations movement. These cations depolarize the post-synaptic neuron from a negative 
resting potential to a more positive potential, that when achieving a threshold, generates an action 
potential that propagates. 
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1.2.1.1. Metabotropic glutamate receptors 
 

Metabotropic receptors responding to glutamate consist on seven transmembrane domains receptors that 
form dimers and are divided in three different groups: Group I (mGluR1 and mGluR5), Group II 
(mGluR2 and mGluR3) and Group III (mGluR4, mGluR6, mGluR7 and mGluR8).  Whereas Group I 
receptors are coupled to Gq/11 protein, Group II and III receptors bind to Gi/Go protein (Nicoletti F. et 
al., 2011). Activation of metabotropic receptors is associated with slow responses (minutes, hours), in 
contrast to the fast activation and responses triggered by ionotropic receptors (few milliseconds). Further, 
the signaling pathways activated by mGluRs are dependent on the identity of the target (mGluR) and the 
associated G-protein. Glutamate binding to mGluRs coupled to Gq proteins stimulates phospholipase Cb 
(PCb) resulting in the cleavage of phosphatidylinositol-4,5-bisphosphate and the formation of inositol-
1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). In turn, IP3 increase promotes Ca2+ release from 
intracellular stores whereas DAG activates protein kinase C (PKC), which regulates several second 
messengers and signaling pathways, such as cAMP (cyclic adenosine monophosphate) synthesis, 
arachidonic acid release, the mitogen-activated protein kinase (MAPK) pathway, and L-type voltage-
sensitive Ca2+ channels. In the other hand, receptors binding to Gi/Go proteins, inhibit adenylyl cyclase 
(AC) and cAMP formation and directly regulate ion channels  (inhibiting Ca2+ channels or activating K+ 
channels) and other signaling pathways, like the activation of the MAPK and PI3K (phosphatidyl-inositol 
3 kinase) pathways (Nicoletti F. et al., 2011) (see figure 5). 
 

 
 
Figure 5. Signaling pathways modulation by glutamate metabotropic receptor activation. Activation of metabotropic 
receptors containing Gq proteins result in PLCb activation and IP3 production, which in turn increases calcium and DAG. 
Increased DAG and Ca2+ levels activate PKC which activates AC, calcium voltage-gated channels, arachidonic acid release 
and the MAPK pathway. Metabotropic receptors containing Gi proteins inactivate AC (decreasing cAMP production), and 
calcium voltage-gated channels while activating potassium voltage-gated channels, MAPK and PI3K pathway. 
 
Metabotropic receptors can be located either in the post-synaptic neuron (mGluR1,5 and 3), or in the pre-
synaptic terminal acting as autorreceptors (mGluR1, 2, 3, 4, 5, 7 and 8). Besides, they are also found in 
astrocytic cells (mGluR3 and 5) (Nicoletti F. et al., 2011) (see figure 7).  
 
 
 
 
 
 
 

1 
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1.2.1.2. Ionotropic glutamate receptors 
 

Ionotropic glutamate receptors are ion channels that are pharmacologically divided in three groups based 
on their response to glutamate analogues: AMPA receptors (AMPARs, which respond to a-amino-3-
hydroxy-5-methyl-4-isoxazol-propionate, AMPA), kainate receptors (KARs, which respond to kainic 
acid), and NMDA receptors (NMDARs, which respond to N-methyl-D-aspartate). Ionotropic receptors 
are tetrameric structures (homotetramers or heterotetramers). Each tetramer is composed by four large 
transmembrane subunits (900-1500 residues) with a central channel pore permeable to cations. iGluR 
subunits are encoded by different genes, named according to the functional type of receptor they are 
forming (Collingridge GL. et al 2009; Traynelis SF. et al., 2010) (see table 2). 
 

 
Receptor 

 
Protein subunit names (Gene genes) 

 
 

AMPA 

GluA1, GluR1, GluRA (GRIA1) 

GluA2, GluR2, GluRB (GRIA2) 

GluA3, GluR3, GluRC (GRIA3) 

GluA4, GluR4, GluRD (GRIA4) 

 
 

Kainate 

GluK1, GluR5 (GRIK1) 

GluK2, GluR6 (GRIK2) 

GluK3, GluR7 (GRIK3) 

GluK4, KA1 (GRIK4) 

GluK5, KA2 (GRIK5) 

 
 
 

NMDA 

GluN1, NMDAR1, NR1, GluRx1 (GRIN1) 

GluN2A, NMDAR2A, NR2A, GluRe1 (GRIN2A) 

GluN2B, NMDAR2B, NR2B, GluRe2 (GRIN2B) 

GluN2C, NMDAR2C, NR2C, GluRe3 (GRIN2C) 

GluN2D, NMDAR2D, NR2D, GluRe4 (GRIN2D) 

GluN3A, NR3A (GRIN3A) 

GluN3B, NR3B (GRIN3B) 

 
Table 2. Glutamate ionotropic receptor subunits classification: AMPAR (GluA1-GluA4), kainate (GluK1-GluK5) and 
NMDA (GluN1, GluN2A-D, GluN3-A,B) with different historical nomenclatures of the codifying genes and proteins. In 
bold, the current IUPHAR nomenclature (Collingridge GL. et al 2009). 
 
Each of these subunits is composed by a large extracellular amino-terminal domain (ATD), an extracellular 
ligand-binding domain (LBD), a transmembrane domain (TMD) with three transmembrane helices (M1, 
M3 and M4) and a re-entrant loop (M2), and an intracellular carboxyl-terminal domain (CTD) (Traynelis 
SF. et al., 2010). 
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Upon agonist(s) binding, ionotropic glutamate receptors permeability to monovalent cations (Na+, K+) 
and, additionally, to Ca2+ (for some iGluRs, including NMDARs, and calcium permeable AMPA and 
Kainate receptors) change, resulting in an ion influx through them. The influx of positive charges 
depolarizes the cell and consequently, produces an excitatory postsynaptic potential (EPSP) that activates 
the postsynaptic neuron and leads to activation of different signaling pathways (Traynelis SF. et al., 2010). 
 
Subunits conforming Kainate receptors (GluK1-K5) are further divided into low- (GluK1-K3) and high-
affinity (GluK4-K5) subunits. Low-affinity subunits might form homomers whereas high-affinity subunits 
should heteromerize with one low-affinity subunit. The most common subunits in the adult hippocampus 
are GluK2 and GluK5. Kainate receptors are activated upon glutamate binding leading to small currents 
and their activation and deactivation kinetics are slow. However, KARs also present a non-canonical 
activation pathway via a Go protein through an adaptor protein (same pathway than Gq/11 protein) 
(Valbuena S. et al., 2020). 
 
AMPA receptors are composed by GluA1-GluA4 subunits, with the majority of them in adult 
hippocampus containing the GluA1 and GluA2 subunit (leading to Ca2+ impermeability) and they mediate 
the fastest excitatory transmission, when glutamate is released, which has a larger amplitude than KAR 
and decays rapidly (Traynelis SF. et al., 2010). 
 
NMDAR subunit composition and physiology will be further discussed in the next sections. 

1.2.1.3. Additional molecular and structural elements of the glutamatergic synapse: Glutamate 
transporters, glycine transporters and the post-synaptic density 

 
When glutamate is released from the pre-synaptic terminal, it must be cleared out to avoid diffusion, 
overactivation of glutamate receptors and hence the excitotoxicity derived from this excess of 
glutamatergic signaling (Hardingham GE. and Bading H., 2010). The majority of glutamate clearance is 
carried out by astrocytes. However, there are also glutamate transporters in the post-synaptic neurons 
(EAAT3/EAAC1) that might remove the excess of glutamate (Zhou Y. et al., 2014) (see figure 7). These 
EAAT (excitatory amino acid transporters/carriers) glutamate transporters allow glutamate transport by 
coupling to the cotransport of two Na+ ions, and the opposite transport of one K+ ion and one H+. In 
addition to the coupled ions, glutamate transporters allow an uncoupled anion chloride flux (Wadiche JI. 
et al., 1995) (see figure 8). 
 
In the post-synaptic neuron, the glycine transporter (GLYT1) is also expressed. This transporter controls 
glycine concentration in the synaptic cleft, likely working in the same direction than GLYT1 in the pre-
synaptic terminal. 
 
The complex molecular machinery (membrane proteins) of the post-synaptic neuron, is organized in a 
dynamic subcellular compartment known as postsynaptic density (PSD). This structure comprises a 
plethora of proteins, that are dynamically regulated and compose the so-called synaptoproteome (SynGO, 
https://www.syngoportal.org) and can directly or indirectly interact with GluRs (Sheng M. et al., 2007, 
Kennedy MB., 2018) (see figure 6). The ensemble of these proteins is responsible of maintaining the 
synapse structure and the different signaling cascades (upon receptors activation) involved in synaptic 
plasticity. Functionally, these proteins are grouped into the following categories: scaffold proteins (e.g. 
MAGUKs, including PSD-95/SAP90, PSD-93/Chapsyn, SAP97, and SAP102; proteins from the 
SHANK and Homer families), cell adhesion molecules (e.g. neurexins, neuroligins, cadherins, catenins), 
kinases (e.g. CaMKII, PKA, PKC), phosphatases (e.g. PTEN, PP1), GTPases (e.g. SynGAP, ARF3), motor 
proteins (e.g. dynein, myosin), trafficking proteins (e.g. clathrin, AP1, synapsin, SNAP5), chaperones 
(HSP40), ubiquitins, cytoskeleton proteins (actin, tubulin, ankyrins…) and proteases. These proteins in 
the PSD interact with the glutamatergic receptors through the carboxy-terminal domain (Sheng M. et al., 
2007, Kennedy MB., 2018) (see figure 6).  
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Figure 6. A simplified scheme of postsynaptic density components: NMDAR, AMPAR, mGluR, neurexin-neuroligin, N-
cadherin-B-catenin, GTPases, MAGUKs, Kinases, SAP, SHANK, Homer, Actin. 
 
1.2.3. Astrocytic cells 
 
Astrocytes represent a major group of glial cells with crucial role in CNS. Among other important roles, 
astrocytes are part of the structure of the blood brain barrier, regulate extracellular K+ levels and can 
release gliotransmitters that modulate the tripartite synapse. Regarding their role in the glutamatergic 
transmission, after glutamate release and glutamatergic receptor activation, glutamate must be cleared 
from the synaptic cleft to avoid diffusion to neighbor synapses and excitotoxicity. This clearance is 
principally made by astrocytes, thanks to GLAST (Glutamate-Aspartate transporter 1)/EAAT1 and 
Glt1(Glutamate transporter 1)/EAAT2, and allow the conversion of uptaken glutamate into glutamine 
that will be released from astrocytes and uptaken by neurons, ultimately entering neurons and being used 
for glutamate synthesis (Zhou Y. et al., 2014) (see figure 7). Glutamine release from astrocytes is carried 
out via SN1 (System N transporter 1)/SNAT3 and SN2/SNAT5 thanks to a cotransport of 1 Na+ ion 
and the opposite transport of 1 H+. It is known that this system might act in both directions depending 
on the substrates and the ionic gradients (Rubio-Aliaga I. et al., 2016) (see figures 7-8). 
 
Additionally, astrocytes also express GLYT1 for the regulation of glycine concentration in the synaptic 
cleft, similar to pre-synaptic and post-synaptic terminals GLYT1 in the pre-and the post-synaptic terminals 
(see figure 7). In astrocytes, glycine can be released by different mechanisms: 1, through SNAT5 
transporter; 2, via GLYT1 reverse transport (when astrocytic intracellular glycine increases); or 3, due to 
an increase in Na+ intracellular concentration, after acute depolarization (Hamdani EH. et al., 2012, 
Shibasaki K. et al., 2017) (see figure 7). Astrocytes might also release D-serine when they are depolarized. 
D-serine is released from astrocytes by Ca2+-dependent mechanism through SNARE complex and/or 
Ca2+-independent machineries through complexes between purinergic receptors P2 (activated by 
adenosine triphosphate, ATP) and pannexins channels (see figures 7-8) (Mothet JP. et al., 2005, Pan HC. 
et al., 2015). 
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Figure 7. Schematic representation of the tripartite glutamatergic synapse depicting the distribution pattern of the different 
glutamatergic receptors and transporters; Pre-synaptic neuron: Autoreceptors (KAR, AMPAR, NMDAR, mGluR 1/5, 4/8, 
2/3 and 7), GLYT1 transporter (glycine clearance), SNAT2 transporter (glutamine uptake); Post-synaptic neuron: Metabotropic 
receptors (mGluR 1/5 and 3) and ionotropic receptors (KAR, AMPAR and NMDAR), GLYT1 transporter (glycine 
clearance) and EAAT3 transporter (glutamate clearance); Astrocyte: P2-Pannexin complex (serine release), EAAT1 and 
EAAT2 transporter (glutamate clearance), GLYT1 transporter (glycine clearance and release), SNAT3 and 5 transporter 
(glutamine and glycine release) and mGluR3,5 
 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 8. Summary of substrates/ions fluxes through the different transporters in the glutamatergic synapse: SNAT2 
(influx of glutamine and sodium), GLYT1 (influx or outflux of glycine, chloride and sodium), EAAT (influx of glutamate 
and sodium; outflux of potassium and protons, coupled to chloride transport) and SNAT3/5 (outflux of glutamine, glycine, 
protons and sodium). 
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2.1. Structure and composition of the NMDA receptor 
 
NMDA receptors (NMDARs) are tetrameric structures of 4 GluN subunits (see table 1). NMDARs are 
formed by the combination of two obligatory GluN1 subunits and 2 variable GluN subunits (GluN2A-
D, or GluN3A-B). Furthermore, several isoforms (resulting from alternative splicing) have been described 
for GluN1, GluN2A and GluN3A subunits. In the GluN2A and GluN3A subunits, the alternative splicing 
affects the C-terminal domain, resulting in two distinct GluN2A or GluN3A isoforms (GluN2A-1 or 
GluN2A-2, GluN3A-1 or GluN3A-2) whereas in the GluN1 subunit, alternative splicing might occur in 
the amino-terminal domain (ATD) or the carboxy-terminal domain (CTD). Alternative splicing in the 
ATD (particularly, in exon 5, N1 cassette) distinguish GluN1a (without N1 cassette) and GluN1b (with 
N1 cassette). Moreover, CTD splicing determines the inclusion/exclusion of different cassettes: exon 21 
(C1 cassette), exon 22 (C2 cassette), and exon 22’ (C2’ cassette) and, in combination with ATD splicing, 
might result in 8 different GluN1 isoforms (see figure 9) (Paoletti P. et al., 2013; Warming H. et al., 2019). 
 

 
 
Figure 9. The different GluN subunits resulting from GRIN genes and the alternative splicing (adapted from Paoletti P. et 
al., 2013; Warming H. et al., 2019). 
 
The two obligatory GluN1 subunits might be identical or different (although GluN1-1a and GluN1-1b 
do not seem to coexist within the same tetrameric receptor). Based on the identity of GluN variable 
subunits, NMDAR might form di-heteromeric complexes when both variable subunits are the same or 
tri-heteromeric complexes when variable subunits are different from each other (for instance, GluN3 
subunits do not form functional glutamate-gated channels unless they combine with a GluN2 subunit 
where the glutamate-binding site is) (see figure 10) (Paoletti P. et al., 2013; Pérez-Otaño I. et al., 2016). 

 
 
 

 
 

Thus, the possibilities for subunit combination are very diverse, and result on a large repertoire of 
NMDAR sub-populations. Functionally, NMDAR molecular composition heterogeneity is crucial, since 
NMDAR composition determines the biophysical and pharmacological properties of the channel as well 
as the receptor subcellular distribution, its interactions with other proteins and their physiological role. 

Figure 10. The different 
populations of di-heteromeric o 
tri-heteromeric NMDARs that 
might be formed based on the 
distinct possibilities of 
combination. 
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2.2. Topology of NMDARs 
 
As other ionotropic glutamate receptors, NMDARs are composed by different domains: an extracellular 
amino-terminal domain (ATD), a ligand-binding domain (LBD), a transmembrane domain (TMD), and 
an intracellular carboxy-terminal domain (CTD) (Traynelis SF. et al., 2010) (see figure 11). 
 
The ATD is a clamshell-like structure with two parts (R1 and R2) and a pocket in the middle (see figure 
11). This domain differs the most among GluN subunits (Traynelis SF. et al., 2010) and binds different 
endogenous ligands that regulates NMDAR function, such Zn2+ or NMDAR allosteric modulators that 
regulate NMDAR activity (see note1) (Karakas E. et al., 2009). In addition, ATD also mediates initial 
dimer formation of NMDAR subunits through disulfide bonds formation (Papadakis M. et al., 2004; 
Hansen KB. et al., 2010) and also regulates NMDARs trafficking- Regarding the latter, the ATD contains 
a short signal peptide targeting the receptor to the membrane (Hansen KB. et al., 2010), retention signals 
that prevent release from the endoplasmic reticulum unless the subunits correctly assemble (Horak M. et 
al., 2008; Qiu S. et al., 2009), and several N-glycosylation sites (Standley S. and Baudry M., 2000; 
Lichnerova K. et al., 2015). Biophysically, the ATD also influences NMDAR deactivation kinetics and 
open probability (Gielen et al., 2009; Yuan H. et al., 2009). In summary, the ATD plays a very important 
role in NMDAR assembly and trafficking, although being also involved in the modulation of NMDAR 
channel gating. 
 
Following ATD through a linker region, there is the LBD. Phylogenetically, the LBD is more conserved 
than the ATD and its topology contains a clamshell-like structure (formed by two lobes, S1 and S2) and 
a pocket for natural agonists binding (Traynelis SF. et al., 2010) (see figure 11). Thus, this domain is critical 
for agonist binding, and consequently, NMDARs gating and activation. The LBD is connected to TMD 
via three linkers and it is composed by 3 transmembrane helices M1, M3 and M4 and a re-entrant loop 
M2. Together, the M1-4 of the different GluN subunits constitute the NMDAR channel (see figure 11). 
Within this pore, there is the ‘selectivity filter’ that controls permeation and ion selectivity and it is 
susceptible to be blocked by open channel blockers. This structure determines that NMDARs are 
permeant to monovalent ions (e.g. Na+ and K+) and divalent ions (e.g. Ca2+) while blocked by Mg2+ 
depending on membrane potential, and several blocking drugs (Traynelis SF. et al., 2010). Besides its 
predominant role in NMDAR biophysics, the TMD also plays a role in NMDARs trafficking (Kaniakova 
M. et al., 2012). 
 
The M4 segment of the TMD is adjacent to the CTD of the NMDAR (see figure 11).  CTD contains 
binding motifs for intracellular binding proteins (Sheng M. et al., 2007, Kennedy MB., 2018), that play a 
role in NMDAR post-translational modifications (Tingley WG. et al., 1997; Choi Y-B. et al., 2000; 
Nakazawa T. et al., 2001; Scott DB. et al., 2001; Vissel B. et al., 2001; Yang M. and Leonard JP., 2001; 
Krupp JJ. et al., 2002; Lavezzari G. et al., 2003; Szklarczyk A. et al., 2008; Yuan H. et al., 2009; Sanz-
Clemente A. et al., 2010; Traynelis SF. et al, 2010; Qiu S. et al., 2011; Farinelli M. et al., 2012; Lussier MP. 
et al., 2015; Sinitskiy AV. et al., 2017; Hayashi T., 2020; Yong XLH. et al., 2021), NMDAR trafficking and 
docking (Standley S. et al., 2000; Hawkins LM. et al., 2004; Horak M. et al., 2008; Horak M. and Wenthold 
RJ., 2009), conductance and gating (Maki BA. et al., 2012). Concomitant to the large interactome and 
domain flexibility, the crystallographic structure of the CTD cannot be resolved. 
 
Note1: Allosteric modulators are compounds that bind to an allosteric site within a receptor. Allosteric 
binding sites are different from the endogenous agonist binding-site, also known as orthosteric site. These 
compounds modulate the receptor response to the agonist in a positive way (positive allosteric 
modulators, PAMs, increasing ligand affinity and/or channel activity), negative way (negative allosteric 
modulators, NAMs, decreasing ligand affinity and/or channel activity) or a neutral way (through blockade 
of other modulators’ binding to the agonist-binding site). 
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Figure 11. Topological domains of the NMDA receptor: amino-terminal domain (ATD, R1 and R2 regions), ligand-binding 
domain (LBD, S1 and S2 lobes), transmembrane domain (TMD, M1-M4 transmembrane regions), carboxy-terminal domain 
(CTD) and linker regions. Agonist (glutamate or glycine/D-serine) is represented as a black dot. 

 
2.3. Assembly, trafficking and docking of NMDARs 

Several working models have been proposed to explain GluN subunits assembly into the tetrameric 
NMDAR structure. Some studies suggest that GluN1-GluN1 and GluN2-GluN2 homodimers would be 
initially formed, for further formation of the functional tetramers (Qiu S. et al., 2005) (see model 1, figure 
12). Another theory proposed that GluN2 and GluN3 subunits might only form oligomers in the presence 
of GluN1 in order to later constitute tetrameric receptors (Schüler T. et al., 2008) (see model 2, figure 
12).  Finally, it has also been proposed the formation of a GluN1-GluN1 homodimer complex followed 
by sequential assembly of two GluN2 monomers to form the NMDAR tetramer (Atlason PT. et al., 2007) 
(see model 3, figure 12). 

 
 

Figure 12. Current working models of GluN subunits assembly for the constitution of tetrameric NMDARs. 
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Despite the possible/s mechanism/s involved in NMDAR tetramerization, there are several residues 
which have a role in the interaction between human GluN1 and GluN2 subunits. These residues are 
GluN1-1a-I519, A524, K531, P532, Y535, R755, L777, GluN2A-I514, F524, V526, P527, E530, L777, 
L780 and their equivalent positions in other GluN2 subunits such as GluN2B (Furukawa H. et al., 2005) 
(see figure 13). 

 
 
Figure 13. Aminoacid residues in the human GluN1-1a and GluN2A-B subunits with a role in the interaction between 
both subunits, and NMDAR oligomerization. 
 
The understanding of NMDAR biogenesis mechanisms benefited from the use of heterologous 
expression systems. In these models, individual expression of GluN subunits (single GluN subunit type) 
resulted on the retention in the endoplasmic reticulum (ER). This finding reflected a quality control 
mechanism, suggesting its participation to ensure that only fully assembled and properly folded complexes 
reach the cell surface.  Retention of GluN subunits is due to degradation of misfolded proteins and the 
presence of retention signals in particular human GluN1 isoforms (RRR or KKK in the C1 cassette), the 
configuration of a fragment in the human GluN2A ATD and GluN2 C-termini retention signal (unknown 
sequence), as well as, the integrity of M3 loop in the transmembrane domain of GluN1 and GluN2B 
(Standley S. et al, 2000; Scott DB. et al., 2001; Hawkins LM. et al., 2004; Horak M. et al., 2008; Horak M. 
and Wenthold RJ., 2008; Kenny AV. et al., 2009; Qiu S. et al., 2009; Kaniakova M. et al., 2012) (see figure 
14).  
 

 
 

Figure 14. Retention signals located in the M3 transmembrane fragment and the C-terminal domain in the human GluN1 
and GluN2 subunits of NMDA receptors. 
 
Mechanistically, the assembly of GluN subunits results on ER retention signals maskings, allowing further 
trafficking of the NMDAR to the plasma membrane. For instance, in the human GluN2, the presence of 
at least 3 aminoacid length sequence within the C-termini of GluN2 subunits sequences immediately 
following the fourth transmembrane domain (EHL), is able to mask the human GluN1 C1 retention 
signals, as well as some human GluN1 isoforms containing the C2’ cassette last 6 aminoacids including 

2 
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the PDZ-binding motif (PSD-95/Dlg/ZO-1).  Also, the human GluN2A M3 domain (Ser-644 and Tyr-
645) and the human GluN2B M3 domain (Trp-635, Ser-645, Tyr-646, Thr-647) is involved in masking 
human GluN1 M3 retention signals, whereas the human GluN1 M4 domain is necessary for masking 
human GluN1 M3 and GluN2B M3 retention signals, and human GluN1 M3 (in GluN1-1a: Trp-636, 
Tyr-647 and Thr-648)  also participates on masking human GluN2 retention signals. Besides this masking 
mechanism, additional control checkpoints participate in the control of tetrameric NMDAR exit from the 
intracellular compartments. In this regard, the proximal region of the C0 cassette in human GluN1 
regulates the structure of the M4 domain and other surrounding regions of the GluN1 subunit.  Another 
structure which is important for the release of functional NMDARs from the ER is the integrity of the 
glycine binding site in the human GluN1 subunit (e.g. GRIN1(p.D732A) variant, within the LBD, 
abolishes NMDAR surface trafficking) (Standley S. et al, 2000; Scott DB. et al., 2001; Hawkins LM. et al., 
2004; Horak M. et al., 2008; Horak M. and Wenthold RJ., 2008; Kenny AV. et al., 2009; Qiu S. et al., 2009; 
Kaniakova M. et al., 2012) (see figure 15). 
 

 
 

Figure 15. Masking mechanisms of retention signals located in the N-terminal, M3 and M4 transmembrane fragments, and 
C-terminal domains in the human GluN1-1a and GluN2 subunits of NMDA receptors. 
 
After NMDAR-containing complexes exit the endoplasmic reticulum (ER), they are modified at the Golgi 
apparatus. Some of these post-translational modifications also play a role in the receptor trafficking such 
as N-glycosylation of GluN1-1a subunit (at residues N203 and N368) or protein kinase C-mediated 
phosphorylation of GluN2 subunit (GluN-S896) (Standley S. and Baudry M., 2000; Scott DB. et al., 2001; 
Horak M. and Wenthold RJ., 2008; Lichnerova K. et al., 2015) (see figure 16).  
 

 
 
 

Figure 16. Schematic representation of GluN subunits post-translational modifications involved in surface trafficking 
control of the NMDAR. 
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Once the receptor is modified, it is sorted in the trans-Golgi network (TGN). NMDARs are carried on 
transport vesicles, bound to MAGUKs that in turn bind the exocyst component Sec8 and mPins 
(mammalian homologue of Drosophila melanogaster partner of inscuteable) that binds to the G protein 
subunit Gα. Both Sec8 and the NMDARs subunits bind to the same region of MAGUKs primarily within 
the first and second PDZ domains. MAGUKs-NMDARs interaction occurs via the E(S/T)XV motif 
GluN2-CTD. mPins–MAGUK complex may promote efficient targeting of NMDARs to cell surfaces 
and the interaction of Gαi with mPins contributes in the stabilization of the complex. NMDAR subunits 
can bind to a complex of other proteins (mLin-7/MALS (mammalian lin-seven protein) /Veli (vertebrate 
lin-seven homolog), mLin-2/CASK (calcium/calmodulin-dependent serine protein kinase), mLin-
10/Mint1 (munc18-1-interacting protein 1)/X11) linking the NMDAR to the kinesins through their C-
termini and mediating the transport of the NMDAR along the dendrite (see figure 17). NMDAR traveling 
via kinesins (kif) on microtubule tracks may switch to myosin motors on actin filaments for final transport 
to cell surfaces and transport within postsynaptic spines although this last motor protein identity remains 
elusive (Setou M. et al., 2000; Sans N. et al., 2003; Sans N. et al., 2005). 
 

 
 

Figure 17. NMDAR transport along the dendrite via kinesin transport in microtubules and underlying multimeric protein 
complex (NMDAR, MAGUK, SEC8, mPins, mLins, Ga and kinesin). 
 
2.4. NMDARs as coincidence detectors: NMDAR activation process 
 
For their activation, NMDARs require simultaneous binding of co-agonists: glutamate to the GluN2 
subunits and glycine/D-serine to GluN1 and/or GluN3 subunits (Johnson and Ascher, 1987; Mothet JP. 
et al., 2000). Regarding glycine/D-serine co-agonist activity, their role on NMDAR activation varies within 
the brain region, with D-serine playing a role in the forebrain and glycine being most predominant in the 
cerebellum (Matsui T-A. et al., 1995). Moreover, D-serine preferentially binds to synaptic receptors while 
glycine predominantly binds to extra-synaptic receptors (Papouin T. et al., 2012). Co-agonists binding 
mechanism differ, with glutamate binding based on the interaction with positively charged chains (outside 
the binding pocket), guiding glutamate binding to the LBD, whereas glycine/D-serine binding is 
independent of electrostatic interactions (Yu A. and Lau AY., 2018).   
 
Under basal conditions, neurons have a negative resting membrane potential (-60/-80 mV) and thus 
NMDARs are blocked by a Mg2+ ion (Nowak L. et al., 1984). This blockade is voltage-dependent, in such 
a way that the blockade disappears at positive membrane potentials, with the release of Mg2+. Thus, for 
their activation NMDARs behave as coincidence detectors, considering the obligatory and simultaneous 
presence of two sine qua non events. Indeed, NMDARs activation requires glutamate release (from the 
depolarized pre-synaptic terminal) and the depolarization of the post-synaptic terminal (at the same time 
or shortly after pre-synaptic neuron depolarization) allowing Mg2+release from the channel pore. 
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Depolarization of the post-synaptic neuron results from the activation of non-NMDARs (e.g. AMPARs) 
with fast and transient voltage-independent response (Blanke ML. and Van Dongen AMJ., 2009) (see 
figure 18). Once the NMDAR is unblocked, and agonist and co-agonist bind to the receptor, NMDAR 
gating occurs. NMDAR gating results in a conformational change in the LBD, causing the two lobes to 
close around the ligand, preventing its dissociation (Dolino DM. et al., 2016). 
 

 
 

Figure 18. NMDAR activation via pre-synaptic terminal depolarization (resulting in glutamate release) and post-synaptic 
neuron stimulation (due to AMPARs activation) which releases Mg2+ blockade and allows Ca2+ influx through the 
NMDAR. 
 
The identity of the amino acid residues involved in co-agonists binding to the NMDAR have been the 
object of multiple studies, ranging from structural and computational studies to the characterization of 
disease-associated GRIN variants. Several amino acid residues involved in the interaction between glycine 
or D-serine and the human GluN1-1a subunit of the NMDAR (e.g. GluN1-1a-K483, F484, G485, E488, 
N499, P516, T518, E522, R523, Q686, S688, R694, R695, E712, R722, D732). In parallel, there are also 
residues which are important for glutamate binding to the human GluN2 binding-site (e.g. GluN2A-H485, 
S511, T513, E517, R518, S689, T690, R692, R695, Y730, D731, Y761 and their respective equivalent 
positions in other GluN2 subunits like GluN2B) (Furukawa H. et al., 2005; Dai J. and Zhou H-X., 2016; 
Yu A. and Lau AY., 2018) (see figure 19). 
 

 
 

Figure 19. Aminoacid residues of human GluN1-1a and GluN2A/B subunits with a role in agonist binding. 
 
Co-agonists binding probably triggers the movement of the linkers between TMD and LBD, and 
consequently, a rearrangement of M3 segment, resulting in the channel opening (Furukawa H. et al., 2005) 
allowing ion fluxes through the channel pore, including Na+, K+ and specially a Ca2+transient that is 
transduced and activates multiple signaling cascades.  
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 Missense mutations affecting amino acid residues involved on co-agonists binding (see figure 19) might 
affect the agonist affinity and/or efficacy (see note2), depending on their topological location: if these 
variants affect residues whose role is related with agonist-binding affect both affinity and efficacy, while 
variants occurring in residues that are associated with the stabilization of the LBD conformation only 
affect efficacy (Kalbaugh TL. et al., 2004). 
 
Ionic selectivity and conductance are dictated by the residues lining NMDAR channel pore. In particular, 
GluN1-1a-N616 (within the M2 re-entrant loop) determines Ca2+ permeability (Chen N. et al., 2004) (see 
figure 20). Additionally, GluN1-1-N616 and orthologous GluN2 subunit (e.g. GluN2A-N614 and 
GluN2B-N615) also play role in Mg2+ blockade (Mori H. et al., 1992) (see figure 20). 
 

 
 
Figure 20. Aminoacid residues in human GluN1-1a and GluN2A/B subunits with a role in Ca2+ permeability and Mg2+ 
blockade. 
 
In relation with the movement of the LBD-TMD linkers, there are a group of residues which are known 
as the ‘TTTT gate’ in the channel pore (human GluN1-1a-T648, GluN2A-T646 and GluN2B-T647) and 
the ‘LILI gate’ which is located in the S2-M3 linker (human GluN1-1a-L657, GluN2A-I654 and GluN2B-
I655) and control NMDAR gating (Ladislav M. et al., 2018) (see figure 21). However, there is a subunit-
specific effect in these linkers’ regulation because GluN1 is responsible of controlling the duration of 
channel opening while GluN2 has a role in the regulation of the opening frequency (Kazi R. et al., 2014). 
 

 
 

Figure 21. Aminoacid residues in human GluN1-1a and GluN2A/B subunits with a role in the regulation of NMDAR 
gating. 
 
Note2: Agonist binding depends on two properties: affinity which determines how strong is the 
interaction agonist-receptor, and efficacy that defines the ability to activate the receptor 
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2.5.  NMDAR activity control by deactivation, desensitization, internalization or degradation 
 
After the agonists are rapidly cleared from the synaptic cleft, NMDARs undergoes in a closed non-
permeable state (deactivation). This closing is due to a rearrangement in the receptor extracellular domains, 
particularly by ATD rotation that approaches GluN2 amino-terminal domains while separating the GluN1 
ATD (see figure 22) (Černý J. et al., 2019). NMDAR gating is stationary, meaning that NMDA receptors 
stochastically oscillates between two states, open and closed, to allow conductance while avoiding 
permeation (Dai J. and Zhou H-X., 2016). 
 
Nevertheless, when there is a sustained agonist exposition, NMDARs do not deactivate but might enter 
in a desensitization state where these receptors are less responsive. Currently, desensitization is explained 
by different mechanisms: 1) weakening of co-agonists affinities (Nahum-Levy R. et al., 2001); 2) 
calcium/calmodulin and a-actinin binding to the GluN1 CTD C0 segment (human GluN1-1a R859-
Q863) via Ca2+ increase, resulting in a decreased open probability (Krupp JJ. et al., 1999); 3) pH-dependent 
allosteric interaction between GluN2 LBD and Zn2+ (Paoletti P. et al., 2000; Erreger F. and Traynelis SF., 
2005); or 4) PSD95 direct interaction with GluN2 CTD (PDZ-binding motif) (see figure 22) (Sornarajah 
L. et al., 2011).  
 
In addition to deactivation and/or desensitization biophysical properties, another control mechanism of 
NMDARs activity is the receptor internalization. NMDARs are internalized via AP2 adaptor that allows the 
binding of the receptor to clathrin. This internalization is driven by specific motifs present in GluN1 and GluN2 
subunits, located in the intracellular CTDs (e.g. GluN1-Y838, K861 in C0 cassette, the proximal GluN2 CTD 
and YEKL motif in the distal GluN2B CTD) (Roche KW. et al., 2001; Scott DB. et al., 2004) (see figure 22). 
These internalized receptors might be recycled and re-inserted in the plasma membrane (determined by the 
proximal CTD of GluN2) or degraded (influenced by GluN1 endocytic motifs) (Scott DB. et al., 2004).  This 
endocytosis process is promoted by the co-agonist site stimulation in the GluN1 subunit, that promotes 
recruitment of the endocytic machinery but needs the NMDAR receptor activation to occur (Nong Y. et al., 
2003).  
 
Furthermore, due to synaptic activation, NMDARs might be targeted to degradation, ultimately controlling 
NMDARs density and consequently, NMDARs global activity. This occurs via a F-box protein which binds to 
glycosylated regions of the GluN1 ATD, promoting its ubiquitination and consequently, its degradation via the 
ubiquitin-proteasome system (see figure 22) (Kato A. et al., 2005). 
 

 
 

Figure 22. Critical domains and amino acid residues of GluN1-1a, GluN2A and GluN2B subunits participating in the 
regulation of NMDARs deactivation, desensitization, internalization or ubiquitination/degradation. 
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2.6. Anatomical, biophysical and pharmacological differences based on the NMDARs 
composition 
 
NMDARs composition is spatio-temporally regulated. Indeed, the precise composition of NMDAR 
depends on the developmental stage, on the brain region or on neuronal activity, and can also be modified 
under pathophysiological conditions. All these data indicate that specific NMDAR subtypes might carry 
particular functions in the central nervous system (Paoletti P. et al., 2013). 
 
GluN1 subunit is expressed from embryonic stages to adulthood, since it is the obligatory subunit and 
needs to be present on NMDARs for the correct function of the receptor. Yet, the regional distribution 
depends on the isoform. Whereas GluN1-1b is ubiquitous, GluN1-1a is highly represented in the cortex 
and the hippocampus (Paoletti P. et al., 2013). On the contrary, GluN2A-D and GluN3A, B subunits 
expression is more variable. Shortly after birth, there are only GluN2B in frontal and cerebellar regions, 
GluN2D in caudal regions and GluN3A subunits, in rostral brain, suggesting an important role in 
synaptogenesis and synapses maturation for these subunits.  While these subunits decrease after birth 
(some of them more than others), GluN2A expression increases after birth until being the most prominent 
GluN2 subunit in the adult brain (Bar-Shira O. et al., 2015). GluN2D subunit expression is restricted to 
few brain areas, while GluN3A subunit expression practically disappears in the adult brain. GluN2B 
subunit presence in adult brain is more preserved, being one of the predominant subunits along with 
GluN2A. In the other hand, GluN2C appears few weeks after birth in very restricted areas like cerebellum 
and olfactory bulb, GluN3B is essentially limited to motoneurons in spinal cord and brainstem (Chatterton 
JE. Et al., 2002; Paoletti P. et al., 2013) (see figure 23). 
 

 
 
 
Figure 23. Developmental changes on NMDAR GluN2 and GluN3 subunits distribution shortly after birth (GluN2B-
frontal brain and cerebellum; GluN2D-caudal brain; GluN3A-rostral brain), few weeks later (GluN2B-to-GluN2A switch, 
both subunits spread along the whole brain; GluN2C in frontal brain and cerebellum; GluN2D-caudal brain; GluN3A-
rostral and caudal brain) and in adulthood (GluN2A is predominant and spread in the whole brain; there are some remaining 
GluN2B subunits which appear in different regions; GluN2C remain in frontal brain and cerebellum; GluN2D remain in 
caudal regions; GluN3A disappear; and GluN3B appear in brainstem). 
 
GluN subunits might also vary among cell types (neurons, astrocytes, oligodendrocytes) or subcellular 
localization (extrasynaptic or synaptic sites) (Papouin T. et al., 2012; Paoletti P. et al. 2013).  
 
Nevertheless, not only regional properties vary depending on the subunits’ composition. The channel 
properties (trafficking, open probability, conductance, permeability, kinetics or sensitivity to blockade) 
also depend on the combination of GluN subunits. In this line, GluN1 isoforms affect the receptor 
activity. Indeed, GluN1b isoform (which contains the N1 cassette) show lower affinity for glutamate, 
faster deactivation than GluN1a isoform (without N1 cassette) and a reduced proton sensitivity (Regan 
MC. et al., 2018; Liu H. et al., 2019). 
 

2. The NMDA receptor 

40 



Introduction 

 

 The presence of the GluN3 subunit also affects NMDAR activity. Indeed, the expression of GluN3 in 
combination with GluN1 subunits in vitro form excitatory glycine receptors that do not respond to 
glutamate or NMDA and are Mg2+-insensitive and less permeant to Ca2+ (Chatterton JE. Et al., 2002) 
although in vivo expression has not been confirmed, due to the fact that these receptors might be rapidly 
degraded or removed from the membrane (Henson M.A. et al., 2010; Pérez-Otaño I. et al., 2016). Thus, 
to form a functional NMDA receptor, this subunit must associate with GluN1 and GluN2 subunits, 
forming tri-heteromeric receptors. Nevertheless, these tri-heteromeric receptors have lower conductance 
than GluN1/GluN3 receptors (Chatterton JE. Et al., 2002). Concomitantly, the NMDARs containing 
GluN3 subunits are thought to have a role as guide for neuronal pruning and brake for synapse maturation 
(Pérez-Otaño I. et al., 2016). 
 
The distinct GluN2 isoforms also differ regarding the channel properties. For instance, GluN2A- and 
GluN2B-subunit containing NMDARs exhibit higher conductance, Ca2+ permeability and sensitivity to 
Mg2+ blockade than GluN2C- and GluN2D-subunit containing NMDARs (Traynelis SF. et al., 2010). 
Furthermore, despite all NMDARs present slow activation and deactivation kinetics, the constant rates 
are GluN2 subunit-depending, being GluN2A the fastest and the one with the lowest glutamate affinity, 
followed by GluN2B and GluN2C, and finally, GluN2D as the slowest but the one with the highest 
glutamate affinity (Cull-Candy S. et al., 2001). 
 
In relation with NMDAR open probability, GluN2A-containing receptors present the highest one, 
followed by GluN2B, then GluN2D and finally, GluN2C. In addition to the different affinities towards 
glutamate, GluN2 identity also determines the level of GluN1 affinity for the co-agonist, with the 
following order: GluN2C > GluN2B > GluN2D >> GluN2A (Yuan H. et al., 2009). Regarding 
desensitization, synaptic NMDARs (predominantly GluN2A) show less desensitization than extrasynaptic 
NMDARs (mostly GluN2B) due to NMDAR association with PSD in the synapsis (Sornarajah L. et al., 
2011). Moreover, this process is absent in GluN2C- and GluN2D-containing NMDARs (Traynelis SF. et 
al., 2010). 
 
Besides the intrinsic regulation of NMDARs biophysical properties, GluN subunbits composition also 
dictates de subcellular localisation of the NMDARs. Specifically, GluN2B-containing NMDARs are 
thought to be preferentially localized at extrasynaptic sites and can, under certain pathophysiological 
scenarios, promote neurotoxicity and cell death (Hardingham GE. and Bading H. et al., 2010). In contrast, 
GluN2A-containing NMDARs are mostly synaptic and, in addition to participate in synaptic plasticity 
processes, have been proposed to potentiate neuronal survival (Zhang S. et al., 2007). Nevertheless, both 
subunits are located at both locations (Thomas C.G. et al., 2005), and the dynamics of NMDARs both in 
physiological and pathophysiological scenarios are the object of investigational efforts (Petit-Pedrol M. 
and Groc L., 2020). Interestingly, synaptic location might also be influenced by the GluN1 subunit. GluN1 
C0 interacts with a-actinin (an actin-binding protein) to anchor NMDAR to cytoskeleton. However, this 
interaction might be antagonized by Ca2+-calmodulin interaction with GluN1 C0 and C1 cassettes. Thus, 
Ca2+ entering via synaptic NMDARs might disassemble NMDAR from cytoskeleton, resulting in their 
redistribution to extrasynaptic sites, and some subunits might be more prone than other to be re-located 
(Arundine M. and Tymianski M., 2003). 
 
Finally, GluN subunits composition also determines the differential pharmacological sensitivity to 
modulators and drugs that modify NMDAR channel gating (Traynelis SF. et al., 2010), as further 
presented in this Thesis. 
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2.7. NMDAR regulation by post-translational modifications  
 
Multiple post-translational modifications (PTM) regulate both NMDAR surface expression (biogenesis) 
and channel gating. These modifications are dynamic, reversible and rely on synaptic activity, conferring 
to the NMDARs a wide and fast tuning range, adapting to neuronal inputs and homeostasis.  
 
One of these modifications is phosphorylation which consists on the enzymatic (carried out by protein 
kinases) addition of a phosphate group to a serine, threonine, tyrosine residue in a protein. 
Phosphorylation results in a change of hydrophobicity and electric charge of the region where the 
phosphate group is added, and consequently, this process might affect protein conformation, interaction 
with other proteins, the channel properties and/or the receptor trafficking. For instance, some residues 
which are phosphorylated and promote surface trafficking and functioning of NMDARs are GluN1-1a-
S896, S897, S917 and S918, GluN2A-S1048, S1291, S1312 and GluN2B-S1116, S1303, S1323, Y1336 and 
Y1474 whereas phosphorylation of GluN1-S890, GluN2A-S1459 and GluN2B-S1482 has the opposite 
effect (Tingley WG. et al., 1997; Scott DB. et al., 2001; Qiu S. et al., 2011; Lussier MP. et al., 2015; Yong 
XLH. et al., 2021) (see figure 24). Furthermore, phosphorylation of GluN2A (Y1292, Y1325, Y1387, 
S1048) potentiates NMDA currents (Yang M. and Leonard JP., 2001; Grau et al., 2014) and GluN2B-
Y1472 phosphorylation is related with synaptic plasticity (Nakazawa T. et al., 2001) (see figure 24). 
Importantly, NMDARs phosphorylation is also associated with GluN2B-to-GluN2A developmental 
switch, in particular by the phosphorylation of GluN2B-S1480 (Sanz-Clemente A. et al., 2010) (see figure 
24). 
 
The enzymatic activity of protein kinases is counterbalanced by phosphatases actions. Concomitantly, 
phosphorylation events also play a role in NMDAR activity and surface expression. Protein phosphatase-
1 (PP1), by a selective dephosphorylation of pGluN2B-S1303, promotes neuronal survival by reducing 
NMDAR open probability and activity (Farinelli M. et al., 2012) (see figure 24). In addition, GluN2A-
Y842 and GluN2B-Y1472 dephosphorylation regulate the interaction of NMDA receptor with the AP-2 
adaptor, a protein complex that is involved in clathrin-coated endocytic vesicle formation (Vissel B. et al., 
2001, Lavezzari G. et al., 2003) (see figure 24). Moreover, dephosphorylation of GluN2A-S900 and S929 
have a role in NMDAR desensitization (Krupp JJ. et al., 2002) (see figure 24). Another example is the 
dephosphorylation of GluN2A-S1459 that occurs at the cell surface and results in an increased MAGUK 
binding that stabilizes the receptor at the membrane (Mota Viera M. et al., 2020) (see figure 24). 
 
NMDARs are also subject to glycosylation processes, mediating the incorporation of glycans modifying 
NMDARs folding, trafficking and biophysical properties. Examples of this modification are some residues 
located in the ligand-binding domain such as GluN1-N440 and GluN2B-N444, N491 and N688, that are 
related with the rearrangement of the ligand-binding domain and consequently, the ligand affinity 
(Sinitskiy AV. et al., 2017) (see figure 24). 

 
NMDARs also undergo palmitoylation, consisting on palmitic acid addition (by the action of 
palmitoyltransferases) to a cysteine residue usually surrounded by basic and hydrophobic residues, 
frequently occurring in the transmembrane domain. This process increases hydrophobicity and regulates 
the receptor presence at the membrane. GluN1 subunit is not palmitoylated while in GluN2A and 
GluN2B subunits, there are two NMDAR domains regulated by this mechanism. One is located in the 
TM4 domain (including GluN2A-C848, C853, and C870; and GluN2B-C849, C854, and C871) and favors 
NMDAR surface expression, while the other one is located in the CTD (containing GluN2A-C1214, 
C1217, C1236, C1239; and GluN2B-C1215, C1218, C1239, C1242, C1245) and is related with NMDAR 
retention in the Golgi apparatus (Lussier MP. et al., 2015; Hayashi T., 2020) (see figure 24). 
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GluN1 and GluN2 subunits are also modulated by endogenous or exogenous S-nitrosylation on cysteine 
thiol groups based on the extracellular redox state. GluN1-C744 and C798, and GluN2A-C87, C320 and 
C399 participate in this modulation (Choi Y-B. et al., 2000) (see figure 24). 
 
Ubiquitination is another process which can regulate NMDARs. This mechanism is based on the 
incorporation of an ubiquitin molecule to a lysine residue, labeling proteins for degradation. It is known 
that residues from 1170 to 1482 in GluN2B subunits interact with proteins that promote their 
ubiquitination and degradation (Qiu S. et al., 2011) (see figure 24).  
 
There are also several proteases that might cleave NMDAR subunits and consequently, regulate the 
receptor’s function. For instance, tissue plasminogen activator, plasmin, metalloproteinase-7 and 
thrombin cleave GluN1 at multiple sites, with different functional consequences. For instance, 
metalloproteinase-7 cleavages GluN1 P516-K517, impairing ligand binding (Szklarczyk A. et al., 2008). 
Plasmin and metalloproteinase-7 also cleaves GluN2A. Indeed, it is known that plasmin cleaves GluN2A-
K317 causing NMDAR insensitivity to Zn2+ blockade (Yuan H. et al., 2009), while thrombin might cleave 
GluN2B. Both, GluN2A and GluN2B are also degraded by calpains (Traynelis SF. et al, 2010) (see figure 
24).  
 

 
 

Figure 24. Scheme of GluN1, GluN2A, GluN2B subunits, showing the localization of residues where post-translational 
modifications occur: phosphorylation/dephosphorylation (green), glycosylation (pink), palmitoylation (purple), proteases-
mediated cleavage (blue), S-nytrosylation (yellow) and ubiquitination (orange). 
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2.8. NMDAR physiological roles 
 
2.8.1.  Neuronal NMDARs: Plasticity 
 
NMDA receptors and their function as coincident detectors are crucial for the priming of potentiation 
events at neuronal level, which are the basis for learning and memory. These processes are determined by 
experiences that lead to changes in neural circuitries, via synaptic plasticity which is a modification of 
strength and/or efficacy of synaptic transmission. Based on the lasting effects, synaptic plasticity can be 
classified into short-term plasticity (transient or non-stabilized post-translational modifications) or long-
term plasticity, when it provokes several changes lasting over long periods of time (Morgado-Bernal I. et 
al, 2011).  
 
Moreover, plasticity processes might result in synaptic potentiation or depression, depending on how they 
are generated. Traditionally, when a synapse is repeatedly activated pre-synaptically at the same time as 
the postsynaptic neuron is strongly depolarized (large and quick increments of intracellular calcium) the 
synapse becomes stronger by potentiation. Conversely, if a synapse is repeatedly activated pre-synaptically 
while the postsynaptic neuron is weakly or not depolarized (small and slower amounts of calcium) synapse 
becomes weaker by a process known as depression (Traynelis SF. et al., 2010). Calmodulin protein sense 
those calcium differences and activates Ca2+/calmodulin-dependent protein kinase (CAMKII) in the case 
of long-term potentiation and phosphatases (calcineurin and protein phosphatase 1, PP1) for long-term 
depression (DeMaria CD. et al., 2001; Sjöström PJ. et al., 2002; Lüscher C. and Malenka RC., 2012) (see 
figure 25). 
 
In long-term potentiation, the downstream signaling cascade result in an increase of AMPAR-mediated 
transmission, by 1) a triggering of AMPAR synthesis and their insertion in the membrane (from recycled 
endosomes or lateral diffusion) supported by additional NMDAR trafficking to the cell surface, 2) an 
exchange of AMPAR types from GluA2-containing receptors to GluA2-lacking AMPARs of higher 
conductance or 3) a higher AMPAR conductance by means of phosphorylation via CaMKII activity 
(Morgado-Bernal I. et al., 2011; Lüscher C. and Malenka RC., 2012; Bu Y. et al., 2015). AMPARs synthesis 
is triggered by adenyl cyclase (AC) activation, which produces cAMP that activates protein kinase A (PKA) 
and phosphorylation of diverse transcription factors, such as cAMP response element binding protein 
(CREB). Moreover, long-term potentiation also modifies the neuronal cytoskeleton by inducing changes 
in actin dynamics. Spines morphological changes are due to the phosphorylation of kalirin-7, which 
activates that, in turn, activates PAK that controls actin polymerization. Moreover, Ca2+-calmodulin 
activates myosin light-chain kinase (MLCK) that phosphorylates myosin IIb which is also critical in this 
process (Morgado-Bernal I. et al., 2011; Bu Y. et al., 2015) (see figure 25).  
 
Opposing to long-term potentiation, during long-term depression, AMPARs are endocytosed and 
dendritic spines are contracted and/or reduced due to activity of phosphatases with an opposite effect on 
the abovementioned signaling cascades involved in long-term potentiation (Lüscher C. and Malenka RC., 
2012) (see figure 25). 
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Figure 25. Model of synaptic LTD (left) and LTP (right) processes. Weak depolarization of the post-synaptic terminal lead 
to LTD where phosphatases (calcineurin and PP1) are activated and provoke AMPAR dephosphorylation, resulting in a 
decreased signaling and the receptor endocytosis. Strong depolarization trigger LTP where AMPAR signaling is increased 
(synthesis, trafficking by lateral diffusion or recycled endosomes, phosphorylation leading to higher conductance, exchange 
to more conducting AMPAR), and CaMKII is activated. This kinase phosphorylates MLCK (that activates myosin IIb with 
a role in spine dynamics), adenyl cyclase (that produces cAMP which activates PKA and consequently, CREB, for AMPAR 
synthesis) and kalirin-7 (which activates Rac1 and consequently, PAK, that also participates in spine dynamics). Purple dots 
represent glutamate, red receptors are NMDARs and blue receptors are AMPARs. 
 
2.8.2.  Non-neuronal NMDARs 
 
Since the identification of glutamate as neurotransmitter, literature has focused on glutamatergic receptors 
in the CNS. Nevertheless, there is great evidence of NMDARs expression in several cell types and tissues, 
exerting distinct physiological functions that has been under-explored for many years (Hogan-Cann AD. 
and Anderson CM., 2016). In the following table, there is a compilation of NMDAR roles in distinct non-
neuronal cell types and tissues (see table 3). 
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Cell type/Tissue 

 
Physiological function 

Astrocytes Neuron-astrocyte communication 

Oligodendrocytes Oligodendrocyte progenitor cell migration and differentiation, 
myelinization 

Microglia Proinflammatory cytokines release 

Müller glia Retinal progenitor proliferation, ganglion cell survival 

Sensory system Processing of afferent sensory information 

Satellite glia Sensitization of sensory neurons to nociceptive stimulation 

Enteric glia Pro-survival growth factor release 

Schwann cells Migration and survival, regulation of myelin morphology 

Brain endothelial cells Vasodilation, glucose uptake 

Kidney Vasodilation, proximal reabsorption and glomerular filtration, 
blood pressure regulation, reduction of vitamin D3 synthesis 

Pancreas b-cells function and survival, inhibition of insulin secretion 

Skin Inhibition of re-epithelization and epidermal development 

Lung Airway responsiveness, bronchiole smooth muscle contraction 

Heart Electrical and pacemaker activities 

Osteoblasts Differentiation and bone deposition 

Osteoclasts Differentiation and bone resorption 

Platelets Activation and aggregation 

Parathyroid gland Reduction of parathyroid hormone synthesis and secretion 

Megakaryocytes Differentiation and maturation, induction of platelet production 
and activation 

Testis  Promotion of androgen receptor expression, induction of 
testosterone synthesis 

Melanocytes Regulation of cytoskeletal organization, morphology and survival 

Lower urogenital tract Modulation of male genital organ tone, sexual activity and bladder 
emptying reflexes 

Stomach Inhibition of histamine-induced acid secretion, regulation of 
gastric motility 

Merkel cells Mechano-sensation  

Adrenal gland Stress-induced release of adrenocorticotropic hormone (ACTH) 
and catecholamines, modulation of adrenal stress response 

Ileum Intestinal muscle contraction 

Taste buds Umami taste 

Larynx and esophagus Release of nitric oxide (NO) and vasoactive intestinal peptide 
(VIP), contraction of lower esophageal sphincter  

 
Table 3. Table summarizing different cell types and tissues where NMDARs are expressed and the exerted functions in 
each of them (reviewed in Hogan-Cann AD. and Anderson CM., 2016). 
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3.1. The dichotomic role of NMDARs 

 
Activated NMDARs induce calcium influx in the postsynaptic neuron, participating in several critical 
neuronal processes such as changes in membrane excitability, exocytosis, synaptic transmission, or 
enzymes activation, among others. Thus, NMDAR activity and its derived calcium influx must be tightly 
regulated to maintain physiological functions.  
 
When the NMDAR signaling is decreased and do not reach the optimal levels, several problems arise 
given that NMDAR-dependent functions are disturbed. In the opposite scenario, NMDARs 
overactivation can dysregulate Ca2+ signaling and might also be deleterious. Under physiological 
conditions, neurons regulate intracellular calcium concentration by exchanging Ca2+ with the extracellular 
fluid (influx/efflux regulation), intracellular storage (endoplasmic reticulum) and Ca2+ buffering 
molecules. Nevertheless, when these systems capacities are exceeded, there might be also pathological 
consequences, which are encompassed under the term ‘excitotoxicity’. Non-physiological and excessive 
Ca2+ rise activates phospholipases, which release arachidonic acid that, and the oxidation of this acid, 
produces free radicals, resulting in lipid peroxidation. Moreover, there is an activation of distinct enzymes 
(calpains, DNAses, proteases, endonucleases) that can damage DNA and different cellular elements. 
Furthermore, there is an increase of nitric oxide (NO) via NMDAR-PSD95 interaction. Physiologically, 
NO regulates guanylate cyclase activity and participates in S-nitrosylation. However, under pathological 
conditions NO may react with superoxide and generate peroxynitrite, which might damage DNA or 
provoke irreversible protein modifications (tyrosine nitration or thiol oxidation). This peroxynitrite might 
also cause mitochondria dysfunction and deficits in energy production, that could promote apoptosis 
(Leist M. and Nicotera P., 1998; Arundine M. and Tymianski M., 2003) (see figure 26). 
 

 
 
Figure 26. Scheme representing different excitatory processes due to excessive NMDAR signaling and consequently, 
dysregulation of calcium amounts: 1, generation of free radicals that cause lipid peroxidation; 2, enzymes activation which 
can damage DNA and other cell components; 3, mitochondria dysfunction which reduces energy production and increases 
free radicals and the release of pro-apoptotic factors; 4, nitric oxide production that reacts with peroxide to produce 
peroxynitrite which damages DNA and produces permanent changes in proteins. 
 
It has been proposed that NMDAR subsynaptic location might influence the probability to trigger 
excitotoxicity, since some authors showed that synaptic NMDARs predominantly promote cell survival 
while extra-synaptic NMDARs are more related with excitotoxicity and neuronal death (Hardingham GE. 
and Bading H., 2010).  
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There is no consensus about the reason why synaptic and extrasynaptic receptors present different 
signaling pathways, but it might be due to: a) subsynaptic location, b) NMDAR subunit composition, c) 
interaction with other proteins (Hardingham GE. and Bading H., 2010). 
 
Regardless of the reason, the fact is that activating both kinds of receptors results in the activation of 
different signaling cascades. When synaptic NMDARs are activated, calcium activates Ca2+-calmodulin 
and CaMKII that via adenyl cyclase, cAMP and PKA activates CREB transcription factor which is related 
with neuronal survival, plasticity and synaptogenesis, generating neuroprotection against neuronal death 
and excitotoxicity through the induction of survival genes (Atf3, activating transcription factor 3; Btg2, 
B-cell translocation gene 2; Bcl6, B-cell lymphoma 6; GADD45, growth arrest and DNA damage induced 
gene 45; Inhba, Inhibin beta-A; Ifi202B, Interferon activated gene 202B; Npas4, neuronal PAS domain 
protein 4; Nr4a1, nerve growth factor IB; Serpinb2, serine protease inhibitor B2; and BDNF, brain-
derived neurotrophic factor) and the suppression of pro-apoptotic transcription factors (FOXO, forkhead 
box O; p53) and consequently, several death genes (Puma; Bcl2l11, Bcl2-like protein 11; Noxa; Fas ligand; 
Txnip, thioredoxin-interacting protein; and Apaf-1, protease activating factor 1). Furthermore, synaptic 
NMDAR activation also generates antioxidant effects by promoting thioredoxin-peroxiredoxin activity 
through the activation of Srxn1 (sulfiredoxin) and Sesn2 (sestrin 2) genes (Hardingham GE. and Bading 
H., 2010) (see figure 27). 
 
In the other hand, extrasynaptic NMDARs do not activate CREB-dependent gene expression and 
activates FOXO transcription factor. Moreover, it inactivates ERK1/2 (extracellular signal-regulated 
kinases 1/2) pathway, leading to a lack of inactivation of the pro-death protein Bcl-2-associated death 
promoter (BAD) and activates calpains (Hardingham GE. and Bading H., 2010) (see figure 27). 
 

 
 
Figure 27. Scheme representing different NMDAR-mediated signaling cascades, depending on NMDAR subsynaptic 
location. Synaptic NMDARs activation promotes neuronal health and survival, via Ca2+-calmodulin activation of CaMKII, 
adenyl cyclase (AC), PKA and activation of CREB transcription factor promoting different pro-survival genes expression 
(Atf3, Btg2, Bcl6, GADD45, Inhba, Ifi202B, Npas4, Nr4a1, Serpin2B and BDNF) and inactivation of P53 and FOXO 
transcription factors and consequently, different pro-apoptotic genes (Apaf-1, Puma, Bcl2l11, Noxa, fas ligand, Txnip). 
Alternatively, extrasynaptic NMDARs promote neuronal death by activating calpains and FOXO transcription factor while 
inactivating ERK1/2 pathway, not allowing the inhibition of the pro-apoptotic gene BAD. 
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3.2. NMDAR dysregulation in neurological disorders 
 
Given that NMDARs play a pivotal role in excitatory neurotransmission and, consequently, in synaptic 
plasticity processes and other physiological roles in non-neuronal tissues (see table 2), NMDAR signaling 
disruption is implicated in a wide range of diseases. 
 
3.2.1.  Alzheimer’s disease 
 
Alzheimer’s disease (AD) is a neurodegenerative disorder which is characterized by amyloid-beta plaques, 
neurofibrillary tangles, hyperphosphorylated tau, and neuronal loss, which affects distinct brain areas 
depending on the disease evolution. It is hypothesized that AD is derived from an overproduction of 
amyloid-beta peptide (Ab) due to an altered proteolytic cleavage of its precursor, the amyloid precursor 
protein (APP). The symptoms of AD include cognitive deficits, memory loss and dementia (Wang R. and 
Reddy PH., 2017).  
 
Ab protein increases neuron vulnerability and triggers NMDAR-derived excitotoxicity due to direct 
modulation of NMDARs and an impairment in glutamate uptake by altering glutamate transporters (for 
instance, EAAT2 or VGLUT) (Wang R. and Reddy PH., 2017). This NMDAR-derived excitotoxicity 
might result in oxidative stress, that promotes amyloid-beta accumulation, tau hyperphosphorylation, 
neurofibrillary tangles production and synaptic dysfunction (Kamat PK. et al., 2016).  It is believed that 
Ab promotes excitotoxicity via extrasynaptic NMDARs while reducing synaptic NMDAR activity (Wang 
R. and Reddy PH., 2017). 
 
3.2.2.  Amyotrophic Lateral Sclerosis 
 
Amyotrophic lateral sclerosis (ALS) is a disease affecting the cortico-motor system (specifically the 
neurons controlling voluntary movements), presenting muscle atrophy, weakness and fasciculations. This 
disease might be sporadic or familial (e.g. alteration of SOD1 or other genes). ALS is a multifactorial 
disorder with, probably, multiple molecular etiologies including glutamate toxicity (Eisen A., 1995). 
 
In regard of this hypothesis, an alteration of glutamate transporters (particularly, GLT1 transporters in 
astroglia and EAAC1 in neurons) has been detected in ALS, leading to glutamate accumulation and further 
NMDAR overactivation, which might cause Ca2+ overload altering mitochondrial function and ultimately 
causing motoneuron degeneration (Eisen A., 1995; Spalloni A. et al., 2012). Supporting this hypothesis, 
increased glutamate levels have been found in the cerebrospinal fluid and serum of ALS patients (Spalloni 
A. et al., 2012). Along disease progression, NMDAR-derived excitotoxicity might decline, and other 
pathophysiological mechanisms are more predominant (Eisen A., 1995).  
 
3.2.3. Anxiety 
 
Anxiety is a critical component of the stress response to threatening situations. Nevertheless, this situation 
might become pathological when anxiety turns to be persistent, even in the absence of dangerous / 
noxious situations. NMDAR dysregulation has been proposed to underlie this pathological mood 
disorder.  Several brain areas (amygdala, medial prefrontal cortex, hippocampus) are involved in the 
evaluation of the threatening severity in a situation and the elaboration of an adapted defense response 
(conditioned fear) via synaptic changes and consequently, glutamatergic neurotransmission. Thus, the 
glutamatergic system is closely related with the fear-mediated learning and emotional processing of 
stressful events (Bermudo-Soriano CR. et al., 2012). Accordingly, NMDAR dysregulation might cause a 
misprocessing of the events (considering events as dangerous when they are non-noxious), triggering a 
defense response (when not needed) and contributing to anxiety. 
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3.2.4.  Autism-spectrum disorders 
 
Autism-spectrum disorders (ASDs) are a group of neurodevelopmental disorders characterized by 
stereotypies, social alterations and altered communication skills. Despite ASD is a multifactorial disorder, 
the alteration of glutamatergic neurotransmission (and NMDAR function) is a risk factor. Indeed, GRIN 
genes are considered high-susceptibility ASD genes (https://gene.sfari.org/database/human-gene). 
Experimental data showed increased glutamate levels in ASD patients’ serum, an excitotoxic situation that 
might derive from oxidative stress, immune system dysfunction, overstimulation of glutamatergic 
receptors and inhibitory signaling dysregulation (Essa MM. et al., 2013). Alternatively, ASD might also be 
derived from NMDAR hypofunction, as supported by studies in anti-NMDAR autoimmune encephalitis 
(Tzang RF. et al., 2019) or in patients harboring GRIN de novo variants causing NMDAR loss of function 
(more detailed in the next sections). 
 
3.2.5.  Autoimmune encephalitis 
 
NMDAR autoimmune encephalitis is associated with psychiatric symptoms (anxiety, insomnia, 
hallucinations, delusions, agitation, mania), personality changes, seizures, amnesia, stereotypical behaviors, 
language problems, autonomic dysregulation (arrythmias, blood pressure alterations, hypersalivation, 
hyperventilation) and movement disorders (Newman MP. et al., 2016), being all these features a direct 
consequence of NMDAR hypofunction.  
 
Autoimmune encephalitis is caused by the presence of anti-GluN1 auto-antibodies, which are found in 
serum and cerebrospinal fluid of patients and are frequently associated with the presence of tumors (e.g., 
ovarian teratomas) or viral infections (for instance, herpes or varicella zoster infections) (Lynch DR. et al., 
2018). These autoantibodies interfere with NMDAR surface expression and channel activity, leading to 
NMDAR hypofunction, and consequently, defects in synaptic plasticity (Planagumà J. et al., 2016). 
Mechanistically, the hypofunction is due to NMDAR internalization/degradation or re-location to extra-
synaptic sites (Miya K. et al., 2013; Lynch DR. et al., 2018). Nevertheless, prior to hypofunction, NMDAR 
autoantibodies can activate the receptors by prolonging open time (Lynch DR. et al., 2018). 
 
3.2.6.  Depression 
 
Depression is a multifactorial psychiatric disorder that is associated with excitotoxic damage (oxidative 
stress and metabolic alterations) of brain areas closely associated with stress response and emotional 
processing. In fact, glutamate and its metabolites (glutamine and GABA) are increased in plasma and brain 
tissue of depression-suffering patients. Increase on glutamate levels might be associated with a loss of glial 
cellularity and, consequently, a reduction in the number of glutamate transporters (such as EAAT1 and 
EAAT2) which are critical for glutamate uptake (Sanacora G. et al., 2012; Marsden WM., 2013). 
 
Moreover, dendritic spines loss in combination with a reduction in synaptic proteins and plasticity 
alterations, have been detected in depressive patients' hippocampus and prefrontal cortex areas while the 
amygdala undergoes hypertrophy, leading to deficits in emotional learning and processing (Marsden WM., 
2013; Gerhard DM. et al., 2016). 
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3.2.7.  Epilepsy 
 
It is well known that epilepsy and the generation of seizures is correlated with an excitatory/inhibitory 
disbalance, leading to brain hyperexcitability. Nevertheless, this hyperexcitability state might be due to 
overactivation of NMDA and AMPA receptors in glutamatergic pathways, inhibition of glutamatergic 
receptors in inhibitory pathways, ectopic release of glutamate and/or loss of glutamate uptake (reduction 
of EAAT1, GLT1 or GLAST) resulting in increased levels of glutamate in patients’ CSF and brain tissue 
(Chapman AG., 2000; Hanada T., 2020). One of the causes of epilepsy is NMDAR dysregulation that 
might be caused by GRIN genetic variants (further discussed in topics below). 
 
3.2.8.  Huntington’s disease 
 
Huntington's disease is a genetic disease caused by an expansion of a ‘CAG’ triplet in HTT gene encoding 
for the huntingtin protein. More precisely, the disease is clinically manifested when the expansion is above 
35 CAG’ repeats expansion, and the number of repetitions is inversely correlated with the age of onset. 
Patients present movement disorders (chorea and alterations in motor coordination), cognitive 
dysfunction and psychiatric traits (depression, anxiety, and/or psychosis) (Raymond LA., 2016). 
 
It is believed that the physiological role of huntingtin protein is related with gene transcription, vesicular 
transport, endocytosis and mitochondrial function. Nevertheless, when mutated, huntingtin affects 
particular GABAergic neurons populations (medium spiny projection neurons) located in the caudate and 
putamen (Sepers MD. and Raymond LA., 2014; Raymond LA., 2016). 
 
Mutant huntingtin is associated with an increase in extrasynaptic activity of GluN2B-containing 
NMDARs, and this might result in the triggering of excitotoxicity and cell death pathways. Interestingly, 
glutamate-derived excitotoxicity is more pronounced in neurons with longer CAG expansions (Raymond 
LA., 2016). Moreover, an increased glutamate release in combination with a reduced glutamate uptake (by 
astrocytes, via GLT1 transporter) are observed at initial stages whereas at later stages, neurodegeneration 
is accompanied by a loss of glutamatergic terminals (Sepers MD. and Raymond LA., 2014). 
 
3.2.9.  Schizophrenia 
 
Schizophrenia is a multifactorial psychiatric disorder that is characterized by positive symptoms 
(hallucinations, delusions, abnormal motor behavior), negative symptoms (emotional and social 
alterations) and cognitive deficits. While positive symptoms are proposed to be provoked by excessive 
dopamine signaling, negative and cognitive symptoms might be caused by NMDAR hypofunction. In 
fact, mutations affecting GRIN2C and GRIN2D genes have been recently associated with schizophrenia 
(Uno Y. and Coyle JT., 2019). 
 
NMDAR hypofunction is correlated with reduced levels of GluN subunits and glutamate, in prefrontal 
cortex of schizophrenia patients (Balu DT., 2016), causing NMDAR hypofunctionality. Mechanistically, 
this association might result from a reduction of fast-spiking parvalbumin positive GABA inhibitory 
interneurons activity, disturbing antioxidant agents and altering excitatory/inhibitory balance 
(Hardingham GE. and Do. KQ, 2016). 
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3.2.10.  Pain 
 
Pain is an unpleasant sensation that acts as an alert mechanism to avoid tissue damage when painful 
(noxious) stimuli are acute. Several mechanisms, including peripheral nerve injury, diabetic neuropathy, 
postherpetic neuralgia, or chemotherapy can also lead to chronic neuropathic pain, implying spontaneous 
pain, hyperalgesia (increased pain sensation) and allodynia (pain sensation with non-noxious stimuli) 
(Deng M. et al., 2019). 
 
Noxious stimuli activate nociceptive afferent fibers that release glutamate in the spinal dorsal horn. 
Neurons from spinal dorsal horn project to the thalamus-somatosensory cortex or cingulate and insular 
cortices. Chronic pain is associated with peripheral sensitization of nociceptors and long-term plasticity 
in different neuronal regions that are related with pain processing (anterior cingulate cortex, insular cortex, 
somatosensory cortex, or spinal cord). An up-regulation of glutamate release, overexpression of GluN2B-
containing NMDARs and an altered phosphorylation pattern have been observed in chronic pain (Bliss 
TVP. et al., 2016; Deng M. et al., 2019; Li XH. et al., 2019).  
 
3.2.11.  Parkinson’s disease 
 
Parkinson's disease (PD) is a neurodegenerative disorder with distinct motor symptoms (bradykinesia, 
tremor, rigidity) that is caused by a loss of dopaminergic neurons in basal ganglia, specifically affecting the 
substantia nigra pars compacta (SNpc). PD is characterized by a-synuclein aggregates, forming ‘Lewy 
bodies’ histopathological hallmark (Blandini F. et al., 1996).  
 
Dopaminergic loss in the SNpc reduces inhibition of striatal GABAergic projections to medial globus 
pallidus (MGP) and substantia nigra pars reticulata (SNr) (direct pathway) and consequently reducing 
thalamico-cortical glutamatergic projections. In parallel, via different dopaminergic receptors, striatal 
GABAergic neurons projecting to lateral globus pallidus (LGP) turn overactive (indirect pathway), 
inhibiting LGP GABAergic neurons in this region and disrupting the inhibition of sub-thalamic nucleus 
(STN) which becomes overactive, and overstimulates MGP and SNr (see figure 28). Reduced GABAergic 
inhibition and increased glutamatergic excitation pathways in striatum, lead to excitotoxicity, and 
consequently oxidative stress that also causes neuronal damage (Blandini F. et al., 1996). 
 

 
 

Figure 28. Basal ganglia circuits in physiological (left) and Parkinson’s disease (right) scenarios. Dopaminergic loss in SNpc 
affects the direct pathway (reduced GABAergic inhibition of MGP/SNr and consequently, increased inhibition from 
MGP/SNr to thalamus, reducing glutamatergic projections to the cortex) and the indirect pathway (increased GABAergic 
inhibition of LGP, overactivates the STN, resulting in increased excitation of MGP/SNR nuclei); Abbreviations: SNpc, 
substantita nigra pars compacta; LGP, lateral globus pallidus; MGP, medial globus pallidus; SNR, substantia nigra pars 
reticulata; STN, sub-thalamic nucleus. 
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3.2.12.  White matter damage: stroke, vascular dementia, spinal cord injury or multiple sclerosis 
 
White matter is the neural tissue that consists largely of myelinated nerve fibers bundled into tracts, 
displaying a whitish color, where nerve fibers and the supported glial cells are contained.  White-matter 
damage might be a consequence of stroke, vascular dementia, mechanical injury or multiple sclerosis. In 
all of them, there is an increase of calcium via glutamatergic signaling, resulting in excitotoxicity and 
consequently, oligodendrocyte damage and myelin loss (Matute C., 2011).  Massive glutamate release 
might be due to an excessive neuronal activity, a higher release efficacy, or an impairment of glutamate 
uptake (Lai TW. et al., 2013). Following NMDAR overactivation, additional studies showed an NMDAR 
hypofunctionality phase, ascribed to NMDAR desensitization and/or NMDARs removal (Shohami E. 
and Biegon A., 2014).  
 
3.3. GRIN mutations and the arise of GRIN-related disorders (GRDs) 
 
As abovementioned, NMDARs activity is -and needs to be- tightly regulated. Concomitantly, secondary 
alterations of NMDAR-mediated neurotransmission contribute to the pathophysiology of multiple 
neurological conditions.  Besides the secondary alteration of NMDAR-mediated neurotransmission, 
recently a primary alteration of the NMDAR has been identified, with the association between GRIN 
genetic variants and neurodevelopmental disorders.  Mutations of GRIN genes (encoding for GluN 
subunits of the NMDAR) are mostly prevalently affecting GRIN1, GRIN2A and GRIN2B genes. These 
GRIN mutations are autosomic dominant genetic variants that mostly are generated de novo. Thus, the 
majority of patients with GRDs only present one affected allele (heterozygosis) but this is enough to 
develop the disease. The increasing number of reported GRIN variants in patients with 
neurodevelopmental disorders and the common genetic etiology (disease-associated variants of GRIN 
genes family) has resulted in the grouping of these neurodevelopmental disorders under the term ‘GRIN-
related disorders’ or -by analogy with other synaptopathies - also-called ‘grinpathies’. In the following 
sections, GRD genetic studies, clinical symptoms and preclinical investigational background will be 
presented, to further delineate GRDs. 
 
3.3.1.  Clinical cases 
 
3.3.1.1. GRIN1 disease-associated variants 
 
Since the first association of GRIN1 genetic variants with neurodevelopmental disorders, several variants 
have been identified in patients with different clinical outputs (see supplementary table 1). Most of these 
variants are missense (a single aminoacid change) although indel (insertion/deletion of one or more 
aminoacids), nonsense (a premature stop codon, with or without an open reading frame frameshift) and 
splice-site variants (see supplementary table 1) have also been detected. The majority of GRIN1 variants 
(see supplementary table 1) are located in the LBD and TMD (highly conserved regions) while very few 
appear in the ATD and CTD (less conserved) in agreement with the role of highly conserved regions in 
NMDAR crucial functions (Amin JB. et al., 2021). Indeed, GRIN1 variants (see supplementary table 1) 
have been related with alterations on NMDAR-mediated current amplitude, the receptor assembly and 
surface trafficking, the receptor inhibition by Zn2+, protons or Mg2+, the channel Ca2+ permeability, the 
channel gating properties and agonists affinities (see supplementary table 1) (Hamdan FF. et al, 2011; 
Burnashev N. et al., 2015; Ohba C. et al., 2015; Lemke JR. et al., 2016; Chen W. et al., 2017; Odgen KK. 
Et al., 2017; Rossi M. et al., 2017; Xu XX. and Luo J-H, 2017; Zehavi Y. et al., 2017; Fry AE. et al., 2018; 
Yu Y. et al., 2018; Li J. et al., 2019; Skrenkova K. et al., 2020; Amin JB. et al., 2021). 
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Despite GRIN1-related disorders natural history is not yet completed (as for GRD ensemble), the growing 
number of reports showed the syndromic symptomatology of GRIN1-related disorders (Hamdan FF. et 
al, 2011; Burnashev N. et al., 2015; Ohba C. et al., 2015; Lemke JR. et al., 2016; Chen W. et al., 2017; 
Odgen KK. Et al., 2017; Rossi M. et al., 2017; Xu XX. and Luo J-H, 2017; Zehavi Y. et al., 2017; Fry AE. 
et al., 2018; Yu Y. et al., 2018; Li J. et al., 2019; Skrenkova K. et al., 2020; Amin JB. et al., 2021).  
Individuals harboring GRIN1 pathogenic variants frequently exhibit the presence of movement alterations 
that include spasms/myoclonus (sudden muscular tightening, without control), hypotonia (muscle tone 
reduction), and chorea/dyskinesia (involuntary movements) or paralysis (50-60 %), intellectual disability 
(ID) (40-50 %, from mild to severe ID), and epilepsy or seizures (40-50 %).  Occasionally, GRIN1 variants 
are related with developmental delay (DD) (30 %), brain alterations like polymicrogyria (cortex 
malformation with excessive folds and ridges) (25 %) and visual alterations such as cortical visual 
impairment or oculogyric crises (involuntary movements of the eyeballs) (20-30 %).  Finally, although very 
rarely, GRIN1 patients might present stereotypies (repetitive movements) (15 %), language problems (10 
%), sleep pattern disturbance (5 %), and gastrointestinal alterations such as feeding problems or 
constipation (5 %). There are isolated clinical cases with dysmorphism features and only 2 variants have 
been associated with an increased risk of schizophrenia (see supplementary table 1). 
 
3.3.1.2. GRIN2A disease-associated variants 
 
To date, up to 105 distinct GRIN2A variants have been reported (88 missense variants, 16 nonsense 
variants, 1 indel variant and sporadic translocations or splice-site variants which are not included in this 
compilation) (see supplementary table 2). Regarding domain affectation, GRIN2A reported variants are 
spread along the whole GluN2A subunit, although highly concentrated in conserved regions (25 % ATD, 
50 % LBD, TMD and linker regions and 25 % CTD) (see supplementary table 2). Functional 
annotations of NMDAR containing GRIN2A variants revealed different molecular alterations. More 
precisely, GRIN2A pathogenic variants might alter NMDAR current amplitude, receptor assembly and 
surface trafficking, receptor inhibition by Zn2+, protons or Mg2+, channel Ca2+ permeability, channel 
gating properties and kinetics (rise time and deactivation), channel open probability, agonists affinities and 
some phosphorylation sites, affecting interaction with other synaptic proteins (see supplementary table 
2) (Endele S. et al., 2010; Tarabeux J. et al, 2011; Lemke JR. et al., 2013; Lesca G. et al., 2013; Pierson TM. 
et al., 2014; Yuan H. et al., 2014; Burnashev N. et al, 2015; Serraz B. et al., 2016; Swanger SA. et al., 2016; 
Addis L. et al., 2017; Gao K. et al., 2017; Odgen KK. Et al., 2017; von Stülpnagel C. et al., 2017; Xu XX. 
et al., 2017; Xu XX. and Luo J-H, 2017; Yang X. et al., 2017; Fernández-Marmiesse A. et al., 2018; 
Strehlow V. et al., 2018; XiangWei W. et al., 2018; Yu Y. et al., 2018; Li J. et al., 2019; Marwick KFM. Et 
al., 2019; Nicotera A. et al., 2019; Amador A. et al., 2020Li X. et al., 2020; Mora Viera M. et al., 2020; 
Amin JB. et al., 2021). 
 
Opposing to GRIN1 variants, GRIN2A variants are frequently associated (60-70 % of GRIN2A patients) 
with heterogenic epilepsy episodes, such as partial epilepsy (only affecting a particular brain area), seizures 
(convulsions of unknown cause), rolandic epilepsy (RE) (seizures originated in the Rolandic area), 
continuous-spike and wave-during-sleep (CSWS) (a rare form of epilepsy with additional alterations), 
absence epilepsy (provokes a ‘blank out’ episode) or Landau-Kleffner syndrome (LKS) (commonly 
accompanied with language regression). In addition to epilepsy, GRIN2A individuals can also exhibit 
different clinical alterations, such as autism (5-10 %), schizophrenia (5-10 %), activity-deficit and 
hyperactivity disorder (ADHD) (< 5 %) or developmental delay with intellectual disability (30 %). 
Considering specific symptoms that might also overlap with these conditions, GRIN2A variants are very 
frequently associated with language alterations (20-25 %), including aphasia (affecting speaking, writing 
and comprehension), apraxia (normal comprehension but altered executive function), dysarthria (muscle 
weakness impairing speaking).  
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Moreover, GRIN2A dysfunction is also related with motor alterations such as spasms/myoclonus, 
hypotonia, dyskinesias, dystonia (involuntary muscle contractions) or ataxia (lack of motor coordination) 
(10-15 %), and very rarely with dysmorphism, feeding alterations, hormonal affectations (e.g. 
hypothyroidism), strabismus, sleep problems, gastrointestinal disturbances or brain alterations (< 5 %) 
(see supplementary table 2) (Endele S. et al., 2010; Tarabeux J. et al, 2011; Lemke JR. et al., 2013; Lesca 
G. et al., 2013; Pierson TM. et al., 2014; Yuan H. et al., 2014; Burnashev N. et al, 2015; Serraz B. et al., 
2016; Swanger SA. et al., 2016; Addis L. et al., 2017; Gao K. et al., 2017; Odgen KK. Et al., 2017; von 
Stülpnagel C. et al., 2017; Xu XX. et al., 2017; Xu XX. and Luo J-H, 2017; Yang X. et al., 2017; Fernández-
Marmiesse A. et al., 2018; Strehlow V. et al., 2018; XiangWei W. et al., 2018; Yu Y. et al., 2018; Li J. et al., 
2019; Marwick KFM. Et al., 2019; Nicotera A. et al., 2019; Amador A. et al., 2020; Li X. et al., 2020; Mora 
Viera M. et al., 2020; Amin JB. et al., 2021). 
 
3.3.1.3. GRIN2B disease-associated variants 
 
Since the first and recent association studies between GRIN2B variants and neurodevelopmental 
disorders, up to 102 GRIN2B genetic variants have been reported (87 missense variants, 13 nonsense 
variants, 2 indel variant and sporadic translocations or splice-site variants) (see supplementary table 3). 
GRIN2B reported variants are highly concentrated in conserved LBD-TMD regions (15 % ATD, 65 % 
LBD, TMD and linker regions and 20 % CTD) (see supplementary table 3). Functional annotation of 
disease-associated GRIN2B variants showed that the mutant GRIN2B-containing NMDARs can have 
alterations of current density, agonist potency, desensitization rate, deactivation rate, open probability, 
open time, conductance, inhibition by Mg2+ or protons, surface trafficking or interaction with MAGUK 
proteins (see supplementary table 3) (Endele S. et al., 2010; Tarabeux J. et al, 2011; Lemke JR. et al., 
2013; Burnashev N. et al, 2015; Hu C. et al., 2016; Swanger SA. et al., 2016; Liu S. et al., 2017; Mullier B. 
et al., 2017; Platzer K. et al., 2017; Xu XX. and Luo J-H, 2017; Fedele L. et al., 2018; Kyriakopoulos P. et 
al., 2018; Vyklicky V. et al., 2018; Wells G. et al., 2018; XiangWei W. et al., 2018; Li J. et al., 2019; Sceniak 
MP. et al., 2019; Bahry JA. et al., 2021; Kellner S. et al., 2021; Amin JB. et al., 2021). 
 
GRIN2B variants are mainly associated with developmental delay and intellectual disability (75 %), autism 
spectrum disorders (40 %), Lennox-Gastaut or West epileptic syndromes (40 %) and, less prevalently, 
with attention-deficit and hyperactivity disorder (ADHD) (10 %) or schizophrenia (< 5 %). In 
combination with these clinical presentations, specific symptoms have been regularly reported such as 
motor alterations (hypotonia, hypertonia, myoclonus/spasms, dyskinesia) (15 %), brain alterations (20 %), 
visual impairments (CVI, strabismus) (15 %) or rarely detected, such as language deficits, behavioral 
alterations, dysmorphism, sleep pattern disturbance, stereotypies (~5 %) and gastrointestinal alterations 
(constipation, reflux) in several cases (see supplementary table 3) (Endele S. et al., 2010; Tarabeux J. et 
al, 2011; Lemke JR. et al., 2013; Burnashev N. et al, 2015; Hu C. et al., 2016; Swanger SA. et al., 2016; Liu 
S. et al., 2017; Mullier B. et al., 2017; Platzer K. et al., 2017; Xu XX. and Luo J-H, 2017; Fedele L. et al., 
2018; Kyriakopoulos P. et al., 2018; Vyklicky V. et al., 2018; Wells G. et al., 2018; XiangWei W. et al., 
2018; Li J. et al., 2019; Sceniak MP. et al., 2019; Bahry JA. et al., 2021; Kellner S. et al., 2021; Amin JB. et 
al., 2021). 
 
3.3.1.4. GRD genotype-phenotype association studies 
 
Despite recent investigational efforts, the overwhelming and fragmented information of GRIN variants 
hurdled the establishment of a robust genotype-phenotype correlation. In general, GRIN2A variants are 
mostly associated with epileptic syndromes, while GRIN2B pathogenic variants are frequently associated 
with intellectual disability and developmental delay. Regarding GRIN1 disease-associated variants, 
genotype-phenotype studies do not allow to establish genotype-phenotype correlations yet (Xu XX. and 
Luo J-H, 2017) (see supplementary tables 1-3). 
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The heterogeneity between clinical symptomatology and the identity of the affected GRIN gene is 
accompanied by a lack of direct correlation between the affected GluN subunit domain and GRD clinical 
symptomatology. Despite disease-associated GRIN variants are scattered along GRIN open-reading 
frames, particular genetic hotspots are present in GRIN genes. These genetic vulnerability hotspots 
include nucleotide regions encoding for the ligand-binding and transmembrane domains of GluN1, 
GluN2A and GluN2B subunits, ultimately affecting agonists binding, Ca2+ permeability, channel gating, 
Mg2+ blockade, or allosteric modulation. On the contrary, with few exceptions GRIN variants affecting 
the ATD and CTD regions are generally devoid of pathogenicity (neutral changes). Indeed, these variants 
cause subtle alterations of NMDARs, affecting receptor assembly, surface trafficking and allosteric 
modulation by different compounds such Zn2+ or protons (ATD) or the regulation by phosphorylation 
and the receptor’s interaction with MAGUKs (CTD) (Lemke JR. et al., 2016; Amin JB. et al., 2021). In 
spite of GRIN variants annotation studies efforts, still a large amount of GRIN variants remains non-
annotated. Further characterization of the functional outcomes of "orphan" (non-annotated) GRIN 
variants will help to delineate genotype-phenotype correlation (Strehlow V. et al., 2018) (see 
supplementary tables 1-3).  
 
Another difficulty to establish this genotype-phenotype correlation is that a particular genetic variant 
might be altering different parameters of the NMDAR physiology and these changes sometimes might be 
contradictory (e.g., an increased glutamate potency in a receptor that is not trafficking to the cell surface). 
Therefore, a more comprehensive and consensual annotation of both functional and clinical data is 
required, in order to delineate genotype-phenotype relationship in GRD (Xu XX. and Luo J-H, 2017) (see 
supplementary tables 1-3). 
 
Despite this coexistence of functional alterations, annotation distinguish GRIN variants into loss-of-
function (whether NMDAR activity is reduced regardless of the underlying mechanism), gain-of-function 
(when NMDAR activity is increased) or complex variants (some altered parameters result in loss-of-
function and the modification of other aspects by the same variant lead to gain-of-function). This 
information is crucial because, based on this stratification, the therapeutic approach should be different. 
 
The abovementioned statements and GRIN variants summary lists (supplementary tables 1-3) have 
been retrieved from the scientific literature. Together with these publications, several GRIN variants 
databases (containing other reported GRIN variants and additional information) are publicly available. 
Recently, in collaboration with Dr. Olivella (University Vic, Spain), the fragmented GRIN variants-
associated structural, genetic, functional and clinical data have been compiled in a single and publicly 
available database. Currently, GRIN variants database (https://alf06.uab.es/grindb/home), contains. 
4513 GRIN variants (September 2021) and their relative functional and clinical annotations (García Recio 
A. et al., 2020). 
 
3.3.2.  GRD murine models 
 
Animal models are valuable tools for the study of disease pathophysiological mechanisms and the 
evaluation of therapeutic strategies. Since GRD are a group of NDD with heterogeneous genetic etiology, 
several efforts have been recently focused in the generation and characterization of potential GRD-like 
phenotypic alterations in distinct GRD models and the exploration of therapeutic interventions. In this 
chapter, despite the existence of recently produced knock in mouse models (expressing GRIN missense 
mutations), most of the content will focus on Grin1, Grin2a and Grin2b haploinsufficient or knockout 
mouse models. 
 
 
 
 

3. NMDA receptor dysfunction 
and neurodevelopmental disorders 

58 



Introduction 

 

3.3.2.1. Grin1 mouse models 
 
Initially, the generation of a full Grin1-/- knock-out (KO) mouse model was attempted. Nevertheless, KO-
Grin1-/- pups showed neonatal lethality, indicating that the GluN1 subunit is critical for early development 
(Forrest D. et al., 1994). In parallel to this pioneering study, a Grin1 knock-down (KD) was created by 
conventional first-generation transgenesis method.  By serendipity (original goal being the creation of a 
full knock-out Grin1 model), the insertion of a neomycin cassette into an intronic region (intron 20) of 
the Grin1 gene do not completely invalidated Grin1 expression, and GluN1 subunit levels were about 5-
10 % of wildtype GluN1 expression levels (Mohn AR. et al., 1999). Phenotypically, Grin1 KD mice are 
slightly smaller at early developmental stages, with further spontaneous normalization in adulthood. This 
mouse model is characterized by distinct phenotypical traits: hyperlocomotion, stereotypies, self-injury, 
decreased anxiety-like behavior (increased time in the open-field central zone and increased time in open 
arms in the elevated plus maze), reduced nest building, impaired social and sexual interactions (lack of 
preference for the novel mouse instead of the familiar mouse in the 3-chamber test, reduced investigation 
and increased escape behaviors in the resident-intruder test), affected spatial memory (increased 
perseverative errors in a radial arm maze), sensorimotor gating deficits (enhanced acoustic startle 
amplitude and a reduce pre-pulse inhibition), synaptic alterations (spines density reduction), altered 
metabolism in specific brain areas (reduced 14C-2-deoxyglucose (2-DG) uptake) and fertility problems 
(Mohn AR. et al., 1999; Duncan GE. et al., 2002; Duncan GE. et al., 2004; Moy SS. et al., 2006; Dzirasa 
K. et al., 2009; Halene TB. et al., 2009; Ramsey A. et al., 2011). 
 
In additional to the constitutive Grin1 knockout and knock-down murine models, conditional Grin1 
knock-out models have been generated. Within this group, a Grin1 model depleting Grin1 expression in 
corticotropin releasing factor (CRF) neurons (expressed in fear- and anxiety-related brain areas, e.g. 
amygdala, hypothalamus, hippocampus and cortex) by cross-breeding a mouse with the Cre recombinase 
gene under the CRF promoter and another mouse with floxed Grin1. This model exhibits enhanced fear 
acquisition without changes in anxiety-like behaviors, memory, locomotion or pain sensitivity (Gafford 
G. et al. 2014). Conditional deletion of Grin1 during early postnatal period has also been conducted in 
parvalbumin GABAergic neurons from cortex and hippocampus, using Ppp1r2 promoter and the Cre-
loxP system. This model presents schizophrenia-like phenotypes that include hyperlocomotion, nest-
building deficits, anhedonia, memory, pre-pulse inhibition and anxiety like phenotypes (Belforte JE. et al., 
2010). 
 
In the context of GRD, several knock-in mouse models have been recently generated and/or are currently 
under development. One of these models includes a particular non-synonymous mutation (GluN1-
R844C) that causes an increased and prolonged calcium influx through the channel, indicative of a gain-
of-function. This model show hyperactivity in the open-field test, impaired working memory in the radial 
arm maze, impaired fear memory and decreased startle response (Umemori J. et al., 2013). 
 
3.3.2.2. Grin2A mouse models 
 
A constitutive Grin2a-/- knock-out mouse model was generated, resulting in a viable mouse model showing 
hyperlocomotion (increased horizontal activity in the open-field test), deficits in spatial and fear memory 
(working errors in T-maze rewarded alternation and win-shift radial maze and increased threshold in 
contextual-fear conditioning task), impaired discrimination learning (worse performance in pairwise visual 
discrimination task), attention defects (in attention set-shifting task), anxiety-like behaviors (increased time 
in open arms in elevated plus maze, in light compartment of light-dark chamber and the center of the 
open-field test), reduced depressive-like behaviors (less immobility in tail-suspension and forced 
swimming test), impaired vocalization communication, sleep-related discharges in electroencephalogram 
(EEG), impaired hippocampal long-term potentiation in hippocampal ex vivo slices (field-potential 
recordings), dendritic changes (reduced dendritic length and complexity, detected by Golgi's 
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impregnation), and increased dopaminergic and serotonergic tone (Ito I. et al., 1997; Kiyama Y. et al., 
1998; Miyamoto Y. et al., 2001; Boyce-Rustay JM. and Holmes A., 2006; Brigman JL. et al., 2008; 
Bannerman DM., 2008; Masquardt K. et al. 2014; Kannangara TS. et al., 2014; Kannangara TS. et al., 
2015; Salmi M. et al., 2019). 
 
A model where GluN2A presents a homozygous truncation of the CTD was generated by a substitution 
of the CTD exon with a neomycin gene preceded by in-frame stop codons. This model shows impaired 
synaptic plasticity and defects in contextual memory (Sprengel R. et al., 1998). 
 
Another Grin2a mouse model is a knock-in (KI) of GluN2A-S644G genetic variant, that shows altered 
hippocampal morphology (thinning of dentate gyrus and CA1 regions), seizures in homozygous mice and 
susceptibility to seizures in heterozygous mice, hyperactivity (increased ambulation in open-field test), 
repetitive behaviors, (jumping, backflips and self-grooming) reduced anxiety-like phenotype (increased 
time in open arms of the elevated plus maze), reduced startle response (Amador A. et al., 2020). 
 
3.3.2.3. Grin2B mouse models 
 
A constitutive full Grin2b-/- knock-out mouse model was generated through the interruption of the 
translation initiation site exon. KO-Grin2b-/- mouse model is perinatally lethal, due to the lack of postnatal 
suckling reflex (Kutsuwada T. et al., 1996). Nevertheless, heterozygous Grin2b+/- mice are viable 
(Kutsuwada T. et al., 1996) and show diminished NMDAR excitatory postsynaptic currents (EPSCs) and 
LTP alterations, as shown in electrophysiological recordings of Grin2b+/--derived neuronal primary 
cultures or Grin2b+/- hippocampal slices. Heterozygous mice also present enhanced pre-pulse inhibition 
and altered startle response, indicating sensorimotor gating alterations (Ito et al., 1997; Takeuchi T. et al., 
2001). Interestingly, a mouse model with a homozygous truncation in the CTD of GluN2B subunits 
(generated by substitution with the neomycin gene preceded by stop codons) also die perinatally, as 
reported for total Grin2b KO (Sprengel R. et al., 1998). 
 
Additional conditional knock-out Grin2b mouse models have been generated, towards the specific deletion 
of GluN2B subunit expression in certain brain regions.  GluN2B deletion in forebrain neurons results in 
hyperactivity, depressive-like behaviours, impaired spatial and working memory (longer latencies to find 
the platform in the Morris water maze, worse performance in the elevated Y-maze and T-maze with 
spontaneous alternation approach), impaired visual discrimination (in T-maze test), impaired memory in 
novel object recognition test, reduced anxiety-like phenotypes in elevated plus-maze, and LTP alterations 
(von Engelhardt J. et al., 2008).   
 
Conditional deletion of GluN2B subunit in hippocampal pyramidal cells showed spatial and working 
memory alterations as well as LTP dysfunction (von Engelhardt J. et al., 2008). Moreover, specific deletion 
in hippocampus and cortex of the GluN2B subunit, revealed deficits in attentional set formation, fear-
conditioned memory formation, dendritic spines density and morphology, and plasticity processes 
(Brigman JL. et al., 2010; Thompson SM. et al., 2015).  
 
Also, intrathecal injection of short-hairpin RNAs (shRNAs) to silence spinal GluN2B was performed in a 
formalin-induced mouse model of pain to demonstrate that GluN2B suppression has analgesic effects (Zhang 
RX. Et al., 2013). 
 
Along the recent efforts to generate GRD "avatars" (mouse models harboring GRIN disease-associated 
variants), an heterozygous mouse model with a missense Grin2b mutation has been generated (GluN2B-
C456Y). This model shows decreased hippocampal NMDAR-derived currents, LTD deficits, hypoactivity 
(open-field test), repetitive self-grooming, and anxiety-like phenotypes (elevated plus maze) (Shin W. et 
al., 2020). 
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4.1. Pharmacological modulation of NMDAR activity 
 
GRDs are due to GRIN genetic variants which are classified into loss-of-function, gain-of-function or 
complex variants (where the predominant effect should be determined). This classification is critical 
because GRIN variants pharmacological modulation should be based on their functional deviation. Hence, 
GRIN loss-of-function variants should be potentiated to rescue deficits in NMDAR-mediated activity 
whereas the excessive NMDAR activity which is associated with GRIN gain-of-function variants should 
be attenuated. In the following sections, distinct compounds with pharmacological activity in NMDAR 
will be discussed. 
 
4.1.1. NMDAR activity potentiation 
 
The NMDAR function might be potentiated with different pharmacological arms: using full orthosteric 
compounds (agonists and co-agonists that bind to the primary active site, also known as orthosteric site), 
partial orthosteric compounds, positive allosteric modulators (that modify NMDAR response to agonists 
and co-agonist via binding to a different site, also known as allosteric site) and/or compounds that block 
proteins/enzymes which degrade or uptake agonists (see figure 30). 
 
NMDAR full agonists include compounds targeting GluN1 and GluN2 subunits. GluN1 full agonists 
include D-serine, glycine, and alanine (see figure 30). D-serine will be further discussed in following topics 
(‘NMDAR current therapeutics for the potentiation of loss-of-function GRIN variants’) while Glycine 
and D- and L- alanine therapeutic indications are summarized in table 4. 
 

GluN1 full agonist Therapeutic indications References 
Glycine Gastrointestinal diseases, endotoxic shock, 

metabolic disorders, organ transplantation 
failure, arthritis, or wound healing 

Wang W. et al., 2013; Razak MA. et al., 
2017 

D and L-Alanine Schizophrenia Karakawa S. et al., 2013; Peyrovian B. et 
al., 2018 

 
Table 4. Summary of GluN1 full agonists with therapeutic indications. 
 
GluN2 full agonists include the following compounds: D- and L-glutamate (see note4) and their analogs 
(e.g., SYM2081 and cis-2,4-methanoglutamate) (see note3), D- and L- aspartate and their analogs (e.g. 
tetrazol-5-yl glycine), sulfur-containing aminoacids (SAAs) (aspartate analogs: L- and D- cysteine sulfinate, 
CSA and cysteate, CA; and glutamate analogs: homocysteate, HCA and homocysteine sulfinate, HCSA), 
cyclic agonists (aminocyclopentane-1,3-dicarboxylic acid, ACPD; 1-aminocyclobutane-1,3-dicarboxylic 
acid, ACBD; 2-carboxycyclopropylglycine, CGG; azetidine-2,4-dicarboxylic acid, ADA; and azetidine-2,3-
dicarboxylic acid, ADC), quinolinate and homoquinolinate acids, ibotenate, and NMDA  (see figure 30) 
(Krogsgaard-Larsen P. et al., 1984; Prado de Carvalho L. et al., 1996; Erreger K. et al., 2007; Traynelis SF. 
et al., 2010).  Regarding endogenous agonists, only glutamate and aspartate have been used with 
therapeutic goals (summarized in table 5) while the other abovementioned GluN2 agonists have not been 
used with therapeutic goals and they are most commonly related with excitotoxicity and extra-site effects 
(Allan RD. et al., 1990; Kawai M. et al., 1992; Johnson PI. et al., 1996; Madsen U. et al., 1998; Blaabjerg 
M. et al., 2001; McBean GJ., 2008; Lugo-Huitrón R. et al., 2013). 
 

GluN2 full agonist Therapeutic indications References 
D- and L-glutamate Myocardial recovery and gastrointestinal 

alterations 
Zai H. et al., 2009; Yamamoto S. et al., 
2009; Vidlund M. et al., 2016 

D and L-Aspartato Schizophrenia Errico F. et al., 2008 

 
Table 5. Summary of GluN2 full agonists with therapeutic indications. 
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Note3: Stereoisomers are molecules with the same molecular formula and composition but different 
orientation. Enantiomers are stereoisomers that are ‘mirror’ images of each other and are distinguished 
by preceding the name with a D- or a L-, upon their optical properties, with different functional impact. 

Note4: Cis-Trans isomers correspond to another type of isomerism which is very common in cyclic or 
alkene compounds. In this case, ‘cis’ means that the functional groups are on the same side of the carbon 
chain while ‘trans’ means that they are on opposite sides. To give additional information, it should be 
used the R/S configuration nomenclature, that indicates each functional group orientation. 

Partial NMDAR agonists action mechanism depends on two intrinsic properties, namely the compound’s 
dose administration (dictating bioavailability) and NMDAR affinity that will determine their overall 
pharmacological efficacy. Hence, at low doses these compounds act as agonists whereas at high doses, 
their behavior is antagonistic via competition with full agonists. Thus, partial agonists might also be used 
to potentiate an NMDAR loss-of-function although doses should be tightly regulated to achieve this 
effect. 
 
GluN1 partial agonists include D-cycloserine (at low doses, behaving as GluN2C agonist; at high doses, 
exerting an antagonistic activity on GluN2A- and GluN2B-subunits containing NMDARs), HA-966 (3-
amino-1-hydroxy-pyrrolidin-2-one), 1-aminocyclopropane-1-carboxylic acid (ACPC) (partial agonist of 
GluN site and antagonist of GluN2 site), 1-aminocyclobutane-1-carboxylic acid (ACBC), and Rapastinel 
(formerly Glyx-13) (see figure 30) (Traynelis SF. et al., 2010). Rapastinel will be further discussed in 
following topics (‘NMDAR current therapeutics for the potentiation of loss-of-function GRIN variants’) 
while the potential therapeutic applications of the other GluN1 partial agonists are summarized in table 
6. 
 

GluN1 partial agonist Therapeutic indications References 
D-cycloserine Schizophrenia, Alzheimer, depression and 

autism (inconclusive results and side 
effects) 

Schade S. and Paulus W, 2016 

HA-966 (antagonistic action) Tremors, convulsions and Parkinson’s 
disease 

Singh L. et al., 1990; Goldstein LE. et al., 
1994; Kanthasamy A. et al., 1997 

ACPC Agonist: Pro-cognitive 
Antagonist: Anti-convulsant, 
neuroprotective, anxiolytic, 
antidepressant, antioxidant, hypotensive 
and reduce noradrenaline release in mice 
(induces tolerance) 

Fossom LH. et al., 1995; Clos MV. et al., 
1996; Nahum-Levy R. et al., 1999; Gao 
M. et al., 2007; Popik P. et al., 2015 

ACBC ACBC is rapidly cleared, inactivated or 
removed after administration, limiting its 
therapeutic potential 

Rao TS. et al., 1990 

 
Table 6. Summary of GluN1 partial agonists with therapeutic indications. 
 
These compounds include hydroxypyrazol glycine derivatives (NHP4G or N-hydroxypyrazol-4-yl 
glycine, a glutamate analogue and ethyl-, propyl-NHP5G aspartate analogues), Cis-2,3-piperidine 
dicarboxylic acid (PDA, a NMDA analog), and N-acetylaspartylglutamate (NAAG) which is a 
combination of N-acetylaspartate (NAA) and glutamate (Traynelis SF. et al., 2010) (see figure 30).  
Clinically, only the therapeutic potential of NAAG has been evaluated.  NAAG might act as antagonist 
via a negative regulation of glycine binding and acting in pre-synaptic glutamatergic metabotropic 
receptors to reduce glutamate release. This antagonistic action results in a protective role for ischemia 
(Yourick DL. et al., 2003), although NAAG agonistic effect might can also provoke neurotoxicity 
(Thomas AG. et al., 2000). 
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Full and partial agonists present distinct affinities towards the different NMDARs depending on which 
GluN2 subunit is present in the receptor, indicated by the EC50 (Traynelis SF. et al., 2010) (see figure 
29). 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 29.  GluN1 (panel A) and GluN2 (panel B) full and partial agonists potencies, based on EC50 values for the 
different GluN subunits combinations of NMDAR populations (reviewed in Traynelis SF. et al., 2010). EC50 is the half 
maximal efficacy concentration, i.e. the compound concentration that elicits a 50 % response (halfway the baseline and the 
maximum).  
 
Positive allosteric modulators (PAMs) bind to a secondary allosteric site and modify the conformation of 
the primary biological site, enhancing the binding affinity of orthosteric compounds. Some PAMs of the 
NMDAR are polyamines (spermidine and spermine), monovalent ions (Na+), unsaturated sulfated 
neuroesteroids (pregnenolone sulfate), 24-S-hydroxycholesterol and derivatives (SGEs), unsaturated fatty 
acids, pituitary adenylate cyclase-activating polypeptide (PACAP), aminoglycoside antibiotics, quinolones 
(via Mg2+ blockade removal), histamine (increasing NMDAR-derived currents amplitude and decreasing 
the desensitization rate), ATP (promoting NMDAR-mediated long-term potentiation via activation of 
ectoprotein kinases and phosphorylation mechanisms), or GNE (GluN2A-containing NMDARs at 
saturating glutamate concentrations) (see figure 30) (Vorobjev VS. et al., 1993; Brown RE. et al., 1995; 

A 

B 
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Zwart R. et al., 1996; Stahlmann R. et al., 2002; Fujii S., 2004; Traynelis SF. et al., 2010; Hackos DH. et 
al., 2016; Villemure E. et al., 2016; Volgraf M. et al., 2016).   
 
The effects of polyamines (spermidine and spermine), pregnenolone sulfate, 24-S-hydroxycholesterol and 
derivatives (SGE-301) and aminoglycoside antibiotics like Tobramycin will be further discussed in the 
next section (‘NMDAR current therapeutics for the potentiation of loss-of-function GRIN variants’) 
while the therapeutic potential of the other PAMs is summarized in table 7. 
 

Positive allosteric modulators Therapeutic indications References 
Monovalent ions (Na+, Cs+) (These ions regulate the kinetics and 

affinities of NMDAR blockers) 
Antonov SM. et al., 1998 

Omega-3 polyunsaturated fatty acids 
(docosahexaenoic acid), omega-6 fatty 
acids (arachidonic acid) and omega-9 
monounsaturated fatty acids (oleic acid) 

Improved spatial memory deficits and 
neuroprotection against excitatory brain 
damage (ischemia); reversed ageing 
associated GluN2B and GluR2 reduction; 
attenuated pain sensitivity, microglial 
activation and oxidative stress 

Miller B. et al., 1992; Nishikawa M. et al., 
1994; Dyall SC. et al., 2006; Gódor-
Kacsándi A. et al., 2012; Zhang E. et al., 
2017 

PACAP-27, PACAP-28 (two biologically 
active forms) 

Neuroprotection in ischemia by 
decreasing oxidative stress, cytochrome C 
release and apoptosis, maintaining 
mitochondrial activity, promoting 
neurotrophic factors expression (BDNF), 
and regulating NMDAR subunits 
expression; protection against Ab toxicity 
(Alzheimer disease); fear-related memory 
(side effect: NMDA-induced 
excitotoxicity in glaucoma) 

Wu SY. and Dun NJ., 1997; Onoue S. et 
al., 2002; Macdonald DS. et al., 2005; 
Endo K. et al., 2011; Schmidt SD. et al., 
2015; Kaneko Y. et al., 2018 

Quinolones (antibiotic) (Neurotoxic effects: seizures or anxiety; it 
is not clear whether these neurotoxic 
effects are due to NMDA positive 
modulation or GABA antagonism) 

Zareifopoulos N. and Panayiotakopoulos 
G., 2017 

GNE-0723 Reduction of epileptiform discharges 
(through a reduction of low frequency 
oscillations); improvement of cognitive 
functions in Alzheimer disease and 
Dravet syndrome mouse models 

Hanson JE. et al., 2020 

 
Table 7. Summary of positive allosteric modulators with therapeutic indications. 
 
In order to potentiate NMDAR-derived responses, an alternative is drugs potentiating NMDARs agonists 
availability which maintain elevated agonists levels in the synaptic cleft. Within this category, some 
compounds are able to reduce / block agonists metabolization. In particular, D-aminoacid oxidase (DAO) 
and D-aspartate oxidase (DDO) blockade can reduce D-serine, glycine, alanine and D-aspartate 
degradation. Drugs targeting these enzymes include but are not limited to sodium benzoate or 5-
chlorobenzo(d)isoxazol-3-ol (CBIO) for DAO, and thiolactomycin for DDO (see figure 30) (Katane M. 
et al., 2010; Traynelis SF. et al., 2010; Gong N. et al., 2011; Wang W. et al., 2013; Durrant AR. and Heresco-
Levy U., 2014; Punzo D. et al., 2016; Razak MA. et al., 2017). Moreover, glycine and glutamate transporters 
might also be blocked, in order to reduce agonists uptake and thus increase the levels of NMDAR agonists 
in the synaptic cleft. Some blockers of the glycine transporters are sarcosine, or bitopertin and some 
glutamate transporters blockers include DL-threo-beta-benzyloxyaspartic acid (DL-TBOA), 
methylglutamate derivatives or some dicarboxylic acids (see figure 30) (Griffiths R. et al., 1993; 
Vanderberg RJ. et al., 1997; Tsai G. et al., 2004; Su LD. et al., 2009; Traynelis SF. et al., 2010; Armbruster 
A. et al., 2018). 
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Figure 30. Graphic summary of NMDAR potentiating compounds: DAO/DDO blockers, Gly/Glu transporters blockers, 
full and partial orthosteric agonists and positive allosteric modulators of GluN1 and GluN2 subunits. Abbreviations: DAO, 
D-aminoacid oxidase; DDO, D-aspartate oxidase; PAMs, positive allosteric modulators; Gly, glycine; Glu, glutamate. 
 
4.1.2. NMDAR activity attenuation/blockade 
 
In biological scenarios where NMDAR function turns out to be pathologically excessive, NMDARs 
activity can be attenuated/blocked, using different pharmacological arms including, but not restricted to, 
the administration of competitive antagonists, non-competitive antagonists, open-channel blockers and 
compounds that reduce agonist release. 
 
NMDAR competitive antagonists bind to the orthosteric site, resulting in the agonist blockade. This group 
include 7-chlorokynurenic acid (7-CK) and 5,7-dichlorokynurenic acid (5,7-dCK), indole-2-carboxylate, 
2-carboxytetrahydroquinolines, 4-hydroxy-2-quinolones, Quinoxaline-2,3-diones, 3-Hydroxy-1H-1-
benzazepine-2,5-diones, tricyclic compounds, CGP 37849, CGP 39551, CGP 40116, ACEA-1011, 
ACEA-1021, L-689,560, L-701,324, ZD9379, MDL105,519, cycloleucin, D-a-aminoadipic acids, 2-
amino-5-phosphonopentanoate (AP5), 2-amino-7-phosphonopentanoate (AP7), 3-(2-carboxypiperazin-
4-yl)propyl-1-phosphonic acid (CPP), phosphonomethylpentanedioic acid (PMPA), NVP-AAM077, 1-
(phenanthren-2-carbonyl)piperazine-2,3-dicarboxylic acid (PPDA), a-aminoadipate, 1-(biphenyl-4-
carbonyl)piperazine-2,3-dicarboxylic acid (PBPD), UBP141 (selective for GluN2C and GluN2D), 
CGS19175, conantokins (from marine cone snail venom), and EVT101 (Traynelis SF. Et al., 2010) (see 
figure 33). NMDAR competitive antagonists with potential therapeutic applications are summarized in 
table 8. 
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NMDAR competitive antagonists Therapeutic indications References 
7-CK Anti-convulsant (epilepsy) 

(side effects: ataxia, hypotonia, 
hypoactivity) 

Namba T.  et al., 1993 

5,7-dCK Peripherical injury, allodynia, 
inflammation and neuropathic pain, 
without sedation and ataxia side-effects 
(limited BBB permeability) 

Christoph T. et al., 2005 

Indole-2-carboxylate and derivatives 
(GV150526) 

Protective in mouse models of brain 
ischemia and stroke via anticonvulsant 
effects 

Hewkin CT. et al., 1999; Di Fabio R. et 
al., 1999 

Tryciclic compounds (Mrz 2/576, SM-
18400, SM-31900) 

Reduced nociceptive responses; anti-
convulsant (ischemic mouse model) 
(side effects: impaired motor 
coordination) 

McClean M. et al., 1997; Katayama S. et 
al., 2003; Nagata R. et al., 2006 

CGP 37849, CGP 39551, CGP 40116 
(oral administration) 

Reduced parkinsonian dyskinesias in 
combination with clonidine; anti-
convulsant; neuroprotective (ischemia) 
(side effects: impaired cognitive and 
motor abilities) 

Schmutz M. et al., 1990; Maj J. et al., 
1993; Maier CM. et al., 1995; Hauben U. 
et al., 1998 

ACEA-1011 Anticonvulsant and analgesic Vaccarino AL. et al., 1993; Lutfy K. et al., 
1994 

ACEA-1021 Reduced pain-related responses and 
neuroprotection against ischemic insults 

Lutfy K. and Weber E., 1996; Petty MA. 
et al., 2003 

L701, 324 Reduced anxiety-like behaviors; anti-
convulsant; improved rigidity in 
parkinsonian mouse model (no effect in 
dyskinesias) 
(side effects: motor abnormalities) 

Kotlinska J. and Liljequist S., 1998; 
Konieczny J. et al., 1999; Wlaź P.  and 
Poleszak E., 2011 

ZD9379 Neuroprotective (ischemia) Tatlisumak T. et al., 1998 
AP5 Reduced anxiety and pain-related 

behaviors 
Häckl LPN. and Carborez AP., 2007; 
Soleimannejad E. et al., 2007 

AP7 Anxiolytic Molchanov ML.  and Guimãraes FS., 
2001 

CPP Anti-convulsant in combination with 
valproate, carbamazepine, and 
phenobarbital 
(side effects: co-administration of CPP 
and valproic acid lead to moderate motor 
impairment) 

Borowicz KK. Et al., 2000 

Conantokins Reduced pain-related behaviors (analgesic 
in distinct mouse models of pain); 
neuroprotective in ischemia (mouse 
models of stroke); anti-convulsant (mouse 
models of epilepsy) 

Jimenez Ec. Et al., 2002; Hama A. and 
Sagen J., 2009; Balsara R. et al., 2015 

 
Table 8. Summary of NMDAR competitive antagonists with therapeutic indications. 
 
Non-competitive NMDAR antagonists (or negative allosteric modulators) bind to an allosteric site and 
prevent NMDA receptor activation. This group include dynorphins (acting as non-competitive 
antagonists but also, under some circumstances, as NMDAR potentiators), ifenprodil and analogues (Ro-
63-1908, CI-1041, CP-101,606, Ro-256981; GluN2B subunit-selectivity), ethanol, felbamate, haloperidol, 
xenon, nitrous oxide, radiprodil, divalent ions (Pb2+, Zn2+, Mg2+), monovalent ions (H+), planar saturated 
neuroesteroids (pregnanolone sulfate, promoting NMDAR desensitization), sulfonamides (TCN201, 
selective antagonist of GluN2A subunit-containing NMDARs), lysophospholipids, DET, CP2323 (cyclic 
polyamine) (Kussius CL. Et al., 2009; Traynelis SF. Et al. 2010) (see figure 33). Non-competitive 
antagonists present distinct affinities towards the different NMDAR depending on which GluN2 subunit 
is present in the receptor, indicated by the IC50 (Traynelis SF. et al., 2010) (see figure 31). 
 

4. GRIN-related disorders personalized medicine 

68 



Introduction 

 

Radiprodil will be further discussed in following topics (‘NMDAR current therapeutics for the blockade 
of gain-of-function GRIN variants’) while other NMDAR non-competitive antagonists with potential 
therapeutic applications are summarized in table 9. 
 

Non-competitive NMDAR 
antagonists 

Therapeutic indications References 

Dynorphins At certain doses, moderate analgesia 
(side effects: excitotoxicity, hyperacusis, 
cognitive defects) 

Kuzmin A. et al., 2006; Sahley TL. Et al., 
2013; Ménard C. et al., 2014 

Ifenprodil Analgesic (allodynia and hyperalgesia 
murine models); anti-depressant (stress 
murine model); neuroprotective 
(traumatic brain injury murine models); 
anti-epileptic at high doses 

Yourick DL. Et al., 1999; Dempsey RJ. et 
al., 2000; Zhang W. et al., 2009; Rondon 
ES. et al., 2010; Yao Y. et al., 2020 

CI-1041 Neuroprotective (status epilepticus 
murine model) 

Loss CM. et al., 2019 

CP-101,606 Analgesic (pain mouse models); reduced 
levodopa-induced dyskinesias (clinical 
trial); attenuated cognitive defects after 
traumatic brain injury (mouse models); 
neuroprotection (neuronal primary 
cultures under excitotoxic insults) 
(side effects: cognitive impairments) 

Menniti F. et al., 1997; Okiyama K. et al., 
1997; Taniguchi K. et al., 1997; Nutt JG. 
et al., 2008 

Felbamate Anti-convulsant; reduced dyskinesias; 
neuroprotective (murine model of 
hypoxia/ischemia); anti-depressant 
(mouse models of depression) 

Ktreschmer BD., 1994; Fraser CM. Et al., 
1999; Germanò A. et al., 2007; Li X. et al., 
2019 

Zinc Analgesic (pain evaluation in a mouse 
model with a GRIN2A variant that 
remove Zn2+ blockade); anti-depressant 

Kroczka B et al., 2001; Nozaki C. et al., 
2015 

Magnesium Analgesic (neuropathic pain, fibromyalgia, 
headaches, migraine); anti-depressant 
(murine models); neuroprotective 
(glaucoma murine model); pro-cognitive 
(traumatic brain injury murine model);  

Smith DH. Et al., 1993; Pochwat B. et al., 
2014; Lambuk L. et al., 2017; Shin HJ. Et 
al., 2020 

Pregnanolone sulfate Neuroprotective and moderate anxiolytic 
(murine model of excitotoxicity); anti-
depressant  

Holubova K. et al., 2014; Marketa C. et 
al., 2020 

CP2323 Neuroprotective against excitotoxic 
insults (cell assays) 

Masuko T. et al., 2008 

Xenon Anesthetic; neuroprotective via reduced 
glial proliferation (excitotoxicity, hipoxia, 
ischemia murine models); reduced 
dyskinesias (murine and primate 
Parkinson models); social improvement 
and anti-depressant (autism murine 
models); anti-depressant and anxiolytic 
(depression mouse models); anti-
convulsant; analgesic  

Dingley J. et al., 2006; Giacalone M. et al., 
2013, Azzopardi D. et al., 2014; Lavaur J. 
et al., 2017; Baufreton J. et al., 2018; 
Dobrovolsky AP. Et al., 2019; Shao J. et 
al., 2020 

Nitrous oxide Anesthetic; anti-depressant (patients); 
persistent reduction in neuropathic pain 
(murine models); neuroprotective 
(ischemia murine models) 
(side-effects: abuse) 

David HN. et al., 2003; Boujema MB. Et 
al., 2015; Zorumski CF. et al., 2015 

 
Table 9. Summary of NMDAR non-competitive antagonists with therapeutic indications. 
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Figure 31.  Subunit-dependent affinity of non-competitive antagonists of NMDARs based on IC50 (half maximal inhibitory 
concentration) values, reviewed in Traynelis SF. et al., 2010. 
 
Open-channel blockers (also known as trapping blockers) are NMDAR antagonists that penetrate the 
NMDAR in the open channel configuration, binding and being trapped into the blocking site, located at 
the channel pore. As a consequence of their mechanistic action mode, the blockade is slow to reverse 
because it requires channel reactivation by agonists before the blocker can dissociate. This group includes 
phencyclidine (PCP) (PCP is used to generate animal models of schizophrenia, based on the glutamatergic 
hypothesis), MK-801 (dizocilpine maleate), MK-0657 (GluN2B-selective), ketamine, norketamine 
(ketamine metabolite), tiletamine, amantadine, pentamidine (antimicrobial compound from Pneumocystis 
carinii with voltage-dependent inhibition of NMDARs), remacemide, 9-tetrahydroaminoacridine 
(GluN2B-selective), dextromethorphan, levomethorphan, 1-phenylcyclohexylamine (PCA), CNS-1102 
(Cerestat, Aptiganel),  AZD6765 (Lanicemide) and DA10 (Traynelis SF. et al., 2010) (see figure 33). 
Likewise, other NMDAR modulating compounds, trapping blockers exhibit distinct affinities (indicated 
by the IC50 values) depending on GluN2 subunits composition of NMDARs (Traynelis SF. et al., 2010) 
(see figure 32). Memantine and dextromethorphan, two other important open-channel blockers, will be 
further discussed in following topics (‘NMDAR current therapeutics for the blockade of gain-of-function 
GRIN variants’) while other NMDAR trapping blockers with potential therapeutic applications are 
summarized in table 10. 
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Trapping blockers Therapeutic indications References 
MK-801 Anti-depressant; rapid short-term 

analgesia (murine model of neuropathic 
pain); neuroprotective (reduced infarct 
size in ischemia mouse model); 
anticonvulsant but no anti-epileptogenic 
(kindling model), anti-dystonic (retarded 
progression); pro-cognitive (traumatic 
brain injury murine model) 
(side-effects: MK-801 is also used to 
generate animal models of schizophrenia, 
increasing locomotion and stereotypies) 

Richter A.  et al., 1991; Hamm RJ. et al., 
1993; Gilbert ME., 1994; Ma J. et al., 
1998: Wu J. et al., 2005; Yang B. et al., 
2016; Wang J. et al., 2017 

MK-0657 Anti-depressant (treatment-resistant 
patients with major depressive disorder) 

Ibrahim L. et al., 2012 

Ketamine Anesthetic 
At sub-anesthetic doses: anti-depressant 
(rapid and persistent in treatment-
resistant patients with major depressive 
disorder); analgesic (treatment-resistant 
neuropathic pain) 
(side-effects: abuse; it is used to generate 
animal models of schizophrenia; 
psychomimetic, sedative and motor 
alterations) 

Covvey JR. et al., 2012; Niesters M. et al., 
2013 

Norketamine At subanesthetic doses: Analgesic 
(neuropathic and inflammatory pain in 
murine models); anti-depressant (S 
isomer) 

Holtman Jr. JR. et al., 2008; Salat K. et al., 
2015; Yokoyama R. et al., 2020 

Amantidine Anxiolytic and anti-dyskinetic in murine 
models and L-DOPA treated Parkinson 
patients  
(side-effect: corneal edema, via K+ 
channels but also neuropsychiatric 
symptoms, fatigue, hypotension, 
constipation or cardiovascular 
dysfunction) 

Perez-Lloret S. and Rascol O., 2018; 
Dudley CE. et al., 2019; Walia V. et al., 
2020 

Pentamidine Neuroprotective (cells under excitotoxic 
insults) 

Reynolds IJ. and Aizenman E., 1992 

Remacemide Neuroprotective (ischemia murine 
models); prevented vasospasm in 
aneurysmal subarachnoid hemorrhage 
(rabbit model); reduced lesion after 
traumatic brain injury (although cognitive 
defects were detected in this murine 
model); anti-convulsant; anti-
parkinsonian (mouse and primate models) 

Greenamyre JT. et al., 1994; Zuccarello 
M. et al., 1994; Davies JA.,1997; Smith 
D.H. et al., 1997; Calabresi P. et al., 2003 

PCA Anti-convulsant without motor side 
effects (mouse model with seizures) 

Blake PA. et al., 1992 

CNS-1102 (Aptiganel) Neuroprotective and reduced neuronal 
damage (ischemia, stroke) 
(side effects: at high doses, increased 
blood pressure, motor alterations, 
euphoria, hallucinations, paresthesia) 

Muir KW. et al., 1997; Schäbitz WR. et 
al., 2000 

AZD6765 (Lanicemide) Anti-depressant with minimal 
psychomimetic side-effects in mouse 
models and treatment-resistant patients 

Sanacora G. et al., 2014 

 
Table 10. Summary of NMDAR trapping blockers with therapeutic indications. 
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Figure 32.  Subunit-dependent affinity of NMDARs trapping blockers based on IC50 (half maximal inhibitory 
concentration) values, reviewed in Traynelis SF. et al., 2010. 
 
There is increasing evidence that sub-threshold changes in the pre-synaptic membrane potential prior to 
spike-evoked glutamate release might have a role in the neurotransmitter release (Zbili M. et al., 2016). In 
fact, there are several drugs that can indirectly decreased glutamate release via blockade of pre-synaptic 
voltage-gated sodium channels. Some of these compounds are riluzole (also enhancing astroglia-mediated 
glutamate uptake), lamotrigine (also blocking voltage-gated calcium and potassium channels, inhibiting 
serotonin uptake and associated with NO reduction), phenytoin or carbamazepine (see figure 33) 
(Lizasoain I. et al., 1995; Lapidus KAB. et al., 2013; Traynelis SF. et al., 2010). The therapeutic potential 
of these compounds is summarized in table 11. 
  

Compounds that reduce glutamate 
release (blocking voltage-gated 
sodium channels) 

Therapeutic indications References 

Riluzole FDA-approved drug for ALS; 
antidepressant; anxiolytic; effective for 
neuropathic pain; cognitive improvement 
and reduced Ab deposition in mouse 
model of Alzheimer;  

Mirza NR. et al., 2005; Lapidus KAB. et 
al., 2013; Moon ES. et al., 2014; Okamoto 
M. et al., 2018 

Lamotrigine Neuroprotective in ischemia; co-adjuvant 
therapy to manage schizophrenia 
cognitive and negative symptoms; 
effective for the treatment of seizures, 
bipolar disorder, post-traumatic stress 
disorder, mania and anxiety 
(It has been administered to a patient 
with a GRIN2A genetic variant (N447K) 
in combination with valproate to treat 
seizures) 
 

Calabresi P. et al., 2003; Large CH. et al., 
2005; Mirza NR. et al., 2005; Lapidus 
KAB. et al., 2013; Xu XX. et al., 2018 

Phenytoin Anti-convulsant; analgesic (neuropathic 
pain) 
(side effects: sedation and motor 
disturbances) 

Dickenson AH. and Ghandehari J., 2006 

Carbamazepine Anxiolytic; anti-convulsant; effective in 
neuropathic pain 

Mirza NR. et al., 2005; Dickenson AH. 
and Ghandehari J., 2006 

 
Table 11. Summary of pharmacological compounds blocking voltage-gated sodium channels in the pre-synaptic 
glutamatergic synapse, with concomitant reduction of glutamate release and therapeutic potential. 
 
Additionally, felbamate that is a non-competitive GluN2 antagonist have also been associated with 
reduced glutamate release. Nevertheless, felbamate-associated reduction is due to pre-synaptic NMDAR 
blockade without affecting voltage-gated sodium channels (Yang J. et al., 2007) (see figure 33). 
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Figure 33. Graphic summary of the different NMDAR blocking compounds: competitive antagonists, non-competitive 
antagonists, trapping blockers of GluN1 and GluN2 subunits and blockers of glutamate release.  
 
4.2. Current NMDAR pharmacotherapeutic approaches for the blockade of gain-of-function 
GRIN variants 

 
4.2.1. Memantine  

 
In a pathological situation associated with an excessive activation of the NMDAR (e.g. gain-of-function 
GRIN variants), a therapeutic approach might consist on the use of NMDAR antagonists. A tentative 
NMDAR antagonist is memantine, an EMA- and FDA-approved compound with antagonistic effects on 
the NMDAR.  Memantine is a derivative of 1-aminoadamantane (see figure 34) which act as trapping 
blocker of NMDARs (Traynelis SF. et al., 2010). 
 

 
 
 
 
 

Figure 34. Molecular model of memantine chemical structure containing an 
adamantane structure with methyl groups (blue), and an amino group (red). 
Adapted from PubChem database. 
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Memantine (Namenda) is a FDA-approved drug for the treatment of Alzheimer's disease and other 
neurodegenerative dementias. Indeed, preclinical studies showed that memantine administration reduced 
Ab deposition, improved cognitive defects, reduced neurofibrillary tangles formation, increased BNDF 
release and reduced excitotoxicity (Folch J. et al., 2018). Nevertheless, in the clinical practice, Memantine 
alone has not achieved satisfactory results, and it is used in combination with other AD drugs, such as 
cholinesterase inhibitors (Folch J. et al., 2018).  
 
Memantine has been also evaluated in mouse models of neuromyelitis optica, showing motor 
improvement and neuroprotection that could result from a reduction of inflammation, demyelination and 
axonal loss, while increasing neurotrophic factors release (Yick LG. et al., 2020). Furthermore, memantine 
might be used as adjuvant therapy in major depressive disorder (in combination with sertraline, memantine 
improves anti-depressant treatment efficacy) or schizophrenia (in combination with auditory targeted 
cognitive training) (Amidfar M. et al., 2017, Swerdlow NR. et al., 2020). Despite these successful 
indications, memantine-based treatment in other neurological disorders (i.e. multiple sclerosis) was not 
well-tolerated and do not ameliorated prognosis (Saint Paul LP. Et al., 2016). 
 
In the context of GRD, memantine therapeutic potential has been evaluated both in vitro and in patients 
with GRDs. For instance, GluN2A-P552R variant, which is related with increased agonist potency and a 
prolonged time course, was identified in a patient with seizures, intellectual disability and brain alterations. 
Memantine application to neuronal primary cultures expressing GluN2A-P552R variant showed a 
normalization of NMDAR-mediated currents and neurotoxicity preventive effect (Odgen KK. et al., 
2017). In line with this result, GluN1-M641I and GluN2A-L812M (associated with increased agonist 
potency and decreased Mg2+ blockade) also supported the use of memantine for in vitro rescue of gain-of-
function GRIN variants. Importantly, memantine treatment of patients harboring GluN1-M641I and 
GluN2A-L812M variants resulted in a reduction of epileptic seizures pharmaco-resistant to conventional 
anti-epileptic drugs (Pierson TM. et al., 2014; Xu Y. et al., 2021). Despite the therapeutic benefit of 
memantine has been supported by additional studies (Papa FT. et al., 2018), other clinical studies showed 
the lack of efficacy (Ogden et al., 2017) and memantine use is under debate. Further, GRIN variants 
located within the NMDAR channel pore (frequently associated with gain-of-function outcomes, i.e. 
GluN2B-N615I and GluN2B-V618G that affect Mg2+ blockade) might affect memantine potency to 
block NMDAR-mediated currents (Mullier B. et al., 2017). 
 
4.2.2. Radiprodil 
 
Radiprodil (2-[4-[(4-fluorophenyl)methyl]piperidin-1-yl]-2-oxo-N-(2-oxo-3H-1,3-benzoxazol-6-
yl)acetamide) is a selective GluN2B subunit-containing NMDAR non-competitive antagonist binding the 
same site as Ifenprodil (see figure 35) (Traynelis SF. et al. 2010).  

 

 
 
Regarding its therapeutic potential, radiprodil was evaluated in a clinical trial for diabetic neuropathic pain 
(Gilron I. and Coderre TJ., 2007). Nevertheless, this clinical trial was interrupted, since radiprodil was 
unable to reduce pain scores (RG8-MD-02; NCT00838799).  

Figure 35. Molecular model 
of radiprodil chemical 
structure containing a 
fluorophenyl group (purple), 
a piperidine group (yellow), 
carbonyl groups (red), 
acetamide group (green) and 
a benzoxazol group (blue). 
Adapted from PubChem 
database. 
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Besides this clinical trial, radiprodil has been also evaluated as a potential treatment in a murine model of 
Parkinson's disease (unilateral lesion with 6-dihidroxydopamine). In this model, co-administration of 
radiprodil and an adenosine receptors antagonist (at certain doses), improved motor defects and mimicked 
L-DOPA treatment, without dopaminergic side-effects (enhanced locomotion in open field test, restored 
position without bending, and lack of stereotyped rotations) (Michel A. et al., 2015). 
 
Additionally, there are preliminary investigations revealing a plausible therapeutic potential of this 
compound in GRIN-related disorders. One of these studies evaluated radiprodil in oocytes expressing 
three GRIN2B gain-of-function variants (GluN2B-R540H, N615I and V618G). These variants were 
identified in patients with epilepsy and intellectual disability. GluN2B-R540H is associated with increased 
glutamate potency while N615I and V618G are related with a lack of Mg2+ blockade. In vitro, radiprodil 
administration reduced NMDAR-mediated currents in all three GRIN2B variants, even under acidic 
conditions (associated with post-seizures relapse) (Mullier B. et al., 2017). Beyond investigation using in 
vitro models, radiprodil was also administered to murine models of epilepsy, demonstrating a protective 
effect (Auvin S. et al., 2020). Importantly, radiprodil was translated to the clinical practice and was given 
to three patients with GRIN-related disorders (harboring GRIN2B gain-of-function variants) that 
presented spams and were not responding to conventional anti-epileptic drugs. The compound was 
proven well-tolerated, and the three patients experimented an improvement in spams although not at the 
same level (Auvin S. et al., 2020). 
 
4.2.3.    Dextromethorphan 
 
Another potential treatment for gain-of-function GRIN variants is dextromethorphan (see figure 36), 
traditionally used as an antitussive compound (Traynelis SF. et al., 2010). 
 

 
 
Dextromethorphan has been already evaluated in animal models of neurological diseases associated with 
NMDAR dysfunction, including a murine model of hypoxia. In this model, dextromethorphan 
administration after hypoxic insult reduced brain damage (Laroia N. et al., 1996). Moreover, 
dextromethorphan has been shown to reduce convulsions in a murine model of seizures (although at high 
doses, where motor impairments and stereotypies appear) (Löscher W. and Hönack D., 1993), to exert 
anti-depressant effects (Sakhaee E. et al., 2016) and to revert nociception in a mouse model of neuropathic 
pain (Morel V. et al., 2014). 
 
Besides its antitussive effects, dextromethorphan use has been proposed for the treatment of neurological 
disorders. Indeed, dextromethorphan has been administered to patients with diabetic neuropathy to 
reduce pain due to its analgesic action (Carlsson KC. et al., 2004). In the GRD context, dextromethorphan 
was evaluated in vitro in oocytes expressing a gain-of-function variant (GluN1-M641I, causing increased 
agonist potency and decreased Mg2+ blockade), and demonstrated its ability to reduce increased NMDAR-
derived currents (Xu Y. et al., 2021). 
 
 

Figure 36. Molecular model of dextromethorphan chemical 
structure. Adapted from PubChem database. 
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4.3. Current NMDAR pharmacotherapeutic approaches for the potentiation of loss-of-function 
GRIN variants 
 
4.3.1. D-serine 

 
D--serine is a natural co-agonist of the NMDAR. Traditionally, glycine was thought as the unique co-
agonist of NMDARs, but D-serine co-localization with NMDAR distribution in the brain and the lack of 
NMDAR-derived responses when D-serine is selectively degraded, identified D-serine as a NMDAR co-
agonist (Mothet JP. et al., 2000). D-serine is formed from L-serine (coming from diet, intestinal bacteria, 
and glycine and/or glucose transformation) through serine-racemase (SR) activity, an enzyme  located in 
pre-synaptic neurons and astrocytes (Wolosker H. et al., 2008). SR is activated by calcium, magnesium, 
manganese, ATP, ADP, and GTP whereas it is inhibited by gluthatione and cystamine through post-
traslational modifications (Baumgart F. and Rodríguez-Crespo I., 2008). After synthesis, D-serine is 
released via Ca2+ dependent- or independent-mechanisms (Mothet JP. et al., 2005; Kartvelishvily E. et al., 
2006; Pan HC. et al., 2015). 
 
D-serine presents an amino group, a carboxyl group and a hydroxymethyl group (see figure 37). D-
enantiomer act as NMDAR co-agonist (instead of L-serine enantiomer), since the hydroxymethyl group 
location of L-serine affects the co-agonist interaction with the binding pocket (see figure 37) (Wolosker 
H. et al., 2008). 
 

  
 

D-serine has been widely studied for its potentiating effects in several diseases where NMDAR is 
dysregulated. For instance, D-serine has been used in schizophrenia (glutamatergic hypofunction theory 
of schizophrenia-associated negative and cognitive symptoms), in combination with non-clozapine 
antipsychotic drugs (clozapine promotes D-serine release) (Nunes EA. et al., 2012). Moreover, D-serine 
has been used for Alzheimer’s disease treatment at early stages. In this precise time window, when 
NMDAR blockers (i.e. memantine) do not provide a therapeutic benefit, D-serine treatment could elicit 
neurogenesis and neuronal survival (Guercio GD. and Panizzutti R., 2018). Interestingly, co-
administration of D-serine and L-DOPA revealed improvement of behavioral and motor symptoms (such 
as reduced dyskinesias) in Parkinson's disease (Gelfin E. et al., 2012).  Furthermore, D-serine has been 
used as cognitive enhancer in healthy subjects reducing anxiety and depression feelings and increasing 
attention, vigilance, and information retaining (Durrant AR. and Heresco-Levy U., 2014; Levin R. et al., 
2015; Guercio GD. and Panizzutti R., 2018).  
 
Despite these promising results, D-serine administration is not devoid of side effects. Indeed, high doses 
of D-serine can trigger excitotoxic processes. Moreover, there is a concern regarding nephrotoxicity due 
to D-serine metabolism via DAO enzyme. Thus, a combination of D-serine with a DAO inhibitor could 
increase D-serine bioavailability and prevent undesired side effects (Guercio GD. and Panizzutti R., 2018). 
Furthermore, long-term D-serine supplementation might impair insulin secretion and glucose metabolism 
via sympathetic nervous system but an a2-adrenergic receptor antagonist might revert this situation 
(Suwandhi L. et al., 2018).  

Figure 37. Molecular model of L- and 
D-Serine chemical structures containing 
an amino group (red), a carboxyl group 
(green) and a hydroxymethyl group 
(blue). Adapted from PubChem 
database. 
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To circumvent this hurdle, different groups evaluated the therapeutic benefit of L-serine enantiomer. 
Originally, L-serine dietary supplementation has been used in paediatric neurology, administering high 
doses of L-serine (dietary supplement) for the treatment of neurometabolic conditions with a serine 
synthesis deficiency. These treatments were devoid of side-effects and improved both epileptic and 
psychomotor symptoms (De Koning TJ. And Klomp LWJ., 2004). 
 
According to its tolerability and precursor role for D-serine synthesis, L-serine is presented as a good 
candidate molecule for potentiating GRIN loss-of-function variants in patients with GRD paediatric 
encephalopathies. Indeed, L-serine was evaluated in a patient with a severe encephalopathy that present a 
GluN2B loss-of-function variant (P553T). This genetic variant is associated with a pore reduction of the 
channel, and consequently, reduced NMDAR-derived currents and synaptic morphological alterations 
(spines density reduction). Firstly, L-serine was evaluated in vitro to demonstrate that the compound is able 
to rescue reduced NMDAR-derived currents and spines deficit in cells expressing that particular genetic 
variant. Then, the patient started receiving L-serine supplementation. After several months of dietary L-
serine, the patient experienced improvement of intellectual, behavioural, communication and motor 
symptoms (Soto D. et al., 2019). 
 
4.3.2. Polyamines: Spermidine and Spermine 
 
Polyamines like Spermidine and Spermine are aliphatic compounds which are polybasic and positive at 
physiological pH. Spermidine is the metabolic precursor of spermine, and both come from putrescine and 
S-adenosylmethionine (Williams K. et al.,1997) (see figure 38). These compounds are released via Ca2+-
dependent mechanisms from neurons and glial cells (Pegg AE. et al., 2016). 
 
 

  
 
Polyamines binding-site is located in a dimer interface formed by GluN1 and GluN2 ATD (Mony L. et 
al., 2011) and play essential roles in cell proliferation, migration and viability (Pegg AE. et al., 2016). 
 
Spermine might impact NMDAR function in different modes, based on its location (intracellular vs. 
extracellular), dose and GluN composition of the NMDAR. For instance, at high doses, spermine blocks 
GluN2A- and GluN2B-containing NMDARs in a voltage-dependent manner (similar to Mg2+ blockade). 
On the contrary, at low doses, spermine might activate GluN2A and GluN2B-containing NMDARs by 
decreasing the rate of glycine dissociation or exclusively GluN2B-containing receptors via glycine and 
voltage-independent mechanisms. Glycine and voltage-independent potentiation is mediated by favoring 
the channel open state configuration, regulating desensitization and releasing tonic proton inhibition. This 
potentiation mechanism is specific for GluN2B-containing NMDARs and is more pronounced in 
NMDARs containing GluN1a isoforms (lacking exon 5 / N1 cassette) that modifies proton sensitivity 
(Lerma J., 1992; Gallagher MJ. et al., 1997; Mony L. et al., 2011). Moreover, there are specific residues like 
GluN2B-G689 that also have a role in proton sensing and might fail to respond to spermine potentiation 
when mutated (Kellner S. et al., 2021).  
 
 

Figure 38. Molecular model of spermidine 
and spermine chemical structures containing 
amino groups (red). Adapted from 
PubChem database. 

4. GRIN-related disorders personalized medicine 

77 



Introduction 

 

Despite both polyamines can potentiate NMDAR-mediated currents, spermine EC50 on NMDARs 
activity is more reduced, indicating a higher potency. Therefore, likewise L-serine administration 
(precursor of NMDAR agonist D-serine), spermidine supplementation could theoretically increase 
spermine levels towards NMDARs potentiation.  Regarding spermidine supplementation, several studies 
pointed out a therapeutic benefit, in particular the attenuation of memory impairments (via activation of 
Trkb receptor and PI3K/Akt pathway) (Fabbrin SB. et al., 2020), the reduction of blood pressure, the 
prevention of cardiac disease, and the promotion of gut maturation (Gréco S. et al., 2001; Velloso NA. et 
al., 2008; Eisenberg T. et al., 2016; Wirth M. et al., 2018; Kiechl S. et al., 2018). Despite these promising 
studies, polyamines supplement dose still represents an important issue, as indicated by reports describing 
pain-related behaviours and toxicity due to overexcitation of NMDA and non-NMDA receptors, and the 
increase of hydrogen peroxide or reactive aldehydes metabolites (Otsuki M. et al., 1995; Tan-No K. et al., 
2000). 
 
4.3.3. Rapastinel 
 
Rapastinel (formerly known as Glyx-13) is an amidated tetrapeptide di-pyrrolidine which is derived from 
a monoclonal antibody (B6B21) (see figure 39) (Moskal JR. et al., 2014). This compound binds to an 
NMDAR allosteric site that regulates the co-agonist site in the GluN1 subunit, while acting as a partial 
agonist (Donello JE. et al., 2019). 

  

Based on NMDAR agonist properties, rapastinel has been evaluated as a potential antidepressant drug. 
Molecular studies showed that rapastinel action via BDNF release, TrkB signaling and orexin-hypocretin-
induced EPSCs have an antidepressant effect devoid of psychomimetic secondary effects (lack of 
rapastinel effects on the serotoninergic system) (Liu RJ. et al., 2017; Kato T. et al., 2018). Besides this 
indication, rapastinel induces anxiolytic effects (reducing corticosterone and adrenocorticotropic hormone 
(ACTH), and increasing the glucocorticoid receptor) (Jin Z. et al., 2016) and promotes a cognitive benefit 
(promoting LTP through extrasynaptic NMDARs and reducing LTD through synaptic NMDARs) 
(Zhang XL. et al., 2008). In autism spectrum disorders, rapastinel administration rescued social/emotional 
communication deficits in murine models that show low rate of pro-social ultrasonic vocalizations 
(Moskal RJ. et al., 2011). 
 
Rapastinel is considered a partial agonist. Thus, this compound might occupy a large number of NMDARs 
without eliciting a response and consequently blocking the effects of the agonists. This ‘antagonistic’ effect 
could occur at the same concentrations than the agonistic effect, depending on the full agonist 
concentration (Neubig RR. et al., 2003). This ‘antagonistic’ action of rapastinel is neuroprotective and 
reduce ischemia injury in mice models, promoting phosphorylation of synaptic GluN2A-containing 
NMDARs and decreasing phosphorylation of extra-synaptic GluN2B-containing receptors (Zheng C. et 
al., 2017).  Rapastinel 'antagonistic’ actions also include its anti-nociceptive effects without ataxic 
secondary effects in several mouse models of pain (Wood PL. et al., 2008).  

Figure 39. Molecular model of rapastinel 
chemical structure containing amino groups (red), 
hydroxyl groups (purple), pyrrolidine groups 
(yellow) and carboxyl groups (green). Lines are 
blue when the structure comes from prolines and 
yellow when it comes from threonine. Adapted 
from PubChem database. 
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Regardless of acting as an agonist or an antagonist, no safety concerns have been described for rapastinel 
therapeutic use, and its effects are relatively quick and long-lasting (Moskal RJ. et al., 2014). 
 
4.3.4. Pregnenolone sulfate  
 
Unsaturated sulfated neuroesteroids like pregnenolone sulfate (20-oxo-5- pregnen-3β-yl sulfate) act 
predominantly as positive allosteric modulators of NMDARs. In particular, pregnenolone sulfate acts as 
a PAM of GluN2A- and GluN2B subunits-containing NMDARs while interestingly acting as a negative 
allosteric modulator of GluN2C and GluN2D-containing NMDARs, preferentially at resting state 
(Burnell ES. et al., 2019). Pregnenolone is obtained from cholesterol through cytochrome P450 CYP46A1 
enzymatic activity and it is further sulfated by SULT2B1a (see figure 40) (Ratner MH. et al., 2019). 
 

 
 
Pregnenolone sulfate potentiating role occurs via binding to TMD at W559, M562, Y823 and M824 residues 
in GluN2B M1 and M4 transmembrane domains and G638 and I642 residues in GluN1 transmembrane 
M3 domain (Krausova BH. et al., 2020). The potentiation conducted by pregnenolone is based on 
deactivation and desensitization slow-down and increased open probability of NMDARs (Burnell ES. et 
al., 2019). 
 
Pregnenolone sulfate has been associated with memory improvement, particularly concerning spatial 
orientation and object discrimination (Plescia F. et al., 2014). Moreover, its potential therapeutic action 
has been evaluated in schizophrenia, as an adjuvant of standard antipsychotic drugs, and have revealed 
that pregnenolone is able to mitigate schizophrenia-associated negative symptoms, without reporting 
significant side effects (Marx CE. et al., 2009). Regarding GRIN-related disorders, preliminary studies 
indicate that pregnenolone sulfate is able to potentiate NMDAR-derived currents when certain loss-of-
function GRIN variants are expressed, such GluN2A-D731N and GluN2B-E413G (Tang W. et al. 2020). 
 
4.3.5. 24-S-Hydroxycholesterol 
 
24-S-hydroxycholesterol is a metabolic derivative of cholesterol, via cytochrome P450 CYP46A1 enzymatic 
activity. This compound is similar to pregnenolone sulfate (see figure 41), but its binding to a distinct 
allosteric site results on a higher NMDAR potentiation effect mediated by the increase of NMDAR open 
probability (Burnell ES. et al., 2019). Chemical modification of particular 24-S-hydroxycholesterol 
functional groups (e.g. SGE-301) have shown to increase the potency (see figure 41). 
 

Figure 40. Molecular model of 
pregnenolone sulfate chemical structure 
containing carboxyl group (green) and sulfate 
group (orange). Adapted from PubChem 
database. 
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In Alzheimer's disease, 24-S-hydroxycholesterol has been related with protective effects (suppressing Ab 
production) and pathological effects (promoting Ab aggregation and neurotoxic effects), depending on 
the context and the compound levels (Sun MY. et al. 2016). Moreover, 24-S-hydroxycholesterol might 
have a protective role in glaucoma by reducing pressure-induced injury (Ishikawa M. et al, 2018). 24-S-
hydroxycholesterol and derivatives (i.e. SGE-301) have been evaluated in anti-NMDAR encephalitis 
revealing that these PAMs are able to persistently potentiate NMDAR-mediated responses, by prolonging 
open time and reducing NMDARs internalization (Warikoo N. et al., 2018; Mannara F. et al., 2020). In 
the context of GRD, preliminary studies show that 24-S-Hydroxycholesterol is able to potentiate 
NMDAR-derived currents and to slow the deactivation rate of NMDARs expressing GluN2A-D731N 
and GluN2B-E413G loss-of-function GRIN variants (Tang W. et al. 2020). 
 
4.3.6. Tobramycin 
 
Tobramycin is an aminoglycoside antibiotic (see figure 42) that also acts as a GluN2B-selective positive 
allosteric modulator, via binding to the polyamines binding site (Segal JA. and Skolnick P., 1998).  
 

 

Figure 41. Molecular model of 24-S-
hydroxycholesterol and SGE-301 chemical 
structures containing hydroxyl groups 
(purple), and methyl groups (yellow). 
Adapted from La DS. et al., 2019. 

Figure 42. Molecular model of tobramycin chemical 
structure containing hydroxyl groups (purple), and amino 
groups (red). Adapted from PubChem database. 
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Traditionally, these antibiotics have been used for the treatment of Gram(-) bacterial infections and 
resistant tuberculosis. However, recent studies showed the capacity of this compound for the potentiation 
of NMDAR-mediated current amplitudes of certain loss-of-function GRIN variants, particularly 
GluN2A-D731N and GluN2B-E413G (Tang W. et al. 2020). Nevertheless, since tobramycin 
administration exhibits significant side effects (ototoxicity and hearing loss, via excessive excitation of 
cochlear NMDA receptors) (Segal JA. et al., 1999), the translation to the clinical practice is compromised. 
 
4.4. Novel therapeutic approaches for GRIN-related disorders 
 
In addition to current investigation of pharmacological and nutraceutical approaches for GRD treatment, 
novel therapeutic strategies (based on gene therapy approaches and microbiota manipulation) are under 
investigational research. 
 
4.4.1. Gene therapy strategies 

 
GRIN-related disorders (GRDs) are caused by the presence of GRIN genes variants that alter NMDAR 
activity. Likewise, other rare genetic neurodevelopmental diseases, GRDs are currently symptomatically 
treated, since no cure (correcting the primary genetic etiology of GRD) is available yet. In this line, gene 
therapy is envisioned as the ideal therapeutic management of GRD, allowing to silence and/or repair the 
mutant GRIN allele.  Gene therapy approaches for neurological diseases treatments are classified 
according to the following strategies: 1) down-regulation of aberrant gene (via RNA interference, RNAi 
or antisense oligonucleotides, ASOs); 2) replacement with non-aberrant transgene (can be used in 
combination with down-regulation approach); 3) protective approach by infusion of neurotrophic factors; 
and 4) gene editing, using CRISPR-Cas9 technology that allows gene silencing or correction in target cells 
(Benger M. et al., 2018). 
 
Despite the physical difficulties intrinsic to CNS viral transduction, gene therapy of neurological disorders 
has been explored along clinical trials. In Parkinson's disease, gene therapy has been designed to introduce 
different transgenes encoding for enzymes (glutamic acid decarboxylase, aromatic L-aminoacid 
decarboxylase) or  neurotrophic factors, in order to synthetize GABA from glutamate, to transform 
levodopa into dopamine, or to release the glial-derived neurotrophic factor, respectively (Sudhakar V. and 
Richardson RM., 2019). In Huntington's disease, gene therapy has been directed towards RNAi delivery 
to knock-down mutant huntingtin (Sudhakar V. and Richardson RM., 2019).   
 
Despite potentially being an optimal approach, gene therapy for GRD harbors multiple hurdles. One of 
the difficulties in the gene strategy treatment of GRIN-related disorders is related to the massive GRIN 
transgene size. Using adenoviruses (instead of lentivirus or AAVs, with reduced packaging capacity) 
Yamada and colleagues were able to express NMDA receptors in PC12 cells bypassing packaging 
limitation (Yamada N. et al., 1999; Choudhury S. et al., 2017). Nevertheless, adenoviral transgenes are not 
integrative and are highly immunogenic, causing inflammation and cytotoxicity (Choudhury S. et al., 2017). 
Later, Holehonnur and colleagues modified lentiviral vectors and succeeded to express GluN subunits in 
neurons by means of viral transduction (Holehonnur R. et al., 2015).  
 
Regarding the knock-down strategy to correct particular GRIN variants, without the necessity to express 
a massive transgene, AAVs and lentiviral vectors containing RNAi against were injected in the spinal cord 
of murine models and resulted on efficient GluN subunits knock-down for several weeks or months 
without causing toxicity and improving pain-related behaviors (Garraway SM. et al., 2007; Wu F. et al., 
2014). 
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4.4.2. Microbiota manipulation 
 
The gastrointestinal tract contains trillions of microorganisms (microbiota) whose composition depends 
on the host genome, diet, and/or health conditions. Between the gastrointestinal tract and the central 
nervous system (brain-gut axis), a bidirectional neuroendocrine communication exists. This brain-gut axis 
has a role in intestinal permeability and motility, immune function, enteric nervous system (ENS) activity, 
stress response, emotional behavior, and brain biochemistry (Mayer EA. et al., 2015; Li Q. and Zhou M., 
2016). The CNS influences the gut via the sympathetic/parasympathetic autonomic system (inhibition 
and activation, respectively) and the hypothalamus-pituitary-adrenal axis (HPA) through cytokines and 
the endocrine system. In parallel, the gut impacts the neuronal system via neuronal pathways (e.g. vagus 
nerve) and microbial-associated metabolites (MAMs) such as tryptophan, short-chain fatty acids (SCFAs: 
acetate, butyrate propionate), glutamate, GABA, noradrenaline, dopamine, serotonin, or BDNF (see 
figure 43) (Maqsood R. and Stone TW., 2016). 
 
Under pathological conditions, it has been shown that the autonomic sympathetic system and HPA axis 
are overactivated, and hormones release became dysregulated, resulting in changes in microbiota 
composition and function (dysbiosis). Further, microbiota changes result in a dysregulation of the 
associated MAMs (increased release of lipopolysaccharides and pro-inflammatory cytokines) and altered 
feedback neuronal pathways, with an impact on normal brain functioning by increasing immune response 
and triggering inflammation. Microbiota dysbiosis has been recently associated with several neurological 
conditions, such as Parkinson's disease, chronic pain, depression, anxiety, autism spectrum disorders, 
ADHD, intellectual disability and inflammatory intestinal diseases (see figure 43) (Maqsood R. and Stone 
TW., 2016). For instance, the increased production of p-cresol metabolite (from tyrosine degradation by 
certain bacteria populations) might be related with the appearance of ASD symptoms (social deficits, 
stereotypies, decreased dopaminergic activity in the ventral tegmental area which is related with reward 
circuits) (Bermudez-Martin P. et al., 2020). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Figure 43. Brain-gut axis functioning is influenced by genetics, environmental and health conditions. The central nervous 
system is influencing the gastrointestinal system via the autonomic nervous system and the HPA axis while the 
gastrointestinal system is releasing metabolites and sending neuronal feedback projections to the brain. Normal functioning 
of the brain-gut axis is related with intestinal and cognitive functions but a pathological brain-gut axis functioning results 
in microbiota dysbiosis and several diseases.  
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Therapeutic approaches that promote microbiota changes may include the use of probiotics, prebiotics, 
fecal microbiota transplantation (FMT), helminths or certain diets such as the Mediterranean diet. 
Prebiotics are non-digested and fermented ingredients (fructo-oligosaccharides, inulin, resistant starch, 
pectic oligosaccharides, galacto-oligosaccharides and flavanols) that modify microbiota composition and 
activity. Prebiotics naturally exist in some foods (asparagus, beet, artichoke, garlic, onion, wheat, honey, 
banana, tomato, milk, beans, peas…) at low concentration. Prebiotics fermentation increases short fatty 
acids levels that improve cognitive functions, mood, immune response, metabolism processes, stress 
response, or reduce the risk of cardiovascular diseases (Davani-Davari D. et al., 2019). Probiotics consist 
on living bacteria that are able to colonize the gut of the host and to reestablish the microbiota by 
competing with harmful bacterial. Probiotics include Lactobacillus, Bifidobacterium, Escherichia coli, Enterococcus 
and Saccharomyces phyla / species, and have been associated with beneficial effects in distinct diseases like 
inflammatory bowel disease, Crohn’s disease and colorectal cancer (Kim SK. et al., 2019). 
 
Fecal microbiota transplantation (FMT) consists on the transfer of stool (microbiota) from a donor to an 
acceptor. FMT evaluation in murine models indicate that this therapeutic approach might be useful in the 
treatment of neurobiological diseases where microbiota dysbiosis is related with physiopathology. For 
instance, FMT transplantation in mouse models of Alzheimer's disease have been associated with 
cognitive improvement, reduction of Ab deposition, decrease of Tau hyperphosphorylation, reduction of 
glial reactivity and recovery of normal microbiota composition (Kim MS. et al., 2019; Sun J. et al., 2019). 
In a mouse model of multiple sclerosis, FMT has been associated with dysbiosis correction, BBB integrity, 
increased normal myelin sheaths, decreased axonal damage, and reduced microglial activation (Li K. et al., 
2020). FMT application in a traumatic brain injury model in rats also rescues microbiota changes, improves 
learning and spatial memory, and reduced oxidative stress (Du D. et al., 2021). Another model that 
supports therapeutic benefit of FMT is an autism mouse model, where FMT ameliorates inflammation 
and improves memory and social deficits but not anxiety-like or locomotor phenotypes (Goo N. et al., 
2020). In humans, FMT has already been applied in patients with recurrent Clostridium Difficile infection, 
inflammatory bowel diseases, autoimmune diseases, metabolic diseases (for instance, diabetes), multiple 
sclerosis, or autism improving some of the diseases’ symptoms (Vindigni SM. and Surawicz CM., 2017). 
 
The presence and contribution of brain-gut axis dysfunction and microbiota dysbiosis in GRIN-related 
disorders has not been addressed yet. Nevertheless, there are several parental reports of gastrointestinal 
dysfunction (abdominal pain, constipation, flatulence…) in GRD patients. Thus, there might be a 
potential GI dysfunction contribution to GRD pathophysiology, and in that case, microbiota 
manipulation could represent a potential therapeutic option. 
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Hypothesis and Objectives 
 

1. Hypothesis 
 
This project is based on the hypothesis that GRIN de novo mutations can alter the functionality of 
NMDAR, affecting different physiological processes such as the receptor stability/oligomerization, the 
surface trafficking, the receptor docking to the cell membrane, the biophysical properties and functionality 
of the channel and consequently, neuronal function and morphology. Single or combined alterations of 
any of these processes will affect glutamatergic neurotransmission, leading to severe neurodevelopmental 
conditions.  
 
We hypothesize that disease-associated GRIN de novo mutations are pathogenic and can be roughly 
stratified, based on their biological impact into a continuum functional outcome, ranging from gain-of-
function to loss-of-function or complex outcomes. This stratification might allow the evaluation of 
personalized therapies, in particular by potentiating NMDARs activity in GRIN loss-of-function scenario. 
 

2. Objectives 
 
The overarching goal of this Thesis is to functionally stratify disease-associated GRIN variants for further 
evaluation of precision therapies, both in cellular and animal models.  In order to achieve this main goal, 
the following specific objectives have been defined: 
 

1. Recruitment of patients with GRIN-related disorders and multidisciplinary functional annotation 
studies (biochemistry, cell biology, electrophysiology) of respective GRIN variants.  

2. Development of cell-based assays and phenotypic assessment of Grin2b+/- haploinsufficient 
mouse model for the study of GRIN-related disorders pathophysiology. 

3. Assessment of potential therapeutic strategies for the rescue of Grin2b loss-of-function using in 
vitro and in vivo models. 

Together, the achievement of these objectives will allow the development of experimental models to 
stratify GRIN de novo mutations and to evaluate personalized therapies in preclinical models, for further 
translation to the clinical practice. 
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Materials and Methods 
 

Cell lines 
 

HEK-293T and COS-7 cell lines (see figure 44) were obtained from the American Type Culture 
Collection and maintained at 37oC, 5% CO2 and 90% relative humidity, in Dulbecco’s modified Eagle’s 
medium (DMEM, Gibco, Cat#41965-062), supplemented with 10% heat-inactivated fetal bovine serum 
(FBSi) (Gibco, Cat#10270106), antibiotics (100 units/ml penicillin and 100 µg/ml streptomycin, Gibco, 
Cat#15140-122) for biochemistry, immunofluorescence and electrophysiological approaches. 
 
 
 
 
 
 
 
 
 
 
 
 
Furthermore, D-2-amino-5-phosphonsopentanoic acid (D-AP5, HelloBio, Cat#HB0225) (500 µM for 
HEK-293T, 1 mM for COS-7) was added to the medium to avoid excitotoxicity in cells co-transfected 
with GluN1 and GluN2A or GluN2B (1:1 ratio).  

Mice 
 

CD1 mice 
 
Mice with CD1 background were purchased from Charles River. The mice were housed under a 12 h 
dark/light cycle in controlled environmental conditions of humidity (60%) and temperature (22 °C ± 2 
°C) with food and water ad libitum. 
 
All the experimental procedures were carried out according to European Union guidelines (Directive 
2010/63/EU) and following protocols that were approved by the Ethics Committee of the Bellvitge 
Biomedical Research Institute (IDIBELL). 
 
Grin2B +/- mice 
 
Wild-type and Grin2b heterozygous (Grin2b+/-) mice with a C57BL/6 background, as characterized 
previously (Kutsuwada et al., 1996) were kindly provided by Dr. A.L. Carvalho (CNC, Coimbra, Portugal). 
We use heterozygous animals instead of knock-out (KO) mice because KO animals showed no suckling 
response and died shortly after birth (Kutsuwada et al., 1996). The mice were housed under a 12 h 
dark/light cycle in controlled environmental conditions of humidity (60%) and temperature (22 °C ± 2 
°C) with food and water ad libitum.  
 
Mice were genotyped by PCR (Truett et al., 2000). Genomic DNA was extracted from ear snips punch. 
Briefly, the biopsies were incubated with 100 µl NaOH solution (25 mM NaOH, 0.2 mM EDTA, pH 12) 
for 30 minutes at 95oC. Then, the mixture was neutralized with 100 µl 40 mM Tris-HCl pH 5 solution.  
Genomic DNA (500 ng) was combined with 2.5 U supreme NZYTaq 2X Green Master Mix (0.2 
U/µl)(NZYtech, Cat#MB05402) and different primers (0.16 µM Grin2B primer 1 (WT-specific), 0.4 µM 
Grin2B primer 3 (KO-specific) and 0.44 µM Grin2B primer 4 (common) (see table 15) following the 
conditions specified in table 12.  

Figure 44. Representative 
images of HEK293T (~80 % 
confluency) (panel A) and 
COS-7 (~60 % confluency) 
(panel B) cell lines in DMEM 
supplemented with 10% fetal 
bovine serum and antibiotics 
(100 units/ml penicillin and 
100 µg/ml streptomycin).  
Olympus CK30 10X 
magnification. Scale: 10 µm  
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Cycles Temperature (◦C) Time 

1 95 4’ 
35 94 30’’ 

67 40’’ 
72 50’ 

1 72 7’ 
1 4 ¥ 

 
Table 12. PCR conditions for Grin2b wild-type and heterozygous mice genotyping. 
 
Both genotypes are differentiated because by running the PCR product in a 1 % agarose gel in combination 
with Sybr Safe Gel Stain (Invitrogen, Cat#S33102), wildtype band is 422 bp and knockout band is 793 
bp, so wild type present only one and heterozygous mice present two different bands (see figure 45). 

 
Figure 45. Primers annealing in the GluN2B genotyping PCR reaction and the expected PCR product band in the agarose 
gel (422 bp for wild-type, 793 bp for KO and both bands in the case of heterozygous mice). 
 
All the experimental procedures were carried out according to European Union guidelines (Directive 
2010/63/EU) and following protocols that were approved by the Ethics Committee of the Bellvitge 
Biomedical Research Institute (IDIBELL).  
 
Embryonic mouse hippocampal primary neuronal cultures 

 
CD1 pregnant female mice were sacrificed in a CO2-chamber. To prepare dissociated hippocampal neuron 
cultures, embryonic day (E18) mouse embryos were obtained from pregnant females (CD1 mouse strain). 
Thanks to a posterior cut and anterior pressure, the brain is removed from the skull. Then, both 
hemispheres were separated, and meninges were carefully removed. The dissection of the hippocampus 
was performed with scalpel and tweezers under visual control through a binocular surgical microscope 
(Leica EZ4). When both hemispheres were separated, hippocampus was automatically exposed and by 
introducing the tweezers below the hippocampus was lifted out. Isolated hippocampi were maintained in 
cold Hank’s Balanced Salt Solution (HBSS, Gibco, Cat#14175-129) supplemented with 0.45% glucose 
(Sigma-Aldrich, Cat#G8769) (HBSS-Glucose) (see figure 46). 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 46. Hippocampus dissection 
from embryonic (E18) mice; 1, 
Pregnant female sacrifice and 
embryos obtention; 2, Brain 
extraction by a posterior cut and 
anterior pressure; 3, Hemispheres 
separation; 4, Meninges and blood 
vessels removal by clamping; 5, 
Hippocampus dissection introducing 
the tweezers below the structure. 
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Then, tissue was digested mildly with 0.05 % trypsin (Gibco, Cat#25300-062) for 17 min at 37oC and 
mechanically dissociated. The cells were washed three times in HBSS, resuspended in Neurobasal medium 
(Gibco, Cat#21103049) supplemented with 2 mM Glutamax (Gibco, cat#35050-061) and filtered with 70 
µm mesh filters (BD Falcon, Cat#352356). The cells were then plated onto glass coverslips (7.5 × 104 
cells/coverslip) previously coated with 0.1 mg/ml poly-L-lysine (Sigma-Aldrich, Cat#P6282) and two 
hours after seeding, the plating medium was substituted by complete growth medium which is Neurobasal 
medium supplemented with 2% B27 (Invitrogen, Cat#17504-044) and 2 mM Glutamax (700 µl/well). 
Cells were incubated at 37oC in a humidified 5% CO2 atmosphere. Every 3–4 days, half of the conditioned 
medium was removed and replaced by fresh growth medium (see figure 47).  

 

 

 

 

 
 
 
Plasmids and Site-directed Mutagenesis 
 
The expression plasmids for rat GluN1, GFP-GluN2A and GFP-GluN2B were kindly provided by Dr. 
Vicini (Georgetown University Medical Center, Washington, USA; Vicini S. et al., 1998).  The plasmids 
to express HA-tagged rat GluN1 and HA-tagged rat GluN2A were kindly provided by Dr. Nakanishi 
(Institute of Medical Science, University of Tokyo, Japan; Tezuka T. et al., 1999; Taniguchi S. et al., 2009). 
The plasmid to express rat GFP-GluN1 was kindly provided by Dr. Barria (Cold Spring Harbor, New 
York, USA; Barria A. et al, 2002). The plasmid to express Flag-tagged rat GluN2B was kindly provided 
by Dr. Sanz-Clemente (National Institute of Neurological Disorders and Stroke, Bethesda, USA).  Myc-
tagged HOMER2 plasmid was kindly provided by Dr. Smith (Molecular Otolaryngology and Renal 
Research Laboratories, Iowa Institute of Human Genetics; Azaiez H. et al. 2015).  

Nucleotide changes of interest were introduced in the respective plasmid backbones, by oligonucleotide-
directed mutagenesis, using the QuikChange site-directed mutagenesis kit (Agilent, Cat#200524) 
according to the manufacturer’s instructions and GeneAmp PCR System 9700 (Applied Biosystems) 
thermocycler. 100 ng of template DNA (HA-GluN1wt, GFP-GluN2Awt or GFP-GluN2Bwt) was 
combined with 125 ng of forward and reverse primers containing the genetic variant of interest (designed 
with Agilent software, https://www.agilent.com/store/primerDesignProgram.jsp) (see table 15), 
dNTPmix (composition is Agilent’s proprietary),  10X reaction buffer, a ‘Quiksolution’ provided by the 
kit (composition is Agilent’s proprietary) and 2.5 U of PfuUltra High-Fidelity DNA polymerase (2.5 U/ 
µl). This combination underwent a PCR protocol, described in table 13. 

Cycles Temperature (◦C) Time 

1 95 1’ 
18 95 50’’ 

60 50’’ 
68 10’ 

1 68 7’ 
1 4 ¥ 

 
Table 13. PCR conditions for site-directed mutagenesis. 

Figure 47. Representative image of neuronal hippocampal 
primary culture (E18) at 7 days in vitro (DIV7) in neurobasal 
medium supplemented with 2% B27 and 2 mM Glutamax. 
Olympus CK30 10X. Scale: 10 µm  
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The PCR product was digested with 10 U of DpnI restriction enzyme (10 U/µl). DpnI is a methylation-
sensitive enzyme which allows template DNA degradation while preserving the PCR product. DpnI-
resistant PCR product was transformed into 45 µl of XL-10 Gold Ultracompetent bacteria by heat shock 
(water bath at 42 ̊C for 45 seconds, followed by ice). Transformed bacteria were re-suspended in Luria 
Broth media (LB) (10 g/L NaCl, 10 g/L tryptone and 5 g/L yeast extract) and plated in LB agar plates 
(15 g agar per 1 L LB media) supplemented with antibiotic: 1 µg/ml ampicillin (Sigma-Aldrich, 
Cat#A9518, 50 mg/ml) for GluN1, GluN2A and GluN2B plasmids and 1 µg/ml kanamycin (Roche 
Diagnostics, Cat#1278700, 50 mg/ml) for HOMER2 plasmid. Agar plates were incubated O/N at 37 ̊C. 
24 hours later, 1-2 colonies were picked, and grown in LB media supplemented with antibiotic (1 µg/ml 
ampicillin for GluN1, GluN2A and GluN2B plasmids; 1 µg/ml kanamycin for HOMER2 plasmid) O/N 
at 220 rpm and 37 ̊C. Finally, amplified DNA was extracted by NucleoSpin Plasmid (NoLid) Mini kit for 
plasmid DNA purification (Macherey-Nagel, Cat#740499.50) according to the manufacturer’s 
instructions (see figure 48). 

 

 

 

 

 

 

 

Figure 48. Site-directed mutagenesis protocol: 1, Site-directed mutagenesis to introduce genetic variants of interest in the 
corresponding backbone plasmid (HA-Grin1, GFP-Grin2a, GFP-Grin2b) via designed forward and reverse primers 
containing the mutation; 2, DpnI-mediated digestion of template DNA; 3, DpnI-resistant PCR product transformation in 
XL-10 Gold Ultracompetent bacteria and DNA purification. 
 
Purified DNA from site-directed mutagenesis was verified by DNA sequencing using a combination of 
265 ng DNA, 3.2 µM sequencing primers (see table 15), BigDye (Life Technologies, Cat#4458687), 
BigDye Terminator v.1.1 v3.1 5X sequencing buffer (Life Technologies, Cat#1802293)and 5 % DMSO 
(Sigma-Aldrich, Cat#D2650) (according to UPF-CRG’s instructions) and following the conditions 
specified in table 14. 
 

Cycles Temperature (◦C) Time 

1 94 3’ 
40 96 15’’ 

Tm primers – 5◦C 15’’ 

60 4’ 
1 4 ¥ 

 
Table 14. PCR conditions for DNA sequencing. 
 
 
 
 

1 

2 

3 
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Results were analysed using Basic Local Alignment Search Tool (BLAST) from National Center of 
Biotechnology Information (NCBI) (https://blast.ncbi.nlm.nih.gov/Blast.cgi) to make a local alignment 
of the purified DNA and the template DNA to check the introduction of the modification of interest 
without provoking additional modifications, 4peaks 1.7.2 (http://nucleobytes.com/index.php/4peaks) to 
visualize chromatograms from DNA sequencing,  EnzymeX 3.3.3 
(https://nucleobytes.com/enzymex/index.html) to visualize DNA sequences, and ExPASy from SIB 
Bioinformatics Resource Portal (https://www.expasy.org) to translate the DNA sequences into protein 
sequences for checking the aminoacid change. 
 
Oligonucleotide Primers 
 
The oligonucleotide primers (Biomers, https://www.biomers.net) used in this work are describe in table 
15. 
 

Sequencing oligonucleotide primers 
Name Sequence (5’ à 3’) 

GluN1 rat seq1 for CCACATCATCCTGCTGGTCA 
GluN2A rat seq1 for GAGAGAGGCTGCGAGCCCTGCT 
GluN2A rat seq2 for GAGGCTGTGGCCCAGATGCTGGA 
GluN2A rat seq3 for AGCCTGGAGGCAAGAGTGAGAGA 
GluN2A rat seq4 for GTCCAGAACTGTGAAGTTCACCT 
GluN2A rat seq5 for CCAACCTGGCTGCCTTCATGATCCA 
GluN2A rat seq5.1 for CTTGAACTACAAGGCCGGGA 
GluN2A rat seq6 for CAGCCATGGCCCTCAGCCTC 
GluN2A rat seq7 for AACTCCCGACCCCGGCAGCT 
GluN2A rat seq8 for ACACAGTGAGGGCAGTGATCGA 
GluN2A rat seq9 for GGTCTGGAGGACAGCAAGAGGA 
GluN2B rat seq1 for GCATCGGCATCGCTGTCATCCT 
GluN2B rat seq2 for TAACTCAGTTGGGCTGACTGGCT 
GluN2B rat seq2.1 for AGGGTGGGGAAATGGAAGGA 
GluN2B rat seq3 for AAATGCTGCAAGGGGTTCTG 
GluN2B rat seq3.1 for TGTGGGCCTTCTTTGCTGTC 
GluN2B rat seq4 for TGACAAGAAGTTCCAGAGACCT 
GluN2B rat seq5 for TGAACTCCCCCACTGCCACCA 
GluN2B rat seq6 for CAGCAGTATAAGGACAGTCT 
GluN2B rat seq7 for ACGACACCTTCGTGGACCTGCA 
HOMER2 human seq1 for GCTGAAGATTGCCTTGACGC 

Genotyping oligonucleotide primers 
Grin2B primer 1 ATGAAGCCCAGCGCAGAGTG 
Grin2B primer 3 GGCTACCTGCCCATTCGACCACCAAGCGAAAC 
Grin2B primer 4 AGGACTCATCCTTATCTGCCATTATCATAG 

Site-directed mutagenesis oligonucleotide primers 
GluN1 R217W for GGGAACTGGAGGCCTGGGTCATCATCCTT 
GluN1 R217W rev AAGGATGATGACCCAGGCCTCCAGTTCCC 
GluN1 D227H for GCAAGCGAGGACCACGCTGCCACAG 
GluN1 D227H rev CTGTGGCAGCGTGGTCCTCGCTTGC 
GluN1 W247* for TCTGGGTACGTGTAGCTGGTCGGGGAA 
GluN1 W247* rev TTCCCCGACCAGCTACACGTACCCAGA 
GluN1 P305Rfs*21 for AATATCACTGACCCACGCGGGGTTGCG 
GluN1 P305Rfs*21 rev CGCAACCCCGCGTGGGTCAGTGATATT 
GluN1 R306Q for CTGACCCACCGCAGGGTTGCGTGGG 
GluN1 R306Q rev CCCACGCAACCCTGCGGTGGGTCAG 
GluN1 R548W for CAAGAAGGAGATTCCCTGGAGCACACTGGACTC 
GluN1 R548W rev GAGTCCAGTGTGCTCCAGGGAATCTCCTTCTTG 
GluN1 Q556* for ACACTGGACTCATTTATGTAGCCTTTTCAGAGCACAC 
GluN1 Q556* rev GTGTGCTCTGAAAAGGCTACATAAATGAGTCCAGTGT 
GluN1 E597L for GAACAGTGAGGAGGAGCTGGAAGATGCACTGAC 
GluN1 E597L rev GTCAGTGCATCTTCCAGCTCCTCCTCACTGTTC 
GluN1 S617C for GGGCGTCCTGCTCAACTGCGGCATCGG 
GluN1 S617C rev CCGATGCCGCAGTTGAGCAGGACGCCC 
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GluN1 I619G620dup for (Liu H. et al., 2018) CTCAACTCCGGCATTGGCATTGGGGAAGTTGCCCCCCGGAGT 
GluN1 I619G620dup rev (Liu H. et al., 2018) CCAATGGCTAACGGTCCCAACTCGTCCTGCGGGGTCCTTTT 
GluN1 G620R for CCTGCTCAACTCCGGCATTAGGGAAGGTGC 
GluN1 G620R rev GCACCTTCCCTAATGCCGGAGTTGAGCAGG 
GluN1 M641V for GTGGGCTGGTTTCGCCGTGATCATAGTGGCTTC 
GluN1 M641V rev GAAGCCACTATGATCACGGCGAAACCAGCCCAC 
GluN1 V656M for CTTGGCAGCTTTCCTGATGCTGGATCGGCCTG 
GluN1 V656M rev CAGGCCGATCCAGCATCAGGAAAGCTGCCAAG 
GluN1 D732E for CACGCCTTTATCTGGGAGTCGGCCGTG 
GluN1 D732E rev CACGGCCGACTCCCAGATAAAGGCGTG 
GluN1 P805L for CCCGCAGCAATGCTCTTGCAACCCTCACTTT 
GluN1 P805L rev AAAGTGAGGGTTGCAAGAGCATTGCTGCGGG 
GluN1 P805S for CGACTCCCGCAGCAATGCTAGTGCAACCCTC 
GluN1 P805S rev GAGGGTTGCACTAGCATTGCTGCGGGAGTCG 
GluN1 M813T for CAACCCTCACTTTTGAGAACACGGCAGGGGTCT 
GluN1 M813T rev AGACCCCTGCCGTGTTCTCAAAAGTGAGGGTTG 
GluN1 A814D for CTTTTGAGAACATGGACGGGGTCTTCATGCTGG 
GluN1 A814D rev CCAGCATGAAGACCCCGTCCATGTTCTCAAAAG 
GluN1 G815V for TTTTGAGAACATGGCAGTGGTCTTCATGCTGGTGG 
GluN1 G815V rev CCACCAGCATGAAGACCACTGCCATGTTCTCAAAA 
GluN1 M818V for GGCAGGGGTCTTCGTGCTGGTGGCTGG 
GluN1 M818V rev CCAGCCACCAGCACGAAGACCCCTGCC 
GluN1 G827R for GGCTGGAGGCATCGTAGCTAGGATTTTCCTCAT 
GluN1 G827R rev ATGAGGAAAATCCTAGCTACGATGCCTCCAGCC 
GluN1 E834Q for AGCTGGGATTTTCCTCATTTTCATTCAGATCGCCTACAA 
GluN1 E834Q rev TTGTAGGCGATCTGAATGAAAATGAGGAAAATCCCAGCT 
GluN1 R844P for GACACAAGGATGCCCCTAGGAAGCAGATGCA 
GluN1 R844P rev TGCATCTGCTTCCTAGGGGCATCCTTGTGTC 
GluN2A E58* for AATCTGTGGGGCCCATAGCAGGCAACCG 
GluN2A E58* rev CGGTTGCCTGCTATGGGCCCCACAGATT 
GluN2A E182Nfs*23 for CTTCCCTGGCTACCGAAATTCATCAGCTTTATC 
GluN2A E182Nfs*23 rev GATAAAGCTGATGAATTTCGGTAGCCAGGGAAG 
GluN2A V452Cfs*11 for CAACGAAGGGATGAATTGTGAAGAAATGCTGC 
GluN2A V452Cfs*11 rev GCAGCATTTCTTCACAATTCATCCCTTCGTTG 
GluN2A G458R for TGAAGAAATGCTGCAAGAGGTTCTGCATCGACATC 
GluN2A G458R rev GATGTCGATGCAGAACCTCTTGCAGCATTTCTTCA 
GluN2A G483D for CCTCTACCTGGTGACCAATGATAAGCATGGGAAAAAGGTTAA 
GluN2A G483D rev TTAACCTTTTTCCCATGCTTATCATTGGTCACCAGGTAGAGG 
GluN2A N490H for GGAAGCATGGGAAAAAGGTTCACAATGTGTGGAATGG 
GluN2A N490H rev CCATTCCACACATTGTGAACCTTTTTCCCATGCTTCC 
GluN2A T531A for TGCCCTTCGTGGAGGCAGGAATCAGCGTC 
GluN2A T531A rev GACGCTGATTCCTGCCTCCACGAAGGGCA 
GluN2A G542R for ATGGTCTCCAGGAGTAATCGCACTGTCTCCC 
GluN2A G542R rev GGGAGACAGTGCGATTACTCCTGGAGACCAT 
GluN2A V563L for CCTCCGTCTGGGTGATGATGTTTTTGATGCTGCTCA 
GluN2A V563L rev TGAGCAGCATCAAAAACATCATCACCCAGACGGAGG 
GluN2A H595Rfs*28 for GGGAAAGCTCCCCGGGCCTTCTTTTAC 
GluN2A H595Rfs*28 rev GTAAAAGAAGGCCCGGGGAGCTTTCCC 
GluN2A H595Lfs*60 for CAAAGGGAAAGCTCCCCTTACGGGCCTTCTTTTAC 
GluN2A H595Lfs*60 rev GTAAAAGAAGGCCCGTAAGGGGAGCTTTCCCTTTG 
GluN2A V639I for TGTGGGCCTTCTTTGCTATCATCTTCCTGGCC 
GluN2A V639I rev GGCCAGGAAGATGATAGCAAAGAAGGCCCACA 
GluN2A T646A for CCTGGCCAGTTACGCAGCCAACCTGGC 
GluN2A T646A rev GCCAGGTTGGCTGCGTAACTGGCCAGG 
GluN2A G664S for GAGTTTGTGGACCAAGTGACTAGCCTCAGTGAC 
GluN2A G664S rev GTCACTGAGGCTAGTCACTTGGTCCACAAACTC 
GluN2A G688S for CGATTTGGGACGGTACCCAATAGCAGTACAGAGAGGAATA 
GluN2A G688S rev TATTCCTCTCTGTACTGCTATTGGGTACCGTCCCAAATCG 
GluN2A R692G for TACCCAATGGAAGTACAGAGGGGAATATTCGTAACAACTAC 
GluN2A R692G rev GTAGTTGTTACGAATATTCCCCTCTGTACTTCCATTGGGTA 
GluN2A G819A for ATCGATAACATGGCGGCCGTGTTCTACATGCTG 
GluN2A G819A rev CAGCATGTAGAACACGGCCGCCATGTTATCGAT 
GluN2A G819E for CATCGATAACATGGCGGAGGTGTTCTACATGCTGGC 
GluN2A G819E rev GCCAGCATGTAGAACACCTCCGCCATGTTATCGATG 
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GluN2A V820I for CGATAACATGGCGGGCATATTCTACATGCTGGCTGC 
GluN2A V820I rev GCAGCCAGCATGTAGAATATGCCCGCCATGTTATCG 
GluN2A M823V for GGGCGTGTTCTACGTGCTGGCTGCAGC 
GluN2A M823V rev GCTGCAGCCAGCACGTAGAACACGCCC 
GluN2A T888R for AAAGAAGAAATCTCCAGATTTCAATCTGAGGGGATCACAGAGCA

AC 
GluN2A T888R rev GTTGCTCTGTGATCCCCTCAGATTGAAATCTGGAGATTTCTTCTTT 
GluN2A T1150A for GTGGGCTTCCCAGATGCCTACCAAGATCAC 
GluN2A T1150A rev GTGATCTTGGTAGGCATCTGGGAAGCCCAC 
GluN2A W1271* for GTCTACCAGCAGGACTAGTCACAGAACAACGCC 
GluN2A W1271* rev GGCGTTGTTCTGTGACTAGTCCTGCTGGTAGAC 
GluN2A E1301* for TAACATTCTGGACAAACCCAGATAGATAGACCTTAGCAG 
GluN2A E1301* rev CTGCTAAGGTCTATCTATCTGGGTTTGTCCAGAATGTTA 
GluN2A E1321Q for AGGGAACGGCTACTGCAGGGCAACTTGTATG 
GluN2A E1321Q rev CATACAAGTTGCCCTGCAGTAGCCGTTCCCT 
GluN2A C1448F for CCCAGGGTTTTAAATTCCTTCAGCAATAGACGAGTGTAC 
GluN2A C1448F rev GTACACTCGTCTATTGCTGAAGGAATTTAAAACCCTGGG 
GluN2B S34Qfs*25 for CGATGCCGATGCTGGGGGGGGCTCTTT 
GluN2B S34Qfs*25 rev AAAGAGCCCCCCCCAGCATCGGCATCG 
GluN2B L229Yfs*2 for CCAAAGCCCCATCATTTACCTTTAATGCACGAAGG 
GluN2B L229Yfs*2 rev CCTTCGTGCATTAAAGGTAAATGATGGGGCTTTGG 
GluN2B Q331Sfs*5 for GTAAAAGAAGGCCCGTAAGGGGAGCTTTCCCTTTG 
GluN2B Q331Sfs*5 rev CAACATGTTAGACTGTAGATCCTCTTCTC 
GluN2B C457Y for GAACCAGGCTACATCAAAAAATGCTATAAGGGGTTCTGTATTGACAT

C 
GluN2B C457Y rev GATGTCAATACAGAACCCCTTATAGCATTTTTTGATGTAGCCTGGT

TC 
GluN2B G459R for CATCAAAAAATGCTGCAAGAGGTTCTGTATTGACATCC 
GluN2B G459R rev GGATGTCAATACAGAACCTCTTGCAGCATTTTTTGATG 
GluN2B G484D for CCTGGTGACCAATGACAAGCACGGGAAG 
GluN2B G484D rev CTTCCCGTGCTTGTCATTGGTCACCAGG 
GluN2B T514A for TGGCAGTGGGATCACTAGCTATCAATGAAGAACGG 
GluN2B T514A rev CCGTTCTTCATTGATAGCTAGTGATCCCACTGCCA 
GluN2B R519Q for CTAACTATCAATGAAGAACAGTCAGAGGTGGTTGACTTC 
GluN2B R519Q rev GAAGTCAACCACCTCTGACTGTTCTTCATTGATAGTTAG 
GluN2B R519* for CTAACTATCAATGAAGAATGATCAGAGGTGGTTGAC 
GluN2B R519* rev GTCAACCACCTCTGATCATTCTTCATTGATAGTTAG 
GluN2B T532A for GTACCCTTCATAGAAGCTGGCATCAGTGTC 
GluN2B T532A rev GACACTGATGCCAGCTTCTATGAAGGGTAC 
GluN2B G543R for CATGGTATCTCGCAGCAATAGGACTGTGTCACCTT 
GluN2B G543R rev AAGGTGACACAGTCCTATTGCTGCGAGATACCATG 
GluN2B A549V for GACTGTGTCACCTTCTGTCTTCTTAGAGCCATTCA 
GluN2B A549V rev TGAATGGCTCTAAGAAGACAGAAGGTGACACAGTC 
GluN2B S555N for CTGCCTTCTTAGAGCCATTCAACGCTGACGTGT 
GluN2B S555N rev ACACGTCAGCGTTGAATGGCTCTAAGAAGGCAG 
GluN2B A556D557dup for (Liu H. et al., 2018) GAGCCATTCAGTGCTGACGCTGACGTGTGGGTGATGATGTTT  
GluN2B A556D557dup rev (Liu H. et al., 2018) GTCAGCGTCAGCACTGAATGGCTCTAAGAAGGCAGAAGGTGA  
GluN2B W559R for CATTCAGCGCTGACGTGAGGGTGATGATGTTTGTG 
GluN2B W559R rev CACAAACATCATCACCCTCACGTCAGCGCTGAATG 
GluN2B N616K for CTGGGGTCTGGTGTTTAACAAGTCCGTACCTGT 
GluN2B N616K rev ACAGGTACGGACTTGTTAAACACCAGACCCCAG 
GluN2B S628C for CAAAGGGGACCACCTGCAAGATCATGGTGTCA 
GluN2B S628C rev TGACACCATGATCTTGCAGGTGGTCCCCTTTG 
GluN2B L650-F653del for CCAGCTACACTGCCAACATGATCCAAGAGGAGTA 
GluN2B L650-F653del rev TACTCCTCTTGGATCATGTTGGCAGTGTAGCTGG 
GluN2B K670Vfs*5 for GCCTGAGTGACAAGAAAGTTCCAGAGACCTAATG 
GluN2B K670Vfs*5 rev CATTAGGTCTCTGGAACTTTCTTGTCACTCAGGC 
GluN2B G689S for TTTGGGACTGTGCCCAATAGCAGCACAGAGAG 
GluN2B G689S rev CTCTCTGTGCTGCTATTGGGCACAGTCCCAAA 
GluN2B R693G for CAATGGCAGCACAGAGGGGAATATCCGTAATAAC 
GluN2B R693G rev GTTATTACGGATATTCCCCTCTGTGCTGCCATTG 
GluN2B R696H for CAGCACAGAGAGGAATATCCATAATAACTATGCAGAAATGC 
GluN2B R696H rev GCATTTCTGCATAGTTATTATGGATATTCCTCTCTGTGCTG 
GluN2B A733E for GATGCATTCATCTATGATGAAGCTGTGCTCAACTACATG 
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GluN2B A733E rev CATGTAGTTGAGCACAGCTTCATCATAGATGAATGCATC 
GluN2B C746Y for GCCAATGGTCACCAGTTTATAGCCTTCGTCCCTTCCAG 
GluN2B C746Y rev CTGGAAGGGACGAAGGCTATAAACTGGTGACCATTGGC 
GluN2B I751T for CAAACTGGTGACCACTGGCAGTGGCAAG 
GluN2B I751T rev CTTGCCACTGCCAGTGGTCACCAGTTTG 
GluN2B D786Mfs*23 for GCAGCTGTTTGGGATGGGGAGATGG 
GluN2B D786Mfs*23 rev CCATCTCCCCATCCCAAACAGCTGC 
GluN2B M818L for CTGGACATCGACAATTTGGCAGGTGTCTTC 
GluN2B M818L rev GAAGACACCTGCCAAATTGTCGATGTCCAG 
GluN2B G820A for CATCGACAATATGGCAGCTGTCTTCTATATGTTG 
GluN2B G820A rev CAACATATAGAAGACAGCTGCCATATTGTCGATG 
GluN2B G820E for CATCGACAATATGGCAGAAGTCTTCTATATGTTGGGG 
GluN2B G820E rev CCCCAACATATAGAAGACTTCTGCCATATTGTCGATG 
GluN2B G820V for GACATCGACAATATGGCAGTTGTCTTCTATATGTTGGGG 
GluN2B G820V rev CCCCAACATATAGAAGACAACTGCCATATTGTCGATGTC 
GluN2B V821F for CGACAATATGGCAGGTTTCTTCTATATGTTGGG 
GluN2B V821F rev CCCAACATATAGAAGAAACCTGCCATATTGTCG 
GluN2B M824V for ACAATATGGCAGGTGTCTTCTATGTGTTGGGGGCAG 
GluN2B M824V rev CTGCCCCCAACACATAGAAGACACCTGCCATATTGT 
GluN2B G826W for GTGTCTTCTATATGTTGTGGGCAGCCATGGCCCTC 
GluN2B G826W rev GAGGGCCATGGCTGCCCACAACATATAGAAGACAC 
GluN2B E839* for CATCACCTTCATCTGTTAGCATCTGTTCTATTGG 
GluN2B E839* rev CCAATAGAACAGATGCTAACAGATGAAGGTGATG 
GluN2B R847* for GACACCCATGAAGCAATGCTAGAACTGCCAATAGAACAGA 
GluN2B R847* rev TCTGTTCTATTGGCAGTTCTAGCATTGCTTCATGGGTGTC 
GluN2B S993C for CACCGGCCACACTGCATCGGCAGCA 
GluN2B S993C rev TGCTGCCGATGCAGTGTGGCCGGTG 
GluN2B G1026R for CCCTGGACATCCGCCTGCCCTCC 
GluN2B G1026R rev GGAGGGCAGGCGGATGTCCAGGG 
GluN2B I1056Mfs*7 for GACGACTTGATGTCGATCGGATGTCTCTGAC 
GluN2B I1056Mfs*7 rev GTCAGAGACATCCGATCGACATCAAGTCGTC 
GluN2B R1081H for AGGGCAACGCAGCCAAGAGGCATAAACAGCAGTATAAGGACAG 
GluN2B R1081H rev CTGTCCTTATACTGCTGTTTATGCCTCTTGGCTGCGTTGCCCT 
GluN2B K1090R for AGCAGTATAAGGACAGTCTAAGGAAGCGGCCAGC 
GluN2B K1090R rev GCTGGCCGCTTCCTTAGACTGTCCTTATACTGCT 
GluN2B K1293del for CCAAGGCTCAGAAGAATCGGAACAAACTG 
GluN2B K1293del rev CAGTTTGTTCCGATTCTTCTGAGCCTTGG 
GluN2B T1390Ffs*4 for CCTTTCATCCCCTTTTGGGGATGAC 
GluN2B T1390Ffs*4 rev GTCATCCCCAAAAGGGGATGAAAGG 
GluN2B Q1408L for CTGCCACCGTGGGCAGCCTGAAGAAGTAG 
GluN2B Q1408L rev CTACTTCTTCAGGCTGCCCACGGTGGCAG 
HOMER2 E221K for GAGCCGGTCATTCTTATCACGGCAGATGGAGAA 
HOMER2 E221K rev TTCTCCATCTGCCGTGATAAGAATGACCGGCTC 

 
Table 15. Oligonucleotide primers used in this work. 
 
Antibodies 

The antibodies used in this work are described in table 16.  
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Primary antibodies 
Antibodies Dilution Provider N. Catalog Host Use 
Anti-beta actin 1:10000 Cell Signalling 4970T Rabbit WB/IF 
Anti-GFP 1:1000 Clontech 632381 Mouse WB 
Anti-GFP 1:500 Life technologies A11122 Rabbit IF 
Anti-GFP conjugated Ab 1:500 Life technologies A31851 - WB 
Anti-GluA1 1:2000 NeuroMab 75-327 Mouse WB 
Anti-GluN1 1:500 Millipore AB9864R Rabbit WB 
Anti-GluN2A 1:500 Frontier Institute AB2571605 Rabbit WB 
Anti-GluN2B 1:500 Frontier Institute AB2571762 Rabbit WB 
Anti-HA 1:1000 Covance MMS-101R Mouse WB/IF 
Anti-HOMER2 1:500/1:200 BioNova BS-4632R Rabbit WB/IF 
Anti-PSD95 1:10000 NeuroMab 75-028 Mouse WB 
Anti-Synaptophysin 1:5000 Sigma-Aldrich S5768 Mouse WB 
Anti-VGLUT 1:5000 Millipore AB5905 Guinea Pig WB 

  
Secondary antibodies 

Antibodies Dilution Provider N. Catalog Use 
Anti-Guinea Pig IgG-HRP 1:2000 Pierce Bio AB2535546 WB 
Anti-Mouse IgG-HRP 1:2000 Dako P0447 WB 
Anti-Rabbit IgG-HRP 1:2000 Dako P0448 WB 
Alexa 488 Anti-Rabbit 1:1000 Life technologies A11034 IF 
Alexa 555 Anti-Mouse 1:1000 Life technologies A21424 IF 
Alexa 555 Anti-Rabbit 1:1000 Life technologies A21429 IF 
Alexa 647 Anti-Rabbit 1:1000 Life technologies A21245 IF 

 
Table 16. Primary and secondary antibodies used in this work. 
 
Transfection of GluN subunits 
 
HEK293T cells were used for electrophysiological recordings for protein stability determination whereas 
COS-7 cells and hippocampal primary cultures were used for immunofluorescence analysis.  
 
For the protein stability determination, HEK293T cells were plated in 6-well plates and transfected at 70-
80 % confluency with equimolar quantities of Grin1 and Grin2A/Grin2B plasmids (1 µg of each plasmid) 
by the calcium phosphate method (CalPhosTM Mammalian Transfection Kit, Clontech, Cat#631312) 
following manufacturer’s instructions. Before transfection, DMEM media was supplemented with 0.5 mM 
D-AP5 (D(−)-2-Amino-5-phosphonopentanoic acid, NMDA receptor antagonist) to avoid excitotoxicity. 
DNA plasmids were combined with calcium solution and phosphate buffer and the mix was incubated 
for 15 minutes to form complexes. Then, the mixture was added drop by drop and cells were placed in 
the incubator at 37oC for 16 hours. After this time, cells were washed with PBS 1X (Gibco, Cat#14190-
169) and the media was replaced with fresh media supplemented with D-AP5 0.5 mM. Cells were 
incubated O/N at 37oC and analyzed 48 h after transfection.  
 
For electrophysiological recordings, HEK293T cells were plated in 4-well plates and transfected at 70-80 
% confluency with a 1:2 ratio of Grin1 and Grin2 subunits (0.4 µg Grin1 and 0.8 µg Grin2) in combination 
with 0.2 µg GFP plasmid, using polyethylenimine (PEI) (Polysciences, Cat#23966-2, 1 mg/ml) (ratio 1:3, 
1,4 µg DNA: 4,2 µg PEI). Before transfection, cells media was replaced by DMEM without antibiotics 
and serum to avoid toxic antibiotic uptake. Plasmids and PEI were mixed and incubated for 20 minutes 
at RT to allow the formation of the complexes. After that, the mixture was added drop by drop and cells 
were placed in the incubator at 37oC. Three hours later, the medium was replaced with fresh DMEM 
medium supplemented with antibiotics and serum, 1 mM D-AP5 and 0.1 mM 7-CK (7-chlorokynurenic 
acid) (Tocris, Cat#0237) to avoid excitotoxicity. Finally, cells were treated with 50 U accutase (Sigma-
Aldrich, Cat#A6964, 400-600 units/ml) for one minute, plated onto previously poly-D-lysinated (Sigma-
Aldrich, Cat#A-003-E, 1 mg/ml)) coverslips (dilution 1:10 or 1:20), and placed in the incubator at 37oC 
and recorded 24 h after transfection.   
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For immunofluorescence, COS-7 cells were plated in 4-well plates with poly-L-lysinated (Sigma-Aldrich, 
Cat#P6282) coverslips. Cells were transiently transfected at 70-80 % confluency using Lipofectamine 
2000 reagent (Life Technologies, Cat#11668019), according to the manufacturer’s recommendations. 
Lipofectamine allows the formation of liposomes containing the DNA of interest and these liposomes 
might be transported through the cell membrane. Before transfection, cells media was replaced by DMEM 
without antibiotics and serum to avoid toxic antibiotic uptake by the liposomes. Plasmids and 
Lipofectamine 2000 reagent were mixed and incubated for 20 minutes at RT to allow the formation of 
complexes. Then, the mixture was added drop by drop and cells were placed in the incubator at 37oC for 
four hours. Subsequently, medium was replaced with fresh DMEM supplemented with antibiotics, serum, 
1 mM D-AP5 and 20 mM MgCl2 (VWR, Cat#1058330250) to avoid excitotoxicity. Finally, cells were 
placed in the incubator at 37oC and fixed 24 h after transfection. COS-7 cells were used to study the 
biallelic and monoallelic expression of the variants of interest. To analyse biallelic expression, cells were 
transfected with equimolar quantities of HA-Grin1 and GFP-Grin2A/Grin2B subunits (0.4 µg of each 
plasmid). However, to evaluate their monoallelic expression in combination with a wild type subunit we 
combined different tagged subunits (see table 17). 
 

 
 
 
 

GRIN gene 

 
Approach 

 
 

Detection of the total 
density of NMDARs 

 

 
Detection of the wild-

type or mutated 
subunit 

 
 
 
 

GRIN1 

 
HA-GluN1 wt 

(0.2 µg) 
+ 

HA-GluN1 mut 
(0.2 µg) 

+ 
GFP-GluN2B wt 

(0.4 µg) 
 

 
GFP-GluN1 wt 

(0.2 µg) 
+ 

HA-GluN1 mut 
(0.2 µg) 

+ 
Flag-GluN2B wt 

(0.4 µg) 

 
 
 

GRIN2A 

 
HA-GluN1 wt 

(0.4 µg) 
+ 

GFP-GluN2A wt 
(0.2 µg) 

+ 
GFP-GluN2A mut 

(0.2 µg) 
 

 
Untag-GluN1 wt 

(0.4 µg) 
+ 

HA-GluN2A wt 
(0.2 µg) 

+ 
GFP-GluN2A mut 

(0.2 µg) 
 

 
 
 

GRIN2B 

 
HA-GluN1 wt 

(0.4 µg) 
+ 

GFP-GluN2B wt 
(0.2 µg) 

+ 
GFP-GluN2B mut 

(0.2 µg) 
 

 
HA-GluN1 wt 

(0.4 µg) 
+ 

Flag-GluN2B wt 
(0.2 µg) 

+ 
GFP-GluN2B mut 

(0.2 µg) 
 

Table 17. Summary of the different conditions of transfection in COS-7 cells based on the affected subunit and the used 
approach, in monoallelic conditions. 

 

100 



Materials and Methods 
 

Primary cultures were transfected with Lipofectamine 2000 on day 11 in vitro (div11), according to the 
manufacturer’s, instructions. Primary cultures were transfected with 0.6 µg Grin2A/Grin2B and 0.2 µg 
GFP (ratio 3:1) for dendritic spines analysis and with equimolar quantities of Grin1 and Grin2A/Grin2B 
(0.4 µg of each plasmid) for surface trafficking analysis.  Before transfection, half of conditioned media 
was collected, mixed with same amount of fresh complete growth medium (to a total volume of 700 µl) 
and kept at 37oC. Neurons were incubated with DNA-Lipofectamine 2000 complexes for four hours. 
Then, medium was removed. After a quick wash, the previously collected conditioned medium was 
supplemented with 100 µM D-AP5 and added to transfected neurons. 72 hours after transfection, neurons 
underwent chemical-LTP if needed and were fixed for further immunofluorescence analysis.  
All the experimental procedures were carried out according to European Union guidelines (Directive 
2010/63/EU) and following protocols that were approved by the Ethics Committee of the Bellvitge 
Biomedical Research Institute (IDIBELL). 
 
Protein extraction from transiently transfected HEK293T cells 
 
For protein extraction, cells were scraped off the plate in 400 µl of PBS 1X, pelleted at 600×g, and then 
re-suspended in 300 µl of lysis buffer (50 mM HEPES [pH 7.4], 1% SDS (BioRad, Cat#1610301) and 1X 
Halt TM Proteases and Phosphatase Inhibitor cocktail (Cultek, Cat#78440)). After 15 min incubation at 
4 degrees, the cell debris was pelleted at 15,000×g, the solubilized proteins were collected and sonicated. 
Protein concentration was determined using the bicinchoninic acid (BCA) assay (PierceTM BCA Protein 
Assay Kit, Thermo Scientific, Cat#4823228) following the manufacturer’s instructions. Based on samples 
of known BSA standards (0.15, 0.25, 0.5, 0.75, 1, 1.5 and 2 mg/ml), we determined the concentration of 
unknown protein samples in a 96-well plate, considering the solvent background.  Protein concentration 
was determined by measurement of the absorbance at 495 nm using a Victor X5 plate reader (Perkin 
Elmer). Protein extracts from transiently transfected HEK293T cells (in SDS 1% buffer, 4 ug) were 
prepared in 1X sample buffer with 5 % b-mercaptoethanol and denatured (15 minutes at 37 oC) to 
perform western blot analysis.  
 
Western blot 

Proteins were separated by electrophoresis using a 8% SDS-PAGE resolving gel (Tris-HCl 0.4 M pH 8.8, 
Acrylamide 8 %, SDS 0.1 %,  APS 0.1 %, TEMED 0.1 %)  and 4 % stacking gel (Tris-HCl 0.125 M pH 
6.8, Acrylamide 4 %,  SDS 0.1 %,  APS 0.1 %, TEMED 0.1 %) at 40 mA per gel for nearly an hour. After 
gels equilibration in ethanol 20 % (10 min), protein cues were transferred to nitrocellulose membranes 
(Amersham, Life Technologies, Cat#IB301031) using a semi-dry blotting system (iBlot, Life 
technologies). After transient staining of transferred proteins by Ponceau S staining, the membranes were 
blocked with 10% skimmed milk in 10 mM Tris-HCl (pH 7.5)/100 mM NaCl (TBS) plus 0.1% Tween 20 
(TBS-T). The membranes were incubated overnight at 4◦C with the primary antibody (Ab) of interest 
(diluted in TBS-T + 5% skimmed milk) (see table 16). After washing the membranes, incubation for 1 h 
at room temperature (RT) with a secondary antibody coupled to horseradish peroxidase (see table 16) 
was performed. The immunocomplexes were visualized by chemiluminescence (Amersham, ECL 
detection system, GE Healthcare, Cat#12316992), following the manufacturer’s instructions. The 
immunoreactive bands were visualized using ChemiDoc MP device (BioRad) and the immunoreactive 
signals were analyzed with Image Lab Biorad software.  

Immunofluorescence analysis 
 
Transiently transfected COS-7 cells were briefly washed with PBS before they were fixed with 4% 
paraformaldehyde (PFA) (10 minutes, under agitation, RT). Then, fixated cells were washed with PBS. 
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Cell lines 
 
Non-permeabilized COS-7 cells were blocked with FBSi 10 % for one hour at RT. Then, cells were 
incubated for one hour with an antibody against GFP (see table 16) recognizing the GFP extracellular 
epitope of expressed receptors containing GluN2 subunits (GFP-GluN2A or GFP-GluN2B) (diluted in 
FBSi 1 %, under agitation, RT). After washing with PBS, cells were incubated with Alexa 555-conjugated 
goat anti-rabbit Ab (see table 16) (diluted in FBSi 1 %, under agitation, RT). The total pool of receptors 
was detected by the fluorescent signal emitted by the GFP-GluN2A/GluN2B plasmid.  
 
A similar approach was used to evaluate monoallelic conditions (co-expression of wild-type and mutant 
plasmids in heterozygosity) but using different antibodies depending on the transfected plasmids (See 
table 16 and figure 49). 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 

 
Fluorescence samples were mounted in microscopes slides using ProLong Gold Antifade Mountant with 
DAPI (Thermo Fisher Scientific, Cat#P36931) and were visualized with a Nikon Eclipse 80i microscope 
with 63× objective/1 N.A. immersion oil objective and Leica microsystems immersion oil (Thermo 
Fischer Scientific, Cat#11944399). Alexa555 fluorophore and GFP intrinsic fluorescent signal were 
excited with excitation laser beams at 546 nm and 488 nm wavelengths, respectively. Fluorescence 
intensity was measured in 5-15 COS-7 cells per condition, in at least 3 independent experiments. 
 
Fluorescence of COS-7 was quantified using Adobe Photoshop CS5 software (Adobe Systems Inc.) by 
delimiting the cells with the ‘magnetic lasso tool’ and noting average number of the corresponding channel 
(red) in histogram (see figure 50). Background signal was subtracted. Results were represented as the 
mean ± standard errors of the means (SEM) of surface immunofluorescent signal. 
 
Neuronal primary cultures 
 
To analyze the surface expression or morphological traits of the transfected primary pyramidal neuronal 
cultures, expressing NMDARs, neurons were washed briefly with PBS and fixed with 4% PFA in PBS 
containing 4% sucrose (10 minutes, under agitation, RT).  

Figure 49. Graphic summary of 
the different conditions of 
transfection and 
immunofluorescence in 
transiently transfected COS-7 
cells based on the affected subunit 
and the used approach in 
monoallelic conditions. 
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Ab show high 
unspecificity 
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Anti-HA (Alexa555) 

 

Anti-HA (Alexa555) Anti-HA (Alexa555) 

Anti-HA (Alexa555) 

 

Anti-GFP (Alexa555) 

Anti-GFP (Alexa555) 
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The surface expression of GFP-GluN2A and GFP-GluN2B subunits was detected by incubating with 
anti-GFP (see table 16) for one hour (diluted in FBSi 1 %, under agitation, RT). Antibody binding was 
detected with an Alexa 488-conjugated goat anti-rabbit Ab (against the GFP) (see table 16) (diluted in 
FBSi 1 %, under agitation, RT). Further, the intracellular pool of receptors was identified by permeabilizing 
cells with 0.1% Triton X-100 (15 minutes, under agitation, RT) and labeling with either a rabbit anti-GFP 
(GluN2 detection) (see table 16) or a mouse anti-HA (GluN1 detection) (see table 16) for one hour 
(diluted in FBSi 1 %, under agitation, RT). Antibody binding was detected by incubating with an Alexa 
647-conjugated goat anti-rabbit Ab (against the GFP) and an Alexa 555-conjugated goat anti-mouse Ab 
(against the HA) (see table 16) for one hour (diluted in FBSi 1 %, under agitation, RT). 
To analyze morphological parameters (number and type of spines at basal/stimulated state) of neurons-
expressing mutant NMDARs, after conducting chemical-LTP inducting protocol (see next paragraph), 
cells were fixed with 4% PFA in PBS containing 4% sucrose at 4oC (10 minutes, under agitation, RT). 
Then, cells were permeabilized with 0.1% Triton X-100 (15 minutes, under agitation, RT) and labelled 
with anti-GFP (see table 16) for one hour (diluted in FBSi 1 %, under agitation, RT). After washing, 
antibody binding was detected by incubating with Alexa 488-conjugated goat anti-rabbit secondary 
antibody (see table 16) for one hour.  
 
Fluorescence samples were mounted in microscopes slides using ProLong Gold Antifade Mountant with 
DAPI. Fluorescence of neuronal primary pyramidal cultures was visualized with a Leica TCS-SL spectral 
confocal microscope (Leica Microsystems, Wetzlar, Germany) using a Plan-Apochromat 63×/1.4 N.A. 
immersion oil objective (Leica Microsystems), a pinhole aperture of 114.54 µm and Leica microsystems 
immersion oil. Alexa555, Alexa488 and Alexa647 were excited with excitation laser beams at 546 nm, 488 
nm and 650 nm wavelengths, respectively. Fluorescence intensity was measured in 1-15 dendrites from at 
least 1- 3 pyramidal neurons per condition in at least 3 independent experiments.  
 
Surface trafficking of NMDARs in neuronal primary cultures was quantified using Adobe Photoshop CS5 
software (Adobe Systems Inc.) by delimiting the cells with the ‘magnetic lasso tool’ and noting average 
number of the corresponding channel (green) in histogram (see figure 50). Background signal was 
subtracted. Results were represented as the mean ± standard errors of the means (SEM) of surface 
immunofluorescent signal. 
 

 
 
Chemical-LTP inducting protocol  

 
Neurons were transiently transfected with GFP-Grin2A or GFP-Grin2B plus GFP (0.6 µg : 0.2 µg) 
constructs at DIV11 with lipofectamine 2000 for four hours. Before transfection, half of conditioned 
media was collected, mixed with same amount of fresh complete growth medium (to a total volume of 
700 µl, and supplemented with 100 µM D-AP5) and kept at 37oC.  

Figure 50. COS-7 or neuronal 
dendrites were delimited using the 
‘magnetic lasso tool’. In the 
histogram, channel color was 
selected, and average number 
corresponds to the average 
fluorescence intensity of the 
delimited area. 

103 



Materials and Methods 
 

At DIV14, glycine-mediated chemical long-term potentiation assay (cLTP) was performed (adapted from 
Tao-Cheng et al., 2011). It is well reported that synaptic activity rapidly changes spine number, shape and 
subcellular composition of dendritic spines (Morgado-Bernal I. et al., 2011) which is critical for synaptic 
plasticity and it is also known that altered spine morphology and plasticity are common hallmarks of 
several neurodevelopmental disorders (Knobloch M. et al., 2008; Penzes P. et al., 2011).  
 
This protocol resulting in the induction of synaptic activity in vitro, allowed the evaluation of dendritic 
spines density and morphology under basal or activated states, to check whether there was any disruption 
of this mechanism associated with different GRIN variants. Under basal conditions, nonstimulated 
neurons were incubated with Krebs-Ringer solution (124 mM NaCl, 2 mM KCl, 1.24 mM KH2PO4, 1.3 
mM MgCl2, 2.5 mM CaCl2, and 30 mM glucose in 25 mM HEPES at pH 7.4) supplemented with 1 mM 
MgCl2 and 1 µM tetrodotoxin (TTX) (Abcam, Cat#AB120055) to avoid action potential generation and 
neuronal firing. The induction of cLTP was achieved by a pulse administration of the NMDAR coagonist 
glycine (Lu H. et al., 2001). Briefly, neurons were washed in 20 µM bicucculine (Bic) (Tocris Bioscience, 
Cat#2503) to selectively block inhibitory GABAA receptors and 20 µM strychnine (Sigma-Aldrich, 
Cat#S0532) to block inhibitory glycine receptors. Then, we incubated for 5 min in Krebs-Ringer solution 
(with 20 µM bicucculine and 20 µM strychnine) supplemented with 200 µM glycine (Sigma-Aldrich, 
Cat#G8790).  
 
In addition to the previous stimulated condition, we tested the combination of glycine together with 
different potentiators to evaluate whether a possible hypofunction that might result in disturbed plasticity 
and dendritic morphological changes could be rescued (100 µM D-serine supplement, Sigma-Aldrich, 
Cat#S4250; 200 µM Spermine supplement, Sigma-Aldrich, Cat#S2826; and 5 µM Rapastinel, Tocris 
Bioscience, Cat#3406). After stimulation with glycine (with or without potentiators), the solutions were 
replaced by Krebs-Ringer supplemented with 20 µM Bic, 20 µM strychnine, and 1 mM MgCl2 to block 
receptors again and limit the stimulation period, and after 35 min of incubation at 37°C (elicitation of 
LTP, signalling cascades and morphological changes), cells were fixed with ice-cold 4% PFA in PBS 
containing 4% sucrose (10 min, under agitation at 4 oC). 
 
Immunofluorescence analysis of dendritic spines morphology and density 

 
Cells were washed once with PBS and fixed with 4% PFA in cold PBS containing 4% sucrose (10 min, 
under agitation, at 4 oC). Transfected neurons were immunolabeled, after permeabilizing with 0.1% Triton 
X-100 (15 min, under agitation, RT), with anti-GFP for one hour (see table 16) (diluted in FBSi 1 %, at 
RT) and visualized by incubating for one hour with an Alexa 488-conjugated goat anti-rabbit Ab (see 
table 16) (diluted in FBSi 1 %, at RT). Fluorescence samples were mounted in microscopes slides using 
ProLong Gold Antifade Mountant with DAPI. Fluorescence of neuronal primary pyramidal cultures was 
visualized with a Leica TCS-SL spectral confocal microscope (Leica Microsystems, Wetzlar, Germany) 
using a Plan-Apochromat 63×/1.4 N.A. immersion oil objective (Leica Microsystems), a pinhole aperture 
of 114.54 µm and Leica microsystems immersion oil to visualize neuron morphology. A 4X zoom was 
used to evaluate tertiary dendrites.  
 
Between 1-3 pyramidal neurons (1-15 tertiary dendrites) were evaluated and approximately 9-14 Z-stack 
images (0.3 µm per stack) were acquired per dendrite. Dendrites were manually traced with Neuron Studio 
software (http://research.mssm.edu/cnic/tools-ns.html). Dendritic spines from tertiary neurites were 
counted and classified into morphological categories (thin, consisting on a long thin neck and a round 
head;  mushroom, consisting on a large head and a short narrow neck; and stubby, consisting on a large 
head and a short wide neck) (see figure 51), using Neuron Studio software automatic analysis, based on 
aspect (the extent of shape elongation), head-to-neck diameters ratio and spine head diameter. This 
automatic classification was followed by manual revision to discard artifacts and/or spines counts 
redundancy. 

104 



Materials and Methods 
 

 
 

Figure 51. Tertiary dendrites from pyramidal neurons were selected to evaluate dendritic spines density and morphology. 
Dendritic spines were classified in different morphological categories depending on size and shape: thin (yellow), mushroom 
(brown), and stubby (pink) spines. 
 
Electrophysiological recordings of whole-cell NMDAR currents in HEK293T cells 
 
Electrophysiological recordings were obtained 24 h after transfection of HEK293T cells with PEI 
method, perfusing the cells continuously at room temperature with extracellular physiological bath 
solution: 140 mM NaCl, 5 mM KCl, 1 mM CaCl2, 10 mM glucose, and 10 mM HEPES, adjusted to pH 
7.42 with NaOH.  
 
Voltage-clamp recordings in whole-cell configuration were acquired. Membrane potential was held at a 
set level (-60 mV). Glutamate (1 mM, Tocris, Cat#0218), in the presence of glycine (100 µM, Sigma-
Aldrich, Cat#G8790) was applied for 5 sec by piezoelectric translation (P-601.30; Physik Instrument) of 
a theta-barrel application tool made from borosilicate glass (1.2 mm O.D., 0.69 mm I.D., with filament, 
Sutter Instruments, Cat#30-0044 ) (known as ‘fast application tool’) (see figure 52). 

 
 

Figure 52. Scheme of agonists application for 5 seconds using the fast application tool that allows to applicate control 
solution (in blue) and agonists solution (in green) controlling the application time-course and consequently, the NMDAR 
current. 
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Pipettes with open-tip resistances of 2-4 MΩ were made from borosilicate glass (1.5 mm O.D., 1.16 mm 
I.D., no filament, Harvard Apparatus, Cat#HA30-0094), pulled with a P-97 horizontal puller (Sutter 
Instruments) and tip polished with a MF-830 forge (Narishige). Whole-cell patch-clamp allowed electrical 
access to inside of the cell, so these pipettes (recording electrodes) were filled with intracellular pipette 
solution containing: 140 mM CsCl, 5 mM EGTA, 4 mM Na2ATP, 0.1 mM Na3GTP and 10 mM HEPES, 
adjusted to pH 7.25 with CsOH (see figure 53).  
 

 
 

Figure 53. Scheme of whole-cell patch-clamp recording technique for the recording of fast excitatory NMDAR-mediated 
currents in HEK293T cells, using a fast application tool (in blue, control solution; and in green, agonists solution) and the 
glass pipette, containing intracellular solution and attached to the cell membrane (in orange). Currents went into the pipette 
and were recorded by an electrode which was connected to an amplifier.  
 
The activated currents were acquired at 5 kHz and filtered at 2 kHz by means of Axopatch 200B amplifier, 
Digidata 1440A interface and pClamp10 software (Molecular Devices Corporation). Glutamate and 
glycine-evoked currents were expressed as current density (-pA/pF; maximum current divided by input 
capacitance as measured from the amplifier settings) to avoid differences due to variations in the surface 
area present in the recorded cells. The kinetics of deactivation and desensitization of the NMDAR 
responses were determined by fitting the glutamate/glycine-evoked responses at Vm –60 mV to a double-
exponential function in order to determine the weighted time constant: 
 

𝜏"#$%&'#( = 	 𝜏+ ,
𝐴+

𝐴+ + 𝐴/
0 + 𝜏/ ,

𝐴/
𝐴+ + 𝐴/

0 

 
where Af and τf are the amplitude and time constant of the fast component of recovery and As and τs are 
the amplitude and time constant of the slow component of the fitting. Desensitization was measured in 
the presence of agonists (blue fitting from the example in figure 54), while deactivation kinetics where 
measured from the inactivation of the current upon agonists removal (yellow fitting from figure 54). 
 
Thus, peak amplitude, steady-state, desensitization and deactivation rates were measured for each 
current (see figure 54). 
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NMDAR electrophysiological responses were analyzed using IGOR Pro 6.06 (wavemetrics) program and 
NeuroMatic 2.03 (Rothman JS. and Silver R.A., 2018) (https://www.wavemetrics.net/updaters60.html; 
http://www.neuromatic.thinkrandom.com). 
 
Phenotypic assessment of Grin2b+/- mouse model 
 
Phenotypic assessment of Grin2+/- mouse model included a behavioral evaluation to investigate whether 
this model recapitulates the alterations in learning, memory, motor function, social behaviours and GI 
function which are present in patients but also a biochemical and electrophysiological characterization to 
analyze different glutamatergic synaptic proteins levels and the ability to form long-term potentiation in 
the Schaffer collateral pathway of hippocampus.  
 
Subsynaptic fractionation of Grin2b +/- mice cortex 

Subsynaptic fractionation protocol was adapted from Morató X. et al., 2017. This protocol allowed the 
obtaining of the extrasynaptic (Extra), postsynaptic (Post) and presynaptic (Pre) enriched fractions from 
brain regions of 7-months-old mice. Frozen cortex fractions were thawed in 1 ml cold isolating buffer 
(IB) (0.32 M sucrose, 0.1 mM CaCl2, 1 mM MgCl2, PPIC) and mechanically homogenized (10 strokes at 
700-900 rotations per min).  Then, 6 ml of 2M sucrose solution (2M sucrose, DTT, 0.1 mM CaCl2, PPIC) 
and 2.5 ml of 0.1 mM CaCl2 were added and mixed by inverting the tube. After that, 2.5 ml of 1M sucrose 
solution (1M sucrose, DTT, 0.1 mM CaCl2, PPIC) was added on top to form the sucrose gradient. Samples 
were centrifuged for 3 h at 100000xg and 4 °C using a swinging bucket rotor centrifuge (SW41Ti, 
OptimaTM L-90K, Beckman coulter). After centrifugation, the top layer composed by myelin was 
discarded and a white ring between the 1.25M and 1M sucrose interphase corresponding to the 
synaptosome fraction was collected (see figure 55).  

Then, synaptosomes were diluted with 9X their volume of IB and centrifuged for 30 min at 15000xg and 
4 °C using a swinging bucket rotor centrifuge. After discarding the supernatant, the pellet was resuspended 
with 1.1 ml of IB solution. Part of this synaptosomal solution (100 µl) was collected to be pelleted by 
centrifugation for 5 min at 11000xg and 4 ºC. Supernatant was discarded and pellet was resuspended in 
200 µl 5% sodium dodecyl sulfate (SDS) (this synaptosomal fraction will be known as P2) (see figure 55). 

 

 

 

Figure 54. A representative 
NMDAR trace with the measured 
parameters: peak amplitude 
(minimum of the trace) (in orange), 
steady-state (average of a selected 
area) (in green), desensitization 
kinetics (weighted time constant) (in 
blue) and deactivation kinetics 
(weighted time constant) (in 
yellow). 
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The rest of the synaptosomal solution (the volume that was not pelleted), was diluted with 5 ml of 0.1 
mM CaCl2 and 5 ml of 2X solubilization buffer, pH 6 (40 mM Trizma Base, triton X-100 2 %) and 
incubated for 60 minutes on ice under agitation.  After this incubation, sample was centrifuged for 30 min 
at 40000xg and 4 °C using a swinging bucket rotor centrifuge. The resulting supernatant represents the 
extrasynaptic fraction, and the pellet corresponds to the synaptic junctions (pre- and postsynaptic 
fractions). The extrasynaptic fraction was concentrated to a final volume of 200 µl using Amicon Ultra-
15 units (Millipore, Cat#UFC901008) and centrifugation at 4000xg and 4 degrees, for 30-60 minutes. 
After that, the concentrated extrasynaptic fraction was precipitated with 1 ml pre-chilled acetone overnight 
(O/N) at -20 degrees. 24 hours later, the extrasynaptic fraction was centrifuged for 30 min at 18,000xg 
and 4 degrees.  The dry pellet containing the extrasynaptic proteins was resuspended with 200 µl 5% SDS 
(this extrasynaptic fraction will be known as Extra) (see figure 55). In parallel, the pellet containing the 
pre- and postsynaptic fractions was washed with 2 ml of 1X solubilization buffer, pH 6.0 (20 mM Trizma 
Base, triton X-100 1 %) and re-suspended with 10 ml of 1X solubilization buffer, pH 8.0 (20 mM Trizma 
Base, triton X-100 1 %). This sample was incubated for 60 minutes on ice under agitation, and 
then, centrifuged for 30 min at 40000xg and 4 °C using a swinging bucket rotor centrifuge. The resulting 
supernatant corresponded to the presynaptic fraction (Pre) and the pellet to the postsynaptic fraction 
(Post). Both fractions were concentrated following the same protocol than the extrasynaptic fraction and 
re-suspended in 200 µl of 5 % SDS (presynaptic fraction will be known as Pre and postsynaptic fraction 
will be known as Post) (see figure 55).  

 

 
Figure 55. Scheme of subsynaptic fractionation protocol from murine cortex; 1, Tissue homogenization; 2, Sucrose 
gradient formation and synaptosomes obtaining; 3, 1st solubilization step; 4, Extrasynaptic fraction obtaining; 5, 
Extrasynaptic fraction concentration; 6, 2nd solubilization step; 7, Synaptic junction separation in pre- and postsynaptic 
fractions; 8, Pre- and postsynaptic fractions concentration. 
 
All the subsynaptic fractions were sonicated and prepared in 1.5X sample buffer with 5 % b-
mercaptoethanol and denatured for 30 minutes at 60 oC. Then, proteins were separated according to 
western blot protocol described in page 101. 
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Field-potential recordings and long-term potentiation experiments in hippocampal slices 

Adult mice (3-5 months old), were deeply anaesthetized, decapitated, and the brain was removed in ice-
cold protective cutting artificial cerebrospinal fluid (CSF) aCSF1 (sucrose 206 mM; KCl 1.3 mM; CaCl2-
2H2O 1 mM; MgSO4-7H2O 10 mM; NaHCO3 26 mM; Glucose 11 mM; NaH2PO4 1.25 mM), incubated 
with 95% O2/5% CO2. The brain was then subdivided into hemispheres and coronal hippocampal slices 
(380 mm-thick) were prepared on a vibratome (Leica VT1200 S; speed: level 2; vibration intensity: level 
7). Coronal hippocampal slices were transferred into an incubation chamber with aCSF2 (NaCl 1.19 M; 
KCl 25 mM; CaCl2-2H2O 25 mM; MgSO4-7H2O 15 mM; NaHCO3 25 mM; Glucose 11 mM; NaH2PO4 
12.5 mM), incubated with 95% O2/5% CO2. Slices were kept at 33 oC for 60 min and subsequently at 
room temperature for at least 60 additional minutes. Slices were then transferred into a measurement 
chamber perfused with aCSF2 at 26 oC.  

A bipolar stimulation electrode (Platinum-Iridium stereotrode, Science Products, Microprobes, 
cat#P125T30.1A5) was placed in the Schaffer collateral pathway (Planagumà J. et al., 2016). Recording 
electrodes were made from borosilicate glass (1.5 mm O.D., 0.86 mm I.D., 10 cm, with filament, Sutter 
Instruments, Cat#BF150-86- 10). The recording electrode filled with aCSF2 was placed in the dendritic 
branching of the CA1 region for local field potential measurement (field excitatory postsynaptic potential, 
fEPSP) (see figure 56). Signals were amplified and stored using AxoClamp 2B (Molecular Devices). A 
stimulus isolation unit A385 (World Precision Instruments) was used to elicit stimulation currents.  

Before recordings, input-output curves were determined for each slice with stimulation currents ranging 
from 25 to 200 mA at 0.03 Hz.  The stimulation current was adjusted for each recording to evoke fEPSP, 
which was at half of its maximal evoked amplitude. After baseline recordings for 30 min with 0.03 Hz to 
determine the slice health, long term potentiation (LTP) was induced by theta-burst stimulation (10 theta 
bursts of four pulses at 100 Hz with an interstimulus interval of 200 ms, repeated seven times at 0.03 Hz). 
After LTP induction, fEPSPs were recorded for additional 60 min at 0.03 Hz (see figure 56). Recordings 
with unstable baseline measurements (variations higher than 20% in baseline fEPSPs) were discarded.  
The recordings were analyzed using Axon pCLAMP Software (Molecular Devices, version 10.6). Slopes 
of all recordings were measured within 0.7–1 ms of the linear part of the rising fEPSP (see figure 56) and 
compared between genotypes. 
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Note3: Firstly, an artifact from electrode is observed due to the insertion of the electrode in a conductive 
medium and the application of an electric field to that medium that creates a voltage change. Then, another 
wave which is known as ‘fiber volley’ appeared. The size of the fiber volley reflects the number of axons 
that are activated to give rise to a synaptic response. Thus, stimulation intensity is correlated with the size 
of the fiber volley. Ideally, fiber volley should be smaller relative to the synaptic response because slices 
that show a large fiber volley are usually unhealthy. Finally, the fEPSP is the last observed wave (Sweatt 
JD., 2007) 
 

Figure 56. A, An example of an input-ouput curve with stimulus intensities ranging from 25 to 200 mA (3 stimulations 
of each point) and the corresponding voltage change in the slope of the fEPSP (mV/ms). The maximum voltage change 
is found and the half of this value and the corresponding stimulus intensity should be the selected one for the whole 
stimulation protocol (in gray); B, Schematic representation of field potential recording in Schaffer collateral connections, 
after theta-burst stimulation (10 theta bursts of four pulses of 100 Hz with an interstimulus interval of 200 ms, repeated 
seven times at 0.03 Hz) in a coronal hippocampal slice; C, Representative signal of a field-potential recording in 
hippocampal slices and delimited region (red lines) where slope (yellow dashed line) was measured; see Note3 for further 
information about the field potential signal. 
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Behavioral assessment of Grin2b+/- mouse model 
 
Behavioural tests were conducted from 9:00 to 14:00, in 2-months old mice. In order to characterize the 
motor, cognitive, anxiety, sociability and gastrointestinal phenotypes of young-adult Grin2b+/- mouse 
model, a comprehensive behavioral phenotyping battery was implemented, according to the timeline 
depicted below.  Animals were weaned, separated by gender and genotyped on day 21 after birth. Nearly 
a month later, behavioral assessment was performed. Tests were ordered considering the level of stress 
that each of the tests causes to the animal (1, Open field; 2, Novel-object recognition test; 3, T-maze; 4, 
Marble bury test; 5, Rotarod; 6, Wire-hanging test; 7, Three-chamber; 8, Elevated plus maze; 9, Stool water 
content determination; 10, Intestinal transit time evaluation). After this behavioral battery, field-potential 
recordings were done to evaluate the ability of long-term potentiation formation (see figure 57). 
 

 
 
Figure 57. Timeline indicating behavioral assessment of Grin2b+/- mouse model. At Day 0, breedings (in green) were 
placed and 21 days after, mice were weaned, separated by gender and genotyped via ear punch. Three weeks later, one week 
of handling (in orange) was performed where mice were weighted. Then, three weeks of behavioral tests (in blue) (1, Open 
field; 2, Novel-object recognition test; 3, T-maze; 4, Marble bury test; 5, Rotarod; 6, Wire-hanging test; 7, Three-chamber; 
8, Elevated plus maze; 9, Stool water content determination; 10, Intestinal transit time evaluation). Finally, field-potential 
recordings were performed for two weeks (in purple). 
 
Handling, and body weight measurement 
 
Handling was carried out for five to seven consecutive days (5 minutes/mouse/day).  Mice were also 
weighted at this point to evaluate whether there was any different between genotypes.  
 
Locomotor activity: Open field 
 
The open-field test was adapted from Seibenhener ML. and Wooten MC., 2015. This test gives 
information about spontaneous locomotor activity under dim light conditions (15-20 lux) at 21.4-24 ºC 
and 24-35 % humidity. The open-field apparatus was a wall-enclosed gray squared area (PVC, 50x50x38 
cm) (see figure 58). 
 
Mice were habituated to the experimental anteroom for 60 minutes.  After this period, the mice were 
individually placed in the center of the open-field apparatus. The mice were allowed to freely explore the 
area for 10 minutes and the trajectory was video-recorded with a digital camera on top which was 
connected to the video-tracking software SMART v3.0 (Panlab, 
https://www.panlab.com/en/products/smart-video-tracking-software-panlab). Thus, the experimenter 
was unobserved during the whole procedure. Between trials, the system was cleaned with ethanol 5 % to 
remove odor cues. 
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Total travelled distance, zone transitions (between the center and the periphery) and time spent in each 
zone were evaluated (see figure 58). 
 

 
 
 
 
 
 
 
 
 
 
 
Long-term memory: Novel-object recognition test 
 
The novel object recognition test (NOR) was adapted from Leger M. et al., 2013 and Lueptow LM., 2017. 
This test represents a gold-standard behavioral paradigm to evaluate learning and memory. The paradigm 
was based on mice innate preference for novelty. The test was conducted in the open-field system (gray 
PVC, 50x50x38 cm) under dim light conditions (15-20 lux) at 21.4-24 ºC and 24-35 % humidity. Two 
different objects, with identical exploratory preference, were selected to conduct the experiment. These 
objects were easily discriminated but with a similar degree of complexity and mouse sized. Objects were 
located and fastened to the floor (to avoid displacement) 15 cm from the walls in alternate opposite 
quadrants (see figure 59). 
 
Mice were placed equidistantly from the objects and facing the wall which is the nearest to the 
experimenter. Object’s interaction was considered when the mouse’s nose pointed the object within 2-3 
cm, with active vibrissae sweeping or sniffing. When mice climbed and sat on top of the object during a 
period of time, no interaction event was annotated. 
 
Prior to the experimental groups, a pilot study was conducted in order to validate the experimental 
conditions and the appropriateness of the selected objects (discarding potential preferences). To test this, 
non-related mice were habituated to the arena for 5 minutes. Then, animals were allowed to freely explore 
the arena containing two different objects in opposite quadrants (alternated between animals) for 10 
minutes. The number of events and time exploring the different objects (vs. total exploration) were 
calculated revealing no preferences for either object. The object location within the four quadrants was 
also randomized.  
 
Upon validation of the objects, the experimental groups started the NOR test. Subject mice were 
habituated to the experimental anteroom for 60 minutes. On day 1, habituation to the experimental set-
up was conducted (open-field test). On day 2, mice were trained with two identical objects that were 
placed on opposite quadrants. During training, mice were allowed to freely explore for 10 minutes, while 
measuring both the exploratory events and time for each object. On day 3, mice were tested for object 
novelty. One of the identical objects was replaced by a novel one and mice were allowed to freely explore 
for 10 minutes. Each object was randomly selected as familiar or novel, and the location of the novel 
object was also counterbalanced (see figure 59). Again, number of events and interaction time with each 
object were measured. Mice with a total exploration time of both objects inferior to 20 seconds were 
discarded. Discrimination index was calculated, following this equation: 
 

 
 

Figure 58. An open field system (50x50x38 cm). Mouse was tracked while 
exploring the open field area (gray line). Central (delimited with a red square) 
and peripherical areas were distinguished. 
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After each trial, the mouse was placed in a new holding cage to avoid contact with its littermates. 
Furthermore, between trials, the system was cleaned with ethanol 5% to remove odor cues. The 
experimenter was unobserved during the whole procedure. The presence of a camera on top allowed the 
recording for posterior analysis. 
 
Spontaneous alternation paradigm: T-maze 
 
The T-maze test (PVC, gray, 3 arms of 30x10 cm and a central region of 10x10 cm) in the ‘spontaneous 
alternation’ configuration was adapted from Chang YC. et al., 2017. This test is used to evaluate spatial 
working memory (see figure 60). The test was conducted under dim light conditions (15-20 lux) at 21.4-
24 ºC and 24-35 % humidity. 
 
Mice were habituated to the experimental anteroom for 60 minutes. Then, they were placed in the distal 
part of the base arm and were allowed to freely explore the maze. When mice chose an arm, door closing 
trapped the mouse in the selected arm for 30 seconds. Then, the mouse was placed again in the starting 
place, and the test was repeated. The spontaneous behavior of a wild-type mouse is to choose the opposite 
arm in the following trial (‘alternation’) but it might also choose the same arm (‘repetition’) (see figure 
60). 
 
An entry was considered when all four limbs of the mice enter in the arm.  The number of alternations 
and repetitions were recorded for 16 trials.  The lack of choice for 2 minutes in two consecutive trials or 
more than three trials without choice, discarded the animal. Alternation over a 50 % was considered choice 
by chance. The presence of a camera on top allowed the recording for posterior analysis. Between trials, 
the system was cleaned with ethanol 5 % to remove odor cues. 
 
 
 
 
 
 
 

 
 

 

Figure 59. Graphic representation of the novel object recognition test performed in the open field arena (50x50x38 cm).  
On day 1, habituation to the experimental set-up. On day 2, training with two identical objects. On day 3, test for object 
novelty. Objects were placed 15 cm from the walls at opposite quadrants. In this particular scheme, a tower made from 
plastic construction blocks (Lego Systems A/S; Billund, Denmark) was selected as trained object while flask with black 
stones (no odor) as the novel one, but this was randomly modified between mice. 
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Figure 60. Graphic 
representation of the T-maze 
outputs: alternation (the 
mouse chooses the opposite 
arm) and repetition (the 
mouse chooses the same arm 
in which it has been trapped 
during the previous trial). 
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Repetitive behaviors: Marble bury test  
 
The marble bury test, adapted from Angoa-Pérez M. et al., 2013, was performed to evaluate the presence 
of meaningless repetitive behaviors, based on the tendency of mice to dig in natural environments, under 
bright light conditions (80 lux) at 21.4-24 ºC and 24-35 % humidity. 
 
In large housing cages (25x50 cm) with familiar bedding 5 cm height), 20 glass marbles of assorted styles 
and colors (1 mm diameter, 5,2 g) were arrayed (4 columns, 5 arrows) (see figure 61).  
 
 
 
 
 
 
 
 
 
 
 
 
 
The experiment took place in a familiar environment and since the marbles did not produce fear or 
anxiety, habituation to the experimental set-up was not required. Mice were habituated to the experimental 
anteroom for 60 minutes. Then, mice were individually placed into a corner and were allowed to explore 
and bury for 30 minutes. The number of buried marbles after the session was counted. A marble was 
considered buried when two thirds of its surface were covered by bedding. During the whole evaluation, 
experimenter was unobserved. Between trials, the marbles were cleaned with ethanol 5 % and the bedding 
was changed, to remove odor cues. 
 
Motor coordination: Rotarod  
 
The rotarod test, evaluating motor coordination, consists of a horizontal rotating rod (ø = 3 cm) with 
parallel ridges to allow grasping, placed at 30-50 cm over a soft surface in the base. The test was conducted 
under dim light conditions (40 lux) at 21.4-24 ºC and 24-35 % humidity (see figure 62). This test was 
adapted from Deacon RMJ., 2013. 
 
Mice were habituated to the experimental anteroom for 60 minutes, and then, placed on the horizontal 
rotating rod at 4 rpm.  The speed was accelerated from 4 rpm to 40 rpm at 8 rpm/min rate (~ 5 min). 
The speed and time when the mouse fell were annotated. Mice were tested in 3 consecutive trials to 
demonstrate a consistent performance (despite this, best mark was selected as representative of the 
mouse). Mice falling before 10 seconds repeated the trial and mice holding onto the rod without walking, 
were noted as fallen. Between subjects, the system was cleaned with ethanol 5 %. 
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Figure 61. A marble bury 
arena seen from two 
different perspectives: A, 
Top view of the cage with 
natural bedding and 20 
marbles equidistantly 
placed forming 4 columns 
and 5 rows; B, Lateral 
view showing the amount 
of bedding (5 cm). 
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Figure 62. A, A rotarod system with 2 mice simultaneously performing the test; B, A schematic graph representing rotarod 
acceleration from 4 to 40 rpm at 8 rpm/min. Acceleration started (black arrow) when mouse was stable at the rotating rod 
and time started to count at this point. In the example, the mouse fell (in orange), 45 seconds later at 10 rpm. 
 
Motor strength and coordination: Wire hanging test (‘Falls and reaches’) 
 
The wire hanging test allows motor function assessment, based on the latency of a mouse to fall due to 
defects on muscle tone, strength, coordination and/or fatigue.  The test was adapted from Klein SM. et 
al., 2012 and consists of a triangular wire at 35 cm height, with soft bedding underneath (see figure 63). 
The test was carried out under dim light conditions (40 lux) at 21.4-24 ºC and 24-35 % humidity. 
 
Subject mice were habituated to the experimental anteroom for 60 minutes.  No acclimatization to the 
experimental set-up was needed.  The wire hanging test was used in a ‘fall and reaches’ configuration. The 
test lasted 180 sec and different scores were noted: A) Falls score: from 10, a unit was subtracted each 
time that the mouse fell; B) Reaches score: from 0, a unit was added each time that the mouse reached 
one of the sides of the wire. Each time that the mouse fell and/or reached the wire extreme, it was placed 
in the middle of the wire again until the 180 sec ending. Mice were placed in the system with fore limbs 
hanging the wire. Between subjects, the system was cleaned with ethanol 5 %. 
 
 
 
 
 
 
 
 
 

 
 
Social interaction: Three-chamber test  
 
A three-chamber box was used to evaluate mice social interaction abilities.  The test was adapted from 
Kaidanovich-Beilin O. et al., 2011 and was performed on a rectangular Plexiglass three-chamber box 
(19x45 cm each chamber) with dividing walls containing an open middle section, allowing the mouse 
subject to explore any of the compartments. In the lateral compartments, wire cup-like containers were 
placed (see figure 64). The test was conducted under dim light conditions (15-20 lux) at 21.4-24 ºC and 
24-35 % humidity. 
 
 
 

A B 

Reaches 

Falls 

Figure 63. Wire hanging test simulation: 
Falls (in red) and reaches (in green). 
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Before starting, mice were habituated to the experimental anteroom for 60 minutes. Then, the animals 
were acclimatized to the set-up by allowing free exploration for 10 minutes of the middle chamber (with 
closed doors to prevent exploration of the lateral chambers). After that, empty wire cup-like containers 
were placed in the lateral chambers and doors were opened allowing mice to freely explore for 10 minutes 
the three compartments (see figure 64).  
 
In a first session, sociability was tested, and a control mouse (without prior contact but similar background, 
age, gender and weight) was placed into one of the containers while an object (a paper mouse) was placed 
in the other container. Control mouse location alternately changed between subjects. The subject mouse 
was placed in the middle chamber and it was allowed to freely explore and interact for 10 minutes (see 
figure 64). Immediately after that, in a second session of 10 minutes, the object was replaced by a second 
control mouse. Here, the preference for novelty was evaluated (see figure 64). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 64. Graphic representation of the three-chamber test. Firstly, mice were habituated to the experimental set-up by 
placing them in the middle chamber with closed doors. Then, they were habituated to empty wire cup-like containers (doors 
were opened). After that, sociability was tested by exposing the subject mouse to a paper mouse and a control mouse. 
Finally, social novelty was tested by substituting the paper mouse with a novel mouse. 
 
The number and duration of active contacts with both containers were measured. A contact was 
considered ‘active’ when the mouse was exploring within 3-5 cm around the container, with the nose 
pointing the container content. Mice climbing on top of the container, was not considered an active 
contact. During the whole evaluation, experimenter was unobserved. The presence of a camera on top 
allowed the recording for posterior analysis. Between trials, the system was cleaned with ethanol 5 % to 
remove odor cues. 
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Anxiety-related behavior: Elevated plus maze (adapted from Komada M. et al., 2008) 
 
The elevated plus maze is used to measure anxiety-like behavior, based on the mice innate aversion to 
open, elevated and unknown environments. The test was adapted from Komada M. et al., 2008 and 
consists of a X-shaped maze (50 cm height) with two open and two enclosed arms (PVC, open arms – 
25x5x0,5 cm; closed arms – 25x5x16 cm; center – 5x5x0,5 cm). The platform of the maze was white, and 
the walls were gray (see figure 65). The maze was located in a bright room (enclosed arms: 40 lux; open 
arms: 100 lux) at 21.4-24 ºC and 24-35 % humidity. 
 

 
 
Mice were habituated to the experimental anteroom for 60 minutes. Then, mice were placed on the center 
of the maze with the head pointing towards an enclosed arm. The mice were allowed to freely explore the 
maze for 10 minutes. The number and time of entries, in each type of arm were measured. An entry was 
considered when the center of the mouse’s body entered the arm. Mice performed individually the test, 
in the absence of the experimenter, while being recorded by a camera on top. Between trials, the system 
was cleaned with ethanol 5 % to remove odor cues. 
 
Evaluation of gastrointestinal function 
 
To evaluate gastrointestinal function, feces water content was determined. Mice were housed individually 
in a clean cage without bedding for 1 hour with food and water ad libitum After this period of time, the 
number of fecal pellets were collected, counted and weighted to note the wet weight of the feces. Then, 
the pellets were left to dry at 65 ºC for 24 hours to measure the stools dry weight.  The stool water content 
percentage was calculated following this equation and compared between genotypes:  

 
 
To measure gastrointestinal motility, carmine red (not absorbed dye) oral gavage test was performed to 
evaluate total GI transit time (adapted from Kimball ES. et al., 2005). Animals were housed individually 
in a clean cage without bedding with food and water ad libitum.  
 
 
 
 

Figure 65. An elevated plus maze with two open and 
two enclosed arms. Mice were placed in the center 
region, pointing and enclosed arm. 
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A 6 % (w/v) carmine red solution (Sigma- Aldrich, Cat#C1022) was prepared in water. This solution was 
administered by oral gavage with a round-tip canula (single use feeding needles, Fine Science Tools, 
20x1,75mm, Cat#18061-20) and the time ‘t0’ was annotated. Mice were monitored during the whole test 
lasting until the first carmine red-containing stoll (dark red colored) was excreted at ‘tr’ (time of release). 
GI transit time was considered as the interval between the initial time and the time of the first observance 
of carmine red in stool. Average GI transit times were compared between groups. 
 
Grin2b+/- mice therapeutic interventions 
 
Chronic spermidine supplementation 
 
Spermidine, a polyamine that can be metabolized into spermine, is a positive allosteric modulator of the 
NMDA receptor (Rock DM. and Macdonald RL., 1992). Spermidine (Sigma-Aldrich, Cat#S0266) 
supplementation was administered orally by dissolving in drinking water (3 mM final concentration) 
(Chrisam M. et al., 2015; Eisenberg T. et al., 2016; Wirth A. et al., 2021) from P21 to the end of 
experiments (3 months) (see figure 66). Supplemented water was replaced every 2-3 days to avoid the 
compound deamination (Chrisam M. et al., 2015). Water consumption was measured along the 
experiment. 
 
The treatment started at P21, and one month later, different behavioral tests were performed: 1, Open 
field; 2, Novel-object recognition test; 3, T-maze; 4, Marble bury test; 5, Rotarod; 6, Wire-hanging test; 7, 
Three-chamber; 8, Elevated plus maze; 9, Stool water content determination; 10, Intestinal transit time 
evaluation. Finally, field-potential recordings were carried out (see figure 66). 
 

 
 
Figure 66. Timeline indicating behavioral assessment of Grin2b+/- mouse model. At Day 0, breedings (in green) were 
placed and 21 days after, mice were weaned, separated by gender, genotyped via ear punch, and re-grouped for initiating 
spermidine treatment. One month later, one week of handling (in orange) was performed where mice were weighted. Then, 
three weeks of behavioral tests (in blue) (1, Open field; 2, Novel-object recognition test; 3, T-maze; 4, Marble bury test; 5, 
Rotarod; 6, Wire-hanging test; 7, Three-chamber; 8, Elevated plus maze; 9, Stool water content determination; 10, Intestinal 
transit time evaluation). Finally, field-potential recordings were performed for two weeks (in purple). 
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Fecal microbiome transplantation (FMT) 
 
Preparation of donor feces 
 
In order to manipulate the mouse microbiota in a relatively homogenous microbiota/genotype 
background, after weaning and genotyping, mice were housed by genotype (wild-type cages and 
heterozygous cages). 
 
Two weeks later, mice were handled. In the process of handling, stools were collected with tweezers and 
rapidly snap-frozen (liquid nitrogen), for future fecal microbiota transplantation (FMT) experiments. 
Feces from mice donors (same genotype) were homogenized in ice-cold distilled water (weight : volume, 
1:50) by vortex (see figures 67-68). 
 
Preparation of acceptor mice and microbiota transfer 
 
Fecal microbiota transplantation protocol has been adapted from Bermudez-Martin P. et al., 2021. Firstly, 
acceptor mice were treated with orally gavaged omeprazole (200 µl/mouse, 100 mM, tris pH 8, Kern 
Pharma) for three consecutive days, to lower acidity and avoid damage to the microbiota transplant.  Then, 
animals were food-deprived until the end of the treatment. The following day, a laxative solution 
(Moviprep, Norgine, 200 µl, 5 times) was administered by oral gavage. After 24 hours, mice were weighted 
and received orally gavaged omeprazole again.  Three hours later, they received fecal supernatant by oral 
gavage (200 µl) twice with an interval of four hours between administrations. Then, food is added. 2-3 
days later, mice were weighted again to supervise weight recovery after starvation. Finally, animals were 
returned to their cages for three weeks to allow the GI colonization with the transferred microbiota (see 
figures 67-68). 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 67. Schematic representation of fecal microbiota transplantation; 1, Feces collection; 2, Feces storage at -80 ºC; 3, 
Fees processing; 4, Omeprazole and laxative administration to acceptor mice; 5, Fecal microbiota transplantation by oral 
gavage; 6, GI tract microbiota colonization. 
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After colonization, some behavioral tests were performed: 1, Open field; 2, Novel-object recognition test; 
3, Marble bury test; 4, Rotarod; 5, Wire-hanging test; 6, Elevated plus maze; 7, Stool water content 
determination; 8, Intestinal transit time evaluation. Finally, field-potential recordings were carried out (see 
figure 68). 
 

 
 
Figure 68. Timeline indicating FMT intervention in Grin2b+/- mouse model. At Day 0, breedings (in green) were placed 
and 21 days after, mice were weaned, separated by gender and genotyped via ear punch. Three weeks later, one week of 
handling (in orange) was performed where mice were weighted, and stools were collected and frozen. The following, week, 
FMT treatment took place (zoom out: 1, stools processing; 2, omeprazole treatment (for three days); 3, laxative treatment 
(5 times, same day) and from this point, animals were deprived of food until the end of the intervention; 4,  omeprazole 
treatment, weight and three hours later, FMT). Then, three weeks later, one week of behavioral tests (in blue) (1, Open 
field; 2, Novel-object recognition test; 3, Marble bury test; 4, Rotarod; 5, Wire-hanging test; 6, Elevated plus maze; 7, Stool 
water content determination; 8, Intestinal transit time evaluation). Finally, field-potential recordings were performed for 
two weeks (in purple). 
 
Statistical analysis 
 
Comparison between experimental groups was evaluated using InStat software (GraphPad Software Inc.), 
applying a One-way Analysis of Variance (ANOVA), followed by a Bonferroni post hoc test for multiple 
comparisons. For single comparisons, either Student’s t test (for parametric data) or Mann-Whitney U test 
(for nonparametric data) was used. Data are presented as means ± SEM from at least three independent 
experiments (cell-based experiments). 
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Results 
 

1.1. Recruitment of patients with GRIN-related disorders 
 
Recent advances in Next-Generation sequencing have allowed to identify several mutations affecting the 
genes that encode for NMDAR subunits (GRIN genes), with high prevalence in the GRIN1, GRIN2A 
and GRIN2B genes, present in patients with neurodevelopmental conditions. Based on a common 
etiology, the neurodevelopmental disorders (NDDs) are encompassed under the term GRIN-related 
disorders (GRDs). In fact, 4513 GRIN variants have been reported, and of these, 437 are likely associated 
with the disease (according to GRINdb server, https://alf06.uab.es/grindb/home) (García-Recio A. et 
al., 2021). 
 
Given the disease’s prevalence, it was very important to select an appropriate cohort of GRIN variants to 
perform the different studies. Along this Thesis, via direct contact with families and clinicians, 107 GRD 
patients have been recruited from different locations (Spain, Belgium, Denmark, Norway, Italy, United 
Kingdom, Netherlands, India, Poland, Sweden, Germany, France, Greece, Israel, USA, China, Austria, 
etc.). Nevertheless, some of the variants are coincident, leading to 72 different genetic variants from 
patients. These variants occur in GRIN1, GRIN2A and GRIN2B genes, which are the most predominantly 
affected genes in GRD conditions. Additionally, 9 GRIN variants have been artificially generated and 14 
GRIN variants have been selected from databases in order to cover the vulnerable GluN domains from 
the different subunits, resulting in the evaluation of 95 different GRIN variants (see figures 70-71). 
 
According the inheritance of the recruited variants, most of the selected GRIN variants are ‘de novo’ (90 
%) as a result of a modification in a germ cell of one of the parents or during embryogenesis. Nevertheless, 
10 % of recruited patients have inherited the GRIN variant from one of their parents (see figure 69, 
panel A).  
 
Regarding the type of genetic variant, the most predominant variants are ‘missense’ (70 %) where a single 
aminoacid is substituted by a different one.  Slightly less common, the variants which are 
‘frameshift/nonsense’ (25 %) that incorporate a premature ‘stop’ codon, which truncates the protein, with or 
without previous alteration of the nucleotide sequence reading frame. Finally, some ‘indel’ variants (5 %) 
that introduce or delete some aminoacids of the sequence, have also been selected. Noteworthy, these are 
the percentages that are found within the total group of reported GRIN disease-associated variants 
(according to GRINdb server, 314/437 are missense, 105/437 are frameshift/nonsense and 18/437 are 
indels). Thus, the selected cohort is representative of the original population (see figure 69, panel A). 
 
In the recruited cohort, the most affected subunit is GluN2B (50 %) followed by GluN1 (30 %) and 
GluN2A (20 %).  In each of these subunits there is a wide distribution of the recruited variants along the 
different domains (GluN1: 20 % ATD, 5 % LBD, 20 % LBD-TMD linker regions, 50 % TMD and 5 % 
CTD; GluN2A: 10 % ATD, 20 % LBD, 10 % LBD-TMD linker regions, 25 % TMD and 35 % CTD; 
GluN2B: 5 % ATD, 35 % LBD, 15 % LBD-TMD, 25 % TMD and 20 % CTD). Despite this, it is very 
clear that most of the GRIN variants are located in the LBD and the TMD, which are the most conserved 
regions among subunits (see figure 69, panel B). 
 
It is necessary to stratify the GRIN variants due to an unclear genotype-phenotype correlation in the 
disease. Indeed, there is a highly heterogenous clinical spectrum associated with the different subunits and 
this can be observed in the recruited cohort. GluN1 variants are commonly related with moderate-severe 
intellectual disability (ID) (100 %) and motor disorders (65%) but these variants might also be associated, 
in some particular cases, with autism (40 %), epilepsy (30 %), visual impairments (30 %), brain 
abnormalities (20 %) and in a very few cases, with sleep disturbances (5 %). GluN2A is frequently related 
with epilepsy (65 %) and a milder ID than GluN1 variants (73 %) but GluN2A can also be associated 
with motor problems (30 %) and brain abnormalities (15 %) in some cases, and autism (8 %), visual 
impairments (8 %) and behavior problems (8 %) in a very few cases.   
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GluN2B patients present mild-to-severe ID (85 %), motor problems (60 %), epilepsy (45 %), autism (30 
%), sleep disturbance (17 %), GI tract alterations (15 %), behavior problems (10 %), stereotypies (6 %), 
brain abnormalities (4 %), dysmorphic traits (8 %), and visual impairments (2 %) (see figure 69, panel 
C). 

 

 

 
 
Figure 69. A-B, GRIN recruited variants classification in terms of inheritance (inherited, de novo) (A, left panel), type of 
variant (missense, frameshift/nonsense and/or indels) (A, right panel), affected GluN subunit (GluN1, GluN2A or 
GluN2B) (B) and altered domain (ATD: amino-terminal domain; LBD: ligand-binding domain; LBD-TMD: linker regions 
between the ligand-binding domain and the transmembrane domain; TMD: transmembrane domain; CTD: carboxyterminal 
domain). C, Summary of the different symptoms which have been reported for the GluN1, GluN2A and GluN2B variants. 
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Despite this great variability in relation to the different GRIN variants, we hypothesize that there might 
be a subunit and/or a domain effect on the variants functional impact and consequences which could 
help to stratify the variants into groups to determine personalized therapies. Thus, the selected cohort 
might look a bit heterogenous but, indeed, it is very representative of the whole spectrum of GRIN 
variants, which will allow us to understand the GRIN mutations pathophysiology in order to find the most 
suitable therapeutic option for each case.  
 
As mentioned before, this cohort is formed by 95 different genetic variants. Selected GRIN variants were 
generated using rat GRIN cDNA as template, providing a perfect match for all the variants except some 
GRIN2A variants (E182Nfs*22, H595Wfs*20, H595Sfs*60, P1150A) and a particular GRIN2B variant 
(L229Yfs*9) that showed mild changes in the corresponding constructs generated from rat Grin2a 
(E182Nfs*23, H595Rfs*28, H595Lfs*60, T1150A) and Grin2b (L229Yfs*2) cDNA templates. 
 
In figure 70, there is a schematic representation of the 95 GRIN recruited variants and how these variants 
are distributed along the different GRIN genes codifying for the GluN1, GluN2A and GluN2B subunits. 
In the scheme, the source, the inheritance pattern and the type of variant are indicated (see legend, figure 
70). 
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Figure 70. Scheme of GRIN1, GRIN2A, GRIN2B genes, showing the localization of GRIN variants coming from recruited 
patients (long lines) or databases (triangles) which might be de novo (‘name in black’) or inherited (‘name in blue or green’ 
depending on the number of copies which have been inherited, one or two respectively). Variants can be missense (orange), 
frameshift/nonsense (yellow), or indel (green). Neutral variants are in grey and variants with uncertain pathogenicity are in 
purple. Dark colors represent higher prevalence. 
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Additionally, in figure 71, there is another schematic representation of the 95 GRIN recruited variants. 
Nevertheless, this time, the figure shows the distribution of the variants within the protein structure of 
each of the subunits (GluN1, GluN2A and GluN2B). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 71. Scheme of GluN1, GluN2A, GluN2B subunits, showing the localization of GRIN variants into the different 
domains. 
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1.2. GRIN variants annotation 
 
GRIN variants might be affecting different processes of the NMDAR physiology.  These changes might 
alter the NMDAR protein stability and/or oligomerization (leading to the receptor degradation) (1), the 
receptor trafficking to the cell surface (2), as well as its docking and stabilization at the surface (3), the 
correct function of the receptor (4), and consequently, the activity of the neurons where this kind of 
receptors are expressed (5) (see figure 72). Each of these processes will be discussed in detail in the next 
paragraphs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 72. Schematic representation of the different processes which might be affected with the presence of GRIN variants: 
1, protein synthesis and receptor stability; 2, surface trafficking; 3, docking; 4, the receptor function and its biophysical 
properties; 5, neuronal activity. 
 
1.2.1.  Impact of GRIN variants on NMDAR synthesis, oligomerization and the receptor stability 
 
NMDAR physiological levels are determined by synthesis and degradation rates. Specifically, NMDARs, 
when needed, are degraded by the ubiquitin-proteasome pathway. Thus, ubiquitin molecules bind to 
particular regions of the NMDAR and this ubiquitinated protein is recognized and degraded by the 
proteasome (Qiu S. et al., 2011). Degradation of NMDARs can occur after neuronal activity and it might 
reflect the need of neuronal cells to control synaptic density to avoid excitotoxicity (Kato A. et al., 2005) 
or due to protein misfolding (Amm I. et al., 2014).  There might be critical residues into the protein, that 
when affected, may result in the generation of protein instability and/or misfolding, leading to the 
degradation of the NMDARs, and consequently, a NMDAR loss-of-function.  
 
Transient expression of the different GRIN variants in HEK293T cells and western blot analyses allow 
to specifically detect GluN subunits in a pool of proteins which have been extracted from cells, separating 
them based on molecular weight and using a specific antibody that recognizes the protein of interest. The 
detection of the GluN subunits containing the recruited GRIN variants gives information regarding 
protein stability given that instability results in protein degradation and consequently, a lack of protein 
detection using this technique (lack of bands of the corresponding molecular weight of each tagged 
subunit: 110 kDa for HA-GluN1, 178 kDa for GFP-GluN2A and 184 kDa for GFP-GluN2B).  
 

1. Recruitment of patients with GRIN-related disorders   
and GRIN variants annotation 

130 



Results 
 

This approach has revealed that most of the missense variants do not affect protein stability, regardless 
of the affected subunit (GluN1, GluN2A or GluN2B) and/or the inheritance pattern (de novo or inherited 
variants; inherited variants are indicated with ‘*’ in figure 73, panels A-C). Only, 3 out of 62 missense 
variants (specifically, GluN1-R217W, GluN2B-S555N, and GluN2B-D732V) and a particular case (where 
GluN2B-D732V segregates with GluN2B-M829V in the same individual) might be related with the 
NMDAR degradation when these genetic variants are present in the corresponding subunit (see figure 
73,  panels A-C, red labels and red boxes indicating the lack of band detection), although the underlying 
reason for this instability is still unknown.  Indel and nonsense variants are neither affecting the NMDAR 
stability (see figure 73, panels A-C).  
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Figure 73. Western Blot 
analysis of cell extracts from 
transiently transfected 
HEK293T cells with de novo or 
inherited (labels with ‘*’) GRIN 
missense, indel and nonsense 
variants affecting the GluN1 
(A), GluN2A (B) or the 
GluN2B (C).  Red labels 
indicate variants that are related 
with protein instability and 
degradation. These red labels 
are accompanied by red dashed 
boxes showing the absence of 
the band with the 
corresponding molecular 
weight.  Red dots indicate 
additional high-molecular 
bands probably due to the 
formation of protein 
aggregates. 
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In addition to being degraded, misfolded proteins might form aggregates. Indeed, western blot approach 
also showed that some particular frameshift/nonsense variants (specifically, those affecting the ATD and 
the first segment of the LBD of the GluN2A and GluN2B subunits) formed high-molecular 
immunoreactive bands, suggestive of the presence of intermolecular aggregates (see figure 73, panels B-
C,  red dots).  
 
To check the composition of those aggregates, a similar western blot approach was used. Nevertheless, 
for these experiments, HEK293T cells transiently expressed a combination of wild-type and truncated 
GluN subunits with different tags and distinct antibodies were used against the same protein extract to 
detect different GluN populations.  This approach allowed us to identify that these aggregates were only 
composed by the mutant GluN2 subunit, with the absence of the wild-type allele product (figure 74, 
panel B, light orange) and/or the complementary GluN1 subunit (see figure 74, panel A, blue). 

 
Figure 74. Western Blot analysis of cell extracts from transiently transfected HEK293T cells with GRIN nonsense variants. 
A, Co-expression of a wild-type complementary GluN1 subunit and a wild-type or a truncated GluN2A and/or GluN2B 
subunits. The presence of distinct tags and the use of different antibodies have allowed the detection of the GluN2B 
subunits in the left panels (dark orange) and the identification of the GluN1 subunits in the right panels (blue). B, Co-
expression of a wild-type GluN2 subunit and a truncated GluN2 subunit, with different tags. Distinct antibodies have 
allowed the detection of the truncated GluN2 subunits in the left panels (dark orange) and the identification of the wild-
type GluN2 subunits in the right panels (light orange). 
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1.2.2.  Impact of GRIN variants on NMDAR surface trafficking and docking 
 
After the synthesis, if protein stability is not affected, the NMDAR must travel through different 
mechanisms to the cell surface where these receptors exert their function. This process is tightly regulated 
via distinct checkpoints: appropriate assembly, masking of retention signals, release from the reticulum-
Golgi apparatus, stabilization at the membrane, internalization, etc.  Consequently, changes in an 
aminoacid with a crucial role in one of these processes might be potentially affecting how the NMDAR 
is transported and/or stabilized at the cell surface. 
 
Transient expression of the tagged GluN subunits in COS-7 cells together with the application of an 
immunofluorescence approach, without permeabilizing the cells and using specific antibodies against the 
tags, allowed to particularly detect the surface population of NMDARs. 
 
This approach has showed that the vast majority of GRIN missense variants do not affect the ability of 
GluN subunits to reach the cell surface, independently of the affected subunit (GluN1, GluN2A or 
GluN2B) and/or the inheritance pattern (de novo or inherited variants; inherited variants are indicated with 
‘*’ in figure 75, panels A-C). Nevertheless, the alteration of some particular residues (GluN1-R217W and 
GluN2B- S555N, D732V) and a particular case (where GluN2B-D732V and GluN2B-M829V segregates 
in the same individual), almost completely abolish surface trafficking of the mutated receptors (see figure 
75, panels A-C) due to receptor instability and degradation (revealed by western blot, figure 73). 
Additionally, GluN1-D227H, G827R and E834Q, GluN2A-T646A; and GluN2B-C457Y, G459R and 
R519Q genetic variants resulted in a lack of surface trafficking of the mutated receptors, although protein 
stability is not affected. Thus, D227, G827 and E834 residues in the GluN1 subunit, T646A residue in 
the GluN2A subunit and C457, G459 and R519 residues in the GluN2B subunit might have a critical role 
in the unmasking of retention signals, the release from the reticulum/Golgi system, the trafficking itself, 
the complex stabilization at the cell surface or NMDAR internalization. Further investigations are required 
to elucidate the underlying mechanism for this lack of surface expression. 
 
This immunofluorescence approach also revealed that indel variants affecting the transmembrane domain 
but not other regions (such as GluN1-I619G620dup and GluN2B-L650-F653del) also affect the NMDAR 
membrane insertion in cell lines (see figure 75, panels A,C), probably due to the disturbance of the 
conserved TMD and consequently, the alteration of some of  the four hydrophobic helixes which are 
located within the lipid bilayer.  
 
Regarding nonsense variants, immunofluorescence data indicated that the truncation of the NMDAR 
protein in proximal regions (ATD, LBD, and TMD) also abolish the insertion of mutated receptors at the 
cell surface of cell lines (see figure 75, panels A-C), probably due to unproper oligomerization/assembly 
and/or lacking of export signals which are critical to unmask retention signals that are blocking the release 
from the reticulum-golgi system. Some nonsense variants with unproper surface expression are GluN1-
W247*, P305Rfs*21, and Q556*; GluN2A-E58*, E182Nfs*23, V452Cfs*11, H595Rfs*28, and 
H595Lfs*60; and GluN2B-S34Qfs*25, Q331Sfs*5, R519*, K670Vfs*5, D786Mfs*23 and E839* (see 
figure 75, panels A-C). Noteworthy, with GluN2B-E839*, there is a lacking of only 2 aminoacids of the 
transmembrane region, and even with this short deletion, the mutated receptor is not able to insert in the 
cell surface.  
 
Overall, these data indicate that several GRIN variants have a dramatic effect on NMDAR surface 
expression, and the decrease of cell surface expression might be related with a NMDAR loss-of-function.  
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Figure 75. Immunofluorescence analysis of COS-7 cells transiently co-transfected with HA-GluN1 (wt/mutated) and 
GFP-GluN2Bwt plasmids (A), HA-GluN1wt and GFP-GluN2A(wt/mutated) plasmids (B), HA-GluN1wt and GFP-
GluN2B(wt/mutated) plasmids (C), alone or in combination with myc-homer2(wt/mutated) or GFP-
GluN2A(wt/mutated) (in gray) (missense, indel or nonsense variants). Surface NMDAR receptors were detected by GFP 
immunostaining (red channel) against the plasmid tag, total homer2 proteins were also detected by homer2 immunostaining 
(blue channel) while green channel is endogenous GFP signal without amplification as transfection control. Scale bar = 10 
µm; Bar graphs  representing the normalized surface expression of GRIN variants  affecting GluN1, GluN2A, GluN2B 
and homer2 proteins, compared to wild-type (3 independent experiments, > 20 cells per condition; ns, P-value > 0.05; *, 
P-value < 0.05; **, P-value > 0.01; ***, P-value > 0.001; ****, P-value < 0.0001; ANOVA + Bonferroni post hoc test). 
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Figure 75: continued. Immunofluorescence analysis of COS-7 cells transiently co-transfected with HA-GluN1 
(wt/mutated) and GFP-GluN2Bwt plasmids (A), HA-GluN1wt and GFP-GluN2A(wt/mutated) plasmids (B), HA-
GluN1wt and GFP-GluN2B(wt/mutated) plasmids (C), alone or in combination with myc-homer2(wt/mutated) or GFP-
GluN2A(wt/mutated) (in gray) (missense, indel or nonsense variants). Surface NMDAR receptors were detected by GFP 
immunostaining (red channel) against the plasmid tag, total homer2 proteins were also detected by homer2 immunostaining 
(blue channel) while green channel is endogenous GFP signal without amplification as transfection control. Scale bar = 10 
µm; Bar graphs  representing the normalized surface expression of GRIN variants  affecting GluN1, GluN2A, GluN2B 
and homer2 proteins, compared to wild-type (3 independent experiments, > 20 cells per condition; ns, P-value > 0.05; *, 
P-value < 0.05; **, P-value > 0.01; ***, P-value > 0.001; ****, P-value < 0.0001; ANOVA + Bonferroni post hoc test). 
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Figure 75: continued. Immunofluorescence analysis of COS-7 cells transiently co-transfected with HA-GluN1 
(wt/mutated) and GFP-GluN2Bwt plasmids (A), HA-GluN1wt and GFP-GluN2A(wt/mutated) plasmids (B), HA-
GluN1wt and GFP-GluN2B(wt/mutated) plasmids (C), alone or in combination with myc-homer2(wt/mutated) or GFP-
GluN2A(wt/mutated) (in gray) (missense, indel or nonsense variants). Surface NMDAR receptors were detected by GFP 
immunostaining (red channel) against the plasmid tag, total homer2 proteins were also detected by homer2 immunostaining 
(blue channel) while green channel is endogenous GFP signal without amplification as transfection control. Scale bar = 10 
µm; Bar graphs  representing the normalized surface expression of GRIN variants  affecting GluN1, GluN2A, GluN2B 
and homer2 proteins, compared to wild-type (3 independent experiments, > 20 cells per condition; ns, P-value > 0.05; *, 
P-value < 0.05; **, P-value > 0.01; ***, P-value > 0.001; ****, P-value < 0.0001; ANOVA + Bonferroni post hoc test). 
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Additionally, given that cell lines do not fully represent what is occurring in vivo due to a lack of endogenous 
expression of NMDARs or the required machinery for the regulation of these receptors, cell lines might 
be used as a screening method but data should be validated in a more complex and tightly regulated 
system, like neuronal primary cultures which are isolated directly from brain tissue and retain the 
morphological and functional traits of the original tissue.  
 
An immunofluorescence approach in hippocampal primary cultures from embryonic mice, using specific 
antibodies against the subunits’ tags, without permeabilizing the cells, revealed that there are difficulties 
to detect GRIN1 variants in this neuronal system given that cultured neurons endogenously express 
NMDARs and the intrinsic GluN1 expression displace the oligomerization of exogenous tagged-GluN1 
subunits, leading to a lack of tagged-GluN1 expression (even for the wild-type GluN1 subunit) at the 
neuronal surface (see figure 76, panel A). 
 
Conversely, GluN2 subunits’ endogenous expression do not overcome tagged-subunits’ expression. Thus, 
some particular missense and nonsense variants have been selected and immunofluorescence results from 
cell lines were confirmed (see figure 76, panel B).  Interestingly, while most nonsense variants affecting 
the CTD did not show significant changes comparing with the wild-type in cell lines, GluN2B-R847* 
showed a significant 20 % reduction of NMDAR surface density, when expressed in neuronal primary 
cultures (see figure 76, panel B). This reduction might result from an altered docking to the cell 
membrane, due to a lack of the PDZ-binding motif which is responsible of the NMDAR interaction with 
post-synaptic proteins to stabilize the receptors at the surface. 
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Figure 76. Immunofluorescence analysis of hippocampal neuronal primary 
cultures transiently transfected with HA-GluN1 (wt) (A) and GFP-
GluN2B(wt/mutated) plasmids (B). Surface NMDAR receptors were detected 
by GFP immunostaining (green channel) with an antibody against the plasmid 
tag, and total NMDAR receptors were also detected by GFP immunostaining 
(red channel) with an antibody against the plasmid tag. Scale bar = 40 µm 
(neurons), 3 µm (dendrites). Bar graphs  representing the normalized surface 
expression of GRIN variants  affecting GluN2B subunits, compared to wild-
type (>20 dendrites per condition; ns, P-value > 0.05; *, P-value < 0.05; **, P-
value > 0.01; ***, P-value > 0.001; ****, P-value < 0.0001; ANOVA + 
Bonferroni post hoc test). 
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1.2.3.  Functional impact of GRIN variants on NMDAR-mediated currents 
 
NMDAR physiological correct function depends on several critical residues which determine the different 
biophysical properties and gating of the channel: opening, ion permeability, conductance, desensitization 
rate, deactivation rate, etc. 
 
Patch-clamp experiments in whole-cell configuration allowed us to evaluate different biophysical 
properties of transiently transfected HEK293T cells. Cells expressing NMDARs containing some of the 
recruited genetic variants were exposed to a fast glutamate (1 mM) and glycine (50 µM) application (0,5 
s) by means of a piezo-electric translator and NMDARs-mediated currents were recorded. This approach 
allowed to identify whether GluN genetic variants might result in a gain-of-function, a loss-of-function or 
a complex phenotype (some parameters are modified resulting in a loss-of-function while others are 
affected leading to a gain-of-function), evaluating the peak current amplitude, the steady-state, the 
desensitization rate and the deactivation rate of NMDAR currents.  
 
These parameters have been studied in several missense GluN genetic variants (GluN1-R548W, V656M, 
P805S, M813T; GluN2A-N490H, V563L, V639I, G664S; GluN2B-W559R, S628C, C746Y, M818L, 
M829V and the co-expression of two GluN2B variants D732V and M829V) (see table 18).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 18. Biophysical characterization of GRIN missense variants associated NMDAR-mediated currents in cell lines. 
Biophysical parameters have been statistically evaluated in HEK293T cells transiently co-transfected with GluN1-GluN2 
subunits (GOF: gain-of-function; LOF: loss-of-function; ND: Not detectable). Non-parametric Mann-Whitney test for 
non-normal distribution and unpaired t-test with Welch’s correction for normal distribution; ns (not significant), P-value > 
0.05; *, P-value < 0.05; **, P-value > 0.01; ***, P-value > 0.001; ****, P-value < 0.0001). 
 
NMDAR-mediated current amplitudes are completely abolished in GluN2B-W559R (loss-of-function) 
and significantly reduced in GluN1-M813T, GluN2A-V563L and GluN2B-C746Y (loss-of-function). 
Steady-state is increased in GluN1-R548W, V656M, GluN2A-V639I, and GluN2B-S628C (gain-of-
function) whereas it is decreased in GluN2B-C746Y (loss-of-function).  Slower desensitization rates are 
observed in GluN1-V656M, P805S and GluN2B-M818L (gain-of-function) and slower deactivation rates 
are detected in GluN1-R548W, GluN2A-V639I, GluN2B-S628C and GluN2B-M818L (gain-of-function). 
A faster deactivation rate is observed in GluN2B-C746Y (loss-of-function). GluN2A-N490H, G664S and 
GluN2B-M829V, D732V+M829V did not present significant changes, presenting uncertain pathogenicity 
(see figure 77 and table 18).  

GluN variant 
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Figure 77. Functional annotation of GRIN variants. A, Representative whole-cell currents evoked by rapid application of 
1 mM glutamate plus 50 µM glycine (0.5 second duration; -60 mV) in HEK293T cells expressing GluN1, GluN2A or 
GluN2B wt/mutated. B-E, Bar graph representing normalized peak currents ± SEM of cells transfected with the genetic 
variants vs wild-type (B), S-S % (C), desensitization time constant (D) and deactivation time constant (E) (N = 3-17 cells 
per condition; ns, P-value > 0.05; *, P-value < 0.05; **, P-value > 0.01; ***, P-value > 0.001; ****, P-value < 0.0001; non-
parametric Mann-Whitney test). 
 
1.2.4.  Analysis of GRIN variants heterozygous expression 
 
GRIN-related disorders have an autosomal dominant pattern, with the presence of GRIN mutations in 
heterozygosity. Accordingly, the previously used immunofluorescence and electrophysiological 
approaches were adapted to evaluate the co-expression of a wild-type subunit together with a mutated 
allele for a given subunit in order to study the impact of this co-expression in the NMDAR surface 
trafficking and the receptor functional aspects.  
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Thus, this approach was aimed to determine whether the lack of surface expression and/or the reduction 
in NMDAR currents in some particular variants might be rescued by the presence of a wild-type subunit 
or, in the contrary, NMDAR mutated alleles might have a detrimental impact on the non-mutated subunit. 
 
To determine GRIN variants heterozygosity effect on NMDARs surface trafficking, GRIN missense and 
indel variants that were not reaching the cell surface when expressed in homozygosis, and nonsense 
variants affecting all GluN domains, were selected. These variants were expressed in COS-7 cells in 
combination with wild-type plasmids and the corresponding complementary subunit (GluN1 for GluN2 
variants and GluN2 for GluN1 variants). An immunofluorescence approach, using a specific antibody 
against the tag of the complementary subunit was used in order to detect the total amount of NMDARs 
that were trafficking to the cell surface.   This experimental approach revealed that missense and indel 
variants with a lack of surface expression when expressed in homozygosis, do not exert a dominant 
negative effect on the wild-type subunit, showing no significant changes in the total density of NMDARs 
in the surface (see figure 78).  Nevertheless, the surface density of NMDARs was reduced in nearly a 50 
% in most of the nonsense variants which are affecting the ATD, the LBD and the TMD of GluN2A and 
GluN2B subunits, but not the GluN1 subunit, suggesting a dominant negative effect of GRIN2 nonsense 
variants on NMDAR biogenesis (see figure 78). There were some specific exceptions such as GluN2A-
E58*, GluN2A-H595Rfs*28, GluN2A-H595Lfs*60 and GluN2B-S34Qfs*25 (see figure 78, panels B, 
C, red arrows), probably due to limitations in the sensitivity of the immunofluorescence approach, given 
that, performing electrophysiological recordings of these variants demonstrated that these mutations 
behave equally than the rest of nonsense variants (Santos-Gómez A. et al., 2020, data not shown, 
experiments performed by F. Miguez). 
 

 
 

Figure 78. Immunofluorescence analysis of COS-7 cells transiently co-transfected with HA-GluN1wt + HA-GluN1 
mutated accompanied by a GFP-GluN2Bwt plasmid (A), GFP-GluN2A wt + GFP-GluN2A mutated accompanied by an 
HA-GluN1wt plasmid (B) or GFP-GluN2B wt + GFP-GluN2B mutated accompanied by an HA-GluN1wt plasmid. 
Surface NMDAR receptors, using an antibody against the tag of the complementary subunit, were detected by GFP (A) or 
HA (B, C) immunostaining (red channel), while green channel is endogenous GFP signal without amplification as 
transfection control. Scale bar = 10 µm; Bar graphs  representing the normalized surface expression of the corresponding 
complementary GluN subunit in each case, compared to wild-type (3 independent experiments, > 20 cells per condition; 
ns, P-value > 0.05; *, P-value < 0.05; **, P-value > 0.01; ***, P-value > 0.001; ****, P-value < 0.0001; ANOVA + 
Bonferroni post hoc test). Red arrows represent GRIN variants discrepancies. 
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Figure 78: continued. Immunofluorescence analysis of COS-7 cells transiently co-transfected with HA-GluN1wt + HA-
GluN1 mutated accompanied by a GFP-GluN2Bwt plasmid (A), GFP-GluN2A wt + GFP-GluN2A mutated accompanied 
by an HA-GluN1wt plasmid (B) or GFP-GluN2B wt + GFP-GluN2B mutated accompanied by an HA-GluN1wt plasmid. 
Surface NMDAR receptors, using an antibody against the tag of the complementary subunit, were detected by GFP (A) or 
HA (B, C) immunostaining (red channel), while green channel is endogenous GFP signal without amplification as 
transfection control. Scale bar = 10 µm; Bar graphs  representing the normalized surface expression of the corresponding 
complementary GluN subunit in each case, compared to wild-type (3 independent experiments, > 20 cells per condition; 
ns, P-value > 0.05; *, P-value < 0.05; **, P-value > 0.01; ***, P-value > 0.001; ****, P-value < 0.0001; ANOVA + 
Bonferroni post hoc test). Red arrows represent GRIN variants discrepancies. 
 
These findings were also confirmed with a similar immunofluorescence approach, using differently tagged 
plasmids in order to detect the specific sub-population of NMDARs containing wild-type subunits (see 
figure 79).  
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This approach revealed that GRIN1 variants do not exert a dominant negative effect on the wild-type 
subunit, independently of the type of variant. Moreover, GRIN2A missense variants do not exert this 
effect while nonsense variants reduce the wild-type-containing receptors surface expression (see figure 
79). Same GRIN2A exceptions were observed with this modified approach (GluN2A-E58*, H595Rfs*28, 
H595Lfs*60) (see figure 79, red arrows). GRIN2B variants were not evaluated due to limitations in 
tagged-GluN2B plasmids availability, given that we only had GFP- and Flag-tagged GRIN2B plasmids 
and there was ‘Flag’ unespecifity with available antibodies.  

 

 
Figure 79. Immunofluorescence analysis of COS-7 cells transiently co-transfected with GFP-GluN1wt + HA-GluN1 
mutated accompanied by a Flag-GluN2Bwt plasmid (A), or HA-GluN2A wt + GFP-GluN2A mutated accompanied by an 
Untag-GluN1wt plasmid (B). Surface wild-type-containing NMDAR receptors, using an antibody against the tag of the 
wild-type subunit, were detected by GFP (A) or HA (B) immunostaining (red channel) against the plasmid tag, while green 
channel is endogenous GFP signal without amplification as transfection control. Scale bar = 10 µm; Bar graphs  
representing the normalized surface expression of the wild-type GluN subunit in each case, compared to wild-type (3 
independent experiments, > 20 cells per condition; ns, P-value > 0.05; *, P-value < 0.05; **, P-value > 0.01; ***, P-value > 
0.001; ****, P-value < 0.0001; ANOVA + Bonferroni post hoc test). Red arrows represent GRIN variants discrepancies. 
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Moreover, this approach was also adapted to specifically detect the sub-population which contains the 
mutated allele in order to demonstrate that the mutated alleles of GRIN variants which never reach the 
cell surface when expressed in homozygosis, independently whether they exert a dominant negative effect 
over the wild-type subunit or not, are not rescued by the wild-type subunit. Thus, NMDARs which are 
able to traffic normally to the cell surface do not contain those mutated alleles (see figure 80). 
 

 

 
 
 
Figure 80. Immunofluorescence analysis of COS-7 cells transiently co-transfected with GFP-GluN1wt + HA-GluN1 
mutated accompanied by a Flag-GluN2Bwt plasmid (A), HA-GluN2A wt + GFP-GluN2A mutated accompanied by an 
Untag-GluN1 wt plasmid (B), and Flag-GluN2B wt + GFP-GluN2B mutated accompanied by an Untag-GluN1 wt plasmid 
(C). Surface NMDAR receptors, using an antibody against the tag of the mutated subunit,  were detected by GFP (B, C) 
or HA (A) immunostaining (red channel) against the plasmid tag, while green channel is endogenous GFP signal without 
amplification as transfection control. Scale bar = 10 µm; Bar graphs  representing the normalized surface expression of the 
mutated GluN subunit in each case, compared to wild-type (3 independent experiments, > 20 cells per condition; ns, P-
value > 0.05; *, P-value < 0.05; **, P-value > 0.01; ***, P-value > 0.001; ****, P-value < 0.0001; ANOVA + Bonferroni 
post hoc test). 
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Figure 80: continued. Immunofluorescence analysis of COS-7 cells transiently co-transfected with GFP-GluN1wt + HA-
GluN1 mutated accompanied by a Flag-GluN2Bwt plasmid (A), HA-GluN2A wt + GFP-GluN2A mutated accompanied 
by an Untag-GluN1 wt plasmid (B), and Flag-GluN2B wt + GFP-GluN2B mutated accompanied by an Untag-GluN1 wt 
plasmid (C). Surface NMDAR receptors, using an antibody against the tag of the mutated subunit,  were detected by GFP 
(B, C) or HA (A) immunostaining (red channel) against the plasmid tag, while green channel is endogenous GFP signal 
without amplification as transfection control. Scale bar = 10 µm; Bar graphs  representing the normalized surface expression 
of the mutated GluN subunit in each case, compared to wild-type (3 independent experiments, > 20 cells per condition; 
ns, P-value > 0.05; *, P-value < 0.05; **, P-value > 0.01; ***, P-value > 0.001; ****, P-value < 0.0001; ANOVA + 
Bonferroni post hoc test). 
 
Next, electrophysiological recordings were performed in HEK293T cell lines, transiently expressing this 
combination of wild-type and mutated alleles of some of the selected GRIN variants affecting surface 
trafficking to confirm results from immunofluorescence approaches. Patch-clamp experiments in whole-
cell configuration allowed to evaluate the peak current amplitude of transiently transfected HEK293T 
cells, after a fast glutamate (1 mM) and glycine (50 µM) application (0,5 s).  
 
Previously, the group demonstrated that GRIN2A and GRIN2B nonsense variants affecting the ATD, 
LBD, and TMD were reducing almost to a 50 % the peak current amplitude while GRIN1 nonsense 
variants were not affecting the peak current amplitude, independently of the domain which was affected 
(Santos-Gómez A. et al., 2020, data not shown, experiments performed by F. Miguez). These results 
confirmed the data from immunofluorescence analysis of GRIN nonsense variants. 
 
In this Thesis, similar approach was performed to analyze missense and indel variants affecting GRIN1, 
GRIN2A and GRIN2B genes. These experiments revealed that missense and indel variants which were 
affecting surface trafficking (GluN1-R217W, G827R, I619G620dup; GluN2A G458R; and GluN2B-
G459R, S555N), when expressed in heterozygosis, do not have a detrimental effect on the wild-type 
subunit because peak current amplitude is not reduced, confirming immunofluorescence results and a 
distinct behavior between indel/missense (no detrimental effect) and nonsense (dominant negative effect) 
GluN2 variants (see figure 81 and table 19).  
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Figure 81. Functional annotation of GRIN heterozygous variants. A-C, Representative whole-cell currents evoked by rapid 
application of 1 mM glutamate plus 50 µM glycine (0.5 second duration; -60 mV) in HEK293T cells expressing GluN1 wt 
+ GluN1 wt/mutated accompanied by GluN2B wt (A); GluN2A wt + GluN2A wt/mutated accompanied by GluN1 wt 
(B); and GluN2B wt + GluN2B wt/mutated accompanied by GluN1 wt (C); Bar graphs representing average normalized 
peak currents comparing with wild-type ± SEM of cells transfected with the heterozygous conditions (N = 4-18 cells per 
condition; ns, P-value > 0.05; *, P-value < 0.05; **, P-value > 0.01; ***, P-value > 0.001; ****, P-value < 0.0001; non-
parametric Mann-Whitney test). 
 

 
 
 
 
 
 
 
 
 
 

 
Table 19. Table summarizing sample size  and average normalized peak currents comparing with wild-type ± SEM of cells 
transfected with the heterozygous conditions (N = 4-18 cells per condition; ns, P-value > 0.05; *, P-value < 0.05; **, P-
value > 0.01; ***, P-value > 0.001; ****, P-value < 0.0001; non-parametric Mann-Whitney test).  
 
Additionally, two missense variants affecting the GluN1 and the GluN2B subunits, that were previously 
annotated as loss-of-function regarding peak current amplitude, have been expressed in heterozygosity to 
evaluate, using the same electrophysiological approach, whether there is a detrimental effect on the wild-
type subunit or a rescue of the mutated subunit in terms of the receptor function. This approach revealed 
that GRIN2B missense variants (e.g. GluN2B-I751T) exert a dominant negative effect in terms of 
NMDAR function by reducing the peak current amplitude of the heterozygous condition comparing with 
the wild-type while GRIN1 variants (e.g. GluN1-G620R) do not exert this effect (see figure 82 and table 
20). 
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Figure 82. Functional annotation of GRIN heterozygous variants. Representative whole-cell currents evoked by rapid 
application of 1 mM glutamate plus 50 µM glycine (0.5 second duration; -60 mV) in HEK293T cells expressing GluN1 wt 
+ GluN1 wt/mutated accompanied by GluN2B wt (A); and GluN2B wt + GluN2B wt/mutated accompanied by GluN1 
wt (B); Bar graphs representing average normalized peak currents comparing with wild-type ± SEM of cells transfected 
with the heterozygous conditions (N = 7-17 cells per condition; ns, P-value > 0.05; *, P-value < 0.05; **, P-value > 0.01; 
***, P-value > 0.001; ****, P-value < 0.0001; unpaired t-test with Welch’s correction for normal distribution and non-
parametric Mann-Whitney test for non-normal distribution). 
 

 
 
Table 20. Table summarizing sample size  and average normalized peak currents comparing with wild-type ± SEM of cells 
transfected with the heterozygous conditions (N = 7-17 cells per condition; ns, P-value > 0.05; *, P-value < 0.05; **, P-
value > 0.01; ***, P-value > 0.001; ****, P-value < 0.0001; unpaired t-test with Welch’s correction for normal distribution 
and non-parametric Mann-Whitney test for non-normal distribution).  
 
1.2.5.  Impact of GRIN variants on neuronal morphology 
 
Dendritic spines are crucial for neuronal function because they represent the central structure where 
synaptic communication occurs (Morgado-Bernal I. et al., 2011). Furthermore, it is well known that several 
brain disorders are associated with abnormal dendritic spines (Knobloch M. et al., 2008; Penzes P. et al., 
2011), because their formation and maintenance rely on the correct synaptic activity. Thus, given the 
importance of NMDARs on excitatory synapses, we hypothesized that GluN genetic variants, might be 
affecting dendritic spines development in patients with GRIN-related disorders.  
 
The overexpression of GluN variants in primary hippocampal neurons and an adapted 
immunofluorescence approach allowed to measure neuronal morphological parameters as well as synaptic 
plasticity processes. After transient transfection at DIV11 of selected recruited GRIN variants, neurons 
were treated with D-AP5 (100 µM) to block NMDAR-activity. At DIV15, D-AP5 was removed, but 
Krebs Ringer solution (124 mM NaCl, 2 mM KCl, 1.24 mM KH2PO4, 1.3 mM MgCl2, 2.5 mM CaCl2, and 
30 mM glucose in 25 mM HEPES at pH 7.4) supplemented with 1 mM MgCl2 and 1 µM TTX to avoid 
neuronal depolarization, was added. This D-AP5 removal plus the addition of supplemented Krebs Ringer 
solution allowed NMDAR-activity in a simulated basal condition, without neuronal stimulation. 
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Subsequently, neurons were fixed at 4 ºC to maintain neuronal morphology, permeabilized and stained 
with a specific antibody against the GRIN variants plasmids’ tag to highlight the entire neuronal shape 
and perform dendritic spines quantification and morphology classification.  
 
This approach revealed that spine density was significantly reduced in neurons expressing GluN2A and 
GluN2B nonsense variants, affecting distinct NMDAR domains, such as E182Nfs*23 (ATD) and 
V452Cfs*11 (LBD) in the GluN2A subunit, and R519* (LBD), E839* (TMD) and R847* (CTD) in the 
GluN2B subunit (see figure 83). These variants were known to be associated with a NMDAR loss-of-
function by affecting surface trafficking when occurring in the ATD, LBD or TMD (GluN2A-
E182Nfs*23, V452Cfs*11; GluN2B-R519*, E839*) or membrane docking when altering the CTD 
(GluN2B-R847*). This reduction is due to a decrease in the different spine subtypes, but specifically, in 
‘stubby’ spines (see figure 83) which are the predominant ones when neuronal cultures are at DIV14-15. 
 
Moreover, neurons overexpressing some GluN2B missense variants, alone or in combination with other 
mutations (GluN2B-P553T, GluN2B-K1293del and GluN2B-K1293del+Homer2-E221K) also 
experienced a deficient spines development (see figure 83). Nevertheless, a particular missense variant 
affecting the C-terminal domain of the GluN2A subunit (GluN2A-T888R) seem to increase spines density 
although there is not statistical significance (see figure 83).  
 

 
Figure 83. A, B, Representative images of murine primary hippocampal neurons transfected with GFP-GluN2A 
wt/mutated (A) or GFP-GluN2B wt/mutated (B). Triangles are indicating dendritic spines: stubby (pink), mushroom 
(brown) and thin (yellow). Scale bar = 3 µm. Bar graphs representing the quantification of spine density and morphology 
in neurons at basal conditions (>20 dendrites per condition; ns, P-value > 0.05; *, P-value < 0.05; **, P-value > 0.01; ***, 
P-value > 0.001; ****, P-value < 0.0001; two-way ANOVA + Bonferroni post hoc test ). 
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Figure 83: continued. A, B, Representative images of murine primary hippocampal neurons transfected with GFP-
GluN2A wt/mutated (A) or GFP-GluN2B wt/mutated (B). Triangles are indicating dendritic spines: stubby (pink), 
mushroom (brown) and thin (yellow). Scale bar = 3 µm. Bar graphs representing the quantification of spine density and 
morphology in neurons at basal conditions (>20 dendrites per condition; ns, P-value > 0.05; *, P-value < 0.05; **, P-value 
> 0.01; ***, P-value > 0.001; ****, P-value < 0.0001; two-way ANOVA + Bonferroni post hoc test ). 
 
1.2.6. Acceleration of functional annotation: GluN structural superimposition model validation 
 
Despite the experimental pipeline is well-established, the biophysical characterization of the growing 
number of GRIN variants constitutes a bottleneck limiting the functional annotation, needed to determine 
the most suitable treatment. In order to accelerate the annotation and drug screening of GRIN variants, a 
GluN subunits structural superimposition model has been developed by our collaborator, Dra. Mireia 
Olivella (Universitat Vic). This model suggests that in terms of structural domains, GluN subunits are 
strongly overlapping. Thus, information from an annotated variant in one of the subunits might be used 
to infer the functional output of equivalent positions in the other GluN subunits (Santos-Gómez A. et al., 
2021, submitted). 
 
To validate this model, several artificial variants in the GluN2A subunit, based on equivalent mutations 
in the GluN2B subunit, were generated. Additionally, one GluN1 variant reported in a patient which is 
equivalent to a GluN2B variant from another patient was selected for this analysis. The surface expression 
and the functional aspects of these GluN variants were evaluated in order to demonstrate whether 
GluN2A and GluN1 variants present a similar behavior than GluN2B mutations whose impact was 
already known (see figure 84 and table 21). 
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Figure 84. GluN2B variants from patients (previously annotated, a GluN1 equivalent variant from a patient (devoid of 
annotation) and GluN2A artificial equivalent genetic variants (devoid of annotation). Legend: Black, variant devoid of 
annotation; red circumference, variant annotated as LOF in the past; blue circumference, variant annotated as complex in 
the past; red dot, variant annotated as LOF in this Thesis; Abbreviations: LOF, loss-of-function. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 21. A, A GluN2B variant from a patient (previously annotated) and a GluN1 equivalent variant from a patient 
(devoid of annotation); B, GluN2B variants from patients (previously annotated) and GluN2A artificial equivalent genetic 
variants (devoid of annotation). 
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Immunofluorescence and electrophysiological results that allowed the functional annotation of GRIN2B 
variants are available in this Thesis or in unpublished data from previous experiments carried out by the 
group (Thesis F. Miguez). In this section, immunofluorescence and electrophysiological results for 
equivalent GRIN1 and GRIN2A genetic variants (devoid of annotation) will be presented to evaluate the 
potential validity of the GluN structural superimposition model. 
 
Surface trafficking analysis to validate the GluN structural superimposition model 
 
GRIN2B variants from patients were previously analyzed by an immunofluorescence approach in non-
permeabilized transiently transfected COS-7 cells, using a specific antibody against the plasmid tag. This 
approach allowed to evaluate surface trafficking and revealed that only GluN2B-G459R from the selected 
variants was affecting the NMDAR surface expression while there were not significant changes in the 
other GluN2B variants comparing with the wild-type receptors.  
 
COS-7 cells were also used to express GRIN equivalent variants (see table 21 and figure 84). 
Immunofluorescence analyses of these cells revealed that among the selected GluN1 and GluN2A 
variants, only GluN2A(G458R) alters the ability of GluN subunits to reach the cell surface, replicating 
data from GluN2B variants (see figure 85).  GluN2B-M824V and its equivalent position in the GluN2A 
subunit seemed to cause an increase in the NMDA receptors surface density (like GluN2A-R692G and 
GluN2A-G819A but not their equivalents in the GluN2B subunit) (see figure 85). Nevertheless, this 
increment might be due to the GluN overexpression in cell lines without necessarily being a gain-of-
function.  

 
 
Figure 85. A, Immunofluorescence analysis of COS-7 cells transiently co-transfected with HA-GluN1wt+GFP-GluN2B 
wt or mutated (A, upper panel), GFP-GluN2Bwt+HA-GluN1 wt or mutated (A, lower panel, left) or HA-
GluN1wt+GFP-GluN2A wt or mutated plasmids (A, lower panel, right). Surface NMDAR receptors were detected by 
GFP immunostaining (red channel) against the plasmid tag while green channel is endogenous GFP signal without 
amplification as transfection control. Scale bar = 10 µm. B, Bar graphs  representing the normalized surface expression of 
GRIN variants  affecting GluN1 or GluN2A vs. GluN2B proteins, compared to wild-type (3 independent experiments, > 
20 cells per condition; ns, P-value > 0.05; *, P-value < 0.05; **, P-value > 0.01; ***, P-value > 0.001; ****, P-value < 0.0001; 
ANOVA + Bonferroni post hoc test). 
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Electrophysiological recordings to validate the GluN structural superimposition model 
 
Patch-clamp recordings of transiently transfected HEK293T cells, after a fast glutamate (1 mM) and 
glycine (50 µM) application (0,5 s) were also used to validate the GluN structural superimposition model 
in terms of determining the functional impact of the different genetic variants. 7 out of 10 GluN2B 
selected variants from patients were annotated as loss-of-function (GluN2B-G459R, G484D, T532A, 
R693G, G820A, G820E, G820V) and the other 3 variants presented a complex phenotype (GluN2B-
G543R, G689S and M824V) (see figure 84). GluN2A and GluN1 equivalent mutations were evaluated 
to determine whether these variants show a homologous behavior.  
 
The functional classification of these pairs of variants are coincident in almost all cases. GluN2B-G820A, 
G820E, G820V and their equivalent variants (GluN2A-G819E, G819E and GluN1-G815V, respectively) 
show almost negligible currents. GluN2B(T532A)-GluN2A(T531A) present a significant reduced 
normalized current, GluN2B(M824V)-GluN2A(M823V) show a significant reduced steady-state and a 
faster desensitization rate, GluN2B(G543R)-GluN2A(G542R) reveal a significant reduced normalized 
peak current amplitude and a slower deactivation rate, and GluN2B(G689S)-GluN2A(G688S)  present a 
reduced normalized peak current amplitude and an increased steady-state (see figure 86 and table 22).  
However, despite being mainly coincident, there are some small discrepancies. For instance, GluN2A-
G543R and GluN2A-G542R present some differences in terms of steady-state and the pair GluN2B-
G689S/GluN2A-G688S show divergence regarding their deactivation rate (see figure 86 and table 22).   
 
Nevertheless, there are two pairs of variants that were not coincident. GluN2A-G483D was not clearly 
classified as a loss-of-function due to a lack of significant changes in any of the evaluated biophysical 
parameters while GluNB-G484D present a reduced normalized peak current amplitude and a faster 
deactivation rate. Moreover, GluN2A-R692G do not present significant alterations while GluN2B-R693G 
showed a significant reduction in normalized peak current amplitude (see figure 86 and table 22).   
 

 
 
Figure 86. Functional annotation of GluN2B selected variants and their equivalent GluN2A and GluN1 variants. A-B, 
Representative whole-cell currents evoked by rapid application of 1 mM glutamate plus 50 µM glycine (0.5 second duration; 
-60 mV) in HEK293T cells expressing GluN1 wt + GluN2B wt/mutated variants (A), GluN1 wt + GluN2A wt/mutated 
variants (B) and GluN2B wt + GluN1 wt/mutated variants (C). D-G, Bar graphs representing average normalized peak 
currents ± SEM (D), steady-state (E), desensitization rate (F) and deactivation rate (G) of cells transfected with the GRIN 
variants (N = 2-91 cells per condition; ns, P-value > 0.05; *, P-value < 0.05; **, P-value > 0.01; ***, P-value > 0.001; ****, 
P-value < 0.0001; non-parametric Mann-Whitney test). 
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Figure 86: continued. Functional annotation of GluN2B selected variants and their equivalent GluN2A and GluN1 
variants. A-B, Representative whole-cell currents evoked by rapid application of 1 mM glutamate plus 50 µM glycine (0.5 
second duration; -60 mV) in HEK293T cells expressing GluN1 wt + GluN2B wt/mutated variants (A), GluN1 wt + 
GluN2A wt/mutated variants (B) and GluN2B wt + GluN1 wt/mutated variants (C). D-G, Bar graphs representing 
average normalized peak currents ± SEM (D), steady-state (E), desensitization rate (F) and deactivation rate (G) of cells 
transfected with the GRIN variants (N = 2-91 cells per condition; ns, P-value > 0.05; *, P-value < 0.05; **, P-value > 0.01; 
***, P-value > 0.001; ****, P-value < 0.0001; non-parametric Mann-Whitney test). 
 

 
 
Table 22. Surface and biophysical characterization of GluN2B selected variants and their equivalent GluN2A and GluN1 
variants, associated NMDAR-mediated currents in cell lines. Sample size is indicated and biophysical parameters 
(normalized peak current vs. wild-type; steady-state, desensitization rate, deactivation rate) have been statistically evaluated 
(ns, P-value > 0.05; *, P-value < 0.05; **, P-value > 0.01; ***, P-value > 0.001; ****, P-value < 0.0001; non-parametric 
Mann-Whitney test). 
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1.3.  Summary and conclusions: Chapter 1 
 
In this Thesis, 95 genetic GRIN variants affecting GRIN1, GRIN2A and GRIN2B genes have been 
recruited.  These de novo or inherited variants are missense, frameshift/nonsense or indel variants and they 
are spread along the whole gene, affecting the different GluN domains (ATD, LBD, TMD, CTD). Out 
of 95 recruited variants, 57 GRIN variants have been annotated along this Thesis (42 loss-of-function 
variants, 7 gain-of-function variants, 3 complex variant and 5 likely non-pathogenic). 14 loss-of-function 
variants, 1 gain-of-function variant, 6 complex variants, and 4 likely non-pathogenic were previously 
characterized by the group. 11 variants are still devoid of functional annotation (see figure 87).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 87. Scheme of GluN1, GluN2A, GluN2B subunits, showing the localization of GRIN variants in the different 
domains. Color pattern indicates the functional annotation. Legend: Red, loss-of-function; Yellow, gain-of-function; Blue, 
complex; Purple, uncertain pathogenicity; Black, devoid of annotation; Filling dot, annotated during the Thesis; Colored 
circumference, previously annotated by the group. Abbreviations: GOF, gain-of-function; LOF, loss-of-function. 
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From the 57 annotated variants, 52 GRIN variants are likely pathogenic, when expressed in homozygosity, 
due to different functional impacts (see figure 87): 

- 3 missense variants affecting GluN1 and GluN2B subunits cause a loss-of-function due to 
protein instability (GluN1-R217W, and GluN2B-S555N, D732V). 

- 7 nonsense variants affecting the ATD and LBD (GluN2A-E58*, E182Nfs*23, V452Cfs*11; 
GluN2B-S34Qfs*25, L229Yfs*9, Q331Sfs*5, R519*) form aggregates composed exclusively by 
the mutated subunit. 

- 8 missense variants affecting GluN1, GluN2A and GluN2B subunits reduce surface trafficking, 
causing a loss-of-function (GluN1-D227H, G827R, E834Q; GluN2A-G458R, T646A; GluN2B-
C457Y, G459R, R519Q) while 2 missense variants in GluN2A and GluN2B subunits (GluN2A-
M823V and GluN2B-M824V) increase surface trafficking. 

- 2 indel variants affecting the TMD (GluN1-I619G620dup and GluN2B-L650-F653del) alter 
surface trafficking. 

- 15 nonsense variants affecting the ATD, LBD, TMD alter surface trafficking (GluN1-W247*, 
P305Rfs*21, Q556*; GluN2A-E58*, E182Nfs*23, V452Cfs*11, H595Rfs*20, H595Lfs*60; 
GluN2B-S34Qfs*25, L229Yfs*9, Q331Sfs*5, R519*, K670Vfs*5, D786Mfs*23 and E839*). 

- 5 nonsense variants affecting the CTD alter NMDARs docking (GluN2A-W1271*, E1301*; 
GluN2B-R847*, I1056Mfs*7, T1390Ffs*4). 

- 5 missense variants have been annotated as gain-of-function by electrophysiological recordings, 
via increasing steady-state and/or slowing deactivation and desensitization rates (GluN1-R548W, 
V656M, P805S; GluN2B-S628C, M818L) while 4 missense variants have been annotated as loss-
of-function via reducing the normalized peak current with or without affecting other kinetic 
parameters (GluN1-M813T; GluN2A-V563L, V639I; GluN2B-W559R, C746Y). Moreover, 3 
missense variants in the GluN2A subunit (G542R, G688S and M823V) have been classified as 
complex. 

- 2 missense variants affecting the GluN2B subunit are associated with spines density reduction 
(GluN2B-P553T, K1293del) while 1 missense variant seems related with increased spines density 
(GluN2A-T888R). 

- Nonsense variants (for instance, GluN2A-E182Nfs*23, V452Cfs*11 and GluN2B-R519*, E839* 
and R847*) are related with a reduced spines density. 

 

 
 
Figure 88. List of annotated GRIN variants during the Thesis. These variants might result in a loss-of-function (red label), 
a gain-of-function (yellow label) or a complex phenotype (blue label) by affecting critical processes in the biogenesis and 
functioning of the NMDAR: protein stability (degradation or aggregates formation), surface trafficking, the receptor 
docking to the cell surface, electrophysiological parameters (peak current amplitude, steady-state, desensitization and 
deactivation rates) and spines density and morphology. 
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Additionally, some of these variants have been evaluated, when expressed in heterozygosity. 
Immunofluorescence studies revealed that GluN1 frameshift/nonsense variants (affecting the ATD, LBD 
and TMD), that alter NMDAR surface trafficking in homozygosis do not exert a dominant negative effect 
in the wild-type subunit. Thus, GRIN1 frameshift/nonsense variants are likely non-associated with disease 
(see figure 89). Alternatively, GRIN2 frameshift/nonsense variants affecting those domains are likely 
disease-associated because these genetic variants are exerting a dominant negative effect in the wild-type 
allele, reducing the total density of surface NMDARs (see figure 89). These results were further confirmed 
by electrophysiological recordings (Santos-Gómez A. et al., 2020, data not shown, experiments performed 
by F. Miguez). 

 
 
Figure 89. Scatter plot of GRIN frameshift/nonsense variants and their distribution along the aminoacid sequence. Right, 
Stacked bars representing the percentage of genetic variants (association, non-association, uncertain association with 
disease). Legend: Green squares, GRIN variants non-associated with disease; red squares, disease-associated GRIN variants; 
orange squares, uncertain genetic association and/or functional annotation. Adapted from Santos-Gómez A. et al., 2020. 
 
Furthermore, this association was also found when evaluating GRIN1 and GRIN2B variants which alter 
some functional aspects of the receptor, without affecting the NMDARs surface trafficking. In this case, 
GRIN2B variants are exerting a dominant negative effect, by reducing the peak current amplitude in the 
heterozygous condition comparing with the wild-type receptor.  
 
The only exception to this GRIN heterozygous behavior was detected when analyzing GRIN 
missense/indel variants that alter the NMDAR surface trafficking in homozygosis, given that neither 
GRIN1 nor GRIN2 variants exerted a dominant negative effect. 
 
Finally, in order to accelerate this functional annotation given the increasing number of GRIN patients, a 
structure-based superimposition model (developed by M.Olivella, Universitat Vic), was experimentally 
validated in terms of surface trafficking and electrophysiological parameters. This validation revealed that 
the model presents a predictive power in terms of functional annotation (gain-of-function, loss-of-
function or complex) although some discrepancies have been found, mostly regarding specific kinetic 
parameters.  
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Results 
 

Animal models represent a valuable tool to evaluate protein function and pathology in vivo. Among the 95 
genetic GRIN recruited variants, 84 have been already annotated based on their functional impact and 
almost a 70 % of these variants are annotated as loss-of-function. Moreover, 50 % are GRIN2B, 30 % 
GRIN1 and 20 % GRIN2A variants. Thus, we decided to focus in Grin2b heterozygous (+/-) mouse model 
to determine the function of this particular GluN subunit, assuming a loss-of-function in this model. 
Other reasons to choose the heterozygous mouse model is that Grin2b knock-out (KO) mice showed no 
suckling response and died shortly after birth (Kutsuwada et al., 1996) and also most GRD patients present 
heterozygous GRIN variants due to an autosomal dominant inheritance pattern. 
 
2.1.  Behavioral assessment 
 
This mouse model was generated some time ago (Kutsuwada et al., 1996) but little is known about its 
behavioural phenotype. Therefore, a global phenotypic behavioural assessment was performed in 2-
months old mice, in order to identify potential GRD-like phenotypes of this model: weight, short-term 
and long-term memory, stereotypies, sociability, motor activity/coordination, anxiety-like behaviours, and 
GI tract function.  In order to characterize these phenotypes of young-adult Grin2b+/- mouse model, a 
comprehensive behavioral phenotyping battery was implemented: 1, Open field; 2, Novel-object 
recognition test; 3, T-maze; 4, Marble bury test; 5, Rotarod; 6, Wire-hanging test; 7, Three-chamber; 8, 
Elevated plus maze; 9, Stool water content determination; 10, Intestinal transit time evaluation. 
 
2.1.1.  Weight  
 
A characteristic trait of GRD patients is a slim constitution. Thus, Grin2b wild-type and heterozygous 
mice were weighted and the results showed no significant differences in weight (g) in female mice whereas 
a slight reduction was observed in male mice (see figure 90). Nevertheless, this weight decrease does not 
seem as a common feature of the Grin2b loss-of-function model.  

 
Figure 90. Bar graphs representing average weight (g) ± SEM  of female (left panel) and male mice (right panel) of both 
genotypes (white, wild-type and green, heterozygous Grin2b+/-) (N = 8-21 animals per condition; ns, P-value > 0.05; *, P-
value < 0.05; **, P-value > 0.01; ***, P-value > 0.001; ****, P-value < 0.0001; unpaired t-test with Welch’s correction). 
 
2.1.2. Learning and memory paradigms 
 
The vast majority of patients with GRIN-related disorders present learning and memory deficits. Hence, 
different forms of memory were evaluated in the Grin2b+/- mouse model.  
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T-maze test: Short-term memory paradigm 
 
Short-term memory is responsible of storing a limited amount of information which is available for a 
short period of time. This kind of memory might be studied using the T-maze alternation test.  
The T-maze alternation test consists of a T-shaped maze which allows to evaluate cognitive defects based 
on the mice’s innate exploratory behavior and the assumption that mice are able to remember previous 
chosen arms and alternate in subsequent trials. Our results showed that, by chance, wild-type animals 
chose the alternated arm over a 50 % of the trials and Grin2b heterozygous mice did not show significant 
changes in the tendency to repeat or alternate, in comparison with control animals (see figure 91). Thus, 
short-term memory does not seem to be affected in Grin2b+/- mice. 
 
 
 

 
 

Figure 91. Scatter plots representing average % of alternations (A) and % of repetitions (B) ± SEM  of female (left panels) 
and male mice (right panels), of both genotypes (black, wild-type and green, heterozygous Grin2b+/-)(N = 4-16 animals 
per condition; mice were discarded with two consecutive trials without making a choice in 120 sec or more than three trials 
without making a choice in 120 sec, without needing to be consecutive; ns, P-value > 0.05; *, P-value < 0.05; **, P-value > 
0.01; ***, P-value > 0.001; ****, P-value < 0.0001; unpaired t-test with Welch’s correction). 
 
Novel-object recognition test: Long-term memory paradigm 
 
Long-term memory stores information for longer periods of time and might be evoked consciously or 
not.  To evaluate this kind of memory, a novel object recognition test was performed, based on the 
assumption that mice are able to recapitulate previously exposed objects. Mice are trained with one of the 
objects and 24 hours later, one of the objects is substituted by a new one and time exploring both objects 
(familiar vs. novel) is recorded.  
 
This test revealed that, certainly, both wild-type and heterozygous Grin2b mice naturally preferred novel 
objects to familiar ones and there were no differences between genotypes regarding exploration times or 
discrimination index. Moreover, there were no gender differences, showing no changes regarding long-
term memory processes in male or female mice (see figure 92). 
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Figure 92. Bar graphs representing % average time of active contacts with each object (familiar vs novel) with regard to 
the total exploration time ± SEM (left panel)  and discrimination index (right panel) of female (A) and male mice (B) of 
both genotypes (white, wild-type and green, heterozygous Grin2b+/-) (N = 6-20 animals per condition; mice with total 
exploration time inferior to 20 sec were discarded;  ns, P-value > 0.05; *, P-value < 0.05; **, P-value > 0.01; ***, P-value > 
0.001; ****, P-value < 0.0001; nonparametric Mann-Whitney test). 
 
2.1.3. Repetitive behaviours: Stereotypies 
 
Another common symptom of GRD patients are stereotypies. Stereotypies are repetitive behaviours, like 
hand flapping or head nodding, which are rhythmic and repetitive. To measure this repetitive and 
compulsive-like behaviours in mice, we performed the so-called marble burying test that is based on the 
natural mice behavior of digging and burying. In a rat cage, 20 marbles are arrayed, and, the number of 
buried marbles in a 30 min session is compared between genotypes.   
 
The marble burying test showed that there were no significant changes in the level of stereotypies in the 
Grin2b+/- heterozygous mice comparing with the wild-type mice (see figure 93). 

 
Figure 93. Bar graphs representing average number of buried marbles after a 30 min session  ± SEM  of female (left panel) 
and male mice (right panel) of both genotypes (white, wild-type and green, heterozygous Grin2b+/-) (N = 7-21 animals per 
condition; ns, P-value > 0.05; *, P-value < 0.05; **, P-value > 0.01; ***, P-value > 0.001; ****, P-value < 0.0001; unpaired 
t-test with Welch’s correction). 
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2.1.4. Social behavior 
 
GRIN-related disorders are associated with an autistic phenotype, and consequently, social dysfunction.  
This phenotype can be evaluated in mice by the three-chamber test.  In the first session of the test, 
sociability is evaluated by exposing the subject mouse to a never-met-before mouse and a toy, to evaluate 
whether the subject mouse prefer the mouse or the toy, based on the premise that mice preferentially 
interact with other rodents. This test revealed that both wild-type and heterozygous Grin2b+/- mice always 
deeply preferred the mouse intruder instead of a toy mouse made of paper (female heterozygous mice 
even explore the mouse significantly more than their wild-type counterparts). Thus, there were no 
differences between genotypes regarding exploration times, and consequently, the Grin2b+/- model does 
not show social deficits (neither in female nor male mice) (see figure 94). 
 
 
 

 
 

Figure 94. Bar graphs representing % average time of active contacts with the object and the mouse with regard to the 
total exploration time ± SEM  of female (left panel) and male mice (right panel) of both genotypes (white, wild-type and 
green, heterozygous Grin2b+/-) (N = 7-21 animals per condition; ns, P-value > 0.05; *, P-value < 0.05; **, P-value > 0.01; 
***, P-value > 0.001; ****, P-value < 0.0001; unpaired t-test with Welch’s correction). 
 
In the second session of this test, social novelty was also analyzed to confirm the previously observed lack 
of short-term memory deficits. This approach showed that Grin2b heterozygous mice showed preference 
to investigate a novel mouse instead of a familiar one to whom they have been recently exposed and there 
are not differences regarding times of exploration. Thus, it is confirmed that Grin2b+/- mouse model do 
not present short-term memory alterations (see figure 95). 
 
 
 

 
 

Figure 95. Bar graphs representing % average time of active contacts ± SEM  with familiar and novel mice of female (left 
panel) and male mice (right panel) of both genotypes (white, wild-type and green, heterozygous Grin2b+/-) (N = 8-21 
animals per condition; ns, P-value > 0.05; *, P-value < 0.05; **, P-value > 0.01; ***, P-value > 0.001; ****, P-value < 0.0001; 
unpaired t-test with Welch’s correction). 
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2.1.5.  Motor activity and coordination 
 
Patients with GRIN mutations usually present important delayed development of motor skills, presenting 
hypotonia (low muscle tone) or spasticity. Thus, motor activity and coordination should be evaluated in 
this mouse model by means of different behavioural tests.  
 
By means of the open field test we explored general locomotor activity by analyzing patterns of 
ambulation. This approach showed that Grin2b+/- female heterozygous mice travelled significant less 
distance and performed fewer transitions between the central and the peripheral regions of the system 
than wild-type mice. Nevertheless, despite this reduction, time spent in each of these zones with regard 
to the total exploration time did not differ between genotypes. In the male group, we did not observe 
significant differences, but tendencies were detected (see figure 96). 
 
 
 

 
 
Figure 96. A-C, Bar graphs representing total distance (cm) ± SEM  (A), number of transitions ± SEM  (B) and % of time 
spent in each zone with regard to total exploration time ± SEM  (C) of female (left panel) and male mice (right panel) of 
both genotypes (white, wild-type and green, heterozygous Grin2b+/-) (N = 8-21 animals per condition; ns, P-value > 0.05; 
*, P-value < 0.05; **, P-value > 0.01; ***, P-value > 0.001; ****, P-value < 0.0001; unpaired t-test with Welch’s correction 
for normal distribution and nonparametric Mann-Whitney test for non-normal distribution). D, Example traces of wild-
type and heterozygous Grin2b+/- mice performance in the open field test. 
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Additionally, the rotarod test was performed, which is commonly used to analyze motor coordination, 
balance and/or fatigue in mice.  This evaluation revealed a significant worse performance in Grin2b+/- 
heterozygous female mice which fell at lower revolutions-per-minute (RPM). In male mice, results were 
more disperse but this might be due to a small sample size (see figure 97). 
 

 
 

Figure 97. Bar graphs representing RPM ± SEM of female (left panel) and male mice (right panel) of both genotypes 
(white, wild-type and green, heterozygous Grin2b+/-) (N = 8-21 animals per condition; ns, P-value > 0.05; *, P-value < 0.05; 
**, P-value > 0.01; ***, P-value > 0.001; ****, P-value < 0.0001; unpaired t-test with Welch’s correction). 

 
Furthermore, to complement the motor evaluation, a wire-hanging test was also performed. Number of 
falls and reaches were counted. Each time that the mouse fell, a unit was subtracted from the ‘falls’ score 
and when the mouse reached the wire extreme, a unit was summed up to the ‘reaches’ score. Grin2b+/- 
heterozygous mice did not show changes in the number of falls, indicating no alterations in muscle tone. 
Nevertheless, the heterozygous group demonstrate a significant worse performance in reaching the wire 
extremes, which might be indicative of alterations in motor coordination. Thus, this test supports the 
motor deficits which have been observed in previous motor tests (see figure 98). 
 

 
Figure 98. Bar graphs representing falls score ± SEM  (A) and reaches score ± SEM  (B) of female (left panel) and male 
mice (right panel) of both genotypes (white, wild-type and green, heterozygous Grin2b+/-) (N = 8-21 animals per condition; 
ns, P-value > 0.05; *, P-value < 0.05; **, P-value > 0.01; ***, P-value > 0.001; ****, P-value < 0.0001; unpaired t-test with 
Welch’s correction). 
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2.1.6.  Anxiety-like behaviours 
 
Anxiety might also be present in patients with GRIN related disorders. One of the most widely used 
behavioural test to measure anxiety-like phenotypes is the elevated plus maze which is based on the natural 
aversion of mice to open and elevated spaces. This test consists of a X-shaped maze with open and 
enclosed arms. The time that mice spent in each type of arm was measured. 
 
This test revealed that both genotypes preferentially entered in enclosed arms. Moreover, it also showed 
that Grin2b+/- female heterozygous mice spent significant less time in open arms than wild-type mice, 
showing an anxiety-like behavior. Although there was a tendency in male, we did not observe statistical 
significance between genotypes (see figure 99). 
 

 
Figure 99. A, Bar graphs representing % time spent in each kind of arm in regard with total exploration time ± SEM of 
female (left panel) and male mice (right panel) of both genotypes (white, wild-type and green, heterozygous Grin2b+/-) (N 
= 8-21 animals per condition; ns, P-value > 0.05; *, P-value < 0.05; **, P-value > 0.01; ***, P-value > 0.001; ****, P-value 
< 0.0001; unpaired t-test with Welch’s correction). B, Example traces of wild-type and heterozygous Grin2b+/- mice 
performance in the elevated plus maze. 
 
2.1.7.  Gastrointestinal function 
 
Recently questionnaires from 34 families of GRD patients indicated that patients suffer from 
gastrointestinal (GI) dysfunction possibly reflecting changes in microbiota composition that lead to 
different symptoms such as constipation, flatulence, gastro-esophageal reflux or abdominal pain.  
 
To establish whether Grin2b+/- model recapitulates this GI dysfunction, the number of stools after a 
particular period of time, the stool water content and the transit time were evaluated.  A slight increase 
was observed regarding the stool water content in heterozygous female mice, but no other significant 
differences were observed in any of these gastrointestinal phenotypes (see figure 100). Thus, GI 
dysfunction was not highly reproduced in the Grin2b+/- mouse model.  
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Figure 100. A-C, Bar graphs representing number stools ± SEM (A), stool water content per pellet ± SEM (B) and transit 
time (min) ± SEM (C) of female (left panel) and male mice (right panel) of both genotypes (white, wild-type and green, 
heterozygous Grin2b+/-) (N = 8-21 animals per condition; ns, P-value > 0.05; *, P-value < 0.05; **, P-value > 0.01; ***, P-
value > 0.001; ****, P-value < 0.0001; unpaired t-test with Welch’s correction).  
 
2.2.  Biochemical assessment 
 
Grin2b heterozygous mouse model is representative of a constitutive loss-of-function of the GluN2B 
subunit of the NMDAR, due to a reduced amount of the GluN2B subunit. To demonstrate this GluN2B 
reduction, a subsynaptic fractionation protocol was conducted. This protocol allows to enrich the distinct 
synaptic compartments (pre-synaptic, post-synaptic, extra-synaptic) to evaluate isolated proteins and 
observe subtle changes. Synaptic fractions of wild-type and heterozygous mice were separated by this 
protocol and western blot, using antibodies against distinct proteins allowed to evaluate different 
NMDAR and AMPAR subunits and other synaptic proteins that are enriched in the different subsynaptic 
fractions, such as VGLUT (pre-synaptic), synaptophysin (extra-synaptic) and PSD95 (post-synaptic). 
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Preliminary results revealed a reduction of GluN2B subunit without affecting other GluN subunits or 
related proteins (such GluA1 AMPAR subunit, VGLUT transporter, PSD95, and/or synaptophysin) (see 
figure 101). Further experiments are needed to confirm this GluN2B reduction in the heterozygous mouse 
model and determine the amount of subunit which is present in the model. 
 
 

 
 

 
 
 
 
 
 
 
 
 

 
 
Figure 101. Left, Scheme of the synaptic fractions’ separation by subsynaptic fractionation protocol. Right, Western Blot 
analysis of different subsynaptic fractions (P2: synaptosomes; Extra: extra-synaptic fraction; Post: post-synaptic fraction; 
Pre: pre-synaptic fraction) from wild-type and Grin2b+/- mice.  GluN2B, GluN2A, GluN1, GluA1, PSD95, VGLUT and 
synaptophysin were detected. Red dot and arrow indicate proteins which were reduced in the heterozygous mice comparing 
with the wild type.  
 
2.3.  Electrophysiological assessment 
 
In the previously explored memory paradigms, Grin2b+/- heterozygous mice did not show short-term (T-
maze) or long-term (novel-object recognition test) memory deficits. Nevertheless, several brain areas are 
implicated in learning and memory processes. Moreover, memory tasks might be not very sensitive to 
slight/mild changes. Thus, the fact that behavioural alterations were not observed, in terms of memory 
and learning tasks, did not necessarily mean the lack of synaptic plasticity alterations in certain brain 
regions.  

Synaptic plasticity is widely recognized as the cellular base from learning and memory processes. Thus, 
taking advantage of hippocampal Schaffer collateral-CA1 pathway which is widely used as a model for 
the study of synaptic plasticity, we decided to study long-term plasticity processes in this pathway that is 
initiated in axons from the CA3 region of the hippocampus and goes to dendrites of pyramidal neurons 
in the CA1 region, releasing glutamate and evoking an excitatory postsynaptic potential (EPSP). 

Using acute hippocampal slices ex vivo model, EPSPs from a population of neurons (field EPSP) might be 
recorded. Moreover, a tetanic stimulation protocol which provokes a larger release of glutamate, might 
elicit long-term potentiation which can be measured in terms of changes in the EPSP slope.  
 
Field potential recordings of Schaffer collateral connections in hippocampal slices from wild-type and 
heterozygous mice revealed that Grin2b+/- mice presented alterations in terms of long-term potentiation 
formation, provoking EPSPs with a lower slope (see figure 102). This might be explained by the fact that 
these mice contain less GluN2B-containing receptors and LTP formation is highly dependent on 
NMDAR activation.  
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Figure 102. Time course of LTP after theta-burst stimulation demonstrating the changes on fEPSP slope values in slices 
of different types of mice (3-5 months age): wild-type (black) and Grin2b+/- (green); 6 animals per condition, 6-9 LTP 
recordings. Black arrow is showing when theta-burst stimulus is applied. Bar graphs comparing the average change on 
fEPSP slope values in the stable phase (last 40 minutes) (white, wild-type mice; green, Grin2b+/- mice) (ns, P-value > 0.05; 
*, P-value < 0.05; **, P-value > 0.01; ***, P-value > 0.001; ****, P-value < 0.0001; unpaired t-test with Welch’s correction).  
 
2.4.  Chapter 2: Summary and conclusions 
 
After functionally annotated several GRIN variants in Chapter 1, it was revealed that GRIN recruited 
variants (in this Thesis) mostly affect GRIN2B gene and result in the NMDAR loss-of-function. Thus, 
there was an urgent need to characterize a Grin2b loss-of-function mouse model to investigate the role of 
this particular subunit in vivo. This chapter focused in the characterization of a Grin2b heterozygous mouse 
model (haploinsufficiency) in terms of behavior, biochemistry and electrophysiology. 

- Behavioral assessment showed no differences in mice weight, short-term and long-term learning 
and memory capacities, repetitive behaviors, social behavior and gastrointestinal function. 

- Grin2b+/- mouse model presents motor deficits that might be indicative of hypoactivity and 
alterations in motor coordination (confirmed by several motor tests: open-field, rotarod, wire-
hanging test) and an anxiety-like behavior, by spending less time in open arms comparing with 
the wild-type. 

- The biochemical characterization of Grin2b+/- mouse model confirmed that the model is 
characterized by a GluN2B reduction. 

- The electrophysiological characterization revealed that the Grin2b+/- mouse model is able to 
develop long-term potentiation but EPSPs are reduced comparing with the wild-type, despite the 
lack of changes in memory behavioral assessment.  
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Results 
 

GRIN-related disorders are complex diseases to treat, given that they are due to a NMDAR dysfunction 
and NMDARs are located in the whole CNS and other non-neuronal locations with very distinct roles. 
Moreover, NMDARs behave in different ways depending on its composition and the specific genetic 
variant. Thus, GRIN specific variants should be annotated prior to the decision of the most suitable 
therapeutic intervention. 
 
As explained earlier, NMDAR dysfunction might result in a gain- or a loss-of-function (although 
occasionally, both functional impacts might be present in a complex phenotype) and this determines how 
the condition should be treated (blockade in the case of gain-of-function situations and potentiation for 
the loss-of-function variants). From the 95 recruited variants in this Thesis, almost a 70 % were annotated 
as loss-of-function. Thus, this chapter will focus on the evaluation of therapeutic strategies for this specific 
condition (NMDAR loss-of-function). 
 
From all the available possibilities, given the extensive NMDAR pharmacology, three different approaches 
were selected and evaluated in cell lines, neuronal primary cultures and the previously described Grin2b+/- 
mouse model, to test whether they are effective and without side-effects in GRIN-related disorders. These 
approaches are genetic, nutraceutical/pharmacological (D -Serine, rapastinel, spermidine) and a 
microbiota manipulation. 
 
3.1.  Genetic strategy 
 
In chapter 1, immunofluorescence approaches revealed that certain GRIN missense variants and nonsense 
variants affecting the ATD, LBD and TMD affect the NMDAR surface trafficking, when expressed in 
homozygosis. Then, these variants were evaluated to analyze whether they exert a dominant negative 
effect on the wild-type allele, when expressed in heterozygosis.  While missense variants did not exert a 
dominant negative effect over the wild-type subunit or the total population of NMDARs in heterozygous 
situations, nonsense variants affecting ATD, LTD or TMD were reducing the total amount of surface 
receptors in those conditions by a competition or a retention effect over the wild-type subunit.  Thus, a 
gene therapy approach is proposed, based on the premise that overexpressing a wild-type allele or a 
subunit with a nonsense variant affecting the CTD that is able to traffic,  might be able to displace the 
dominant truncated subunit and rescue the reduced surface expression, given that neither the wild-type 
nor the CTD truncated subunit affect NMDAR trafficking and/or exert a dominant negative effect on 
the wild-type subunit. 
 
To evaluate this strategy, an ATD-truncated and a CTD-truncated GluN2B variants were selected 
(GluN2B-L229Yfs*2 and R847*, respectively) and distinct combinations of plasmids were used to 
transiently transfect COS-7 cells (see table 23).  
 

 
Table 23. Table that summarizes the different plasmids combinations in each condition of the genetic rescue strategy 
evaluation: wt (GRIN1wt+GRIN2Bwt); wt/ATD(t) (GRIN1wt+GRIN2Bwt+GRIN2B-ATD(t)); wt/ATD(t) + additional 
wt (GRIN1wt+GRIN2Bwt+GRIN2B-ATD(t) + additional GRIN2Bwt); wt/ATD(t) + additional CTD(t) 
(GRIN1wt+GRIN2Bwt+GRIN2B-ATD(t) + additional GRIN2B-CTD(t)). Abbreviations: ATD(t), ATD-truncated; 
CTD(t), CTD-truncated; wt, wild-type. 
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Preliminary results from an immunofluorescence approach, using an antibody against the complementary 
subunit tag, have confirmed that a nonsense variant affecting the ATD of the GluN2B subunit in 
heterozygosis reduces the total amount of NMDARs in the cell surface. Moreover, this approach revealed 
that these plasmids encoding for a wild-type allele and a CTD-truncated subunit (GluN2B-R847*) 
compete with the ATD-truncated subunit (GluN2B-L229Yfs*2) in the receptor assembly and they are 
able to displace it, increasing the NMDARs surface density that was reduced at first when the mutant 
subunit was expressed in heterozygosis without additional plasmids (see figure 103). 
 

 
 
Figure 103. A, Immunofluorescence analysis of COS-7 cells transiently co-transfected with HA-GluN1wt and GFP-
GluN2B wt/L229Yfs*2 accompanied by a GFP-GluN2Bwt or GFP-GluN2B(R847*) plasmid. Surface NMDAR receptors 
were detected by HA immunostaining (red channel) against the plasmid tag. Scale bar = 10 µm; B, Bar graphs  representing 
the normalized surface expression of the genetic variant GFP-GluN2B(L229Yfs*2) alone or in combination with the wild-
type or the GFP-GluN2B(R847*) plasmid, compared to wild-type (3 independent experiments, > 20 cells per condition; 
ns, P-value > 0.05; *, P-value < 0.05; **, P-value > 0.01; ***, P-value > 0.001; ****, P-value < 0.0001; ANOVA + 
Bonferroni post hoc test). 
 
3.2.  Nutraceutical and pharmacological strategies 
 
3.2.1.  D-Serine 
 
D-Serine is a natural co-agonist of the NMDA receptor (Johnson and Ascher, 1987; Mothet JP. et al., 
2000). Thus, it is a perfect candidate to potentiate loss-of-function variants.  
 
It has been demonstrated that sustained activation of synaptic NMDARs modifies post-synaptic 
biochemistry and induces morphological changes in neurons, resulting in long-term potentiation. 
Moreover, it is also known that NMDAR dysfunction might be associated with morphological alterations 
that affect neuronal activity. Indeed, in chapter 1 of this Thesis, it was revealed that particular missense 
and nonsense variants affecting GluN subunits (for instance, GluN2B-P553T causing a pore reduction 
and GluN2B-R519* that affects NMDAR surface trafficking) are related with a NMDAR loss-of-
function, showing a reduction in neuronal spines density.  
 
Besides, our group has demonstrated that D-serine is able to potentiate reduced NMDAR-derived 
currents in cells expressing GluN2B-P553T missense variant of the GluN2B subunit (Soto D. et al., 2019). 
 
In this chapter, D-serine is evaluated to test whether this compound also potentially rescues morphological 
alterations associated with loss-of-function variants in neuronal primary cultures. 
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Hippocampal neurons were transfected to express previously characterized NMDAR loss-of-function 
missense and nonsense variants (GluN2B-P553T and R519*) and then, treated with 200 µM glycine (in 
vitro, this glycine concentration simulates and maintains NMDAR activation, inducing a chemical-LTP) 
alone or in combination with 100 µM D-Serine. Then, an immunofluorescence approach allowed 
dendritic spines quantification.   
 
This approach revealed that D-Serine application in neuronal cultures expressing loss-of-function variants 
is able to potentiate the formation of dendritic spines (see figure 104). 
 

 
 

Figure 104. Representative images of murine primary hippocampal neurons transfected with GFP-GluN2B wt/mutated 
(left, missense P553T; right, nonsense R519*). Triangles are indicating dendritic spines: stubby (pink), mushroom (brown) 
and thin (yellow). Scale bar = 3 µm. Bar graphs representing the quantification of spine density and morphology in neurons 
at basal conditions and after 100 µM D-Serine (green tones) comparing with the wild-type (white) (>20 dendrites per 
condition; ns, P-value > 0.05; *, P-value < 0.05; **, P-value > 0.01; ***, P-value > 0.001; ****, P-value < 0.0001; two-way 
ANOVA + Bonferroni post hoc test ). 
 
3.2.2.  Rapastinel 
 
Another promising compound to potentiate NMDAR loss-of-function is Rapastinel which acts as partial 
agonist at the glycine-site (Moskal JR. et al., 2017). 
 
The potentiating effect of Rapastinel was evaluated in hippocampal primary cultures.  Neurons were 
transfected to transiently express NMDAR loss-of-function missense and nonsense variants (GluN2B-
P553T and R519*). To evaluate the potential rescue of spines reduction, observed in neurons expressing 
these GRIN variants, neurons were treated with 200 µM glycine (chemical-LTP) alone or in combination 
with 5 µM D-Rapastinel. Then, an immunofluorescence approach allowed dendritic spines quantification. 
 
This approach showed that Rapastinel might be effective in rescuing the spine deficit observed in neurons 
expressing GluN2B-P553T and GluN2B-R519* genetic variants (see figure 105). 
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Figure 105. Representative images of murine primary hippocampal neurons transfected with GFP-GluN2B wt/mutated 
(left, missense P553T; right, nonsense R519*). Triangles are indicating dendritic spines: stubby (pink), mushroom (brown) 
and thin (yellow). Scale bar = 3 µm. Bar graphs representing the quantification of spine density and morphology in neurons 
at basal conditions and after 5 µM Rapastinel (green tones) comparing with the wild-type (white) (>20 dendrites per 
condition; ns, P-value > 0.05; *, P-value < 0.05; **, P-value > 0.01; ***, P-value > 0.001; ****, P-value < 0.0001; two-way 
ANOVA + Bonferroni post hoc test ). 
 
3.2.3.  Polyamines-based treatment 
 
Spermine and its precursor, spermidine, are polyamines which act as positive allosteric modulators of 
GluN2B-containing NMDA receptors (William K. et al., 1991).  
 
In order to determine whether spermine potentiates NMDAR loss-of-function, HEK293T cells were 
transfected with certain GRIN variants. Cells expressing missense variants with a functional loss-of-
function without affecting surface trafficking (GluN1-G620R and GluN2B-I751T) (homozygosis and 
heterozygosis) and cells expressing missense and nonsense variants which affect NMDAR surface 
trafficking (GluN1-R217W, G827R and GluN2B-G459R, S555N and R519*) (heterozygosis) were 
evaluated to determine whether spermine potentiates distinct kinds of GRIN variants and the level of 
potentiation in each type. 
 
Transiently transfected cells were recorded in the whole-cell configuration of the patch clamp technique 
and treated with 200 µM spermine.  This approach revealed that spermine is able to potentiate wild-type 
currents as well as these variants’ reduced currents (1.5-fold) (see figure 106).  
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Figure 106. Functional characterization of spermine potentiation of selected variants. Representative whole-cell currents 
evoked by rapid application (0.5 second duration; -60 mV) of 1 mM glutamate plus 50 µM glycine ± 200 µM spermine 
(light colors for traces with agonists only and dark colors for traces with agonists + spermine) in HEK293T cells expressing 
missense GluN1 variants (A, blue in homozygosis and purple in heterozygosis) and missense GluN2B selected variants (B, 
yellow in homozygosis and orange in heterozygosis) comparing with the wild-type (grey/black). Bar graphs representing 
spermine potentiation (%) ± SEM of transfected cells (N = 7-23 cells per condition; ns, P-value > 0.05; *, P-value < 0.05; 
**, P-value > 0.01; ***, P-value > 0.001; ****, P-value < 0.0001; one-way ANOVA + Bonferroni post hoc test). 
 
Despite demonstrating that spermine is able to potentiate NMDAR currents to a 150 % in cell lines 
expressing wild-type or mutated GluN1 or GluN2B subunits, it is different to potentiate a wild-type or a 
mutated receptor given that biophysical performance is not equal before the treatment. Thus, for instance, 
a wild-type receptor can be potentiated until it reaches a 150 % whereas a mutation reducing NMDAR 
current to a 50 % (like GluN2B wt/R519*), will be potentiated only to a 75 % (see figure 107). Thus, 
dosage probably might be adjusted depending on each case. Moreover, there will be cases (for instance, 
wt/I751T or I751T/I751T, see figure 107 and figure 107) with which achieving a 100 % (complete 
rescue) will be impossible.   

 
Figure 107. Experimental validation of predicted values before and after Spermine potentiation of selected variants: wt/wt; 
G620R/G620R, wt/G620R, wt/G827R, I751T/I7521T, wt/I751T, wt/R519* (gray, wild-type; yellow, GluN1 variants; 
green, GluN2B variants; light color, before spermine; dark color, after spermine). 
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After demonstrating that spermine is able to potentiate NMDAR reduced currents in cell lines, this 
compound was evaluated to investigate whether it was able to rescue spine deficit observed in neurons 
expressing GRIN2B loss-of-function genetic variants (GluN2B-P553T, GluN2B-K1293del, GluN2B-
K1293del+Homer2-E221K and GluN2B-R519*). Hippocampal primary cultures transiently expressing 
these variants were stimulated (chemical-LTP), via 200 µM glycine alone or in combination with 200 µM 
spermine. Then, an immunofluorescence approach was used to count dendritic spines. This experiment 
revealed that spermine is able to potentiate the number of dendritic spines in those GluN mutations (see 
figure 108). 
 

 
 
Figure 108. Representative images of murine primary hippocampal neurons transfected with GFP-GluN2B wt/mutated 
(missense: P553T, K1293del, K1293del (+homer2 E221K); nonsense R519*). Triangles are indicating dendritic spines: 
stubby (pink), mushroom (brown) and thin (yellow). Scale bar = 3 µm. Bar graphs representing the quantification of spine 
density and morphology in neurons at basal conditions and after 200 µM spermine (green tones) comparing with the wild-
type (white) (>20 dendrites per condition; ns, P-value > 0.05; *, P-value < 0.05; **, P-value > 0.01; ***, P-value > 0.001; 
****, P-value < 0.0001; two-way ANOVA + Bonferroni post hoc test ). 
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Figure 108: continued. Representative images of murine primary hippocampal neurons transfected with GFP-GluN2B 
wt/mutated (missense: P553T, K1293del, K1293del (+homer2 E221K); nonsense R519*). Triangles are indicating dendritic 
spines: stubby (pink), mushroom (brown) and thin (yellow). Scale bar = 3 µm. Bar graphs representing the quantification 
of spine density and morphology in neurons at basal conditions and after 200 µM spermine (green tones) comparing with 
the wild-type (white) (>20 dendrites per condition; ns, P-value > 0.05; *, P-value < 0.05; **, P-value > 0.01; ***, P-value > 
0.001; ****, P-value < 0.0001; two-way ANOVA + Bonferroni post hoc test ). 

 
Thus, spermine is able to potentiate NMDARs in vitro by potentiating NMDAR-derived currents in cell 
lines and rescuing spines deficits in neuronal primary cultures.  
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To investigate this NMDAR potentiation by polyamines in vivo, female Grin2b wild-type and heterozygous 
mice received 3 mM spermidine (which is the spermine precursor, based on available drugs for patients) 
in drunk water (Chrisam M. et al., 2015; Eisenberg T. et al., 2016; Wirth A. et al., 2021) for 1,5 months 
before the behavioural assessment, until the end of experiments. Supplemented water was renewed each 
2 days to avoid excessive deamination of the compound (Chrisam M. et al., 2015). Consumed water 
(supplemented with spermidine or not) was controlled along the whole administration to demonstrate 
that there were no differences in the ingested volume of water due to spermidine addition (see figure 
109). 
 

 
 

Figure 109. Scatter plot representing water consumption (ml/mouse/day) ± spermidine 3 mM (control, black; + 3mM 
spermidine, yellow) for 3 months. 
 
After 1.5 months of supplementation, behavioral assessment was conducted to evaluate whether 
spermidine administration was able to rescue altered phenotypes in the Grin2b+/- mouse model (motor 
and anxiety) and/or modify unaltered phenotypes (weight, short-term and long-term memory, 
stereotypies, social behavior and gastrointestinal function). Behavioral assessment was executed following 
the same protocols and analyzing the same parameters than in Chapter 2 of this Thesis. 
 
Most unaltered phenotypes in Grin2b+/- mouse model were not modified by spermidine supplementation, 
neither in wild-type nor heterozygous mice. These phenotypes include mice weight (see figure 110, panel 
A), short-term memory (percentage of alternations over 50 % and percentage of repetitions under 50 %, 
in T-maze test) (see figure 110, panel B), long-term memory (similar times of interaction with familiar 
and novel objects, being longer the exploration time for novel object) (see figure 110, panel C), some GI 
tract functions (number stools in 60 min and transit time) (see figure 110, panel B), and social behavior 
(similar times of interaction with paper and alive mouse in sociability phase, similar times of interaction 
with familiar and novel mice in social novelty phase, being longer the exploration time for alive mouse in 
sociability phase and novel mouse in social novelty phase) (see figure 110, panel E). 
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Figure 110. A-E, Bar graphs and scatter plots representing average weight (g) ± SEM (A), average % of alternations (B, 
left panel) and % of repetitions (B, right panel) ± SEM, % average time of active contacts with each object (familiar vs 
novel) with regard to the total exploration time ± SEM  in novel-object test (C), number stools ± SEM (D, left panel) and 
transit time (min) ± SEM (D, right panel),  % average time of active contacts with the object and the mouse with regard 
to the total exploration time ± SEM  in sociability phase of 3-chamber test (E, left panel) and % average time of active 
contacts ± SEM with familiar and novel mice in social novelty phase of 3-chamber test (E, right panel) of female mice of 
both genotypes (white, wild-type and green, heterozygous Grin2b+/-) with 3 mM spermidine supplementation (yellow circles 
and boxes) or control water (black circles and boxes)(N = 4-21 animals per condition; ns, P-value > 0.05; *, P-value < 0.05; 
**, P-value > 0.01; ***, P-value > 0.001; ****, P-value < 0.0001; unpaired t-test with Welch’s correction for normal 
distribution and nonparametric Mann-Whitney test for non-normal data). In T-maze test, mice were discarded with two 
consecutive trials without making a choice in 120 sec or more than three trials without making a choice in 120 sec, without 
needing to be consecutive. In NOR test, mice were discarded if total exploration time was inferior to 20 sec. 
 
Nevertheless, there are some unaltered phenotypes in the Grin2b+/- mouse model, that are modified after 
spermidine supplementation. For instance, stool water content is significantly reduced in both genotypes, 
wild-type and heterozygous mice, after supplementation (see figure 111, panel A). Moreover, the number 
of buried marbles in a 30 min session (indicative of stereotypies) is significantly increased in Grin2b+/- 
heterozygous mice but not wild-type mice (see figure 111, panel B). 
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Figure 111. A-B, Bar graphs representing stool water content per pellet (g)  ± SEM (A) and average number of buried 
marbles after a 30 min session  ± SEM (B) of female mice of both genotypes (white, wild-type and green, heterozygous 
Grin2b+/-) with 3 mM spermidine supplementation (yellow circles and boxes) or control water (black circles and boxes) (N 
= 10-21 animals per condition; ns, P-value > 0.05; *, P-value < 0.05; **, P-value > 0.01; ***, P-value > 0.001; ****, P-value 
< 0.0001; unpaired t-test with Welch’s correction). 
 
Regarding phenotypes that were altered in Grin2b+/- mice (motor deficits and anxiety-like phenotypes), 
spermidine supplementation partially rescued defects in general locomotion (by increasing total distance 
and transitions of heterozygous mice in open-field test) (see figure 112, panel A) and alterations in motor 
coordination (by improving rotarod performance of heterozygous mice) (see figure 112, panel B). 
Nevertheless, there is no significant spermidine effect neither in the wire-hanging test performance (only 
a slight tendency in heterozygous mice to fall less) (see figure 112, panel C) nor in anxiety like-behaviors, 
given that spermidine do not modify the time spent in each type of arm in the elevated plus maze test (see 
figure 112, panel D). 
 

 
 
Figure 112. A-D, Bar graphs representing total distance (cm) ± SEM (A, left panel), and number of transitions ± SEM (A, 
right panel) in open-field test, RPM ± SEM in rotarod test (B), falls score ± SEM  (C, left panel) and reaches score ± 
SEM  (C, right panel), and % time spent in each kind of arm in regard with total exploration time ± SEM in elevated-plus 
maze (D) of female mice of both genotypes (white, wild-type and green, heterozygous Grin2b+/-) with 3 mM spermidine 
supplementation (yellow circles and boxes) or control water (black circles and boxes)  (N = 8-21 animals per condition; ns, 
P-value > 0.05; *, P-value < 0.05; **, P-value > 0.01; ***, P-value > 0.001; ****, P-value < 0.0001; unpaired t-test with 
Welch’s correction for normal distribution and non-parametric Mann-Whitney test for non-normal distribution). 
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Figure 112: continued. A-D, Bar graphs representing total distance (cm) ± SEM (A, left panel), and number of transitions 
± SEM (A, right panel) in open-field test, RPM ± SEM in rotarod test (B), falls score ± SEM  (C, left panel) and reaches 
score ± SEM  (C, right panel), and % time spent in each kind of arm in regard with total exploration time ± SEM in 
elevated-plus maze (D) of female mice of both genotypes (white, wild-type and green, heterozygous Grin2b+/-) with 3 mM 
spermidine supplementation (yellow circles and boxes) or control water (black circles and boxes)  (N = 8-21 animals per 
condition; ns, P-value > 0.05; *, P-value < 0.05; **, P-value > 0.01; ***, P-value > 0.001; ****, P-value < 0.0001; unpaired 
t-test with Welch’s correction for normal distribution and non-parametric Mann-Whitney test for non-normal distribution). 
 
After behavioural assessment, mice were sacrificed to obtain hippocampal ex vivo slices. Field potential 
recording of Schaffer collateral connections in the hippocampus of wild-type and heterozygous mice 
showed that spermidine supplementation to Grin2b+/- mice provokes a partial rescue of the reduced 
EPSPs slope (see figure 113).  
 

 
 
Figure 113. Time course of LTP after theta-burst stimulation demonstrating the changes on fEPSP slope values in slices 
of different types of mice (3-5 months age): wild-type (black); Grin2b+/- (green); and Grin2b+/- + 3mM spermidine (yellow); 
6 animals per condition, 6-9 LTP recordings. Black arrow is showing when theta-burst stimulus is applied. Bar graphs 
comparing the average change on fEPSP slope values in the stable phase (last 40 minutes, indicated with the black box) 
(white, wild-type; green, Grin2b+/-; yellow,  Grin2b+/- + 3mM spermidine);  (ns, P-value > 0.05; *, P-value < 0.05; **, P-
value > 0.01; ***, P-value > 0.001; ****, P-value < 0.0001; unpaired t-test with Welch’s correction).  
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3.3.  Fecal Microbiota Transplantation (FMT)  
 
Recently, the brain-gut axis is receiving considerable attention. The brain-gut axis is a neurohumoral 
bidirectional axis that communicates the central nervous system and the gut microbiota, via metabolic 
precursors, neurotransmitters and other molecules. This communication is crucial for brain development 
and synaptogenesis and consequently, microbiota alterations might be related with central nervous 
disorders (Schächtle MA. et al., 2021).  
 
Moreover, in GRIN-related disorders, patients present gastrointestinal alterations like constipation, 
flatulence, reflux or abdominal pain (reported in questionnaires answered by the families) although 
Grin2b+/- mouse model behavioral characterization did not reveal severe alterations in terms of 
gastrointestinal phenotypes (number of stools in 60 min, stool water content and transit time). 
  
Despite these findings in the Grin2b+/- mouse model, microbiota manipulation might be a therapeutic 
option for GRDs. Thus, fecal microbiota transplantation was evaluated to assess whether heterozygous 
microbiota transference provokes behavioural and plasticity alterations (motor deficits, anxiety-like 
behaviors and plasticity alterations) and/or wild-type microbiota is able to rescue those phenotypic 
alterations of the Grin2b+/- mouse model.  
 
Wild-type and heterozygous Grin2b mice were house separately to form a relatively homogenous 
microbiota based on genotype. Then, feces were collected and processed while receptor mice were 
prepared via omeprazole and laxative administration (oral gavage). Wild-type mice received microbiota 
from heterozygous mice while heterozygous mice received microbiota from wild-type mice. After allowing 
transferred microbiota re-colonization of the receptor mice, behavioral assessment was conducted to 
evaluate long-term memory, stereotypies, gastrointestinal function, motor phenotype and anxiety-like 
behavior. 
 
Regarding phenotypes that were not affected in Grin2b+/- mice, there were not significant changes in wild-
type receiving heterozygous microbiota except for novel-object recognition test, in which wild-type mice 
improved their performance (spending more time with novel object than with the familiar one) (see figure 
114, panel A). Thus, heterozygous microbiota transplantation does not worsen long-term memory, 
stereotypies or gastrointestinal functions.  
 
In contrast, heterozygous mice receiving wild-type microbiota show increased stereotypies (burying 
significantly more marbles) (see figure 114, panel B), an increased number of stools and a reduced stool 
water content (see figure 114, panel C) while there are not changes in long-term memory (there are no 
modification of times spent interacting neither with familiar nor novel object) (see figure 114, panel A) 
or in transit time (see figure 114, panel C). Hence, wild-type microbiota transplantation in heterozygous 
mice produces changes in some gastrointestinal functions and repetitive behaviors.  
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Figure 114. A-C, Bar graphs representing % average time of active contacts with each object (familiar vs novel) with regard 
to the total exploration time ± SEM  in novel-object test (A), average number of buried marbles after a 30 min session  ± 
SEM (B), number stools ± SEM (C, left panel), stool water content per pellet (g)  ± SEM (C, middle panel) and transit 
time (min) ± SEM (C, right panel) of female mice of both genotypes (white, wild-type; green, heterozygous Grin2b+/-)  ± 
FMT (black circles and boxes, no FMT; green circles and boxes, Grin2b+/-  microbiota is transferred; gray circles and boxes, 
wild-type microbiota is transferred) (N = 4-21 animals per condition, in NOR test, mice were discarded if total exploration 
time was inferior to 20 sec); ns, P-value > 0.05; *, P-value < 0.05; **, P-value > 0.01; ***, P-value > 0.001; ****, P-value < 
0.0001; unpaired t-test with Welch’s correction for normal distribution and nonparametric Mann-Whitney test for non-
normal distribution).  
 
Behavioural assessment also showed a lack of changes in either of the treated groups (wild-type mice 
receiving heterozygous microbiota or heterozygous mice with transferred wild-type microbiota) regarding 
number of transitions center-periphery in open-field test (see figure 115, panel A), falls and reaches scores 
in wire-hanging test (see figure 115, panel C) or anxiety-like behavior given that there are no changes in 
the times spent in open and/or enclosed arms in the elevated plus-maze (see figure 115, panel D). 
 
Nevertheless, wild-type animals receiving Grin2b+/- heterozygous microbiota worsened their rotarod 
performance while Grin2b+/- mice receiving wild-type microbiota were not rescued (see figure 115, panel 
B). Thus, alterations in motor coordination that were observed in Grin2b+/- mouse model in rotarod test 
are transferred to wild-type mice with heterozygous microbiota transplantation whereas wild-type 
microbiota is not able to rescue those alterations in the heterozygous mice. 
 
In parallel, heterozygous mice receiving wild-type microbiota travelled more distance in the open-field 
test whereas wild-type mice receiving Grin2b+/- microbiota did not reduce the travelled distance (see figure 
115, panel A). Hence, alterations in general locomotion that were observed in the Grin2b+/- mouse model 
in open-field test are not transferred to wild-type mice with heterozygous microbiota transplantation while 
heterozygous mice receiving wild-type microbiota experiment an improvement in their hypoactivity. 
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Figure 115. A-D, Bar graphs representing total distance (cm) ± SEM (A, left panel), and number of transitions ± SEM (A, 
right panel) in open-field test, RPM ± SEM in rotarod test (B), falls score ± SEM  (C, left panel) and reaches score ± 
SEM  (C, right panel), and % time spent in each kind of arm in regard with total exploration time ± SEM in elevated-plus 
maze (D) of female mice of both genotypes (white, wild-type; green, heterozygous Grin2b+/-)  ± FMT (black circles and 
boxes, no FMT; green circles and boxes, Grin2b+/-  microbiota is transferred; gray circles and boxes, wild-type microbiota 
is transferred) (N = 6-21 animals per condition; ns, P-value > 0.05; *, P-value < 0.05; **, P-value > 0.01; ***, P-value > 
0.001; ****, P-value < 0.0001; unpaired t-test with Welch’s correction for normal distribution and nonparametric Mann-
Whitney test for non-normal data).  
 
After behavioural assessment, mice were sacrificed to obtain hippocampal ex vivo slices. Field potential 
recordings of Schaffer collateral-CA1 pathway in the hippocampus of wild-type mice receiving Grin2b+/- 
microbiota and heterozygous mice receiving wild-type microbiota show a slight bidirectional transference, 
given that wild-type microbiota transplantation to Grin2b+/- mice provokes a partial increase of the 
reduced EPSPs slope without achieving wild-type levels (see figure 116) whereas heterozygous microbiota 
transference to wild-type mice slightly reduce EPSPs slope without reaching Grin2b+/- heterozygous levels 
(see figure 117).  
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Figure 116. Time course of LTP after theta-burst stimulation demonstrating the changes on fEPSP slope values in slices 
of different types of mice (3-5 months age): wild-type (black); Grin2b+/- (green); and Grin2b+/- + wild-type FMT (gray); 6 
animals per condition, 6-9 LTP recordings. Black arrow is showing when theta-burst stimulus is applied. Bar graphs 
comparing the average change on fEPSP slope values in the stable phase (last 40 minutes, indicated with black box)(ns, P-
value > 0.05; *, P-value < 0.05; **, P-value > 0.01; ***, P-value > 0.001; ****, P-value < 0.0001; unpaired t-test with Welch’s 
correction).  
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Figure 117. Time course of LTP after theta-burst stimulation demonstrating the changes on fEPSP slope values in slices 
of different types of mice (3-5 months age): wild-type (black); Grin2b+/- (green); and Grin2b+/- + wild-type FMT (blue); 6 
animals per condition, 6-9 LTP recordings. Black arrow is showing when theta-burst stimulus is applied. Bar graphs 
comparing the average change on fEPSP slope values in the stable phase (last 40 minutes, indicated with black box)( (ns, 
P-value > 0.05; *, P-value < 0.05; **, P-value > 0.01; ***, P-value > 0.001; ****, P-value < 0.0001; unpaired t-test with 
Welch’s correction).  
 
3.6.  Chapter 3: Summary and Conclusions 
 
In this chapter, several therapeutic strategies to rescue loss-of-function variants were evaluated: 

- A genetic strategy to overexpress a wild-type plasmid or a CTD-truncated plasmid (which are 
able to reach the cell surface) in combination with an ATD, LBD or TMD-truncated genetic 
variant, because these variants in heterozygosity were exerting a dominant negative effect in the 
wild-type subunit.  

- D-serine, which is one of the natural co-agonists for NMDARs. 
- Rapastinel, which acts as partial agonist of the NMDAR. 
- Polyamines (specifically, spermine and its precursor, spermidine) which act as positive allosteric 

modulators for GluN2B-containing NMDARs. 
- A fecal microbiota transplantation protocol in both directions:  

o The transference of wild-type microbiota to a loss-of-function mouse model (for the 
GluN2B subunit, Grin2b+/-) to investigate whether wild-type microbiota is able to rescue 
previously observed alterations in this model (see Chapter 2). 

o The transference of heterozygous microbiota (from Grin2b+/- mice) to wild-type mice 
to investigate whether previously observed alterations in this model (see Chapter 2) are 
transferred to the wild-type mice. 
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These strategies were evaluated in different systems (cell lines, neuronal primary cultures, a mouse model 
and ex vivo hippocampal slices) with different impacts that are summarized in the following table (table 
24).  

 

Table 24. Table summarizing  the different 
therapeutic strategies evaluated in the chapter 3 
(genetic, D-serine, Rapastinel, polyamines 
(spermine/spermidine), FMT with wild-type or 
heterozygous microbiota) and their effects on 
different systems and approaches (surface trafficking 
in cell lines, NMDAR-currents in cell lines, spines 
density in neuronal primary cultures, different 
behavioral tasks (memory, repetitive behaviors, short-
term and long-term memory, social behavior, motor 
behavior, anxiety-like behavior and GI function) in a 
mouse model and LTP in hippocampal slices); 
Legend: white, ND; green, improvement/increase; 
red, worsening/reduction; gray, no effect. 
Abbreviations: IF, immunofluorescence; LTP, long-
term potentiation; cLTP, chemical LTP; NOR, novel 
object recognition; GI, gastrointestinal; EPSPs, 
excitatory post-synaptic potential. 
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Discussion 
 
The glutamatergic system is the main excitatory pathway in the human body, and it is related with 
innumerable body functions. Due to its critical role in the normal physiology, in the glutamatergic synapse 
there are several elements that, when affected, can be related with severe neurodevelopmental disorders. 
One of these crucial elements is the NMDAR. Thus, NMDAR dysfunction has been related with distinct 
diseases such as Alzheimer disease, amyotrophic lateral sclerosis, autism, autoimmune encephalitis, 
depression, epilepsy, Huntington disease, schizophrenia, or Parkinson disease (Eisen A., 1995;  Blandini 
F. et al., 1996; Chapman AG., 2000; Essa MM. et al., 2013; Marsden WM., 2013; Kamat PK. et al., 2016; 
Raymond LA., 2016; Lynch DR. et al., 2018; Tzang RF. et al., 2019; Uno Y. and Coyle JT., 2019). 
 
Until very recently, there were a group of neurodevelopmental disorders that were diagnosed as autism 
spectrum disorders. Nevertheless, the implementation of Next-Generation Sequencing as diagnostic 
method revealed that this group of disorders was an entity in its own due to the presence of genetic 
variants in the same subset of genes (GRIN genes, which encode for the NMDAR subunits), receiving 
the name of GRIN-related disorders (GRDs). 
 
It is difficult to conclude that GRIN variants are the definitive determinant of GRDs pathology because 
the functional understanding of these variants is scarce. Nevertheless, the increasing number of reported 
diseases-associated GRIN variants (437 according to GRINdb server, https://alf06.uab.es/grindb/home) 
(García-Recio A. et al., 2021) prove that the further delineation of the disease spectrum (to establish a 
genotype-phenotype correlation) and the evaluation of potential therapeutic options for GRDs, will 
contribute to the establishment of a personalized medicine for these neurodevelopmental disorders. 
 
Unmet genotype-phenotype correlation in GRDs 
 
GluN subunit impact in the pathogenicity and clinical aspects of GRDs 
 
In this Thesis, 95 genetic variants in GRIN1, GRIN2A and GRIN2B genes have been recruited, which 
represent the most commonly affected genes in GRDs.  
 
GRIN2C, GRIN2D, GRIN3A and GRIN3B are not considered in this Thesis because the majority of 
variants in these genes are identified as neutral variants (according to GRINdb server, 
https://alf06.uab.es/grindb/home) (García-Recio A. et al., 2021). Only discrete variants have been 
associated with autism, schizophrenia, or epileptic encephalopathy (Makino C. et al., 2005; Shen YC. Et 
al., 2009; Yu Y. et al., 2018; XiangWei W. et al., 2019). This might be indicating that GRIN2C, GRIN2D, 
GRIN3A, and GRIN3B subunits are more tolerant to variation than GRIN1, GRIN2A or GRIN2B 
subunits which are more prone to cause neurological diseases (see figure 118) (see note5 for further 
information regarding genic variation tolerance). 
 
Note5: Traditionally, variation tolerance was estimated based on how conserved a sequence is. If a 
sequence is highly conserved it is because it has a crucial role and variations on that sequence are more 
probably related with pathology. Then, several algorithms were developed. One of the most widely used 
is Residual Variation Intolerance Score (RVIS) which is based on available information regarding gene 
polymorphisms (Gussov AB. et al., 2016). The idea relies on the hypothesis that the more polymorphisms 
are found in a gene or a domain, the most tolerant this domain is to variation and less probability of 
pathogenicity. A negative RVIS represents less functional variation and less tolerance to variation. This 
approach (http://genic-intolerance.org), scores GRIN1 with a RVIS = -1,11; GRIN2A RVIS = -1,46: 
GRIN2B RVIS = -2,41; GRIN3A RVIS = 0,21 while GRIN2C, GRIN2D and GRIN3B are not scored 
due to lack of information. These values support the hypothesis that GRIN1, GRIN2A and GRIN2B are 
less tolerant than GRIN3A, explaining why genetic variants in those subunits are more probably disease-
associated.  
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Figure 118. Graphs extracted from GnomAD (https://gnomad.broadinstitute.org) genome sequencing web server.  The 
graphs show information of genomic variation and its association with health/disease, extracted from ClinVar database 
(NCBI, https://www.ncbi.nlm.nih.gov/clinvar/) of GRIN1, GRIN2A, GRIN2B, GRIN2C, GRIN2D, GRIN3A and 
GRIN3B genes. Legend: Blue, benign/likely benign; yellow, uncertain pathogenicity; red, pathogenic/likely pathogenic.  
 
Considering those RVIS scores, GRIN2B seems the most intolerant gene, followed by GRIN2A and 
GRIN1. Nevertheless, reported variants and available functional annotations suggest that GRIN1 variants 
are less abundant but highly associated with disease whereas many GRIN2A have been reported but there 
is less association with disease (García-Recio A. et al., 2021) (see figure 118). This might be explained by 
the different temporal expression pattern of each GluN subunit. GRIN1 is the obligatory subunit, which 
is expressed from embryonic stages to the adulthood, GRIN2B is very abundant at neonatal stages and 
later, GRIN2B is substituted by GRIN2A in adulthood (Paoletti P. et al., 2013). Given that GRIN1 is so 
critical, it is possible that genetic variants are less tolerated and consequently, very pathological but less 
detected. Indeed, it is demonstrated that mouse models completely lacking the GluN1 subunit result in 
lethality (Forrest D. et al., 1994). Regarding GluN2 subunits, early insults when development is still 
ongoing might be more determinant in pathology that late insults when most neuronal connections are 
already formed, explaining why GRIN2B variants are likely more pathogenic than GRIN2A variants. This 
is also supported by GRIN2 mouse models given that Grin2a KO mice is viable while Grin2b complete 
KO is also lethal (Kutsuwada T. et al., 1996; Ito I. et al., 1997). In our cohort, these proportions are very 
similar, except for the fact that the most represented subunit is GRIN2B instead of GRIN2A. However, 
this slight variation is due to the fact that recruitment has been conducted via direct contact with GRDs 
families and clinicians, and at the beginning of the project, the association of families mainly was 
constituted by relatives of patients suffering from GRIN2B variants. 
 
GRIN-related disorders are characterized by a wide spectrum of symptoms (developmental delay, 
intellectual disability, movement and motor alterations, epilepsy, brain abnormalities, stereotypies, 
language affectations, sleep disturbance, gastrointestinal alterations…) and this might be explained by the 
broad NMDAR distribution in the CNS and non-neuronal tissues (neurons, kidney, pancreas, skin, lung, 
heart, bone cells, blood cells, genital system, or GI tract) (Hogan-Cann AD. and Anderson CM., 2016).  
 
Nevertheless, there is variability in the clinical presentation based on the affected subunit. GRIN1 variants 
are very variable in their presentation: movement alterations, intellectual disability and epilepsy (> 50 %), 
brain abnormalities (20-30 %), stereotypies (15 %) and other manifestations in less than the 10 % of 
patients (language alterations, sleep disturbance and gastrointestinal alterations). GRIN2A most common 
clinical presentation is epilepsy (70 %) that might be frequently accompanied of intellectual disability 
and/or language alterations (30 %), and rarely accompanied of motor alterations (10 %). GRIN2B variants 
are mostly related with intellectual disability (70 %) although epilepsy and/or autism might also be present 
(40 %) (see supplementary tables 1-3).  

192 



Discussion 
 
In our cohort, GRIN1 variants are also frequently related with intellectual disability (100 %) and motor 
alterations (65 %) although epilepsy (30 %) and brain abnormalities (30 %) are also reported while 
GRIN2A variants are mostly related with epilepsy (65 %) and GRIN2B variants are generally associated 
with intellectual disability (85 %). Thus, no clear correlation has been established that might explain the 
variable clinical presentation in GRIN1 variants and the association between GRIN2A and epilepsy or 
GRIN2B and intellectual disability. Nevertheless, the comparison of clinical data extracted from our 
cohort and general reported data points toward a subunit effect in the clinical presentation.  
 
GluN domains impact in the pathogenicity and functional alterations of GRIN variants 
 
Regarding the location of the along the NMDAR subunit, GRIN variants are scattered along GluN 
subunit domains. Despite this, disease-associated GRIN variants, regardless of the affected subunit, are 
highly concentrated in the ligand-binding and the transmembrane domains (Amin et al., 2020; XiangWei 
et al., 2018; García-Recio A. et al., 2021) (see figure 118). These domains have also been evaluated in 
terms of genic variation tolerance. Nevertheless, these scores have been modified to improve the 
interpretation of the genic intolerance. Firstly, the missense tolerance ratio (MTR) was developed. This 
score compares the observed missense variants in a region with the predicted number of missense variants 
based on the region sequence context (Traynelis J. et al., 2017). This MTR approach applied to GRIN1, 
GRIN2A and GRIN2B genes has revealed that LBD, TMD and their linker regions are more intolerant 
than the ATD or CTD (lower score). Thus, this intolerance might explain why most disease-associated 
variants clearly cluster in these regions. Moreover, further analysis using algorithms that implement 
tridimensional structure (that consider nonadjacent residues that might interact or be close in the 
tridimensional structure) will tightly indicate what are the most susceptible regions to be affected by 
pathogenic variants (Perszyk RE. et al., 2021). In our cohort, this clustering of genetic variants in the LBD 
and TMD is also present. Nevertheless, we have generated additional artificial variants aimed to cover the 
whole GluN subunits.  
 
These domains are less tolerant to genetic variation due to their critical role in NMDAR function (agonist 
binding and receptor gating) (Traynelis SF. et al., 2010). The importance of these domains explains why 
genetic variants are more prone to be pathogenic when affecting LBD and TMD of NMDARs. In fact, 
variants affecting each domain are commonly associated (although not exclusively) with alterations in the 
activities in which that domain is involved. For instance, GRIN variants which are located in the ATD are 
commonly associated with alterations in Zn2+ inhibition (Zn2+ allosteric site is located in this domain).  
Moreover, GRIN variants in the LBD and TMD domains are frequently related with agonists potencies, 
channel opening and permeability, or Mg2+ blockade while GRIN variants in the CTD have been 
associated with alterations in the receptor post-translational modification (there are several 
phosphorylation sites in this region) or in the receptor-MAGUKs interaction that determines the receptor 
docking at the cell surface (see supplementary tables 1-3). 
 
Despite of these relative associations, GRIN variant associated-alteration and the functional impact (gain- 
or loss-of function) cannot be linearly correlated, except for variants which are located near the Mg2+ 
blocking site that are most commonly related with gain-of-function via reduction of the blockade by this 
ion (García-Recio A. et al., 2021). 
 
Moreover, it is not enough to determine that a GRIN variant is affecting a particular aspect of NMDARs 
because it is very frequent that these kinds of variants alter more than one parameter of the NMDAR 
physiology. Furthermore, alterations might be even contradictory, and the lack of a complete evaluation 
might result in a misclassification of the variant (Xu XX. and Luo J-H, 2017). For instance, a particular 
variant might be annotated only in terms of agonist potency and it can be concluded that this hypothetical 
variant is related with increased glutamate potency. However, if surface expression is not evaluated in this 
variant, there is a possibility that the alteration in that particular residue might be also related to a lack of 
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surface trafficking.  Hence, in this case, that variant that has been classified as gain-of-function due to 
increased glutamate potency is wrongly classified because the receptor is actually not reaching the cell 
surface and causing a loss-of-function. Thus, an evaluation as much complete as possible is needed to 
functionally annotate GRIN variants and this is currently not implemented in routine diagnosis. In this 
Thesis, to overcome this challenge, an experimental pipeline that evaluates distinct aspects of the NMDAR 
physiology has been implemented. 
 
Experimental pipeline established for variants annotation 
 
Along this Thesis, GRIN variants annotation has been performed based on the hypothesis that every 
critical step in the NMDAR physiology might be affected with GRIN variants: 1, synthesis and 
oligomerization; 2, release from the endoplasmic reticulum; 3, surface trafficking; 4, docking; 5, NMDAR 
opening and signaling. Thus, we have designed different approaches that might reveal the impact of GRIN 
variants in each of these processes. 
 
Firstly, upon GRIN variant annotation inquiry, bioinformatic search has been performed in databases. 
Particularly, we search the variant in the GRINdb web server (https://alf06.uab.es/grindb/home) 
(García-Recio A. et al., 2021), which is continuously updated and reunites information from ClinVar 
(pathogenicity), LOVD (gene variation), Uniprot (protein), GnomAD (genome), GRIN-Leipzig (Lemke 
JR. group), CFERV (Traynelis SF. group), BCN-GRIN (own database) and previously published data (see 
figure 119). For reported variants already annotated, we investigated whether all critical parameters have 
been evaluated. If some parameters are lacking or there is no available information regarding the 
functional annotation, our experimental pipeline is implemented (see figure 119). 
 
This pipeline initially determines whether the GRIN variant impairs the protein stability, because a protein 
misfolding results in the receptor degradation and consequently, a loss-of-function, regardless of other 
receptor properties. Then, if the NMDAR is not degraded due to the genetic variant, surface expression 
is evaluated given that a lack of surface expression is definitely related with a loss-of-function, despite 
other modifications. Finally, if the NMDARs are stable and able to reach the cell surface, NMDAR-
mediated currents and distinct kinetic parameters are investigated. From these studies, variants might be 
annotated as loss-of-function, gain-of-function or complex variants (see figure 119). 
 
The classification of a GRIN variant as complex results from the presence of a an altered parameter 
leading to gain-of-function but also another modified parameter that causes a loss-of-function. In these 
particular cases, an additional evaluation is conducted to determine what alteration predominates. With 
this aim, Traynelis SF. and colleagues have developed a formula (‘charge transfer’) that considers current 
amplitude, deactivation time, open probability, surface protein levels, an relative response to a given 
agonist concentration (for synaptic and non-synaptic responses) (Swanger SA. et al., 2016). 
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Figure 119. Decision tree that determines the experimental pipeline conducted in the lab for GRIN variants annotation. 
 
Nonsense variants and NMDAR loss-of-function 
 
Nonsense variants via a premature stop codon alter NMDAR protein length. The implementation of the 
abovementioned experimental pipeline has allowed us to determine the behavior of nonsense variants 
affecting ATD, LBD, TMD and CTD of GRIN1, GRIN2A and GRIN2B. 
 
Our experimental pipeline has revealed that GRIN nonsense variants do not result in the degradation of 
the NMDAR, although GRIN nonsense variants affecting the ATD and LBD-S1 of NMDARs result in 
the formation of intermolecular aggregates, exclusively composed by the mutated subunit. Additionally, 
this experimental pipeline has also showed that nonsense variants affecting the ATD, LBD and TMD of 
NMDARs, reduce surface expression (Santos-Gómez A. et al., 2020). This lack of surface trafficking as 
well as the formation of aggregates might be explained by the absence of certain required sequences, 
resulting in the aggregation and retention of these truncated subunits in the ER-Golgi system. The 
oligomerization and release from ER-Golgi system is a tightly regulated process. For a correct interaction 
between GluN1 and GluN2 subunits, there are several critical residues (GluN1-I519, A524, K531, P532, 
Y535, R755, L777; GluN2A-I514, F524, V526, P527, E530, L777, L780 and their equivalent positions in 
GluN2B). When the NMDAR is truncated at the ATD, LBD or TMD (M1, M2, M3), these residues are 
lost, and proper oligomerization does not occur. Moreover, if this oligomerization does not occur, there 
is not masking of retention signals and NMDARs are not released from the ER-Golgi system. When the 
NMDAR is truncated at the last portions of the TMD, these residues are not absent but the truncated 
protein is lacking sequences that are necessary for masking retention signals (at the proximal CTD, the C0 
cassette in GluN1, or EHL residues in GluN2 but also particular residues in the M3 helix (GluN1-W636, 
Y647 and T648; GluN2A-S644 and Y645; GluN2B-W635, S645, Y646, and T647). If masking of retention 
signals is not produced, NMDARs are not able to be released neither. Further experiments, to detect co-
localization of this mutated NMDARs with distinct markers of specific intracellular compartments are 
needed to confirm the hypothesis of truncated NMDARs being retained in the ER-Golgi system (Singh 
R. et al., 2017). 
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Additionally, GRIN nonsense variants affecting the CTD (for instance, GluN2B-R847*) experiment a 
slight reduction (~20 %) of the surface NMDAR density, probably due to a lack of the PDZ-binding 
motif, which is responsible of the interaction with MAGUKs and the receptor docking to the cell surface 
(Santos-Gómez A. et al., 2020).  The fact that this reduction was not observed in cell lines might be 
explained by the limitations of using cell lines as system. Cell lines are suitable as overexpression system 
for screening methods, but their machinery is not fully representative of the physiological machinery in 
neurons. 
 
Partial stratification of GRIN missense and indel variants 
 
To evaluate missense and indel variants, we have implemented the same experimental pipeline. This 
evaluation has resulted in the characterization of certain GRIN variants, but a global pattern of behavior 
has not been found. 
 
Biogenesis and surface expression of GRIN missense and indel variants 
 
Particular missense residues result in the degradation of the channel (particularly, GluN1-R217W, 
GluN2B-S555N and GluN2B-D732V). The reason why these particular residues are associated with 
protein instability is unknown, but we hypothesize that the aminoacid change could affect quaternary 
structure, leading to protein misfolding and consequently, degradation. Previously published data 
determined that GluN1-R217W was associated with increased Zn2+ inhibition and consequently a mild 
loss-of-function (Lemke JR. et al., 2016) and GluN2B-S555N was associated with an increased glutamate 
and glycine potency and consequently it is associated with a gain-of-function (CFERV data, 
http://functionalvariants.emory.edu/database/index.html) whereas there was no available information 
regarding GluN2B-D732V. Nevertheless, protein stability and/or surface trafficking were not evaluated 
in those investigations, and these variants are degrading the receptor and consequently, they are associated 
with a severe loss-of-function, regardless of agonists or Zn2+ potencies. 
 
Additionally, we have demonstrated that indel variants that were affecting the TMD result in a lack of 
surface expression (GluN1-I619G620dup and GluN2B-L650F653del). The TMD is a very conserved 
region, in terms of sequence and polarity because it is the region of the receptor which is inserted in the 
lipid bilayer. Thus, we hypothesize that any modification of the sequences that are located inside the 
membrane might be affecting the receptor insertion in the cell surface via hydrophobic changes.  
 
Moreover, other particular GRIN missense variants also affect surface expression (GluN1-D227H, 
G827R, E834Q; GluN2A-T646A; GluN2B-C457Y, G459R, R519Q). The reason why these residues 
affect surface expression is unknown and it has not been investigated during this Thesis, but those residues 
might be critical in any of the processes which are needed for the NMDAR to reach the cell surface or to 
be stabilized at the membrane (avoiding endocytosis) or alternatively, the aminoacid change affects the 
interaction and/or position of one of the critical residues. Further investigations are needed to fully 
elucidate why GRIN variants affect surface trafficking without degrading the receptor. There were not 
previous functional data regarding GluN1-E834Q, GluN2B-C457Y, G459R and R519Q that are 
characterized in this Thesis as loss-of-function due to a lack of surface expression. Moreover, we have 
also confirmed GluN1-G827R that was already considered a loss-of-function due to NMDAR-mediated 
currents reduction (CFERV data, http://functionalvariants.emory.edu/database/index.html) (although 
currently we also know that this reduction is due to reduced surface trafficking). GluN1-D227H was 
considered neutral and GluN2A-T646A, a gain-of-function (CFERV data, 
http://functionalvariants.emory.edu/database/index.html) because only pharmacological parameters 
were evaluated, but neither of these variants is able to reach the cell surface, so they are leading to a 
NMDAR loss-of-function. 
 

196 



Discussion 
 
Functional impact of GRIN missense and indel variants 
 
Nevertheless, only certain missense variants are associated with protein instability and/or surface 
trafficking alterations. Thus, the majority of GRIN variants will be associated with functional 
modifications. The functional evaluation via electrophysiological recordings is very time-consuming due 
to the complexity of the technique and consequently, it was not possible to functionally annotate all the 
recruited variants. From the 95 recruited variants, 29 GRIN variants were already annotated by previous 
work conducted in the lab (D. Soto and F. Miguez), 33 GRIN variants were annotated in terms regarding 
their effects in protein stability and/or surface trafficking, 22 GRIN variants have been annotated in this 
Thesis (of these, 10 GRIN variants are annotated to validate the structure based-superimposition model 
and they will be further discussed in the following section) and 11 GRIN variants are still devoid of 
functional annotation. 
 
Thus, out of the 12 GRIN variants that have been functional evaluated along this Thesis, 4 GRIN variants 
are classified as loss-of-function (GluN1-M813T; GluN2A-V563L; GluN2B-W559R, C746Y), 6 GRIN 
variants result in gain-of-function (GluN1-R548W, V656M, P805S; GluN2A-V639I; GluN2B-S628C, 
M818L) and in 2 of the variants, we were not able to detect any modification (although some parameters 
have not been evaluated like agonists potencies, rise-time or Mg2+ blockade, since the location of the 
variant is highly improbable to modify these parameters). From the loss-of-function variants, there was 
available data only for GluN1-M813T which was already classified as loss-of-function (reduced glutamate 
and glycine potency, CFERV data, http://functionalvariants.emory.edu/database/index.html). There was 
no available information regarding GluN2A-N490H and GluN2B-M829V, and we were not able to detect 
any alteration (uncertain pathogenicity). Concerning the variants that are classified as gain-of-function, 
there was not available information of GluN1-R548W and V656M. GluN1-P805S, GluN2A-V639I and 
GluN2B-S628C, and M818L were already classified as gain-of-function due to increased glutamate and 
glycine potencies (CFERV data, http://functionalvariants.emory.edu/database/index.html) and we have 
confirmed these annotations with additional data. Despite the annotation of several GRIN variants, no 
linear correlation has been found between the affected subunit and/or altered GluN domain and the 
GRIN variant functional impact. Further annotations are needed to elucidate a potential correlation. 
 
Structure-based superimposition model as an acceleration tool is limited 
 
The experimental pipeline we have been applying during the Thesis is effective, but the majority of variants 
need to be functionally evaluated by means of electrophysiological recordings and this approach is very 
laborious, delaying the diagnose and consequently, the therapeutic intervention. In order to overcome this 
issue, Dra. M. Olivella and colleagues (Vic) have developed a superimposition model of GluN1, GluN2A 
and GluN2B subunits based on their crystallographic structures and topological domains conservation, 
under the hypothesis that functional annotations of specific GRIN missense variants could predict the 
functional changes in equivalent structural positions in other GluN subunits (see figure 120). 
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Figure 120.  Schematic representation of the 
hypothesis that functional annotations of specific 
GRIN missense variants could predict the 
functional changes in equivalent structural 
positions in other GluN subunits based on the 
statement that GRIN1, GRIN2A, GRIN2B are 
equivalent. 
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This structure model has been already validated in silico, revealing a potential predictive power of the 
algorithm regarding pathogenicity and functional impact. Along this Thesis, we have experimentally 
investigated this predictive power. To do that, we have selected 10 GRIN variants affecting the GluN1 
subunit and the GluN2A subunit that are equivalent to already annotated GluN2B variants from patients. 
Then, mutant NMDAR surface expression was assessed, revealing surface patterns conservation between 
the different subunits (Santos-Gómez A. et al., 2021, submitted). Additionally, biophysical characterization 
was performed. Similarly, to surface trafficking pattern effect, whole-cell patch clamp experiments 
displayed an overall conserved electrophysiological impact between GluN1 and GluN2B and mostly of 
the GluN2A-GluN2B pairs except for GluN2A-G483D/GluNB-G484D and GluN2A/GluN2B-R693G 
pairs where the GluN2B showed a significant reduction in normalized peak current amplitude and the 
GluN2A phenotype was not so clear. Additionally, there were some discrepancies in terms of kinetics 
parameters in the GluN2A-G543R/GluN2A-G542R and the GluN2A-G688S/GluN2B-G689S pairs 
(Santos-Gómez A. et al., 2021, submitted).  Currently, the reason why these inconsistencies have been found 
is unknown. However, it is possible that certain residues in one of the subunits present certain roles or 
interactions that are not present in other subunits and these slight differences result in exceptions that 
cannot be extrapolated from one subunit to another different subunit. Thus, the structure-based 
superimposition model will need to incorporate additional information in order to determine what these 
exceptions are and still maintain its predictive power. 
 
Homozygosis vs. Heterozygosis: What is really happening in patients? 
 
In order to determine the functional impact of the different GRIN variants, the experimental pipeline has 
been applied in cells lines transiently expressing the distinct mutations without the presence of wild-type 
subunits. This has allowed us to determine the direct effect of the mutation in that specific subunit. 
Nevertheless, most of the variants reported in patients are in heterozygosity. Thus, immunofluorescence 
and electrophysiological approaches have been adapted to evaluate a modified situation where both kinds 
of subunits (wild-type and mutated) are expressed in equimolar quantities. Thus, these adapted protocols 
allow to investigate different kind of variants in ‘heterozygosity’, a more realistic situation. 
 
These modified approaches revealed that GluN2 nonsense variants exert a dominant negative effect on 
the wild-type subunit by reducing NMDAR total surface density and also the wild-type containing 
receptors (except for certain exceptions that were confirmed by electrophysiological recordings), whereas 
GluN1 nonsense variants do not present this behavior (Santos-Gómez A. et al., 2020). The discordances 
of certain GRIN variants outcomes between immunofluorescence and electrophysiological approaches 
might be explained because we are using a cell system overexpressing the different variants and an 
antibody concentration that amplifies the detection of those overexpressed proteins. Moreover, we are 
actually not controlling the different receptor populations because wild-type and mutated plasmids are 
combined with a complementary plasmid (GluN1 for GluN2 variants and vice versa) but different 
populations are formed with this combination (receptors that only contain mutated subunits, receptors 
that only contain wild-type subunits and receptor that contain both types of subunits).  In order to express 
only combined receptors (with wild-type and mutated subunits), engineered plasmids might be use, using 
different tags with retention signals for the different types of subunits which guarantee that only receptors 
containing both type of subunits are able to mask those retention signals by a coiled-coil formation 
between the two tags (Yi F. et al., 2017). All these factors can contribute to the lack of detection of subtle 
changes in some conditions by immunofluorescence and consequently, the disclosure of certain 
discrepancies between both techniques. The different behavior between GluN1 and GluN2 nonsense 
variant is due to the fact that GluN1 expression is not limiting (see figure 121). 
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Figure 121. Working model for GluN1 and GluN2 nonsense variants biallelic expression behavior: GluN2 exert a dominant 
negative effect while GluN1 do not, because GluN1 expression is not limiting. Empty and short shapes represent truncated 
GluN subunits while colored and completed shapes represent wild-type subunits (blue, GluN1 subunits; yellow, GluN2 
subunits). 
 
Contrasting with nonsense variants, GluN1 and GluN2 missense and indel variants dominant negative 
effect is based on the underlying alteration. If GluN variants cause a functional alteration without affecting 
surface expression are also exerting a dominant negative effect, while GluN variants that affect surface 
expression do not present this behavior. 
 
GRIN variants affecting the NMDAR function do not affect oligomerization, so they form ‘functional’ 
complexes but all the complexes that contain a mutated subunit present the corresponding functional 
alteration (completely altered when both alleles are mutated and an intermediate phenotype when one 
allele is wild-type and another allele is mutated) (see figure 122). 

 
 
Figure 122. Working model for GluN1 and GluN2 missense variants affecting the NMDAR function and consequently, 
exerting a dominant negative effect because oligomerization and/or surface expression are not altered, and ‘combined’ 
receptors are formed although do not function properly. Pink shapes represent mutated GluN subunits while wild-type 
subunits are painted in blue (GluN1) or yellow (GluN2). 
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Alternatively, GRIN variants that affect surface expression do not exert a dominant negative effect, 
regardless of the affected subunit. GluN1 behavior might also be explained but the fact that it is not a 
limiting subunit, but this explanation does not apply for GluN2 variants. GluN2 lack of dominant negative 
effect might be explained by the subunit degradation in certain GluN2 missense variants but for GluN2 
variants that affect surface trafficking without being degraded (for instance, GluN2B-G459R) the 
underlying mechanism explaining the lack of dominant negative effect is unknown given that we still do 
not fully understand why this kind of variants affect surface expression (see figure 123). 
 

 
 
Figure 123. Working model for GluN missense variants that affect surface trafficking. GluN1 variants do not exert a 
dominant negative effect because its expression is not limiting whereas the reason why GluN2 variants do not exert this 
dominant negative effect is unknown. Empty shapes represent GluN missense variants while colored shapes represent wild-
type constructs (blue, GluN1 subunits; yellow, GluN2 subunits). 
 
The evaluation of GRIN1 variants is limited in neuronal primary cultures with conventional 
approaches 
 
The functional annotation of GRIN variants (via our experimental pipeline) and the evaluation of their 
effect in heterozygosity (simulating what is happening in patients) were conducted in cell lines because 
this system is manageable and has been proven effective as screening method. Nevertheless, we have seen 
that some incongruencies can be detected due to limitations in the techniques’ sensitivity to detect subtle 
changes. This limitation might be explained because of the technique itself but also because cell lines due 
to their characteristics express high levels of proteins, and this overexpression might be masking slight 
modifications. Thus, additional experiments have been conducted in hippocampal neuronal primary 
cultures which are isolated directly from the brain tissue, retaining some morphological and functional 
traits. Neuronal primary cultures have been used to confirm findings from surface trafficking evaluation 
and to investigate the impact of GRIN variants in neuronal morphology in basal and stimulated 
conditions.  
 
Unfortunately, this system also revealed some limitations. After transfecting GluN1, GluN2A and 
GluN2B wild-type and mutated plasmids with fluorescent tags, we noticed that the tagged-GluN1 subunit 
(regardless of being wild-type or mutated) was not detected in the neuronal surface while wild-type 
GluN2A and GluN2B were detected.  This might be explained by the fact that neurons endogenously 
express NMDAR subunits and the intrinsic GluN1 which is overexpressed displace the oligomerization 
of exogenous tagged-GluN1 subunits, leading to a lack of tagged-GluN1 expression (Prybylowski K. et 
al., 2002).  
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Thus, it is not possible to study GluN1 variants in neuronal primary cultures with conventional 
approaches. In order to evaluate GRIN1 variants impact in neuronal morphology and activity, firstly, a 
knock-down of the endogenous GluN1 subunit mediated by shRNA might be conducted prior to the 
expression of the mutated GluN1 subunits (Lichnerova K. et al., 2015). 
 
Loss-of-function variants are associated with dendritic spines reduction 
 
GRIN variants evaluation in cell lines is suitable as screening method of the functional impact. In fact, 
immunofluorescence analysis of certain variants in neuronal primary cultures have confirmed the findings 
from surface trafficking analysis in cell lines.  Nevertheless, neuronal primary cultures allow for further 
investigations regarding GRIN variants impact in the neuron physiology. In this Thesis, the analysis of 
dendritic spines density and morphology has been applied to further characterize several loss-of-function 
variants. Particularly, some GRIN nonsense variants affecting surface trafficking or docking (GluN2A-
E182Nfs*23, V452CFs*11; and GluN2B-R519*, E839*, and R847*), a missense GluN2B variant that 
causes a pore reduction (P553T), and an indel variant devoid of functional annotation (GluN2B-K1293del 
± homer2-E221K).  Despite of being devoid of functional annotation, we hypothesize that the indel 
variant is also related with loss-of-function because the variant is located in a region where interaction 
with post-synaptic proteins like homer2 is very frequent (homer2 is also mutated in the same patient). 
 
This approach revealed that all the evaluated loss-of-function variants were related with a reduction in the 
number of dendritic spines. This might be explained by the reduction of NMDAR activity, regardless of 
the affected process. Variants that are affecting NMDAR trafficking to the cell surface reduce the total 
density of receptor that might be activated with LTP induction, and GluN2B-P553T present a normal 
density but the channel pore is reduced. Thus, in both situations, there is a reduction of the Ca2+ signaling 
that is responsible of spines dynamics. The fact that spines are also being reduced in GluN2B-K1293del 
± homer2-E221K, supports the hypothesis that this is variant is possibly associated with a. loss-of-
function, although the underlying mechanism is not known. The reduction of spine density in variants 
that affect surface trafficking have been previously reported (Mota-Vieira M. et al., 2020). 
 
In addition of evaluating dendritic spines density, types of spines are also distinguished, using this 
approach (from most immature to most mature formation: thin, stubby and mushroom), despite it is 
demonstrated that spines are not static and a snapshot from the microscope represents spines in 
morphological transition (Hering H. and Sheng M., 2014). Nevertheless, despite this dynamic behavior, 
the evaluation of spines morphology might reveal modifications in neuronal maturation. Particularly, these 
variants are associated with a reduction in the number of stubby spines, because neuronal primary cultures 
are transfected at DIV11, and neurons are fixed for immunofluorescence analysis at DIV14, when cells 
are not completely mature. In this period, stubby spines are the predominant type at that maturation state, 
so changes will be more evident in this type of spines than the others. Despite being immature (synaptic 
contact zone is still small, and number of vesicles reduced), we are conducting the experiments in that 
particular moment, because after DIV14, a reduction in synaptic density has been observed in neuronal 
cultures from embryonic rat (Ichikawa M. et al., 1993).  
 
Does Grin2b+/- mouse model recapitulates symptoms associated with GRIN loss-of-function 
variants? 
 
In vitro assessment has revealed that the majority of GRIN variants are related with NMDAR loss-of-
function. In order to evaluate GRIN loss-of-function in vivo, there are distinct available mouse models of 
reduced GluN1, GluN2A and GluN2B subunits, as well as, some particular models with specific GRIN 
variants. Given that, in our cohort of 95 GRIN variants, the most represented subunit is the GluN2B 
subunit, we decided to focus on a Grin2b heterozygous mouse, assuming a loss-of-function in this model.  
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This mouse model is the only option to have reduced GluN2B subunit because Grin2b KO mice are lethal 
due to a lack in the suckling response (Kutsuwada et al., 1996). Nevertheless, it resembles what is 
happening in patients, because most patients with GRDs present GRIN variants in heterozygosis. Based 
on GRD symptoms (slim constitution, intellectual disability, developmental delay, stereotypies, autism, 
motor alterations, anxiety, gastrointestinal alterations, epilepsy, brain alterations, language alterations, 
sleep disturbance, altered pain responses) we have generated a battery of behavioral tests to conduct a full 
characterization of the Grin2b+/- mouse model because very few studies are available regarding this mouse 
model phenotype. Due to technical limitations, there are several phenotypes which we were not able to 
measure such as epilepsy, brain alterations, language alterations, sleep disturbance or pain response. Thus, 
we still do not know whether this model reproduce those GRD-associated alterations or not.  
 
Concerning the evaluated phenotypes, the mouse model reproduces the motor deficits and the anxiety-
like phenotype observed in GRD patients, while no significant changes were detected in the rest of 
phenotypes. Some of these phenotypes are seen in male mice only as tendencies but this might be 
explained by the reduced sample size because apparently there are not differences regarding gender. There 
are no available information conducting a complete phenotypic assessment of the Grin2b+/- mouse model. 
Nevertheless, the hypoactivity and the anxiety-like phenotypes were also observed in a heterozygous 
mouse model with a point mutation in the GluN2B subunit (GluN2B-C456Y) (Shin W. et al., 2020). 
 
After the behavioral assessment, mice were sacrificed, and ex vivo hippocampal slices were obtained to 
perform field potential recordings of EPSPs in Schaffer collateral-CA1 pathway. This electrophysiological 
approach revealed a slight reduction in the slope of EPSPs from heterozygous mice while there were not 
significant changes in memory tasks during behavioral assessment. Nevertheless, although EPSPs slope 
is reduced, heterozygous mice are still able to develop long-term potentiation and this result is in 
agreement with behavioral tasks where heterozygous mice presented a slightly reduced discrimination 
index in novel object recognition test and less tendency to alternate in the T-maze spontaneous alternation 
paradigm, but they still prefer novel object instead of the familiar one and they alternate more than repeat 
the previously chosen arm. 
 
Grin2b+/- is likely mimicking GRIN2B pathogenic nonsense variants. Thus, it is a good model to evaluate 
potential therapeutic options for patients with this kind of variants, even though some phenotypes are not 
fully represented. Furthermore, these therapeutic interventions might be effective with other kind of 
variants (for instance, those leading to functional modifications) despite the fact that this mouse model is 
not fully representative of all the loss-of-function GRIN variants. To fully represent all the spectrum of 
loss-of-function variants, knock-in mice of representative GRIN variants should be developed but this 
specific approach is expensive and time-consuming. However, the study of KI mice harboring highly 
representative mutations (in a great number of patients) might be a valid strategy in the future. 
 
Therapeutic strategies towards in vitro rescue of GRIN variants functional outcomes 
 
Based on in vitro evaluation of functionally annotated GRIN variants, we can adapt distinct protocols to 
check whether the different therapeutic interventions are able to rescue those reported modifications. 
Almost the 70 % of the 95 recruited GRIN variants have been annotated as loss-of-function variants. 
Thus, this Thesis mainly focused on defining these variants behavior in vitro and in vivo (Grin2b+/- mouse 
model) to further evaluate potential therapeutic interventions. 
 
In vitro analysis of loss-of-function GRIN variants demonstrated the existence of two main LOF (loss-of-
function) categories. One of these groups is affecting surface trafficking and/or docking, leading to 
reduced NMDAR surface density while the other group does not reduce the total pool of receptors, but 
they do not properly function (reduced peak current amplitudes, faster kinetics, reduced agonists 
potencies…). 
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Several approaches have been evaluated to investigate a potential rescue of these variants: genetic strategy, 
dietary/pharmacological strategy (D-serine, rapastinel, polyamines) or microbiota manipulation. 
 
Genetic strategy towards nonsense variants rescue 
 
During this Thesis, we have extensively characterized nonsense variants behavior demonstrating that 
nonsense variants affecting ATD, LBD, TMD impair surface trafficking and exert a dominant negative 
effect when expressed in ’heterozygosis’ (monoallelic expression). For this kind of variants, several 
strategies might be used, including those that are going to be discussed in the following sections. In 
addition to those strategies, for this kind of variants, we have evaluated the potential rescue of a genetic 
strategy. This genetic strategy is based on the dominant negative effect that might be indicative of a 
competition or a retention effect between the different subunits. Thus, we hypothesize that increasing the 
amount of wild-type subunit, the mutated subunit that it is not able to reach the cell surface might be 
displaced. Preliminary results confirmed this displacement when a wild-type plasmid or even a CTD-
truncated plasmid (that it is able to traffic, and it is smaller to be packaged in viral vectors) are 
overexpressed. Thus, gene therapy might be a potential therapeutic option for GRDs after defining some 
aspects of the protocol (further discussed in following sections: ‘Finding a cure: Is gene therapy possible 
for GRDs?’).  
 
D-serine, rapastinel and spermine rescue spines deficits 
 
D-serine (a natural co-agonist of the NMDARs) and rapastinel (a partial agonist) have been evaluated to 
check whether these compounds are able to rescue spines deficit associated with loss-of-function variants 
in basal and under stimulating conditions in hippocampal primary cultures. In order to study long-term 
potentiation (LTP) in vitro, there is a well-established protocol where LTP is promoted by glycine 
application in neuronal primary cultures (Lu WY. et al., 2001) and it is demonstrated that there is an actin-
mediated change in spines morphology during long-term potentiation (LTP) due a calcium increase via 
NMDAR activity and/or NMDAR-mediated AMPAR insertion (Fortin DA. et al., 2010). This approach 
revealed that after LTP, spines density is increased in wild-type conditions whereas in neurons expressing 
the variants that were associated with reduced spines density in basal conditions, there is not such increase.  
Additionally, D-serine, spermine and rapastinel have been added in combination with glycine, showing 
that these compounds are able to rescue the observed spines deficits, via NMDAR potentiation that result 
in an increased Ca2+ signaling and consequently, a recovery of spines dynamics. Again, greater changes 
are observed regarding stubby spines that are the predominant ones between DIV11-DIV14. 
 
Spermine rescue of NMDAR-currents and spines deficits 
 
Moreover, spermine has also been proved to be effective in the potentiation of NMDAR-mediated 
currents in wild-type and several genetic variants affecting GluN1 and GluN2B subunits, without changes 
in potency (1.5-fold increase). Nevertheless, depending on the variant, the achieved rescue will be 
different. Based on actual recordings from some GRIN variants, we have predicted the level of rescue 
that it might be achieved with spermine addition in different conditions, and there are certain genetic 
variants in which spermine is not able to potentiate or its effect is almost null (e.g. biallelic expression of 
GRIN variants affecting surface NMDAR density, completely abolish NMDAR insertion at the cell 
surface and consequently there are no available surface NMDARs to be potentiated). Thus, spermine 
dosage should be adjusted because there are several conditions that do not need a saturating dose (as the 
one which has been used in these experiments) and other conditions, that despite using the highest dose, 
will not achieve wild-type levels. 
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Evaluation of novel therapeutic strategies in Grin2b+/- mouse model of GRD 
 
Two therapeutic options have also been evaluated in vivo for the rescue of Grin2b+/- mouse model 
associated phenotypes: a polyamines-based treatment and microbiota manipulation. 
 
Spermidine chronic supplementation 
 
From all the dietary and pharmacological compounds, spermine was selected for further evaluation in vivo 
in Grin2b+/- mouse model, because previous studies conducted by the group revealed that spermine is 
more potent than D-serine (data not shown) and it is available in the market as dietary supplement in its 
precursor form (spermidine capsules). Spermidine was chronically administered to mice (3 mM in drinking 
water) based on other studies evaluating orally administered spermidine in mouse models (Chrisam M. et 
al., 2015; Eisenberg T. et al., 2016; Wirth A. et al., 2021). 
 
Spermidine chronic supplementation partially rescued hypoactivity and motor coordination but there were 
not effects in anxiety-like phenotypes. The partial rescue might be due to short supplementation prior to 
behavioral assessment (other studies are supplementing for 6 months while we supplemented for 1.5 
month), mice age because it is not demonstrated whether spermidine is able to cross the blood brain 
barrier in young mice, or mice gender given that other groups also had trouble in identifying improvements 
in female mice but not in male mice (Schroeder S. et al., 2021).  
 
Despite the low dose and the lack of rescue of anxiety-like phenotypes, spermidine supplementation 
resulted in additional modifications in parameters that were not affected initially in the Grin2b+/- mice. 
These modifications were a reduced stool water content in both genotypes and an increased number of 
buried marbles in the heterozygous group. The increased number of buried marbles is usually associated 
with repetitive behaviors that might be related with anxiety-like behaviors (Angoa-Pérez M. et al., 2013). 
Interestingly, the increased number of buried marbles has also been observed in a mouse model lacking 
spermidine/spermine N-acetyltransferase (SSAT) that inactivates polyamines via acetylation (Sandusky-
Beltran LA. et al., 2019). Moreover, several polymorphisms in SSAT and other polyaminergic enzymes 
(like spermine synthase or spermine oxidase) have been associated with an increased risk for anxiety, 
mood disorders and attempt suicide (Fiori LM. et al., 2010). Thus, polyamines and their metabolism seem 
to be related with this particular behavior, and this might also explain the lack of rescue of Grin2b+/- 

anxiety-like behaviors and the fact that we only observe this increased compulsive behavior in Grin2b+/- 
mice and not wild-type mice that are less prompted to develop anxiety-like phenotypes. Moreover, the 
reduced stool water content which is observed in both genotypes might be due to an enhancement of 
intestinal absorption by spermidine or its metabolite, spermine via loosening of the epithelium tight 
junctions (Gao Y. et al., 2007). 
 
Additionally, field potential recording of the Schaffer collateral-CA1 pathway in ex vivo hippocampal slices 
revealed a slight increase in the EPSP slope of Grin2b+/- mice, without reaching statistical significance nor 
the wild-type levels. This increase is not observed in the performed memory tasks because mice that did 
not receive spermidine already prefer the novel object rather than the familiar one in the novel object 
recognition test and preferentially alternate in the T-maze paradigm. 
 
Fecal microbiota transplantation 
 
The presence of gastrointestinal alterations in GRDs patients prompted us to believe that microbiota 
manipulation might be potentially recommended to improve GRD symptomatology, despite the fact that 
Grin2b+/- mouse model do not reproduce those alterations.  
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Thus, fecal microbiota transplantation was evaluated to assess whether heterozygous microbiota 
transference provokes motor deficits, anxiety-like behaviors and plasticity alterations in the wild-type mice 
and/or wild-type microbiota transference is able to rescue those phenotypic alterations of the Grin2b+/- 

mouse model. The only transferred phenotype from Grin2b+/- to wild-type mice is a worse performance 
in the rotarod test, indicating that motor coordination of wild-type animals could be affected due to the 
transplant of heterozygous microbiota. Nevertheless, other motor deficits (reduced locomotion in open 
field test or reduced reaches score in the wire-hanging test) are not transferred with FMT. Alternatively, 
Grin2b+/- mice receiving wild-type microbiota increased locomotion in the open field test but there was 
not rescue of anxiety-like phenotypes (reduced time in open arms) or motor discoordination (worse 
performance in rotarod and worse reaches score in wire-hanging test). 
 
The fact that only few phenotypes have been transferred from one genotype to the other and vice versa 
might indicate that there are several aspects determining their presence or the lack of proper bacterial 
engraftment. To improve this engraftment, several modifications might be implemented in our protocol.   
 
One possibility is the modification of the pre-treatment regimen, using antibiotics instead of laxatives. 
However, there is a debate regarding the use of antibiotics or laxatives as pre-treatment due to the fact 
that antibiotics might result in additional alterations or residual antibiotics which could affect the 
engraftment whereas laxative cannot guarantee a total depletion of the host microbiota. Studies comparing 
both pre-treatments, revealed that antibiotics might affect or delay the engraftment ability of certain 
bacterial populations (Le Roy T. et al., 2019). Thus, the use of antibiotics instead of laxatives does not 
seem to be a good option to improve the transplant engraftment. 
 
In order to facilitate engraftment, in addition to the treatment regimen modification, germ-free mice might 
be used. However, there is also a debate regarding the use of germ-free or conventional mice with this 
type of approaches, because germ-free mice are devoid of endogenous microbiota, and facilitate 
colonization. Nevertheless, the lack of endogenous microbiota also causes metabolic dysfunction, an 
altered immune system and an immature gastrointestinal tract. Moreover, some studies have revealed that 
the engraftment depends on the bacterial richness prior to the intervention and germ-free mice seems to 
delay the engraftment due to low bacterial richness and to be at higher risk of colonization by exogenous 
bacterial populations coming from the environment instead of the transplant (Le Roy T. et al., 2019). 
Consequently, the use of germ-mice instead of conventional mice does not seem advantageous.  
 
Another possibility is to increase the amount of fecal microbiota transplant. Some groups have 
demonstrated a good engraftment after 5 administrations of fecal microbiota transplant (Gopalakrishnan 
V. et al., 2021) while we only performed 2 administrations. Another option is an earlier intervention 
(shortly after weaning because few days later the immune system is further developed) and a longer period 
for colonization (9 weeks) (Le Roy T. et al., 2019) instead of performing the intervention two weeks post-
weaning and the behavioral assessment 3 weeks after the FMT. In fact, Le Roy T. and colleagues 
demonstrated that bacterial replacement is more effective if it is conducted shortly after weaning (Le Roy 
T. et al., 2019). Thus, these regimen modifications might be beneficial and improve our results. 
 
Although there is a possibility that complete engraftment has not occurred, the transference of wild-type 
microbiota to Grin2b+/- mice resulted in increased number of stools with reduced water content and 
increased buried marbles, as it was happening with spermidine supplementation. This might be explained 
by the modification of microbiota itself, that might result in an increase of different compounds including 
spermidine (Bruno G. et al., 2019). 
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Perspectives of therapeutic interventions in GRDs 
 
Until very recently, therapeutic interventions in patients with GRDs were aimed to mitigate 
symptomatology (for instance, using melatonin for sleep disturbances, prebiotics/probiotics for 
gastrointestinal alterations, therapies for environmental enrichment or anti-epileptic drugs if needed, 
among other compounds). Nevertheless, great efforts are being made to evaluate distinct therapeutic 
interventions directly targeted against loss- and gain-of-function GRIN variants to improve the quality of 
life of these patients and their families. In the following sections, therapeutic interventions for loss-of-
function variants which have been investigated during this Thesis, will be discussed to evaluate how 
plausible is its application in the treatment of pediatric patients suffering from GRDs. 
 
L-Serine ongoing clinical trial 
 
L-serine has been translated to the clinical practice in a patient with severe encephalopathy, harboring a 
loss-of-function GluN2B variant. This variant was characterized in vitro in our laboratory and it was 
associated with reduced pore size, reduced glutamate potency, together with reduced spines density and 
the addition of D-serine in vitro was able to rescue those alterations. L-serine is considered a safe food 
additive by the FDA and L-serine is transformed in the human body into D-serine that it is able to 
potentiate NMDARs. Thus, the patient with the loss-of-function variant started an L-serine 
supplementation (which is converted in D-serine after administration) resulting in the improvement of 
motor, cognitive and communication deficits after several months of supplementation (Soto D. et al., 
2019). 
 
This proof-of-concept study has resulted in the establishment of a clinical trial in GRIN-related disorders 
(https://clinicaltrials.gov/ct2/show/NCT04646447?cond=GRIN&draw=2&rank=1). From November 
2020, there is an ongoing clinical trial that consists of L-serine orally supplementation (3 administrations 
per day) to 20 patients from 2 to 18 years old, starting with 250 mg/kg/day for 2 weeks, and 500 
mg/kg/day from week 3 to week 52. The aim of this initial clinical trial is to elucidate possible side effects 
(although L-serine is considered a safe compound), and the therapeutic potential of this compound via 
conducting distinct questionnaires and assessments based on scales (measuring adaptative, cognitive, 
learning, behavioral, emotional, motor, and social skills) as well as an evaluation of sleep pattern 
disturbances and microbiota dysbiosis. 
 
Moreover, this Thesis has demonstrated that D-serine (L-serine metabolite) is able to rescue spines deficits 
in distinct types of loss-of-function variants. Thus, L-serine seems a very promising compound for the 
treatment of GRDs that are associated with loss-of-function variants, regardless of the functional impact, 
and with less reported side effects than D-serine (Guercio GD. and Panizzutti R., 2018; Suwandhi L. et 
al., 2018). Consequently, if this clinical trial results in an improvement of the symptomatology of recruited 
patients without significant side effects, a generalized therapy with L-serine supplementation might be 
close to be implemented for patients with loss-of-function variants. 
 
Spermidine, a promising nutraceutical therapy for the treatment of loss-of-function GRDs  
 
There are several studies claiming the potential therapeutic effect of spermidine oral supplementation 
given its antioxidant and anti-inflammatory effects and its role in promoting autophagy activation. In fact, 
it has been demonstrated that oral spermidine supplementation to mice extends lifespan and exert 
cardioprotection (Eisenberg T. et al., 2016) and improve spatial learning in male aged mice (Schroeder S. 
et al., 2021). 
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During this Thesis, we have demonstrated that spermine (spermidine metabolite) is able to rescue 
NMDAR-mediated reduced currents and spines deficits associated with distinct GRIN loss-of function 
variants. Moreover, we have also evaluated the potential therapeutic effect of spermidine oral 
supplementation in Grin2b+/- mouse model (GRDs model), revealing a partial rescue of motor deficits. 
Despite being a preliminary result, which might be improved via increasing time of supplementation, this 
behavioral study in combination with our in vitro results and other studies in different mouse models, 
support the benefits of this compound. 
 
Furthermore, the fact that spermidine is already present in diet (nuts, mushroom, soybean…) prompted 
to its use in humans as cognitive enhancer and for cardioprotection in distinct clinical trials, revealing that  
elevated levels of spermidine (from diet) correlate with reduced risk of cardiovascular disease (Eisenberg 
T. et al., 2016, https://clinicaltrials.gov/ct2/show/NCT04405388?term=spermidine&draw=2&rank=2) 
and a 3-months spermidine supplementation (750 mg of spermidine-rich plant extract with a daily 
spermidine dose of 1.2 mg, dispersed in three doses,  SpermidineLIFEâ from Longevity Labs+, 
https://www.spermidinelife.com/en/)) is associated with prevention of cognitive decline in older adults 
(Wirth M. et al., 2018; https://clinicaltrials.gov/ct2/show/NCT02755246). Both clinical studies also 
demonstrated that spermidine supplements, which are already available (Primeadineâ from Oxford 
Healthspan, https://oxfordhealthspan.com; and SpermidineLIFEâ from Longevity Labs+, 
https://www.spermidinelife.com/en/) are safe and well-tolerated, except for diseases where polyamines 
levels are increased (renal failure, certain tumors, stroke, or cardiac infarction) where spermidine 
supplementation is still not recommended. Further studies are needed to determine if these increased 
polyamines are a compensatory mechanism to avoid damage or contribute to the disease (Madeo F. et al., 
2018). 
 
Although there is not an ongoing clinical trial, spermidine has also been associated with increased longevity 
(Madeo F. et al., 2018) because it is a caloric restriction mimetic (CRM) that simulates intermittent fasting 
and/or caloric restriction effects, that impact longevity. The relationship between fasting or caloric 
restriction and longevity is mediated via a reduction of circulating insulin-like growth factor-1 (IGF-1) and 
insulin pathways, because of the decreased aminoacids and glucose. This pathway reduction results in the 
expression of certain transcription factors that activate autophagy, stress response, and antioxidative 
responses (Longo VD. et al., 2021). 
 
Despite being a safe compound and the association with distinct therapeutic effects, polyamines doses 
should be tightly regulated because spermidine and spermine at high doses might act as blockers (Lerma 
J., 1992; Gallagher MJ. et al., 1997; Mony L. et al., 2011). In fact, a 6 mM supplementation in mice do not 
show significant improvement in memory tasks and 30 mM supplementation for one month resulted in 
muscle strength alteration due to excessive autophagy processes (Chrisam M. et al., 2015). Furthermore, 
spermidines might be also associated with pain-related behaviors and toxicity due to overexcitation of 
NMDA and non-NMDA receptors, and metabolism products like hydrogen peroxide or reactive 
aldehydes (Otsuki M. et al., 1995; Tan-No K. et al., 2000). 
 
Thus, spermidine is a potential therapeutic option for GRDs. Nevertheless, further studies are needed to 
fully determine the therapeutic window and the safety/tolerability in pediatric patients. Despite this, 
spermidine is already commercialized, and it has been proven effective in humans for distinct applications, 
and this will ease the path for GRDs treatment. 
 
Rapastinel is still not ready to be implemented in GRDs treatment 
 
Currently, there are not available studies evaluating Rapastinel in GRDs. Nevertheless, in this Thesis, we 
have demonstrated that rapastinel is able to rescue spines deficits in neuronal primary cultures transiently 
expressing GRIN loss-of-function variants.  
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There were not studies regarding the potential benefit of rapastinel in GRDs but there were several studies 
claiming its potential as antidepressant agent without ketamine-like side effects using 10– 30 mg/kg doses 
in murine models (Liu RJ. et al., 2017; Kato T. et al., 2018; Donello JE. et al., 2019). In fact, the compound 
seemed very promising and several clinical trials started investigating its role as antidepressant. Some of 
these studies even reported antidepressant effects two hours post-intravenous injection (5 mg-10 mg/kg) 
that lasted for 7 days without significant side effects (Preskorn S. et al., 2015). Nevertheless, these studies 
also showed response in the placebo group. Thus, despite being safe and well tolerated, there were not 
differences between the compound and the placebo, leading to the termination of the distinct trials (failed 
trials) (Neurex, Allergan, https://clinicaltrials.gov). These failed trials evaluating rapastinel as 
antidepressant agent do not mean that rapastinel could not be effective in other diseases, such as GRDs. 
However, further investigations are needed in order to determine: 1, the potential therapeutic role in 
GRDs in vivo (experiments conducted during the Thesis only assess its potential rescue in vitro); 2, the exact 
effective dose window to potentiate loss-of-function GRIN variants (due to its partial agonism); and 3, 
the safety and tolerability of the compound in pediatric patients. Thus, currently, the application of 
rapastinel in GRDs is far from being a therapeutic option for patients. 
 
FMT for the treatment of GRDs: so far, so close 
 
There is an increasing interest in the brain-gut axis and its role in neurologic diseases (such as Parkinson, 
chronic pain, depression, anxiety or autism) (Maqsood R. and Stone TW., 2016; Bermudez-Martin P. et 
al., 2020). Thus, many efforts have been oriented to demonstrate the pathological role of microbiota 
alterations (dysbiosis) in these neurological diseases and how therapeutic interventions targeting these 
microbiota modifications could benefit patients suffering from those disorders. 
 
Several families have reported that GRD patients suffer from distinct gastrointestinal alterations 
(constipation, abdominal pain and/or flatulence) that might due to microbiota alterations. Despite this, 
to-date, there is no demonstration of such dysbiosis in GRD patients. Nevertheless, this evaluation has 
been included in the L-serine clinical trial. During this Thesis, when characterizing the Grin2b+/- mouse 
model (GRD ‘loss-of-function’ model), several gastrointestinal parameters were evaluated (number of 
stools in 60 minutes, stool water content and transit time), without revealing significant changes. However, 
this heterozygous mouse model only reproduces certain phenotypes and the absence of gastrointestinal 
alterations does not mean that dysbiosis is not present in GRD patients. 
 
Thus, a potential GI dysfunction contributing to GRD pathophysiology still cannot be discarded, and in 
that case, microbiota manipulation could be a potential therapeutic option. Thus, during this Thesis, we 
have also conducted a preliminary evaluation of fecal microbiota transference from wild-type mice to 
Grin2b+/- mice and vice versa, revealing that only alterations in motor coordination (rotarod test) can be 
transferred to wild-type animals with heterozygous microbiota transplant but there is no transference of 
other motor deficits or anxiety-like phenotypes. Moreover, wild-type microbiota transplant is only able to 
increase locomotion (open field test) without changes in alterations of motor coordination (rotarod and 
wire-hanging test) or anxiety-like phenotypes. Thus, it seems that microbiota dysbiosis could have a 
pathological role in GRDs and that microbiota manipulation could benefit those patients. However, our 
preliminary study has certain limitations (discussed in the previous sections) and consequently, further 
studies are needed in order to confirm this. 

If microbiota dysbiosis in GRD patients and microbiota manipulation potential benefit for GRDs are 
confirmed with further evaluations (L-serine clinical trial and redefined FMT protocols, respectively), it 
will be very easy to apply this therapeutic option in GRD patients because several ongoing clinical trials 
are evaluating the application of FMT in distinct diseases (for instance, autism) affecting pediatric patients 
(https://clinicaltrials.gov/ct2/home).  
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Finding a cure: Is gene therapy possible for GRDs? 
 
All the discussed therapeutic options, although targeting the NMDAR loss-of-function, do not correct 
the gene defect. Thus, rather than a cure for GRDs, it is mitigating the effects of the NMDAR dysfunction. 
To actually cure the disease, the genetic defect ought to be removed and replaced by a correct gene, what 
is known as gene therapy. 
 
In order to achieve this, traditionally, viral vectors have been used, and depending on the approach, some 
viral vectors might be better than others. The most widely used are the adeno-associated viruses (AAVs) 
because they are less immunogenic, less oncogenic and there are several classes with specific tropism (for 
instance, AAV2 and AAV9 present neuronal tropism) (Choudhury S. et al., 2017). Nevertheless, the 
encapsulated gene length is limited (~5 kB) and this might be insufficient for GRIN2 genes. Alternatively, 
lentivirus (higher capacity but more immunogenic and oncogenic) or a combination of various AAVs 
might be used (Choudhury S. et al., 2017). Still, there is the limitation that viral vectors should be prepared 
to down-regulate first and then, replace with the correct gene, and this should be specific for each GRIN 
variant. During this Thesis, we have investigated the potential benefit of a gene therapy without the 
necessity of the prior down-regulation, which might be useful for certain GRIN nonsense variants that 
exert a dominant negative effect in heterozygosity (monoallelic expression), by expressing additional wild-
type receptors or even CTD-truncated receptors that are able to displace the mutated subunits via a 
competition effect. Thus, a potential therapeutic option for patients expressing this type of variants is 
gene therapy with wild-type or CTD-truncated GRIN subunits, without the need of down-regulation prior 
to the expression. However, this approach is only suitable for that particular kind of variants and not for 
every GRIN variant. A potential option that might target all kind of variants is CRISPR-Cas9 technology 
which allows gene silencing or the variant correction in target cells (Benger M. et al., 2018). Regardless of 
the selected method, further studies are needed to evaluate specific CRISPR strategies for GRIN genes or 
the optimal viral vector approach to efficiently express GRIN genes in vitro (cell lines, neuronal primary 
cultures, stereotaxic injection in mouse models). 
 
In addition to select the proper gene therapy approach, additional aspects should be considered to make 
gene therapy achievable in the treatment of GRDs. One of these aspects is the gene therapy target given 
that NMDARs are widely expressed in the whole body, determining some of the GRDs symptoms. There 
are several delivery pathways (intraparenchymal, intrathecal or intravenous) and the choice is based on the 
selected target, although each of them present advantages/disadvantages regarding immunogenicity and 
leaking to other locations (Benger M. et al., 2018). For GRDs, the main target is the CNS, despite the 
NMDAR expression in the whole body (additional treatments should be administered to treat residual 
symptomatology). Thus, any of the pathways is suitable (although with intravenous administration, a viral 
vector which can cross the BBB like AAV9 should be selected). Nevertheless, the advantage of having 
NMDAR expression in the whole body is that gene therapy could be targeted to a specific location where 
NMDARs are expressed to evaluate whether it is effective, prior to target the CNS. 
 
Another aspect is: in which specific moment the gene therapy should be performed?  As GRDs are 
neurodevelopmental disorders, it is believed that ‘the sooner, the better’. This is the reason why we have 
evaluated all the therapeutic interventions in mice as soon as possible, when the development is still taking 
place.  Nevertheless, it has been revealed very recently that a correction in adult brain might also be 
possible. This investigation aimed to rescue a GluN1 KD in adult mice (P70) by a Cre-LoxP system 
showed that GluN1 expression is recovered in brain tissue, NMDAR-mediated currents were restored to 
wild-type levels and the mouse model defects were improved (cognitive, social, and sensory skills, and 
anxiety-like phenotypes), despite the late intervention. Consequently, genetic strategies might also be 
effective at later stages. 
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Thus, although gene therapy is still far from being applied in the treatment of GRDs because several 
parameters need to be evaluated, preliminary studies indicate that it is a therapeutic possibility for GRDs 
treatment. 
 
Concluding remarks 
 
The initial goal of this Thesis was to establish a genotype-phenotype correlation that allows to stratify the 
distinct GRIN variants for further design of personalized therapies. This goal has not been achieved 
completely, because we still do not know how to explain the divergent symptomatology or functional 
impact of the variants. Nevertheless, the development of an experimental pipeline that has been 
implemented in the characterization of several GRIN variants and the validation of a structure-based 
superimposition model, will help in the establishment of that correlation in the future and accelerate the 
functional annotation of a great number of GRIN variants. Despite this, we have been able to stratify 
certain types of GRIN variants and this will allow a quick diagnose and consequently, a sooner treatment 
onset. 
 
Additionally, a GRD loss-of-function model has been almost fully characterized, revealing certain 
phenotypes that are representative of the patients’ symptomatology, and several therapeutic approaches 
have been investigated in the rescue of those phenotypes, revealing that there are distinct interventions 
that could be effective in the treatment of certain GRDs. 
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Conclusions 
 

 
1. Along this Thesis, a cohort of 95 GRIN-related disorders individuals have been recruited. The 

patients display GRIN1 (24), GRIN2A (26) or GRIN2B (25) likely pathogenic GRIN variants, 
and 57 (out of 95) GRIN variants have been annotated: 42 variants cause a loss-of-function, 7 
variants lead to gain-of-function, 3 variants present a complex phenotype and 5 variants are likely 
non-disease causing. 
 

2. NMDA receptors surface density is decreased in heterologous cell systems expressing GRIN 
biallelic indel variants located within the TMD, biallelic GRIN nonsense variants truncating the 
ATD, LBD or TMD and discrete biallelic missense variants.  

 
3. In monoallelic conditions, heterologous expression of nonsense variants affecting GRIN2A or 

GRIN2B ATD, LBD or TMD result in loss-of-function, while GRIN1 protein truncating variants 
are non-pathogenic. 
 

4. In neuronal primary cultures, disease-associated GRIN loss-of-function variants (nonsense and 
discrete missense variants) trigger a reduction in spines density. These synaptic alterations can be 
rescued by the administration of the NMDAR co-agonist D-serine or by the partial agonist 
rapastinel. 

 
5. Phenotypic assessment of the Grin2b+/- mice showed that this haploinsufficient model 

recapitulates GRIN-related disorders-associated phenotypes, consisting on hypoactivity and 
motor alterations, anxiety-like behaviours, and impaired long-term potentiation. 
 

6. Spermine potentiates NMDAR-mediated currents in in cells expressing GRIN loss-of-function 
variants. In vivo, spermidine (spermine precursor) chronic dietary supplementation rescues the 
motor deficits and partially recover impaired long-term processes of Grin2b+/- mice. 
 

7. Fecal microbiota transfer (FMT) preliminary studies showed that wild-type mice microbiota 
transfer to Grin2b+/- mice partially rescues GRD-like phenotypic alterations (hypoactivity and 
long-term potentiation). Concomitantly, FMT from donor Grin2b+/- mice to wild-type mice 
induces an impairment of motor coordination and partially affects long-term potentiation. 
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L-Serine dietary supplementation is associated with
clinical improvement of loss-of-function
GRIN2B-related pediatric encephalopathy
David Soto1,2,3*, Mireia Olivella4*, Cristina Grau5*, Judith Armstrong6, Clara Alcon1,7,
Xavier Gasull1,2,3, Ana Santos-Gómez5, Sílvia Locubiche5, Macarena Gómez de Salazar5,
Roberto García-Díaz1,2,3,8, Esther Gratacòs-Batlle1,2,3, David Ramos-Vicente9,10,
Emeline Chu-Van11, Benoit Colsch11, Víctor Fernández-Dueñas5, Francisco Ciruela5, Àlex Bayés9,10,
Carlos Sindreu1,7, Anna López-Sala12, Àngels García-Cazorla6,12†, Xavier Altafaj5†

Autosomal dominant mutations in GRIN2B are associated with severe encephalopathy, but little is known about
the pathophysiological outcomes and any potential therapeutic interventions. Genetic studies have described
the association between de novo mutations of genes encoding the subunits of the N-methyl-D-aspartate recep-
tor (NMDAR) and severe neurological conditions. Here, we evaluated a missense mutation in GRIN2B, causing a
proline-to-threonine switch (P553T) in the GluN2B subunit of NMDAR, which was found in a 5-year-old patient
with Rett-like syndrome with severe encephalopathy. Structural molecular modeling predicted a reduced pore
size of themutant GluN2B-containing NMDARs. Electrophysiological recordings in a HEK-293T cell line expressing
the mutated subunit confirmed this prediction and showed an associated reduced glutamate affinity. Moreover,
GluN2B(P553T)-expressing primary murine hippocampal neurons showed decreased spine density, concomitant
with reduced NMDA-evoked currents and impaired NMDAR-dependent insertion of the AMPA receptor subunit
GluA1 at stimulated synapses. Furthermore, the naturally occurring coagonist D-serine restored function to
GluN2B(P553T)-containing NMDARs. L-Serine dietary supplementation of the patient was hence initiated, result-
ing in the increased abundance of D-serine in the plasma and brain. The patient has shown notable improvements
in motor and cognitive performance and communication after 11 and 17 months of L-serine dietary supplemen-
tation. Our data suggest that L-serine supplementation might ameliorate GRIN2B-related severe encephalopathy
and other neurological conditions caused by glutamatergic signaling deficiency.

INTRODUCTION
Rett syndrome (RTT; Online Mendelian Inheritance in Man,
OMIM: 312750) is a neurodevelopmental disorder affecting 1 in
10,000 live female births (1, 2). Clinical manifestations include
microcephaly, loss of achieved psychomotor abilities, intellectual
disability (ID), and autistic behaviors (3). Whereas most cases of
typical RTT harbor loss-of-function mutations in the X-linked
gene encoding methyl-CpG–binding protein 2 (MECP2) (4), muta-
tions in genes encoding cyclin-dependent kinase–like 5 (CDKL5)
and Forkhead box G1 (FOXG1) have also been identified (5).
Rett-like syndrome mostly affects patients exhibiting symptoms that
are similar to those seen in patients with RTT; however, the genetic

and molecular etiologies of this rare disease are different from those
associated with RTT.

A growing number of genetic and functional studies are unravel-
ing the complex scenario and molecular players involved in neuro-
developmental disorders and, in particular, in Rett-like syndrome.
It has been shown that the dysregulation of synaptic proteins can
lead to neurodevelopmental disorder (6–8). Genes encoding for the
N-methyl-D-aspartate receptor (NMDAR) could play critical roles
in the dysfunction of glutamatergic transmission associated with
RTT. Functionally, NMDARs play critical roles in neurogenesis, sy-
naptogenesis, and synaptic plasticity processes. Early in development,
NMDAR subunit GluN2B expression is particularly high (9). Accord-
ingly, it has been proposed that GRIN2B gene disturbance might
markedly compromise critical steps of neuronal, synaptic, and brain
circuitry development (10). Moreover, discrete de novo mutations of
GRIN2B gene have been associated with neurodevelopmental disorders
(11–13) such as early infantile epileptic encephalopathy-27 (EIEE27;
OMIM: 616139) (14) and autosomal dominant mental retardation
(MRD6; OMIM: 613970) (15–17).

In this study, we investigated the effects of a de novo missense
mutation in the GRIN2B gene in a patient with Rett-like syndrome
and severe encephalopathy. Functional studies showed that channel
gating is altered in mutant NMDARs markedly reducing NMDAR-
mediated currents. Dietary supplementation with L-serine—the pre-
cursor of D-serine, an endogenousNMDARcoagonist (18, 19)—during
17 months was associated with ameliorated intellectual, communica-
tion, andmotor deficits in the patient. These results support the patho-
genicity of GRIN2B mutation and suggest that enhancing NMDAR
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activity using L-serine dietary supplemen-
tation can have therapeutic benefits in
certain neurodevelopmental disorders as-
sociated with NMDAR hypofunctionality.

RESULTS
Patient clinical symptomatology
and genetic studies
The patient was a girl born after an un-
eventful pregnancy and with no family
history of neurodevelopmental disorders.
Shewas referred to our clinic at 1 year old,
and the primary clinical examination
showed a psychomotor delay with severe
hypotonia (with the presence of osteoten-
dinous reflexes and devoid of pyramidal
signs) and an inability to hold up her head
and to sit upright. Behaviorally, she had
an overall “absence,” as manifested by a
poor visual contact, an impairment in so-
cial interaction, and no interest in the en-
vironment. Along with these alterations,
the patient showed high irritability with
sleep disturbances. Considering these
symptoms, together with the presence of
“hand-washing” stereotypies, the girl was
tentatively diagnosed with RTT rather
than Rett-like phenotype. Cytogenetic
analysis, brain magnetic resonance imag-
ing, and neurometabolic analysis did not
show abnormalities. At 2.5 years old, she
was less irritable and had developed the
capacity to hold up her head. Behaviorally,
she had slightly improved social interac-
tion, and 1 year later, her sleeping pattern
was ameliorated. At that age (3.5 years old),
an electroencephalogram (EEG) indicated
the presence of epileptiform alterations of
brain activity, she was treated with valproic
acid, and later, the treatment was changed
to levetiracetam to prevent changes in ir-
ritability.At 5 years and10months old, the
patient’s adaptive behavior was assessed by
the Vineland test, with scores indicative of
a mental age below 1 year old (Fig. 5C).

As noted, the patient was tentatively
diagnosed with RTT-like phenotype. Be-
cause no mutations of RTT candidate
genes (MECP2,CDKL5, andFOXG1)were
detected, whole-exome sequencing was
performed (20). After genetic data filtering
against parental variants and then against
a pool of controls, we identified a de novo
heterozygousmissensemutation inGRIN2B gene coding for theGluN2B
subunit of NMDARs, resulting in an amino acid substitution of a pro-
line (Pro) residue by a threonine (Thr) at GluN2B subunit residue 553
(Fig. 1A).

Molecular modeling of mutant
(GluN1)2-[GluN2B(P553T)]2 receptor
To identify the structural changes induced by GluN2B(P553T) mu-
tation, molecular models of wild-type and mutant receptors were

Fig. 1. Identification of GRIN2B(P553T) mutation associated with the case study and predicted structural
consequences. (A) Left: Familial pedigree of the GRIN2B(P553T) case study. Right: Chromatograms of GRIN2B
(c.1657C > A) mutated nucleotide (indicated by an arrow) using forward and reverse oligonucleotides. (B) Structure
of heterotetrameric (GluN1)2-(GluN2B)2 NMDAR [Protein Data Bank (PDB) ID: 4PE5], according to Karakas and Furukawa
(61), showing the N-terminal domain (NTD), the ligand-binding domain (LBD), and the transmembrane domain (TMD;
containing the mutated amino acid P553T). Bottom: Magnification of the transmembrane domain, showing the
topological position of Pro553 residue at the beginning of the M1 (P553; green) of the transmembrane domain, facing
Phe653 residue (F653; light blue) atM3 (blue). (C) Top: Transmembrane domain structural molecularmodel of wild-type
(GluN1)2-(GluN2B)2 receptor (from the extracellular domain). Inset: Magnification of residues Pro553(M1)-F653(M3)
proximity. Bottom: Transmembrane domain structural molecular model of mutant (GluN1)2-[GluN2B(P553T)]2 receptor
(from the extracellular domain). Inset: Magnification of residues Pro553(M1)-F653(M3) distance. (D) GluN2B protein
sequence alignment around residue Pro553. Representative sequences from a larger alignment containing 147 proteins
from12metazoan species spanning sevenphyla are shown. Displayedprotein sequences are from the following species:
Homo sapiens GluN2B (UniProt ref. Q13224),Mus musculus GluN2B (UniProt ref. Q01097), Danio rerio GluN2Bb (Ensembl
ref. ENSDARG00000030376), Branchiostoma belcheri 254360R.t1 (from the database B.belcheri_v18h27.r3_ref_protein
included in LanceletDB Genome browser; Sun Yat-sen University), Saccoglossus kowalevskii Sakowv30010297m
(Metazome database), and Strigamia maritima SmarNMDAR2b, Apis melifera GB48097, Capitela teleta CapteT179505,
and Lottia gigantea LotgiT137890 (all from Ensembl Metazoa).
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generated by homology modeling (using crystal structures of NMDAR
at closed state) and molecular dynamics simulation. The Pro553 residue
in GluN2B is located at the beginning of the transmembrane helix 1
(M1; Fig. 1B). This model suggested a role for Pro553 in breaking M1
and bending it toward M3 (Fig. 1C, top), thereby enabling the inter-
action of Pro553 with Phe653 (M3) of theGluN2B subunits. In addition,
according to this model, the residue Pro557 (M1) is also bendingM1 to
M3 through its Pro kink, allowing the interaction with Phe654

(M3) of the GluN1 subunit. This model predicted that the P553T
mutation would prevent M1 bending, disruptingM1-M3 interaction
(Fig. 1C, bottom), which in turn would bring M3 closer to the center
of the pore and consequently induce a more closed channel confor-
mation, altering the gating properties of the mutant receptor.

On the basis of this structural model, we investigated the evolu-
tionary conservation of the GluN2B Pro553 residue and its predicted
interacting residue Phe653. We found that the Pro553 motif was highly
conserved across species (Fig. 1D). The GluN2B Phe653 and GluN1
Phe654 residues are within the SYTANLAAF motif (fig. S4), the most
highly conserved motif among mammalian ionotropic glutamate re-
ceptors (iGluRs) (21, 22). Multiple sequence alignments of 147 meta-
zoan iGluRs showed a high conservation of these residues (the Pro553

and Phe653 residues were detected in 144 and 131 iGluR protein–
encoding gene sequences, respectively; fig. S4), supporting a poten-
tially critical role of the Pro553 residue in GluN2B in NMDAR channel
activity.

Heteromerization and trafficking of GluN1-GluN2B(P553T)
receptors
To assess the effects of GluN2B(P553T) on the oligomerization and
trafficking of NMDARs, we cotransfected human embryonic kid-
ney (HEK) 293T cells with GluN1 and hemagglutinin (HA)–tagged
GluN2A, together with either green fluorescent protein (GFP)–tagged
wild-type GluN2B (GFP-GluN2Bwt) or the P553T mutant [GFP-
GluN2B(P553T)]. Biochemical analysis showed that the protein
abundance of GluN2B(P553T) was similar to that of GluN2Bwt in
these cells (fig. S1A). Further, coimmunoprecipitation experiments
showed the presence ofGluN1 andHA-GluN2A subunits in anti-GFP
pulldown complexes, indicating that the mutant GluN2B(P553T)
subunit interacted—in similar abundance as GluN2Bwt—with GluN1
and/or GluN2A subunits (fig. S1B). Immunofluorescence analysis
showed that the missense mutation on Pro553 does not abolish the
trafficking of GluN1-GluN2B(P553T) to the surface of COS-7–
transfected cells (fig. S1C), as previously reported for anotherGRIN2B
missense variant affecting the same amino acid position,GluN2B(P553L)
(23). In primary cortical murine neurons, the dendritic surface:
intracellular abundance ratio of transfected GluN2B(P553T) was
normal at days in vitro 7 (DIV7) and DIV11, with a slight decrease
in DIV16 (fig. S1D).

Biophysical assessment of GluN2B(P553T)
subunit–containing NMDARs
We performed patch-clamp experiments to evaluate the biophysical
properties of GluN2B(P553T)-containing NMDARs in transfected
HEK-293T cells. After a fast glutamate (1 mM) and glycine (50 mM)
application, NMDAR-mediated current amplitudes were significantly
reduced inHEK-293T cells expressingGluN1-GluN2B(P553T) recep-
tors Fig. 2, A to C), whereas voltage-dependent channel blockade by
extracellular Mg2+ was spared (Fig. 2, D to F). Because the P553Tmu-
tation is located in the vicinity of the agonist binding site and the chan-

nel pore in GluN2B, we explored the possible effects of the mutation
on channel kinetics. Electrophysiological recordings showed a signif-
icantly faster deactivation rate in mutant receptors (Fig. 2, G and H)
and a faster desensitization thereof, quantified upon 5-s duration
jumps (Fig. 2, I and J). Moreover, in agreement with aforementioned
modeling predictions, nonstationary fluctuation analysis (NSFA) (24)
showed a reduction of the single-channel conductance in mutant re-
ceptors (Fig. 2, K to M) and a reduced open probability (Fig. 2N). To-
gether with the biochemical data indicating normal expression and
oligomerization, we concluded thatGluN1-GluN2B(P553T) receptors
are intrinsically hypofunctional.

Because GluN2B subunits can assemble into both (GluN1)2-
(GluN2B)2 heterodimers and (GluN1)2-GluN2A-GluN2B heterotri-
mers (25), we explored whether the GluN2B(P553T) mutation may
also impair heterotrimeric receptors in HEK-293T cells (26). NMDA
current amplitudeswere not significantly reduced inGluN2B(P553T)-
containing heterotrimers, although their deactivation and desensitization
rates were increased similar to those of GluN1-GluN2B(P553T)
heterodimers (fig. S2, A and B). However, administration of 100 mM
D-serine potentiated GluN1-GluN2A-GluN2B(P553T) heterotrimers
more strongly than wild-type heterotrimers (fig. S2, A to C). Likewise,
the desensitization and deactivation kinetics of triheteromeric mutants
were increased compared with controls (fig. S2, D to H), recapitulating
some of the effects observed in themutant (GluN1)2-[GluN2B(P553T)]2
diheterodimers.

Evaluation of D-serine effect in GluN1-GluN2B(P553T)
receptors
Next, we sought to enhance the activity of mutant NMDARs using
D-serine, an endogenous NMDAR coagonist. In agreement with a
previous report (19), D-serine administration dose-dependently in-
creased NMDAR-mediated currents in HEK-293T cells (Fig. 3, A
and B). The relative increase mediated by D-serine was stronger in
HEK-293T cells expressing GluN1-GluN2B(P553T) than in cells
expressing GluN1-GluN2Bwt (Fig. 3, A and B). Although not reaching
GluN1-GluN2Bwt–mediated current density, hypofunctional GluN1-
GluN2B(P553T) receptor–mediated currentswere significantly increased
in D-serine coapplication (Fig. 3C). Further, a similar increase was ob-
served in the presence of a high dose of glycine (100 mM), as well as with
a stronger potentiation in GluN1-GluN2B(P553T)–expressing cells
compared with GluN1-GluN2Bwt–expressing HEK-293T cells (Fig. 3,
D to E). The differential potency of D-serine and glycine might result
from a reduced affinity for GluN1-GluN2B(P553T), leading to the
enhanced potentiation and faster deactivation/desensitization rates
at higher concentrations. Alternatively, because glutamate binding
increases the dissociation rate of glycine/D-serine coagonist with
NMDARs (27), these changes in D-serine potency might be explained
by altered glutamate affinity. Concentration-response experiments
showed no changes in D-serine median effective concentration (EC50;
Fig. 3F), whereas glutamate EC50 increased by sevenfold in GluN1-
GluN2B(P553T) receptors (Fig. 3G).

Evaluation of GluN2B(P553T) variant neuronal outcomes
To evaluate the neuronal impact of GluN2B(P553T), we overex-
pressed GluN2B(P553T) in primary hippocampal neurons andmea-
sured morphological parameters, synaptic plasticity processes, and
NMDAR-mediated synaptic currents. Sholl analysis of dendrites
labeled with GFP-GluN2B(P553T) or GFP-GluN2Bwt indicated sim-
ilar distributions of the subunit across the dendritic arbor (Fig. 4A).
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Fig. 2. Biophysical characterization of (GluN1)2-
(GluN2B(P533T))2channel properties. (A) Representa-
tive whole-cell currents evoked by rapid application
of 1 mM glutamate + 50 mM glycine (0.5-s duration;
−60 mV) in HEK-293T cells expressing GluN1-GluN2B
(black trace) or GluN1-GluN2B(P533T) (red trace) recep-
tors. n = 19 and 21 cells from six and five experiments,
respectively. (B) Average of raw peak currents from HEK-
293T cells expressing GluN2B and GluN2B(P533T). n = 19
and 21 cells from six and five experiments, respectively.
***P < 0.001 by Mann-Whitney U test. (C) Normalized
peak currents (in pA/pF) in HEK-293T cells expressing
GluN1-GluN2B and GluN1-GluN2B(P533T), with values
from a representative experiment superimposed. Data are
from six and five experiments, respectively. ****P < 0.0001
by Mann-Whitney U test. (D) Traces recorded at −60 mV in
an HEK-293T cell expressing GluN1-GluN2B(P533T)
with Mg2+ block of the NMDAR. Data are represent-
ative of five and seven cells from three independent
cultures. (E) Percentage of current blocked at −60 mV
by Mg2+ (1 mM) for GluN2Bwt- and GluN2B(P533T)-
containing NMDARs. Single-value experiments are de-
noted as open circles for each condition. n = 5 and 7 cells,
respectively, from three independent experiments per
condition. n.s. (not significant) by Mann-Whitney U test.
wt, wild-type. (F) Current-voltage relationship for GluN2B-
and GluN2B(P533T)-containing NMDARs. n = 3 and
4, respectively, from two independent experiments.
(G) Representative peak-scaled responses to 1 mM glu-
tamate + 50 mM glycine (0.5-s agonists application;
−60 mV) for GluN1-GluN2B (black trace) and GluN1-
GluN2B(P553T) (red trace). n = 16 and 17 cells from
six and five experiments, respectively. (H) Average de-
activation time constant (tw; fitted to a double expo-
nential) fitted from tail currents for GluN1-GluN2B and
GluN1-GluN2B(P553T). Values from a representative
experiment are shown as open circles for each condi-
tion. n = 16 and 17 cells from six and five independent
experiments per condition, respectively. ****P < 0.0001
and n.s. by Mann-Whitney U test. (I) Representative peak-
scaled responses to 1 mM glutamate + 50 mM glycine
(long jumps of 5-s duration; −60 mV) in HEK-293T cells
expressing GluN1-GluN2B or GluN1-GluN2B(P553T),
for the comparison of desensitization rates. n = 14
cells from three independent experiments. (J) De-
sensitization weighted time constant (tw) for GluN2Bwt
and GluN2B(P553T). Values from a representative exper-
iment are shown as open circles for each condition. n =
14 from three independent experiments. **P < 0.01 by
Mann-Whitney U test. (K and L) Whole-cell currents ac-
tivated by rapid application of 1 mM glutamate + 50 mM
glycine (0.5 s; −60 mV) from HEK-293T cells expressing
GluN1-GluN2Bwt (K) or GluN1-GluN2B(P553T) (L). Gray
traces represent single responses, and black lines are
the average of 69 (wild-type) or 33 (P553T) responses.
Insets: Current variance versus mean current plot cal-
culated from the deactivating tail current. (M and N) Bar
graph showing single-channel conductance values (M)
and peak open probability (N) in GluN1-GluN2Bwt– and
GluN1-GluN2B(P553T)–containing NMDARs expressed in
HEK-293T cells. n = 12 and 9 cells, respectively, from four
independent experiments. *P < 0.05 by Mann-Whitney
U test. Single cells are shown as open circles superimposed
to bar graph.
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Nevertheless, spine density was signifi-
cantly reduced in neurons expressing
GluN2B(P553T), resulting fromadecrease
in the different spine subtypes (Fig. 4A).
Further, immunofluorescence analysis of the GluA1 AMPA receptor
(AMPAR) subunit, which is overexpressed in RTT murine models
(28), revealed a significant increase in GluA1 in DIV11 neurons over-
expressing GluN2B(P553T) (fig. S3). Overall, these morphological and
molecular changes indicated deficient spine development in hippocam-
pal neurons expressing GluN2B(P553T).

Patch-clamp recordings revealed a decrease in the amplitude of spon-
taneous excitatory postsynaptic currents (EPSCs)mediated byNMDARs
in neurons overexpressing mutant GluN2B(P553T) compared with
GluN2Bwt (Fig. 4B, top traces and left bar graph), directly demonstrat-
ing an effect of this mutation in synaptic NMDARs. Because D-serine

administration enhanced the activity of GluN2B(P553T)-containing
NMDARs in heterologous cells (see above), we assessed its effect in
primary neurons. The addition of 100 mM D-serine similarly increased
EPSCs frequency in GluN2Bwt- and GluN2B(P553T)-overexpressing
neurons (measured as a shortening of the interevent interval; Fig. 4B,
bottom traces and right bar graph). In contrast to heterologous cell lines
data, 100 mM D-serine addition did not increase EPSC amplitudes (Fig.
4B, left bar graph), perhaps due to the recruitment of new synapses or
increased desensitization at higher frequencies, thus masking a putative
effect on EPSCamplitudes. The rate of recovery fromdesensitization for
NMDARs is quite slow, spanning several seconds (29).

Fig. 3. D-Serinecoapplicationeffectonwild-type
andmutant (GluN1)2-[GluN2B(P533T)]2NMDARs.
(A) Representative traces evoked by physiologi-
cal concentrations of 1 mM glutamate + 1 mM
glycine (0.5 s; −60 mV) from GluN1-GluN2Bwt–
or GluN1-GluN2B(P553T)–expressing HEK-293T
cells, either in the absence (black traces) or in
the presence (red traces) of D-serine at different
concentrations. n ≥ 6 cells from at least two
independent experiments. (B) Average peak cur-
rent evoked in transfected HEK-293T cells by ap-
plication of 1 mM glutamate + 1 mM glycine in the
presence of different D-Ser concentrations (gray
bars) normalized to that of 1 mM glutamate +
1 mM glycine without D-Ser (white bars). Numbers
inside the bars denote the recordings for each
condition, from at least two independent experi-
ments. *P < 0.05 and **P < 0.01 by Mann-Whitney
U test. (C) Raw peak current responses from data
shown in (B), indicating the percentage increase in
current due to 100 mM D-Ser. n = 10 cells from at
least two experiments. (D) Representative record-
ings in HEK-293T cells expressing GluN1-GluN2Bwt
or GluN1-GluN2B(P553T) receptors evoked by
physiological applications (5 s; −60 mV) of 1 mM
glutamate + 1 or 100 mM glycine. n = 8 cells per
condition from five independent experiments.
(E) Bar graph representing peak current poten-
tiation induced by high glycine concentration
(100 mM versus 1 mM) with coapplication of
1 mM glutamate. n = 8 from five independent
experiments for each condition. *P < 0.05 and n.s.
by Student’s t test. (F) D-Serine concentration-
response curves recorded in GluN1-GluN2Bwt
and GluN1-GluN2B(P553T) NMDARs expressed
in HEK-293T cells, constructed from responses to
1 mM glutamate + the specified D-serine con-
centration in the absence of glycine. n = 5 cells
per construct from two independent experi-
ments. (G) Glutamate concentration-response
curves recorded in GluN1-GluN2Bwt and GluN1-
GluN2B(P553T) NMDARs expressed in HEK-293T
cells. The dose-response curve was constructed
from responses to 1 mM D-serine plus the speci-
fied glutamate concentration in the absence of
glycine. n = 5 and 7 cells, respectively, from two
independent experiments.
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Assessment of the effect of high-dose D-serine in
GluN2B(P553T)-expressing neurons
Sustained activation of synaptic NMDARsmodifies postsynaptic bio-
chemical content (synaptic recruitment of AMPARs), induces mor-
phological changes (synapse enlargement), and elicits LTP (30–32).
Therefore, we assessed the ability of GluN2B(P553T)-expressing neu-

rons to support this form of synaptic plasticity. Transfected primary
hippocampal cultures were treated either with 200 mM glycine (“Gly-
cLTP”) or simultaneously with 200 mM glycine and 100 mM D-serine
(“Gly + D-Ser cLTP”). The analysis of dendritic spines density showed a
slight significant increase in Gly-cLTP condition (Fig. 4A). Coapplica-
tion of 100 mM D-serine resulted in a more significant increase in spine

Fig. 4. Synaptic outcomes and D-serine effects on Gly-induced chemical long-term potentiation (Gly-cLTP) in GluN2B(P553T)-expressing primary hippocampal
neurons. (A) Top left: Representative images of murine primary hippocampal neurons transfected with GFP-GluN2Bwt or GFP-GluN2B(P553T). Insets: Immunodecoration
to visualize spines, indicated by yellow arrowheads. Top right: Immunofluorescence detection of GFP-GluN2B to analyze dendritic arborization by Sholl analysis. n = 16 to
18 neurons per condition from three independent experiments; F = 0.71, P = 0.884 by repeated measures two-way analysis of variance (ANOVA) and Bonferroni post hoc
test. Bottom: Quantification of spine density andmorphology in basal neurons and neurons treated with glycine alone or glycine and 100 mΜ D-Ser. n = 27 to 48 dendrites
per condition from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, and n.s. by Student’s t test or Mann-Whitney U test for parametric or nonparametric
analyses, respectively. (B) Representative traces from spontaneous activity–dependent NMDAR-mediated EPSCs recordings from GluN2Bwt- or GFP-GluN2B(P553T)–
transfected murine hippocampal neuronal cultures, recorded at −70 mV in the presence of 50 mM NBQX (2,3-dihydroxy-6-nitro-7-sulfamoylbenzo[f]quinoxaline 6-nitro-
7-sulfamoylbenzo[f]quinoxaline-2,3-dione) and 10 mM picrotoxin and in the absence of tetrodotoxin, both under basal conditions (top traces) or after 100 mM D-serine
application (bottom traces). Graphs show mean amplitudes (left) and mean time of interevent intervals (right) of the EPSCs recorded. n = 8 and 6 neurons, respectively,
from three independent experiments. **P < 0.01 and #P < 0.05 by Mann-Whitney U test. (C) Representative images and immunofluorescence analysis of surface abun-
dance of the AMPAR subunit GluA1 (red) in murine primary hippocampal neurons (green) at DIV16 that had been transiently transfected at DIV11 with GFP-GluN2Bwt or
with GFP-GluN2B(P553T) assessed under basal conditions, after Gly-cLTP, and after simultaneous Gly-cLTP induction and 100 mM D-serine application (Gly + D-Ser cLTP).
A.U., arbitrary units. Data are presented relative to the basal condition as means ± SEM from n = 30 to 40 spines per dendrite from 14 to 40 dendrites and three to seven
neurons per condition, obtained from three independent experiments. **P < 0.01 and ***P < 0.001 by Student’s t test.

S C I ENCE S I GNAL ING | R E S EARCH ART I C L E

Soto et al., Sci. Signal. 12, eaaw0936 (2019) 18 June 2019 6 of 15

 on M
ay 11, 2021

http://stke.sciencem
ag.org/

D
ow

nloaded from
 

http://stke.sciencemag.org/


density in GluN2B(P553T)-expressing neurons, with a number of
stubby, mushroom, and thin-shape spines similar to neurons express-
ing GluN2Bwt under basal conditions (Fig. 4A). Immunofluorescence
analysis showed that Gly-cLTP significantly increased surface GluA1
abundance at spine-like structures in GluN2Bwt-transfected neurons
(Fig. 4C, left images and bar graph). In contrast, GluA1 surface abun-
dance was not significantly increased in GluN2B(P553T)-expressing
neurons (Fig. 4C). These defects were rescued by simultaneous admin-
istration of glycine and D-serine (Fig. 4C), indicating that D-serine can
also facilitate amajor potentiation ofNMDAR-dependent plasticity in
the context of GluN2B(P553T) mutation.

Evaluation of biochemical and clinical effects of L-serine
dietary supplementation in pediatric patient with
GluN2B(P553T) variant
The partial restoration of mutant NMDAR function by D-serine
prompted us to translate the therapeutic strategy to the clinical prac-
tice. Because D-serine use was still under investigation at the begin-
ning of the study, the patient was supplemented with L-serine, an

approved nutraceutical amino acid acting as the endogenous D-serine
precursor. We hypothesized that L-serine supplement might increase
serine racemase substrate in the brain (33, 34), raising D-serine brain
levels that might potentiate hypofunctional NMDARs. At 5 years and
10 months of age, the patient was administered L-serine (500 mg/kg
per day) and continued to date (17 months at the time of writing this
report). Ultraperformance liquid chromatography–tandem mass
spectrometry (UPLC-MS/MS) analysis showed that L-serine treat-
ment was associated with a 4.4-fold increase in the abundance of
D-serine in the patient’s plasma (Fig. 5A), whereas D-enantiomers
of branched-chain amino acids (valine, isoleucine, and leucine) and
plasma amino acids with a potential NMDAR modulatory role (such
as glycine, taurine, and cysteine) showed no notable alterations (Fig.
5A). Furthermore, considering that L-serine is involved in sphingo-
lipid biosynthesis, an untargeted UPLC-MS lipidomic analysis was
conducted and revealed a strong alteration of the sphingolipidomic
profile of the patient, which was not altered by L-serine dietary supple-
mentation (table S1). Because D-serine racemase is strongly expressed
in neurons (33), we reasoned that the increased D-serine plasma levels

Fig. 5. Biochemical and behavioral assessment of GRIN2B(P553T) patient after L-serine dietary supplementation. (A) Top: Analysis of amino acid plasma con-
centration of D-L-serine, D-L-valine, D-L-isoleucine, D-L-leucine, glycine, taurine, and cysteine. Plasma samples analyzed correspond to the patient before and after L-serine
treatment (light red and dark red dots, respectively) and the mean of controls (black lines; whiskers representation of mean-min-max values). Bottom: Chromato-
graphic profiles of D-serine and L-serine enantiomers in plasma samples from the control individual (gray trace), the patient before treatment (light red trace), and
the patient with L-serine dietary supplementation (dark red trace). (B) Top: Overlapping chromatographic profiles of D-serine and L-serine enantiomers (left and
right, respectively) in CSF from a control (gray trace) and from the patient with GRIN2B(P553T) mutation, after L-serine dietary supplementation (red trace). Bottom:
Serine enantiomers concentration analysis in CSF of controls (gray dots; whiskers representation of mean-min-max values; gray traces in the chromatogram) and
the patient with L-serine dietary supplement (red dots and traces). (C) Clinical manifestations of the patient harboring a de novo GRIN2B(P553T) mutation, before
and after 17 months of L-serine dietary supplementation.

S C I ENCE S I GNAL ING | R E S EARCH ART I C L E

Soto et al., Sci. Signal. 12, eaaw0936 (2019) 18 June 2019 7 of 15

 on M
ay 11, 2021

http://stke.sciencem
ag.org/

D
ow

nloaded from
 

http://stke.sciencemag.org/


most probably reflect increased D-serine abundance in the brain of the
patient. UPLC-MS analysis showed highly increased D-serine levels in
cerebrospinal fluid (CSF) of the treated patient (Fig. 5B).

Together with the biochemical profiling, a neuropsychological as-
sessment was performed. Before treatment, the patient (5 years and
10months old) had few communication skills, poor eye contact, did not
pay attention to the activities of the parents, teachers, and schoolmates,
did not have verbal language (any words or sounds), did not show the
use of symbolic play, and could not move from the prone position to
the sitting position, although she could then sit without support. The
Vineland standard score (SS) test before treatment were 42 for com-
munication, 36 for daily living skills, 49 for socialization, and 31 for
motor skills (mean SS of 100 with an SD of 15), with an overall SS of 38.

After 11 months of L-serine dietary supplementation, although the
EEG was still aberrant, the behavior of the patient was notably improved,
as shownby theVinelandAdaptive Behavior Scale (VABS). TheVineland
SSs were 42 for communication, 34 for daily living skills, 51 for socializa-
tion, and 38 for motor skills. This midterm assessment showed that her
motor skillswere strongly improved; shewas able to stand fromsitting and
started towalkwith external help. Behaviorally, the patient started to com-
municate with gestures (such as by extending her hands to be held), and
her display of facial expressions increased. She started to react by turning
her head when called by her name, had improved visual contact, and
started to smile proactively. Overall, the clinical assessment indicated an
attenuation of both motor and cognitive impairments.

After 17 months of treatment, the patient remarkably improved
communication, social, and motor skills (Fig. 5C). The Vineland SSs
(motor assessment cannot be performed beyond 7 years old) after
L-serine treatment in the patient were 48 for communication, 48 for
daily living skills, and 50 for socialization. Behaviorally, she was then
interested in faces and had a persistent eye contact, followed the activ-
ities of surrounding humans with interest, was able to stretch her arms
out to be held, turn her head when called, laugh at funny situations,
and was generally (by outward assessments) happier. She could then
also imitate toys and animal sounds, creep on the floor, and move from
a prone to a sitting position, as well as from a sitting to standing posi-
tionwith support. She had also improved her sleeping pattern, was able
to sit down without help, and notably could walk using an orthopedic
walker. An EEG showed epileptiform alterations, but clinical seizures
were not present. Despite pharmacological interventions to target
them specifically (valproate first and levetiracetam later), the epilepti-
form alterations detected in the EEG were still present; thus, these
treatments were stopped. Nonetheless, overall, the clinical assessments
indicated an improvement in cognitive, communicative, and motor
impairments associated with L-serine dietary supplementation.

DISCUSSION
NMDARs are critical players of glutamatergic neurotransmission and
are fundamental actors in neuritogenesis, synaptogenesis, and syn-
aptic plasticity processes. Currently, upon the development of next-
generation sequencing, there is a growing body of data implicating
de novomutations of iGluRs (7, 8) inmental and behavioral disorders.
Several mutations in subunits of the NMDAR have been related to
neurodevelopmental diseases (11–13). However, these data require
functional validation to unveil whether these mutations are really patho-
genic. In the present study, we identified a GRIN2B(P553T) mis-
sense de novo mutation of the GluN2B subunit of the NMDAR in
a patient with Rett-like syndrome with severe encephalopathy. This

mutation resulted in the exchange of a highly evolutionary conserved
Pro into a Thr. A mutation affecting the same amino acid position
GluN2B(P553L) was previously described in a patient from a cohort
of individuals with ID (16). This patient exhibited phenotypic altera-
tions similar to those of the case in the present study, including severe
ID, hypotonia, and no speech. The phenotypic similarity between
these two cases provides a strong evidence for a pathogenic role of
GluN2B(Pro553) mutations under these neurodevelopmental conditions.

Electrophysiological studies confirmed the in silico structural studies
predicting the hypofunctionality of mutant NMDARs. In addition to a
reduction of the channel conductance and peak open probability, we
found a significant increase in both the desensitization and the de-
activation rates of GluN1-GluN2B(P553T) receptors. Whether the
P553Tmutation located far from the binding site is altering deactivation
kinetics, an intrinsic property of the receptor, is an incognita, but
electrophysiological concentration-response experiments indicate a
decreased glutamate binding affinity of mutant NMDARs, triggering
a decreased receptor efficacy that seems to be physiologically rele-
vant. NMDAR function is largely determined by the high amount
of Ca2+ influx, which is mostly dependent on channel kinetics, par-
ticularly the rates of desensitization and deactivation. Thus, we can
speculate that kinetics changes detected on GluN2B(P533T) mutant
receptors might be limiting Ca2+ influx, which in turn would alter
Ca2+-mediated signaling pathways and synaptic plasticity.

Overall, these changes markedly reduce NMDAR-mediated cur-
rents and might be underlying the severe phenotype of the patient.
GluN2B subunits are highly expressed at embryonic and initial post-
natal stages, playing a critical role in neurodevelopmental processes
(35). Consequently, the hypofunctionality of this major subtype of
NMDARs might certainly affect neuritogenesis and synaptogenesis,
leading to altered synaptic transmission. This hypothesis is supported
by the morphological and biochemical findings, showing a significant
decrease in spine density together with increased levels of GluA1 sub-
unit of AMPARs. Pozzo-Miller’s group (28, 36) has reported similar
synaptic outcomes in patients with RTT and in primary murine neuro-
nal cultures deficient or harboring mutations ofMeCP2. Therefore, our
data suggest that NMDAR-induced alterations of glutamatergic synapses
might be involved in the pathophysiology of classical RTT condition.

In agreement with the proposed functional impact of de novomuta-
tions of GluN2B subunit, previous studies have associated de novomu-
tations of GRIN2B with severe phenotypic alterations (6, 14, 15, 37).
Lemke and collaborators (13, 38) described the functional consequences
of GRIN2B mutations in patients with West syndrome and in indi-
viduals with IDwith focal epilepsy. In the latter study, the patient with
ID and focal epilepsy had a missense mutation in the extracellular
glutamate–binding domain. De novo GRIN2B mutations lead to a
gain of function, either significantly reducingMg2+ block and increas-
ing Ca2+ permeability (N615I and V618Gmutations, affecting theM2
domain in the pore of the channel) or increasing the apparent gluta-
mate binding affinity (R540H mutation, within the extracellular S1
domain). These gain-of-function mutations point out the important
role of facilitated NMDAR signaling in epileptogenesis, with further
therapeutic strategies consisting on the selective blockade of mutant
leak/hyperactive channels. In contrast, loss-of-function mutations
might be causing a hypoglutamatergic function that could be potentially
rescued by increasing NMDAR activity with a therapeutic purpose.

The glutamatergic synapse is an extremely sophisticated system
where a plethora of molecular actors reside and interact to finely
tune neurotransmission. However, under pathological conditions,
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the dysregulation of critical players might compromise glutamatergic
neurotransmission, resulting on an enhancement or a reduction of
glutamate signaling (8). In the present work, in silico and in vitro
experiments concluded that GluN2B(P553T)-containing NMDARs
are hypofunctional. Thus, we envisioned that enhancing NMDAR
activity might recover normal glutamatergic neurotransmission and
attenuate clinical manifestations. To this end, we evaluated the effect
of D-serine, a coagonist of the GluN1 subunit, coapplied with physio-
logical glycine concentrations (39). Our findings indicate an enhance-
ment of mutant GluN1-GluN2B receptor activity, suggesting that the
structural changes induced by the mutation are not transduced to
GluN1 ligand-binding domain. The ability of D-serine to activate wild-
type GluN1-GluN2B receptors (shown in this work) and all NMDAR
subtypes (40, 41) should have a general effect on glutamatergic function.
Because L-serine is a nutraceutical serine enantiomer already used in
pediatric care, the patient was treated with L-serine dietary supplemen-
tation. This dietary supplement resulted in increased D-serine concen-
tration in the patient’s plasma, concomitant with strongly increased
D-serine amounts in the CSF, in agreement with a previous report (42).
Because L-serine is the substrate of serine racemase in the brain (34), our
data support the hypothesis that L-serine supplement increases
L-serine availability in the brain, which in turn promotes L-serine con-
version to D-serine in the brain (43), likely potentiating hypofunctional
NMDARs. The beneficial effect of D-serine in healthy individuals has
been described in a clinical trial (44). In that work, Heresco-Levy and
colleagues showed the procognitive effects of D-serine throughNMDAR
function and, as we propose in the present study, intended the develop-
ment of NMDAR glycine site strategies for treating synaptopathies. In
agreement with this, D-serine deficits have been associated with aging in
rats, with functional rescue observed after exogenous D-serine adminis-
tration (45, 46). In addition, serine deficiency disorders also provoke
neurological phenotypes (psychomotor retardation, microcephaly,
and seizures in newborns and children) that can be safely treated by
serine oral replenishment (47). Together, these works and ours indicate
that, independent of the molecular etiology (whether serine racemase
deficit or NMDAR hypofunctionality), serine-potentiated NMDAR ac-
tivity can partially rescue hypoglutamatergic function. In addition to
the beneficial effect of L-serine–mediated increase in D-serine levels,
the effect of some other L-serine metabolites and the neurodevelop-
mental factors might be considered. Regarding the former, our bio-
chemical studies have shown that additional L-serine–derived amino
acids and sphingolipids that potentially modulate the NMDAR were
not modified by L-serine dietary supplementation. Regarding the
neurodevelopmental aspects, the improved patient’s condition might
also be influenced by the developmental changes in GluN2 subunit
expression, increasing the GluN2A:GluN2B ratio during development
(9). Our findings indicate that mutant heterotrimeric NMDARs are
less affected than heterodimeric mutant receptors. Therefore, in addi-
tion to the NMDAR-potentiating effect of L-serine treatment, GluN2
subunits, the developmental switch might also contribute to improve
the clinical symptoms of the patient to some extent.

In summary, our data represent a proof-of-concept study to iden-
tify the pathogenicity of de novo mutations of NMDARs and the de-
velopment of precision therapeutic strategies. The methodological
pipeline developed along this study might be further implemented
to functionally stratify de novo iGluR mutations associated with syn-
aptic dysfunctions and to define therapeutic strategies.Moreover, they
support the use of L-serine as a dietary supplement for the enhance-
ment of glutamatergic neurotransmission and/or excitatory or inhib-

itory neurotransmitter imbalance that are associated with a large
spectrum of neurological disorders.

MATERIALS AND METHODS
Patient neurodevelopmental and adaptive behavior
assessments before and after dietary L-serine supplement
The study was approved by the appropriate informed consent of the
patient’s parents. The VABS-II (48) semistructured interview, allow-
ing the assessment of four domains of adaptive behavior (communi-
cation, daily living skills, socialization, andmotor skills), was conducted
by a trained neuropsychologist before (at 5 years 10 months old)
and after 11 and 17 months of L-serine supplementation (at 6 years
and 9 months old and 7 years and 3 months old, respectively). Ini-
tially, L-serine dose started at 250 mg/kg per day (for 4 weeks), and
upon the confirmation of a lack of side effects, the dose was increased
to 500 mg/kg per day (divided into three dietary supplements of
L-serine powder, mixed with food and/or drinks) and maintained
along the extent of the trial.

Whole-exome sequencing
Coding regions were captured using the TruSeq DNA Sample Prep-
aration and Exome Enrichment Kit (Illumina, San Diego, CA, USA),
and paired-end 100 × 2 sequences were sequenced with the Illumina
HiScanSQ system at National Center for Genomic Analysis in
Barcelona (Catalonia, Spain). The overall coverage statistics for
the trio are 381.451, 433.847, and 31.635 for the patient, the mother,
and the father, respectively.

Bioinformatic pipeline
Sequence reads were aligned to the Genome Reference Consortium
Human Genome Build 37 (GRCh37) hg19 using the Burrows-
Wheeler Aligner (49). Properly mapped reads were filtered with
SAMtools (1, 2), which was also used for sorting and indexing map-
ping files. Genome Analysis Toolkit (GATK) (3) was used to realign
the reads around known indels and for base quality score recalibra-
tion. Once a satisfactory alignment was achieved, identification of
single-nucleotide variants (SNVs) and indels was performed using
GATK standard multisample variant calling protocol, including vari-
ant recalibration (4). For the final exome sequencing analysis report,
the Annotate Variation (ANNOVAR) (5) tool was used to provide
additional variant information to ease the final selection of candidates.
In particular, minor allele frequency (MAF), obtained from dbSNP
(Single-Nucleotide PolymorphismDatabase) (50, 51) and 1000Genomes
Project (6–8), was provided to help to select previously undescribed
variants in healthy population.

De novo SNVs and small insertion or deletion events
To identify de novo SNVs and small insertion and/or deletion events,
the patient’s variants were filtered first against parental variants and
then against a pool of controlsmade up by all healthy parents included
in the study. SIFT (52) and PolyPhen-2 (Polymorphism Phenotyping
v2) (53) damage scores were computed to predict putative impact over
protein structures. The successive application of quality control filters
and the prioritization by the parameters with potential functional
impact was used to construct a list of candidate genes (and variants)
ranked by its uniqueness in the cases (or very low frequency in the
control population, as derived from the MAFs) and the putative
potential impact.
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Sanger sequencing
The variants were validated by Sanger sequencing using BigDye
Terminator v3.1 Cycle Sequencing Kit (Life Technologies, Grand Island,
NY,USA) in anAppliedBiosystems 3730/DNAAnalyzer (Applied Bio-
systems, Life Technologies, Grand Island, NY, USA) using the following
set of primers: 5′-TACAATCTAACCTAGGCCCTGG-3′ (forward) and
5′-TGGATATGCTAGGGAAAATGCAG-3′ (reverse). The raw data were
analyzed with CodonCode Aligner software (CodonCode Corporation,
Centerville, MA, USA).

In silico prediction of mutation impact
The following four in silico prediction tools of functional muta-
tion impact were used: SIFT, PolyPhen-2, Protein Variation Effect
Analyzer (PROVEAN) (54), and MutationTaster2 (55). SIFT is a
sequence homology–based tool that predicts variants as neutral or
deleterious using normalized probability scores. Variants at position
with a normalized probability score less than 0.05 are predicted to be
deleterious, and a score greater than 0.05 is predicted to be neutral
(56). PolyPhen-2 uses a combination of sequence and structure-
based attributes and naive Bayesian classifier for the identification
of an amino acid substitution and the effect of mutation. The output
results of probably damaging and possibly damaging were classified as
deleterious (≥0.5) and the benign level being classified as tolerated
(≤0.5). PROVEAN uses a region-based delta alignment score, which
measures the impact of an amino acid variation not only based on the
amino acid residue at the position of interest but also on the quality of
sequence alignment derived from theneighborhood flanking sequences.
Variants with a PROVEAN score lower than −2.5 are predicted to be
deleterious (57). MutationTaster2 also uses a Bayes classifier to generate
predictions but includes all publicly available single-nucleotide poly-
morphisms and indels from the 1000 Genomes Project, as well as
known disease variants from ClinVar (58) and the Human Gene Mu-
tation Database (HGMD) (59). Alterations foundmore than four times
in the homozygous state in 1000 Genomes or in HapMap (60) were
automatically regarded as neutral. Variants marked as pathogenic in
ClinVar were automatically predicted to be potentially disease causing.

Molecular modeling of wild-type and mutant
(GluN1)2-(GluN2B)2 receptors
An initial homology model was constructed for the transmem-
brane domain of human (GluN1)2-(GluN2B)2 receptor using the
coordinates of the crystal structure of rat receptor (PDB ID: 4PE5)
(61). MODELLER v16 (62) was used to model the lacking residues of
the loop connectingM1 andM3. The side-chain conformations for those
residues were positioned according to SCWRL (63). The backbone
conformation from residues 551 to 556 was modeled with MODELLER
v16 software (62). Protein complexes were embedded in a model mem-
brane containing 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) lipids, water molecules, and 0.15 M NaCl in a rectangular
box (64). The initial system was energy-minimized and then subjected
to molecular dynamics equilibration (25 ns). Subsequently, the system
was subjected to a production stage, extending 250 ns. All the simula-
tions were performed with GROMACS 4.5 simulation package (65).

Phylogenetic analysis of GluN2B(P553)-containing domain
Genes coding for iGluRs subunits from different species belonging to
the phylum metazoan were identified using the BLASTP tool and
human iGluRs as queries. Subject sequences with an E value below
0.05 were selected as possible homologs. These were reblasted against

the National Center for Biotechnology Information “nonredundant
protein sequences (nr)” database to establish their correspondence
with glutamate receptors. These searches were performed against
the Ensembl Metazoa database (http://metazoa.ensembl.org/index.
html) for L. gigantea, C. teleta, S. maritima, A. melifera, Nematostella
vectensis, Mnemiopsis leidyi, and Trichoplax adhaerens; Metazome
database (https://metazome.jgi.doe.gov/pz/portal.html) for S. kowalevskii;
and alternative polyadenylation sites database (APAsdb) (http://genome.
bucm.edu.cn/utr/) for B. belcheri. Sequences from porifera species were
taken from Riesgo’s group database (66). All vertebrate sequences were
obtained from the EnsemblMetazoa database. A final set of 147 iGluR
sequences from 12 metazoan species spanning seven phyla was used
in the phylogenetic analysis. Sequence multiple alignment was made
using MUSCLE tool (67) included in the MEGA6 software (68). The
alignment was made with coding DNA sequences, using “codons” option,
which allows maintaining nucleotide triplets coding for amino acids.
UsingMEGA6,we established thatGTR+ I +G (general time reversible
with gamma rates and a proportion of invariant sites) was the best
evolutionary model to use in the phylogenetic tree. The phylogenetic
tree was constructed using the Bayesian inference method, with
MrBayes 3.2 software (69). Arabidopsis thaliana iGluR sequences were
obtained from the TAIR (The Arabidopsis Information Resource)
database (www.arabidopsis.org/) and used as an external group of
the tree. Two simultaneous treeswere analyzed, and 3,630,000 iterations
were run until both trees converged.

Plasmids
The expression plasmids for rat GluN1 and GFP-GluN2B were
provided by S. Vicini (Georgetown University Medical Center,
Washington, USA) (70). The plasmids used for the analysis of tri-
heteromeric NMDARs were provided by P. Paoletti (École Normale
Supérieure Paris, France, EU). Nucleotide change (the mutation of
GluN2B serine at amino acid position 553 to a Thr residue)was achieved
by oligonucleotide-directed mutagenesis, using the QuikChange site–
directed mutagenesis kit according to the manufacturer’s instructions
(Stratagene). The plasmid generated by site-directed mutagenesis was
verified by DNA sequencing.

Coimmunoprecipitation experiments
For immunoprecipitation of heterologously expressed GluN1, HA-
GluN2A, and GFP-GluN2B (wild-type or mutant), transfected HEK-
293T cells were washed in cold phosphate-buffered saline (PBS) and
subsequently solubilized in radioimmunoprecipitation assay buffer
supplemented with protease and phosphatase inhibitor cocktail
(PPIC), for further immunoprecipitation with anti-GFP. The
homogenates were clarified by centrifugation at 4°C for 10 min at
16,000g. After preclearing the soluble lysates for 1 hour at 4°C with
equilibrated protein G Sepharose, they were incubated overnight at
4°C with 10 mg of an anti-GFP mouse monoclonal antibody (Ab)
(1:200; catalog no. 9777966, Clontech). Nonspecific mouse immuno-
globulin G (catalog no. I5381, Sigma-Aldrich) was used as a control
for specificity. The immunocomplexes were incubated with protein G
Sepharose for 2 hours at 4°C, and the beads were then washed twice
with lysis buffer and oncewith PBS. The bound proteinswere eluted in
Laemmli’s buffer and analyzed by Western blot.

Western blot analysis
For protein extraction, cells were washed once with PBS and scraped off
the plate in 400 ml of lysis buffer [50mMHepes (pH7.4), 150mMNaCl,
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2mMEDTA,1%NP-40, andPPIC].After 10minof incubationat 4°C, the
cell debris was pelleted at 15,000g, the solubilized proteins were collected,
and the protein concentrationwas determined using a bicinchoninic acid
assay (BCA). Proteins were separated by 8% SDS–polyacrylamide gel
electrophoresis and transferred to nitrocellulose membranes (Amersham),
which were then blocked with 10% skimmed milk in 10 mM tris-HCl
(pH 7.5)/100 mMNaCl [tris-buffered saline (TBS)] plus 0.1% Tween 20
(TBS-T). The membranes were probed overnight at 4°C with the primary
Ab of interest (diluted in TBS-T + 5% skimmed milk) directed against
GluN1 (1:500; catalog no. 05-432, Millipore), HA epitope (catalog no.
MMS-101R-500, Covance Inc.), and GFP (Clontech). Ab binding
was detected with an anti-mouse or anti-rabbit Ab coupled to horse-
radish peroxidase (Dako) for 1 hour at room temperature (RT), and
the immunocomplexes were visualized by chemiluminescence (ECL de-
tection system, Pierce), following the manufacturer’s instructions. Im-
munosignals were analyzed densitometrically with ImageJ software
[National Institutes of Health (NIH), USA].

Cell culture and transfection
HEK-293T and COS-7 cell lines were obtained from the American
Type Culture Collection andmaintained at 37°C in Dulbecco’s mod-
ified Eagle’s medium, supplemented with 10% fetal calf serum and
antibiotics [penicillin (100 U/ml) and streptomycin (100 mg/ml)].
Furthermore, D-2-amino-5-phosphonopentanoic acid (Abcam) was
added to the medium (final concentrations of 200 or 500 mM for
HEK-293T and COS-7 cells, respectively) to avoid excitotoxicity.
Transient transfection ofHEK-293T cells was achieved by the calcium
phosphatemethod (Clontech), and cell extracts were obtained 48 hours
after transfection. COS-7 cells were transfected with Lipofectamine
2000 (Invitrogen), following the manufacturer’s instructions, and cells
were fixed 24 hours after, for further immunofluorescence analysis.

To prepare dissociatedmouse hippocampal neuron cultures,mouse
embryos (embryonic day 18) were obtained from pregnant CD1
females, the hippocampi were isolated and maintained in cold Hank’s
balanced salt solution (HBSS; Gibco) supplemented with 0.45% glu-
cose (HBSS-glucose). After carefully removing the meninges, the
hippocampi were digested mildly with trypsin for 17 min at 37°C and
dissociated. The cells were washed three times in HBSS and resus-
pended in Neurobasal medium supplemented with 2mMGlutaMAX
(Gibco) before filtering in 70-mm mesh filters (BD Falcon). The cells
were then plated onto glass coverslips (5 × 104 cells/cm2) coated with
poly-L-lysine (0.1mg/ml; Sigma-Aldrich), and 2 hours after seeding, the
plating medium was substituted by complete growth medium, consist-
ing on Neurobasal medium supplemented with 2% B27 (Invitrogen)
and 2 mM GlutaMAX, and the coverslips were incubated at 37°C in
a humidified 5% CO2 atmosphere. Every 3 to 4 days, half of the con-
ditioned medium was removed and replaced by fresh growth medium.
Primary cultures were transfected with 0.8 mg of DNA (Lipofectamine
2000, Invitrogen) on DIV4, DIV7, or DIV11 for further surface expres-
sion analysis of GFP-GluN2B constructs and endogenous GluA1. All
the experimental procedures were carried out according to European
Union guidelines (Directive 2010/63/EU) and following protocols that
were approved by the Ethics Committee of the Bellvitge Biomedical
Research Institute (IDIBELL).

Immunofluorescence analysis of surface NMDARs
The surface-to-total expression of NMDARs in COS-7 cells was per-
formed as previously described (71). Briefly, cells were washed twice
with PBS before they were fixed with 4% paraformaldehyde (PFA).

Surface expression of GFP-GluN2B constructs was detected using
an Ab against GFP (1:1000; catalog no. A11122, Life Technologies)
that recognizes the extracellular epitope of heterologously expressed
receptors and that was visualized with an Alexa Fluor 555–conjugated
goat anti-rabbit Ab (1:500; catalog no. A-31851, Thermo Fisher Scien-
tific). The total pool of receptors was detected by the fluorescent signal
emitted by the GFP-GluN2B construct.

To analyze the surface expression of the transfected NMDARs in
primary hippocampal neuronal cultures, cells were washed twice with
PBS and fixedwith 4%PFA inPBS containing 4% sucrose. The surface
expression of GFP-GluN2B constructs was detected by incubating
with anti-GFP (1:1000; catalog no. A11122, Life Technologies) during
1 hour at RT and visualized with an Alexa Fluor 488–conjugated goat
anti-rabbit Ab (1:500; catalog no. A-11078, Thermo Fisher Scientific).
The intracellular pool of receptors was identified by permeabilizing
cells with 0.1% Triton X-100 and labeling them with a rabbit anti-
GFP–Alexa Fluor 555–conjugated Ab (1:2000; catalog no. A-31851,
Thermo Fisher Scientific).

Fluorescence was visualized with a Leica TCS SL spectral confocal
microscope (Leica Microsystems, Wetzlar, Germany) using a Plan-
Apochromat 63×/1.4–numerical aperture immersion oil objective
(Leica Microsystems) and a pinhole aperture of 114.54 or 202 mm
(for surface receptors). To excite the different fluorophores, the confocal
system is equipped with excitation laser beams at 488 and 546 nm.
In each experiment, the fluorescence intensity was measured in 10 to
15 dendrites from at least two to three pyramidal neurons (or in 10 to
15COS-7 cells) per condition. Fluorescencewas quantified usingAdobe
Photoshop CS5 software (Adobe Systems Inc.), and the results are rep-
resented as the means ± SEM of the ratio of surface:intracellular
(primary cell culture) or surface:total (COS-7 cells) GluN2B immuno-
fluorescence signal, analyzing at least three independent experiments.

Morphological analysis of dendritic arborization and spines
GFP-GluN2Bwt– and GFP-GluN2B(P553T)–transfected neurons
were immunolabeled, and Z-stack images were acquired. The result-
ingmaximumprojectionswere analyzed using “Sholl analysis” ImageJ
plugin (72). Dendrites were manually traced with Neuron Studio soft-
ware (http://research.mssm.edu/cnic/tools-ns.html). Dendritic spines
from tertiary neurites were counted and classified into morphological
categories (thin, mushroom, and stubby), using Neuron Studio soft-
ware automatic analysis, followed by manual revision to discard arti-
facts and/or spines counts redundancy.

Chemical LTP–induced recruitment of AMPARs in the cell
surface and synaptic morphology changes
Gly-cLTP assaywas performed atDIV14onprimary hippocampal neu-
rons transiently transfected at DIV11 with either GFP-GluN2Bwt +
GFP (4:1 ratio) or GFP-GluN2B(P553T) + GFP (4:1 ratio), adapting
the protocols previously described (31, 32). Briefly, basal conditions
(nonstimulated neurons) consisted in the incubation of primary cul-
tures with Krebs-Ringer solution supplemented with 1 mMMg2+ and
1 mMtetrodotoxin. ForGly-cLTP induction, cellswere brieflywashed in
20 mMbicucculine (BIC) + 20 mM strychnine and then incubated for
5 min in Krebs-Ringer solution supplemented with 20 mMBIC + 1 mM
strychnine and 200 mM Gly (100 mM D-serine supplement, for Gly +
D-Ser condition). The solutions were replaced by a medium supple-
mented with 20 mM BIC, 20 mM strychnine, and 1 mM Mg2+. After
20 min of incubation at 37°C (GluA1 surface recruitment studies) or
35min of incubation at 37°C (dendritic spines analysis), cells were fixed
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with ice-cold 4% PFA in PBS containing 4% sucrose. For immunofluores-
cence analysis of GluA1 surface recruitment, neurons were incubated at
RT for 30minwith anti-GluA1Ab (1:200; catalog no.MAB2263, Milli-
pore) and incubated with Alexa Fluor 555–conjugated goat anti-mouse
Ab (1:500; catalog no. A31570, Molecular Probes). After permeabilization/
blocking, cells were incubated with rabbit anti-GFP (1:1000; catalog
no.A11122, LifeTechnologies) and thenwithAlexa Fluor 488–conjugated
goat anti-rabbit Ab (1:500; catalog no. A-11078, Thermo Fisher Scien-
tific), and washed and mounted for confocal microscopy analysis.
Secondary dendritic processes expressing the GFP-GluN2B constructs
were analyzed by quantifying the fluorescence intensity of GluA1 puncta
with ImageJ software (NIH), and tertiary dendritic processes were in-
cluded for spines density and morphology analysis.

Electrophysiological recordings of diheteromeric and
triheteromeric NMDAR-mediated whole-cell currents
in HEK-293T cells
Electrophysiological recordings were obtained 18 to 24 hours after
transfection, perfusing the cells continuously at RTwith an extracellular
physiological bath solution: 140 mMNaCl, 5 mMKCl, 1 mMCaCl2,
10 mM glucose, and 10 mMHepes, adjusted to pH 7.42 with NaOH.
Glutamate (1 mM; Sigma-Aldrich), in the presence of glycine (1, 50,
or 100 mMdepending the experiment type; Tocris) and D-serine (0 to
300 mM) was applied for 0.5 s by piezoelectric translation (P-601.30;
Physik Instrumente) of a theta-barrel application tool made from
borosilicate glass (1.5 mm outside diameter; Sutter Instruments), and
the activated currents were recorded in the whole-cell configuration
at a holding potential of −60 mV, acquired at 5 kHz and filtered at
2 kHz bymeans of Axopatch 200B amplifier, Digidata 1440A interface,
and pClamp10 software (Molecular Devices Corporation). Electrodes
with open-tip resistances of 2 to 4 megohms were made from boro-
silicate glass (1.5mmoutside diameter, 0.86mmoutside diameter; Har-
vard Apparatus), pulled with a PC-10 vertical puller (Narishige), and
filledwith intracellular pipette solution containing 140mMCsCl, 5mM
EGTA, 4 mMNa2ATP, 0.1 mMNa3GTP, and 10 mMHepes, adjusted
to pH 7.25 with CsOH. Glutamate and glycine-evoked currents were
expressed as current density (in pA/pF; maximum current divided
by input capacitance as measured from the amplifier settings) to avoid
differences due to surface area in the recorded cells.

The kinetics of deactivation and desensitization of the NMDAR
responses were determined by fitting the glutamate/glycine-evoked
responses at Vm − 60 mV to a double-exponential function to deter-
mine the weighted time constant (tw,des)

tw;des ¼ tf
Af

Af þ As

� �
þ ts

As

Af þ As

� �

where Af and tf are the amplitude and time constant of the fast compo-
nent of desensitization, respectively, and As and ts are the amplitude and
time constant of the slow component of desensitization, respectively.

To infer single-channel conductance values from macroscopic de-
activating currents, we used NSFA as previously described (24). The
single-channel current (i) was calculated by plotting the ensemble var-
iance against mean current (Ī) and fitting with Sigworth parabolic
function (73)

s2 ¼ s2B þ iI � I
2

N

 ! !

where s2B is the background variance and N is the total number of
channels contributing to the response. The weighted-mean single-
channel conductancewas determined from the single-channel current
and the holding potential of −60 mV.

NMDAR agonists dose-response experiments
To determine the affinity for D-serine or glutamate in GluN2B- and
GluN2B(P553T)-transfected cells, concentration-response curves
were constructed from whole-cell currents elicited by rapid jumps
of 0.5-s duration at different concentrations of the coagonist D-serine
(10−9 to 10−4 M) in the presence of 1 mM glutamate or at different
concentrations of the agonist glutamate (10−8 to 10−2 M) in the pres-
ence of 1 mM D-serine. Concentration-response curves were fitted in-
dividually for every cell using the Hill equation

I ¼ Imax

1þ EC50
½A�

� �nH
where Imax is themaximumcurrent, [A] is the concentration of D-serine,
nH is the slope (Hill) coefficient, and EC50 is the concentration of
D-serine or glutamate that produces a half-maximum response. Each
data point was then normalized to the maximum response obtained
in the fit. The average of the normalized values with their SEM were
plotted together and fitted again with the Hill equation. The mini-
mum and maximum values were constrained to asymptote 0 and 1,
respectively.

Electrophysiological recordings of NMDA EPSCs in
hippocampal neurons
Spontaneous activity–dependent NMDAR-mediated EPSCs were
recorded in cultures of hippocampal neurons (DIV16). Whole-cell
recordings were obtained from transfected neurons (at DIV12) with
GluN2B-GFP or GluN2B(P553T). Extracellular solution contained
140 mM NaCl, 3.5 mM KCl, 2 mM CaCl2, 20 mM glucose, and
10 mMHepes, (Mg2+-free) adjusted to pH 7.42withNaOH. To isolate
NMDAR component, 50 mM NBQX and 100 mM picrotoxin were
added to block AMPAR and g-aminobutyric acid type A receptor–
mediated PSCs, respectively. Intracellular pipette solution contained
116 mM K-gluconate, 6 mM KCl, 8 mM NaCl, 0.2 mM EGTA, 2 mM
MgATP, 0.3 mM Na3GTP, and 10 mM Hepes, adjusted to pH 7.25
with KOH. QX-314 (2.5 mM) was included into the pipette solution
to block action potential firing. EPSCs were acquired at 5 kHz and
filtered at 2 kHz as described for cell lines at a holding potential of
−70 mV. EPSCs were measured in 5-min periods in the presence of
NBQX (baseline) and NBQX + D-serine (100 mM), as indicated. After
D-serine treatment, 2-amino-5-phosphonopentanoic acid (50 mM)
was added to validate that EPSCs recorded were NMDAR-mediated.
pClamp10/Clampfit10.6 (Molecular Devices) was used to record, de-
tect, and analyze the amplitude, interevent interval, and charge trans-
fer (as area under the curve, in pA*ms) from single EPSCs.

Quantitative analysis of total and stereoselective amino
acids in human samples
Amino acid analysis was performed on an ACQUITY UPLCH-class
instrument (Waters Co., Milford, MA, USA) with a reversed-phase
C-18 column using water and acetonitrile, 0.1% formic acid as mo-
bile phases (run time, 9 min). The detection was performed with a
Xevo TQD triple-quadrupole mass spectrometer (Waters Co., Milford,
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MA, USA) using positive electrospray ionization in the multiple reac-
tion monitoring mode. For the quantification of L– and D–amino acids
enantiomers of humanbiological fluids (plasma andCSF), aUPLC-MS/
MS–basedmethod was performed, usingN-(4-nitrophenoxycarbonyl)-
L-phenylalanine 2-methoxyethyl ester [(S)-NIFEmethod], as previously
reported (74). Briefly, EDTA-anticoagulated plasma and CSF samples
were collected from control age-matched individuals (normal diet) and
from the patient (before and after L-serine dietary supplementation, for
plasma analysis; after L-serine supplement, for CSF analysis), as previ-
ously described (75). All samples were stored at −80°C until use. Plasma
and CSF samples were mixed with internal standard solution. After
10 min of incubation at 4°C, ice-cold acetonitrile was added, and the
mixture was incubated for >15min on ice. Precipitates were removed
by centrifugation, and the supernatant was evaporated to dryness
under a stream of nitrogen, using a heating block set to 40°C. The
residue was dissolved in water, followed by the addition of sodium
tetraborate and (S)-NIFE solution in acetonitrile. After 10 min of in-
cubation at RT, the reaction was terminated by hydrogen chloride
addition. The derivatized and filtrated samples were immediately
separated on a 100 mm by 2.1 mmACQUITY 1.7-mmBEH C18 col-
umn, using an ACQUITY UPLC system coupled to a Xevo tandem
MS (Waters Co., Milford, MA, USA).

Untargeted sphingolipidomic studies in human samples
Plasma samples were processed and analyzed as previously described
(76). Briefly, total lipid extract was obtained from 100 ml of plasma,
using modified Bligh and Dyer extraction (77). Plasma total lipid
extracts were separated on an Dionex UltiMate 3000 UPLC system
(Thermo Fisher Scientific, San Jose, CA, USA) using a kinetex C8

150×2.1mm, 2.6-mmcolumn (Phenomenex, Sydney,NSW,Australia).
After injection of the samples (10 ml), the column effluent was directly
introduced into the heated electrospray ionization source of an Orbi-
trap Fusion mass spectrometer (Thermo Fisher Scientific, San Jose,
CA, USA), and analysis was performed in positive ionization mode.
The relative quantification of lipid species was obtained from the area
of their corresponding individual chromatographic peaks.

Statistical analysis
Comparison between experimental groups was evaluated using InStat
software (GraphPad Software Inc.), applying a one-way ANOVA,
followed by a Bonferroni post hoc test for multiple comparisons or
a repeated measures two-way ANOVA for Sholl analysis. For single
comparisons, either Student’s t test (for parametric data) or Mann-
WhitneyU test (for nonparametric data) was used. Data are presented
as means ± SEM from at least three independent experiments.

SUPPLEMENTARY MATERIALS
stke.sciencemag.org/cgi/content/full/12/586/eaaw0936/DC1
Fig. S1. Protein interactions and cellular trafficking of GluN2Bwt- and GluN2B(P553T)-containing
NMDARs.
Fig. S2. Altered biophysical properties of heterotrimeric GluN1-GluN2A-GluN2B(P553T) NMDARs.
Fig. S3. GluN2B(P553T) mutation alters GluA1 abundance in hippocampal neurons.
Fig. S4. Alignment of eumetazoan iGluRs showing the residues conservation of Pro553 and Phe653.
Table S1. Untargeted analysis of plasma sphingolipid profile in the GRIN2B(P553T) patient
before and after L-serine dietary supplementation.
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Abstract

De novo GRIN variants, encoding for the ionotropic glutamate NMDA receptor subunits, have been recently associated with
GRIN-related disorders, a group of rare paediatric encephalopathies. Current investigational and clinical efforts are focused
to functionally stratify GRIN variants, towards precision therapies of this primary disturbance of glutamatergic transmission
that affects neuronal function and brain. In the present study, we aimed to comprehensively delineate the functional
outcomes and clinical phenotypes of GRIN protein truncating variants (PTVs)—accounting for ∼20% of disease-associated
GRIN variants—hypothetically provoking NMDAR hypofunctionality. To tackle this question, we created a comprehensive
GRIN PTVs variants database compiling a cohort of nine individuals harbouring GRIN PTVs, together with previously
identified variants, to build-up an extensive GRIN PTVs repertoire composed of 293 unique variants. Genotype–phenotype
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correlation studies were conducted, followed by cell-based assays of selected paradigmatic GRIN PTVs and their functional
annotation. Genetic and clinical phenotypes meta-analysis revealed that heterozygous GRIN1, GRIN2C, GRIN2D, GRIN3A and
GRIN3B PTVs are non-pathogenic. In contrast, heterozygous GRIN2A and GRIN2B PTVs are associated with specific
neurological clinical phenotypes in a subunit- and domain-dependent manner. Mechanistically, cell-based assays showed
that paradigmatic pathogenic GRIN2A and GRIN2B PTVs result on a decrease of NMDAR surface expression and
NMDAR-mediated currents, ultimately leading to NMDAR functional haploinsufficiency. Overall, these findings contribute to
delineate GRIN PTVs genotype–phenotype association and GRIN variants stratification. Functional studies showed that
GRIN2A and GRIN2B pathogenic PTVs trigger NMDAR hypofunctionality, and thus accelerate therapeutic decisions for this
neurodevelopmental condition.

Introduction
Glutamate is the main excitatory amino acid neurotransmitter in
the brain, with about 90% of excitatory synapses using glutamate
for neuronal communication. Upon release in the synaptic cleft,
glutamate acts on a group of transmembrane receptors func-
tionally separated into metabotropic (mGluRs) and ionotropic
glutamate receptors (iGluRs) families. The latter are pharma-
cologically divided into three main families, namely N-methyl
D-aspartate (NMDA), AMPA and kainate acid receptors. NMDA
receptors (NMDARs) are critical for neuronal survival, circuits
formation and synaptic plasticity processes, among others (1).
Concomitantly, disturbance of the NMDAR function, by means of
pharmacological, genetic or modulation of protein–protein inter-
actions, can alter NMDAR-mediated currents which, in turn, can
affect glutamatergic neurons, circuits and brain activity. Indeed,
the alteration of NMDAR-dependent circuits have been associ-
ated with neurodevelopmental disorders (NDDs), epilepsy, neu-
ropsychiatric diseases as well as neurodegenerative processes
(2).

The NMDAR is an heterotetramer resulting from the
oligomerization of two GluN1 subunits and a combination of
two additional subunits (GluN2A-D, GluN3A, GluN3B) whose
distribution is finely regulated in a spatio-temporal manner
(1). The subunit composition dictates the cellular and temporal
expression pattern, subcellular localization and channel prop-
erties of the NMDAR, a coincidence detector of pre- and post-
synaptic activities (1,3). With the emergence of next-generation
sequencing, a growing number of genetic studies reported the
association between genetic variants of GRIN genes (encoding
for GluN subunits of the NMDAR) and neurological disorders.
Initial studies describing de novo GRIN2A and GRIN2B mutations
in discrete individuals with intellectual disability (ID) and/or
epilepsy (4–6), together with exome analysis implementation
in clinical diagnosis and functional studies, allowed to define
GRDs (OMIM # 138 249, 138 253,138 252 and 602 717, for GRIN1-,
GRIN2A-, GRIN2B- and GRIN2D-related disorders, respectively).

GRDs are a group of rare paediatric encephalopathies result-
ing from the presence of pathogenic GRIN gene variants. To
date, about 500 individuals harbouring likely pathogenic GRIN
variants have been reported worldwide (www.grin-database.de),
although GRD prevalence is probably underestimated as for
other NDD of genetic origin. Clinically, this neurodevelopmen-
tal condition is manifested by a spectrum of neurological and
systemic alterations, including ID, hypotonia, communication
impairment, epilepsy, movement and sleep disorders and gas-
trointestinal disturbances (7–12). A comprehensive analysis of
GRIN gene variants and associated clinical phenotypes, together
with the resulting NMDAR structural modelling and functional
annotations of GRIN variants, strongly supports the view of
subunit- and domain-specificity of GRIN variants pathogenicity
and clinical outcomes. Genetically, GRD mostly results from the

presence of GRIN de novo variants, with an autosomal dominant
inheritance pattern. GRIN variants are predominantly associated
with single nucleotide variations causing missense mutations in
particularly sensitive domains of GluN subunits. Besides mis-
sense mutations (present in 65% of GRD affected individuals),
protein truncating variants (PTVs) have also been detected in
23% of individuals with GRD (13). PTVs are defined as genetic
variants (nonsense single-nucleotide variants, frameshift inser-
tions or deletions, large structural variants and splice-disrupting
SNVs) disrupting transcription and leading to a shortened or
absent protein from the mutated allele. Mechanistically, PTVs
are hypothesized to provoke a protein loss of function (decrease
of protein amounts) though it could potentially also cause gain-
of-function effects. Nevertheless, from our knowledge, the func-
tional consequences of GRIN PTVs remain elusive.

Here, we present the first study integrating genetic, clinical
and functional data related with GRIN pathogenic and non-
pathogenic PTVs. Our data sheds light on to gene- and domain-
specific features of GRIN PTVs, enabling their pathogenicity
stratification. Importantly, the delineation of the functional and
clinical outcomes associated with GRD PTVs provides genetic
and preclinical insights for the definition of personalized thera-
pies for individuals harbouring GRIN PTVs.

Results
Heterozygous GRIN PTVs pathogenicity
is gene-dependent

Truncating variants of GRIN genes are predicted to introduce
a premature stop codon or to disrupt the open reading frame
and trigger a premature stop codon. Compared with missense
variants, previously reported GRIN PTVs likely pathogenic are
relatively less abundant (59 out of 226, from (13)). In the present
study, we compiled the genetic and clinical information of 10
clinical cases harbouring novel GRIN PTVs referred to our inves-
tigational network and proceeded to the functional annota-
tion of representative GRIN PTVs. Remarkably, all pathogenic
GRIN PTVs are clinically associated with mild-to-moderate ID
and movement disorders (Fig. 1A), a relatively more homoge-
neous and milder phenotype compared with the heterogeneous
and severe GRD phenotypes exhibited by individuals carrying
pathogenic GRIN missense variants (7,8). Nevertheless, these
initial observations were find in a reduced cohort of patients
and were limited to PTVs affecting GRIN2A and GRIN2B gene
products.

In order to evaluate the GRIN-PTV genotype–phenotype
association in a larger patients cohort and the potential impact
on GRIN genes family, genetic databases were scanned and
293 unique GRIN PTVs (May 2020) and their related clinical
symptoms were retrieved (Supplementary Material, Tables S1–
S7). Genotype–phenotype analysis showed that GRIN PTVs are
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Figure 1. GRIN PTVs distribution and differential association with neurological disorders. (A) Heterozygous de novo GRIN2A and GRIN2B truncating variants in a European

cohort of children with neurological disorders. GI, gastrointestinal tract; EEG, electroencephalogram. GluN subunit domains acronyms: ATD, amino terminal domain;

LBD, ligand binding domain; TMD, transmembrane domain; CTD, carboxy terminal domain. (B) Scatter plot of PTVs of GRIN genes and their distribution along the amino

acid sequence (x-axis). Right, Stacked bars representing the percentage of genetic variants (association, non-association, uncertain association with disease). Green

squares: GRIN variants non-associated with disease; red squares: disease-associated GRIN variants; orange squares: uncertain genetic association and/or functional

annotation. (C) Summary of GRIN truncating variants association with neurological conditions. The table compiles genotype–phenotype correlation of non-pathogenic,

disease-associated and uncertain disease-association of GRIN truncating variants. GRIN PTVs (293) were collected from gnomAD, ClinVar, BCN-GRIN, GRIN-Leipzig and

CFERV databases.
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scattered along the seven members of the GRIN gene family.
Disease-association analysis of GRIN PTVs showed that 63.1%
are non-associated with neurological disorders (likely non-
pathogenic or with recessive inheritance pattern), whereas
30.7% are associated with neurological disorders (pathogenic
or likely pathogenic) and 6.1% are of uncertain association
with neurological symptoms (PTV conflicting description both
in GRD individuals and in healthy population) (Fig. 1 and
Supplementary Material, Tables S1–S7).

Remarkably, genotype–phenotype analysis revealed a strong
association of GRIN PTVs with neurological disorders in a
gene-dependent manner (Fig. 1B and C). Gene-specific analysis
showed that de novo heterozygous GRIN1 truncating variants (21)
are invariably non-pathogenic. Noteworthy, the two only GRIN1
PTVs (p.R488Afs22Ter and biallelic GRIN1 (p.Q556Ter/Q556Ter)
associated with neurological conditions were inherited, indi-
cating a non-dominant inheritance pattern of these particular
variants (Fig. 1, Supplementary Material, Table S1). Conversely,
heterozygous GRIN2A and GRIN2B PTVs are mostly associated
with neurological disorders (77.2 and 79.6% disease-association
versus 7.0 and 11.1% non-disease-association, respectively;
Fig. 1, Supplementary Material, Tables S2 and S3). The dis-
tribution of disease-associated variants along these genes
revealed a high vulnerability of truncations located at the amino
terminal (ATD), agonist binding (ABD) and transmembrane
(TMD) domains. In contrast, truncations affecting GluN2A and
GluN2B carboxy terminal domains (CTDs) were heterogeneously
associated with complex neurological disorders (e.g. schizophre-
nia or autism spectrum disorders (ASDs), for GRIN2A and
GRIN2B, respectively). Despite the strong association between
truncations affecting the non-CTD domains and neurological
conditions, three GRIN2A (p.H595Wfs20Ter, p.H595Sfs60Ter and
p.E58Ter) and a single GRIN2B (p.Q331Sfs5Ter) variants were
reported in the gnomAD database. Functional annotation of
these variants showed their deficiency to reach the cell surface,
leading to a significant reduction of NMDAR-mediated currents
(Supplementary Material, Fig. S1). Accordingly, these PTVs were
conservatively annotated as variants of uncertain association
with neurological conditions.

Genetic analysis showed that de novo GRIN2C PTVs are
not associated with clinical phenotypes (40 out of 41; Fig. 1C,
Supplementary Material, Table S4), with the exception of GRIN2C
(p.P132fs192Ter) detected in a subject with schizophrenia.
Similarly, GRIN3A PTVs are neutral (25 de novo variants), with
only one inherited GRIN3A variant (p.Q508Ter) associated with
schizophrenia (Fig. 1B and C, Supplementary Material, Table S6).
Truncations of GRIN2D and GRIN3B genes (16 and 74 variants,
respectively) are invariably not associated with neurological
disorders (Fig. 1B and C, Supplementary Material, Tables S5 and
S7), with the exception of GRIN2D (c.1412G > A) transition
potentially affecting GRIN2D splicing site and detected in an
individual with schizophrenia (15).

Overall, genetic association studies and variants distribu-
tion along NMDAR domains indicate a strong gene-dependent
pathogenic effect of heterozygous GRIN truncations. In terms of
functional annotation, these findings support the pathogenicity
of heterozygous GRIN2A and GRIN2B truncations of the extracel-
lular and transmembrane domains, while the pathogenicity of
truncations affecting the CTD of GluN2A or GluN2B subunits is
variable and not yet predictable. Moreover, heterozygous PTVs
affecting GRIN1, GRIN2C-D and GRIN3A-B genes are almost non-
associated with disease, with the exception of discrete cases of
schizophrenia.

Clinical phenotypes associated with pathogenic
GRIN2A and GRIN2B PTVs

Individuals with GRDs display a spectrum of clinical symptoms
not yet completely delineated. In order to establish the
genotype–phenotype correlation of pathogenic GRIN PTVs, the
clinical annotations for the different variants were manually
curated and integrated. The analysis of the clinical symptoms
exhibited by individuals harbouring PTVs of GRIN2A and GRIN2B
revealed striking clinical hallmarks. Importantly, all pathogenic
GRIN2A PTVs showed association with different types of
epilepsy syndromes, ranging from mild focal epilepsy (benign
epilepsy with centro-temporal spikes, BECTS) to epileptic
encephalopathies (continuous spike-and-wave during slow-
wave sleep, ECSWS; Landau–Kleffner syndrome, LKS), with vari-
able comorbidity with ID (57% of GRIN2A PTVs cases; Fig. 2). In
contrast, while seizures are almost absent in subjects harbouring
GRIN2B PTVs, genotype–phenotype analysis revealed a higher
presence of ID and ASDs traits (85 and 40%, respectively; Fig. 2).
Interestingly, GRIN2A and GRIN2B pathogenic truncations are
associated with mild-to-moderate forms of ID, in comparison to
disease-associated GRIN2A and GRIN2B missense variants that
are associated with more severe ID (7,8).

Heterozygous GRIN1 truncations do not alter
NMDAR-mediated currents

Gene truncations provoke a shortening of the open reading
frame, which in turn results in the lack of the corresponding
distal domains. In the context of GRIN genes, truncations might
affect different aspects of the NMDAR biogenesis and/or chan-
nel properties, although the pathophysiological mechanisms
remain elusive. In order to determine the molecular and bio-
physical mechanisms underlying GRIN gene-dependent vulnera-
bility to truncations, paradigmatic GRIN PTV were assessed along
cell-based assays. First, we explored the gene dosage effect in
GRIN1 PTVs, by transiently expressing different ratios of GRIN1
wild-type versus truncated constructs in cellular models.

Electrophysiological experiments were conducted in HEK293T
cells transiently expressing wild-type GRIN2A and GRIN1
(wild-type and truncating variants) at different stoichiometric
conditions. Electrophysiological studies showed that GRIN1 trun-
cations do not affect NMDAR-mediated current density in cells
co-transfected with HA-Grin1 PTVs and wild-type GFP-Grin2A
constructs (P-value > 0.05 for all comparisons; Fig. 3A and B).
In contrast, biallelic GRIN1(p.Q556Ter) truncation resulted in
the absence of measurable NMDAR-mediated currents in cells
expressing GluN2Awt-GluN1(Q556Ter)2 (<0.1 pA/pF NMDAR-
mediated currents, N = 10 patched cells; data not shown). Further
analysis showed that heterozygous GRIN1 truncations do not
alter channel properties (e.g. rise-time, desensitization and
deactivation rates) of GluN2Awt-GluN1(wt/trunc) receptors
(Fig. 3C–E).

These data suggest that either GluN1 truncated subunits
are not assembled into functional NMDARs—and do not affect
NMDAR cell surface density—or, alternatively, they form func-
tional NMDARs without interfering channel properties. In order
to address these hypotheses, immunofluorescence analysis of
NMDAR subunits was conducted. Transient co-transfection of
wild-type GFP-GRIN2B and equimolar DNA amounts of HA-
GRIN1 (wt:PTV) showed no changes on GFP-GluN2B (NMDARs)
surface expression in COS-7 cells (P > 0.05; Fig. 3F). In contrast,
transfection mimicking biallelic GRIN1(p.Q556Ter) truncation
condition resulted in a complete loss of NMDAR surface

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/29/24/3859/5920555 by guest on 11 M
ay 2021

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa220#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa220#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa220#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa220#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa220#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa220#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa220#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa220#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa220#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa220#supplementary-data


Human Molecular Genetics, 2020, Vol. 29, No. 24 3863

Figure 2. Clinical phenotypes associated with disease-associated GRIN2A and GRIN2B PTVs. (A) Clinical symptoms of individuals harbouring pathogenic GRIN2A or

GRIN2B PTVs, represented as the percentage of individuals over the total number of reported clinical cases. (B) Phenotype-based heat maps displaying the relative

abundance of clinical symptoms in clinically reported individuals harbouring GRIN2A and GRIN2B PTVs. EPI(ns), epilepsy without detailed epileptic symptoms

description; EPI (total), individuals with epilepsy symptoms.

expression (P < 0.0001; Fig. 3F), in agreement with previous data
showing negligible NMDAR-mediated currents in HEK293T cells.
The lack of NMDARs surface expression was also observed in
cells transiently expressing other biallelic GRIN1 truncations
(P < 0.0001; Supplementary Material, Fig. S2). Furthermore,
a more detailed analysis of the different NMDAR subunits
surface expression was conducted, based on the detection

of differentially tagged-GluN subunits resulting from the
expression of wild-type GFP-GRIN1 (GFP in the amino terminal
domain, (14)), truncated HA-Grin1 and Flag-Grin2b constructs.
Immunofluorescence analysis using anti-GFP antibody in
non-permeabilized cells showed that GFP-GluN1 wild-type
surface expression remains unaltered by the expression of
truncated HA-GluN1 subunits (P > 0.05; Fig. 3G). In contrast,
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Figure 3. Functional annotation of GRIN1 PTVs. (A) Representative whole-cell currents evoked by rapid application of 1 mM glutamate plus 50 μM glycine (0.5-

second duration; −60 mV) in HEK-293 T cells expressing (GluN2Awt)2-(GluN1wt)2 (left trace), (GluN2A)2-GluN1wt/GluN1-PTVs (center and right traces). (B) Bar graph

representing normalized peak currents of cells transfected with Grin2a together with equimolar amounts of Grin1 constructs (wt/mock/PTVs). (C–E) Bar graphs

representing mean ± SEM of rise-time (panel C), desensitization (panel D) and deactivation (panel E) rates of NMDAR-mediated currents in HEK293 cells expressing

(GluN2A)2-(GluN1wt)2, (GluN2A)2-(GluN1wt/GluN1-PTVs). ns, P-value > 0.05; one-way ANOVA with Dunnett’s multiple comparison test or Kruskal–Wallis with Dunn’s

multiple comparison test. (F–H) Left, Immunofluorescence analysis of NMDAR surface expression in COS-7 cell line co-transfected with GFP-Grin2b and HA-Grin1

(wild-type and/or truncated) constructs (panel F) or Flag-Grin2b, GFP-Grin1 and HA-Grin1 (wild-type and/or truncated) constructs (panels G, H); scale bar: 10 μm; Right,
Bar graphs representing the mean ± SEM of cell surface expression of NMDAR (N = 16–38 cells per condition, from 3 to 4 independent experiments; ns, P-value > 0.05;
∗∗∗∗, P-value < 0.0001, one-way ANOVA with Bonferroni’s post hoc test).
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non-permeabilized cells incubated with anti-HA showed a lack
of truncated HA-GluN1 subunit surface expression (P < 0.0001;
Fig. 3H). Overall, these data suggest that truncated GluN1
subunits are unable to assemble and, consequently, do not
reach the plasma membrane. Together with this observation,
our findings showing that heterozygous GRIN1 truncations do
not disturb overall NMDARs surface expression and NMDAR-
mediated currents indicate that GRIN1 monoallelic trunca-
tion is not limiting for NMDAR biogenesis in heterologous
expression systems. These data are in agreement with the
abovementioned genotype–phenotype correlations, showing
no association between heterozygous GRIN1 truncations and
neurodevelopmental conditions.

Disease-associated GRIN2A PTVs functionally
recapitulate GRIN2A haploinsufficiency

Genotype–phenotype studies indicate a strong relationship
between truncating GRIN2A variants and NDDs. In order to shed
light into the genetic dominant effect of GRIN2A PTVs, their
potential pathophysiological impact was evaluated using cell-
based assays. Electrophysiological experiments were conducted
in HEK293T cells transiently expressing different Grin2a wt:PTV
stoichiometric ratios. Normalized current density analysis
showed that disease-associated GRIN2A PTVs drastically
reduce NMDAR-mediated peak current (P-value < 0.001 for
all comparisons; Fig. 4A and B) without disturbing NMDAR
activation, desensitization or deactivation rates (P > 0.05 for all
comparisons) in cells expressing GluN1(wt)2-(GluN2Awt/PTV),
recapitulating GRIN2A haploinsufficiency condition (Fig. 4C–E).
These data suggested the absence of GRIN2A PTVs dominant
negative effect on the NMDARs wild-type pool, and further cell
surface expression experiments were conducted to evaluate
this hypothesis. Immunofluorescence analysis of COS-7 cells
transiently co-transfected with HA-Grin1 and equimolar DNA
ratios of GFP-tagged GRIN2A wild-type and Grin2a truncated
constructs, showed a significant decrease of total HA-GluN1
surface expression (P < 0.0001; Fig. 4F). These data indicate that
heterozygous expression of GRIN2A-PTV, together with one
GRIN2A wild-type allele, significantly decreases the surface
expression of total NMDARs. Furthermore, in order to specifically
determine GluN2A wild-type and GluN2A truncated subunits
surface expression, COS-7 cells were co-transfected with
GRIN1, GFP-GRIN2Awt and HA-GRIN2A wt/PTV (E182Nfs23ter or
V452Cfs11ter) constructs. Immunofluorescence analysis showed
that GRIN2A PTV allele resulted in a net reduction of surface
expression of wild-type GluN2A subunit (P < 0.0001; Fig. 4G),
and no surface expression was detected for the truncated
GluN2A subunits (P < 0.0001; Fig. 4H). Interestingly, the lack of
surface expression was confirmed in COS-7 co-transfected with
GRIN1 and biallelic GRIN2A truncations affecting the NTD, LBD
and TMD domains, while those affecting the CTD exhibited a
normal surface trafficking (Supplementary Material, Fig. S2).
Overall, these findings support the view that GRIN2A PTVs of the
non-CTD functionally recapitulate GRIN2A haploinsufficiency
condition, rather than exerting a dominant negative effect on
wild-type GRIN2A allele.

Disease-associated GRIN2B PTVs functionally
recapitulate GRIN2B haploinsufficiency

Despite the clustering of clinical symptoms with GRIN2A and
GRIN2B PTVs (Fig. 2), we hypothesized that heterozygous GRIN2B
PTVs pathophysiologic mechanisms would be similar to GRIN2A

PTVs. Hence, cell-based functional annotation of representative
GRIN2B truncations associated with GRD was conducted. Elec-
trophysiological experiments were performed in HEK293T cells
transiently expressing the combinations of GRIN1 and GRIN2B
constructs (wild-type, R519Ter, D786Mfs23Ter, E839Ter) at dif-
ferent stoichiometric conditions (wt/wt versus wt/trunc). As for
GRIN2A PTVs, disease-associated GRIN2B PTVs showed a sig-
nificant reduction of NMDAR-mediated peak currents in whole-
cell patch clamp experiments (P < 0.001; Fig. 5A and B) without
disturbing NMDAR gating parameters (e.g. rise time, activation
and deactivation rates; Fig. 5C–E).

Immunofluorescence studies were performed in COS-7 cells
transiently co-transfected with HA-GRIN1wt and equimolar
GFP-GRIN2Bwt and GFP-GRIN2Bwt/PTV ratios. Immunolabelling
of surface HA-GluN1 subunit showed a significant decrease
of total NMDARs surface expression (P < 0.0001; Fig. 5E). In
order to specifically evaluate potential alterations on GluN2B
PTVs surface expression, HA-GRIN1, flag-GRIN2Bwt and GFP-
GRIN2Bwt/PTV (R519Ter, D786Mfs23Ter or E839Ter) were co-
transfected in COS-7 cells. Immunofluorescence analysis
showed an almost negligible detection of truncated GluN2B
subunits surface expression (P < 0.0001; Fig. 5F), indicating
GluN2B PTVs deficiency to assemble and/or to reach the
plasma membrane. Interestingly, the lack of surface expression
was confirmed in COS-7 cells co-transfected with Grin1 and
biallelic Grin2b truncations affecting the NTD, LBD and TMD
domains, while those affecting the CTD (non-related with
neurological disorders) exhibited a normal surface trafficking
(Supplementary Material, Fig. S2).

Previous reports have described the modulatory effect of the
GluN subunits domain CTD for a proper trafficking and retention
of NMDARs in cell lines (16,17). In order to evaluate whether
GRIN2B-CTD truncation might have an impact on surface
density of the NMDAR in a neuronal context, disease-associated
GRIN2B PTVs disrupting the TMD4 (E839Ter) and the proximal
part of the CTD (R847Ter) were generated and expressed either
in COS-7 cell line (together with GluN1 subunits) or in primary
mouse neuronal cultures. Surface expression analysis of trans-
fected GRIN2B PTVs revealed that, despite the CTD of GluN2B
subunit is not required for surface expression of the NMDAR
in COS-7 cells (P < 0.0001; Supplementary Material, Fig. S3A),
truncation of the CTD results in a significant reduction of
GluN2B(R847Ter) (P < 0.001 or < 0.0001 for neurons transfected
with Grin2b versus Grin2b-E839Ter or Grin2b-R847Ter, respec-
tively; Supplementary Material, Fig. S3B). Overall, these results
support an haploinsufficiency-like effect of GRD-associated
GRIN2B PTVs, rather than form a dominant negative effect on
Grin2B wild-type alleles expressed in primary neurons.

Discussion
In the present study, we performed a comprehensive geno-
type–phenotype analysis of GRIN PTVs, delineating GRIN PTV
pathogenicity scenario. Our findings indicate that GRIN PTVs’
pathogenicity is both subunit- and domain-specific, with clinical
outcomes dictated by the identity of the truncated GRIN gene.
Briefly, while heterozygous GRIN1, GRIN2C, GRIN2D, GRIN3A and
GRIN3B truncations are not associated with autosomal domi-
nant neurodevelopmental conditions, non-CTD PTVs of GRIN2A
and GRIN2B genes are invariably related with NDDs, mostly
associated with ID, epilepsy (GRIN2A PTVs) and/or autism traits
(GRIN2B PTVs). Mechanistically, our data indicate that disease-
associated GRIN2A and GRIN2B PTVs result in a reduction of
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Figure 4. Functional annotation of representative de novo GRIN2A PTVs associated with neurological conditions. (A) Representative whole-cell currents evoked by rapid

application of 1 mM glutamate plus 50 μM glycine (0.5-second duration; −60 mV) in HEK-293 T cells expressing (GluN1)2-(GluN2Awt)2 (left trace), (GluN1)2-GluN2Awt

(hemizygous, ‘mock’ condition), (GluN1)2-GluN2Awt/PTVs. (B) Bar graph representing mean ± SEM normalized peak currents of cells transfected with Grin1 together

with different stoichiometric amounts of Grin2a constructs (wt/mock/PTVs). (C–E) Left, Bar graphs representing mean ± SEM of rise-time (panel C), desensitization (panel

D) and deactivation (panel E) rates of NMDAR-mediated currents in HEK293 cells expressing (GluN1)2-(GluN2Awt)2, (GluN1)2-GluN2Awt/− and (GluN1)2-GluN2Awt/PTVs.

ns, P-value > 0.05; ∗∗ , P-value < 0.01; ∗∗∗, P-value < 0.001; ∗∗∗∗ , P-value < 0.0001; one-way ANOVA with Dunnett’s multiple comparison test or Kruskal–Wallis with Dunn’s

multiple comparison test. (F–H) Immunofluorescence analysis of NMDAR surface expression in COS-7 cell line co-transfected with HA-Grin1 and GFP-Grin2a (wild-type

and/or truncated) constructs (panel F) or Untag-Grin1, HA-Grin2a and GFP-Grin2a (wild-type and/or truncated) constructs (panels G, H); scale bar: 10 μm; Right, Bar

graph representing the mean ± SEM of cell surface expression of NMDAR (N = 21–66 cells per condition, from 3 to 4 independent experiments; ns, P-value > 0.05; ∗∗∗∗ ,

P-value < 0.0001; one-way ANOVA with Bonferroni’s post hoc test).
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Figure 5. Functional annotation of representative de novo GRIN2B PTVs associated with neurological conditions. (A) Representative whole-cell currents evoked by rapid

application of 1 mM glutamate plus 50 μM glycine (0.5-second duration; −60 mV) in HEK-293 T cells expressing (GluN1)2-(GluN2Bwt)2 (left trace), (GluN1)2-GluN2Bwt

(hemizygous, ‘mock’ condition), (GluN1)2-GluN2Bwt/PTVs. (B) Bar graph representing mean ± SEM normalized peak currents of cells transfected with Grin1 together

with different equimolar amounts of Grin2b constructs (wt/mock/PTVs). (C and D) Bar graphs representing mean ± SEM of rise-time (panel C) and deactivation (panel

D) rate of NMDAR-mediated currents in HEK293 cells expressing (GluN1)2-(GluN2Bwt)2, (GluN1)2-GluN2Bwt/− and (GluN1)2-GluN2Bwt/PTVs. ns, P-value > 0.05; ∗∗, P-

value < 0.01; ∗∗∗ , P-value < 0.001; one-way ANOVA with Dunnett’s multiple comparison test or Kruskal–Wallis with Dunn’s multiple comparison test. (E and F) Left,
Immunofluorescence analysis of NMDAR surface expression in COS-7 cell line co-transfected with HA-Grin1 and GFP-Grin2b (wild-type and/or truncated) constructs

(panel E) or HA-Grin1, Flag-Grin2b and GFP-Grin2b (wild-type and/or truncated) constructs (panel F); scale bar: 10 μm; Right, Bar graphs representing the mean ± SEM

of cell surface expression of NMDAR (N = 20–86 cells per condition, from 3 to 4 independent experiments; P-value > 0.05; ∗∗∗∗ , P-value < 0.0001, ns; one-way ANOVA

with Bonferroni’s post hoc test).
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NMDARs pool surface density, which invariably causes an overall
loss of function.

In general, PTVs lead to a nonsense-mediated decay, a cel-
lular mechanism resulting in loss of function of the truncated
protein. Nevertheless, our data showed that with the exception
of two non-dominant GRIN1 variants (c.1342del/p.R448fs22Ter
allele from maternal origin, uncertain pathogenicity; p.Q556Ter
biallelic variant, reported by Lemke’s group (9)), all reported het-
erozygous GRIN1 PTVs (20 variants) are not associated with neu-
rological conditions. Theoretically, these findings would indicate
that either GRIN1 gene expression is not critical or, alternatively,
wild-type GRIN1 allele would be sufficient to overcome GRIN1
PTV. GluN1 subunit is invariably present in the NMDAR, which
plays a critical role in excitatory glutamatergic neurotransmis-
sion (1). Accordingly, GRIN1 gene product is widely considered a
key element in excitatory neurotransmission and brain function.
Therefore, the lack of association between GRIN1 functional
haploinsufficiency and clinical outcomes might be attributed to
wild-type GRIN1 allele ability to guarantee physiological NMDAR
surface density. In line with this, our data showed that represen-
tative GRIN1 PTVs do neither affect NMDAR surface expression
nor NMDAR-mediated currents. These findings are in agreement
with elegant biochemistry experiments showing GluN1 sub-
unit as a non-limiting subunit for NMDAR biogenesis, whereas
GluN2 subunits play a limiting rate (18). Furthermore, Grin1+/−
heterozygous mice do not display phenotypic abnormalities,
indicating that Grin1 haploinsufficiency—mimicking Grin1 het-
erozygous PTVs—is non-pathogenic (19). On the contrary, GRIN1
missense mutations are strongly linked with NDDs (9,13). This
might be due to a dominant negative effect of GRIN1 missense
mutations that result in the incorporation of aberrant amino
acids in the GluN1 subunits and abnormal functioning of the
mutant GluN1 subunit-containing NMDARs.

Genotype–phenotype correlation studies of GRIN2A and
GRIN2B truncations showed similar pathogenicity patterns.
Indeed, without considering non-consistent variants, an almost
complete pathogenicity versus non-pathogenicity association
was detected for GRIN2A (37 versus 0 cases, for GluN2A trunca-
tions upstream the non-CTD) and GRIN2B (24 versus 1 cases for
GluN2B truncations upstream the non-CTD) genes. Interestingly,
GRIN2A/B PTVs pathogenicity was variable in truncations
affecting the CTD, similarly to GRIN2A and GRIN2B missense
mutations (7,8) whose pathogenicity is concentrated at the ABD
and TMD, while the CTD is less vulnerable to genetic variation.
Mechanistically, our findings strongly suggest that GRIN2A- and
GRIN2B-related pathophysiological alterations might result from
similar dysfunctions. Indeed, surface expression studies showed
that non-CTD GRIN2A and GRIN2B PTVs trigger a decrease of
NMDARs surface density, probably due to a defect on subunits
assembly and/or a reduction of trafficking to the cell surface.
In agreement with this hypothesis, immunofluorescence data
showed a strong perinuclear immunosignal (density) of GluN2A
or GluN2B PTVs, suggesting the inability of GluN2A and GluN2B
truncating variants to exit the endoplasmic reticulum. GluN
subunits retention in the ER results from the presence of a
retention mechanism that has been proposed as a protein
quality control for the NMDAR (20).

PTVs affecting the CTD of GluN2A or GluN2B subunits were
found to be heterogeneously associated with NDDs. Function-
ally, the CTDs of GluN2A and GluN2B subunits are involved
in receptor trafficking, docking to plasma membrane and cou-
pling receptors to signalling cascades (3,21,22). Theoretically,
GluN2A and GluN2B subunits CTD truncations would neither
interfere with GluN subunits assembly nor with NMDAR traf-

ficking to the plasma membrane. Nevertheless, the lack of the
PDZ-binding domain (in CTD-truncated GluN2 subunits) would
weaken mutant NMDARs-PSD scaffolding proteins interaction,
as well as perturbing downstream signalling cascades. In this
interactome scenario, we may hypothesize that gene variants
affecting NMDAR-interacting proteins (structural) or proteins
functionally regulating NMDAR-mediated signalling cascades
(upstream and/or downstream) can have synergic/antagonistic
effects, dictating the clinical outcome. Further whole exome
analysis of gene variants in individuals harbouring GRIN2A and
GRIN2B CTD truncations will contribute to identify potential
protective and/or risk genes.

While pathogenic GRIN missense variants lead to a con-
tinuum of functional outcomes, roughly stratified into gain-
of-function, loss-of-function and complex alterations, our
study strongly support a pathophysiological scenario in which
GRIN PTVs would be invariably associated with NMDAR
hypofunctionality. Clinically, individuals harbouring GRIN2A
and GRIN2B PTVs exhibit a global developmental delay (DD)
and mild-to-moderate ID. In the context of GRD clinical
spectrum, these mild cognitive and motor phenotypes might
be explained by the reduction of GRIN2A and GRIN2B PTVs
surface expression and NMDAR-mediated currents, without
wild-type NMDARs interference. The reduction detected on
current density was similar to the haploinsufficiency condition
and roughly corresponded to a 50% reduction of current density.
This percentage would be in agreement with the observed lack of
surface delivery of GRIN2A truncated alleles products, according
to an expected Mendelian inheritance pattern. This functional
stratification (e.g. pathogenic GRIN2A and GRIN2B PTVs trigger
NMDAR hypofunctionality) is critical for the selection of GRD
personalized therapies. Despite no rescue experiments have
been performed, we can hypothesize that GRIN2A and GRIN2B
PTV could be attenuated by potentiating the NMDAR pool at the
cell surface, by means of positive allosteric modulator(s) (PAMs)
administration and/or L-serine nutraceutical supplementation,
respectively (23,24).

In summary, the present study comprehensively delineates
genetic and clinical data associated with GRIN PTVS. Data
analysis and functional studies allowed to functional stratify
GRIN PTVs, showing that disease-associated GRIN2A and GRIN2B
PTVs result in an haploinsufficiency-like condition potentially
treatable with NMDAR potentiators (e.g. nutraceutical L-serine
supplementation, PAMs). Overall, these findings contribute to
delineate GRDs and unequivocally accelerate GRIN variants
functional annotation and decision-making of personalized
therapeutic interventions.

Materials and Methods
Subjects

Genetic report and clinical information from individuals har-
bouring GRIN PTVs were provided by referring physicians. All
legal guardians provided informed written consent for genetic
testing in accordance with the respective national ethics guide-
lines and with approval of the local ethics committees in the
participating study centers.

Database of GRIN PTVs and clinical phenotypes

GRIN PTVs were compiled from ClinVar (www.ncbi.nlm.ni
h.gov/clinvar), gnomAD (gnomad.broadinstitute.org), GRIN
variants databases (lmc-uab.es/grindb/truncations, www.gri
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n-database.de, http://functionalvariants.emory.edu/database/i
ndex.html) and Pubmed. Nucleotide change, predicted protein
sequence, clinical annotation and disease-association were
automatically retrieved and integrated under unique entries.
Pathogenic and likely pathogenic mutations were classified
as disease-associated, while gnomAD variants were classified
as non-pathogenic. Furthermore, a conservative annotation
was applied and GRIN variants inconsistently annotated as
pathogenic/non-pathogenic, as well as disease-associated GRIN
variants with no clinical phenotypes described, were classified
as GRIN variants of ‘Uncertain Pathogenesis’. Data are compiled
in Supplementary Material, Tables S1–S7, and the updated
repository accessible at lmc.uab.es/grindb/truncations.

Mice

Adult male and female CD-1 mice (IDIBELL Animal Facilities)
were used. The IDIBELL Committee on Animal Use and Care and
Autonomous Government (Generalitat de Catalunya) approved
the protocol (number: 9108). Following the approved experimen-
tal protocol, all animals were supervised daily. Animals were
housed and tested in compliance with the guidelines provided
by the Guide for the Care and Use of Laboratory Animals and
following the European Union guidelines (2010/63/EU). Mice were
housed in groups of four in standard cages with ad libitum
access to food and water and maintained under a 12 h dark/light
cycle (starting at 7:30 a.m.), 22◦C temperature and 66% humidity
(standard conditions).

Plasmids

The expression plasmids for rat GluN1, GFP-GluN2A and GFP-
GluN2B were kindly provided by Dr Vicini (14). Dr Nakanishi
provided HA-GluN1 and HA-GluN2A plasmids (25,26), Dr Sanz-
Clemente the Flag-GluN2B vector and GFP-GluN1 plasmid
was obtained from Dr. Barria (27). Nucleotide changes for the
production of GRIN variants were achieved by oligonucleotide-
directed mutagenesis, using the QuikChange II XL site-
directed mutagenesis kit according to the manufacturer’s
instructions (Stratagene, La Jolla, CA, USA), and verified by
Sanger sequencing. All GRIN constructs were generated using
rat GRIN cDNA as template, providing a perfect match for all
the truncating variants except three human GRIN2A variants
(E182Nfs22Ter, H595Wfs20Ter and H595Sfs60Ter) that showed
mild changes in the corresponding constructs generated from
rat cDNA templates (Grin2a-E182Nfs23Ter, Grin2a-H595Rfs28Ter,
Grin2a-H595Lfs60Ter and respectively).

Cell culture and transfection

HEK-293 T and COS-7 cell lines were obtained from the American
Type Culture Collection and maintained at 37◦C in Dulbecco’s
modified Eagle’s medium, supplemented with 10% fetal calf
serum and antibiotics (100 units/ml penicillin and 100 mg/ml
streptomycin). Furthermore, D-2-amino-5-phosphonopentanoic
acid (D-AP5, Abcam, Cambridge, UK) was added to the medium
(0.5-1 mM final concentrations, for HEK-293 T and COS-7 cells,
respectively) to avoid excitotoxicity. Transient transfection of
HEK-293 T cells was achieved by the calcium phosphate method
(Clontech, France) and cell extracts were obtained 48 hours
after transfection. COS-7 cells were transfected with Lipofec-
tamine™ 2000 (Invitrogen, Carlsbad, CA, USA) following the
manufacturer’s instructions, and cells were fixed 24 hours post-
transfection, for further immunofluorescence analysis. HEK-
293 T were transfected with equimolar amounts of plasmids

encoding for GluN1 and GluN2A/GluN2B subunits, whereas COS-
7 cells were transfected with different combinations of tagged
subunits, upon the considered allelic (heterozygous or biallelic)
conditions. To analyze biallelic expression of GRIN PTV, cells
were transfected with equimolar amounts of HA-GluN1 and GFP-
GluN2A/GluN2B subunits (1:1), while heterozygous condition
was achieved by transfecting equimolar amounts of the wild-
type and the truncated variants of the GRIN gene of interest
(1:0.5:0.5).

Expression experiments in dissociated mouse hippocampal
neuron cultures were performed as previously described (24).
Briefly, mouse embryos (embryonic day E18) were obtained
from pregnant CD1 females; their hippocampi were isolated
and maintained in cold Hank’s Balanced Salt Solution (HBSS,
Gibco, Carlsbad, CA, USA) supplemented with 0.45% glucose
(HBSS-Glucose). After carefully removing the meninges, the
hippocampi were digested mildly with trypsin, washed in HBSS
and resuspended in Neurobasal medium supplemented with
2 mM Glutamax (Gibco, Carlsbad, CA, USA) before filtering in
70-mm mesh filters (BD Falcon, Vaud, Switzerland). The cells
were then plated onto glass coverslips (5 × 104 cells/cm2) coated
with 0.1 mg/ml poly-L-lysine (Sigma-Aldrich, St. Louis, MO, USA),
and 2 h after plating, the medium was substituted by complete
growth medium (Neurobasal medium supplemented with 2%
B27 and 2 mM Glutamax). Primary cultures were incubated at
37◦C in a humidified 5% CO2 atmosphere. Every 3–4 days, half
of the conditioned medium was removed and replaced by fresh
growth medium. Primary cultures were transfected with Lipo-
fectamine™ 2000 (Invitrogen, Carlsbad, CA, USA) on day in vitro
11 (DIV11) for further surface expression analysis of GFP-GluN2B
constructs.

Immunofluorescence analysis

Transiently transfected COS-7 cells were washed in PBS and
fixed with 4% paraformaldehyde (PFA). Surface expression of
NMDARs was achieved by immunolabelling the extracellular
tags (GFP and HA, inserted in the ATD of the GluN subunits)
and incubating the corresponding antibody (anti-GFP, Clontech,
France; anti-HA, Covance Inc., Princeton, NJ, USA respectively)
for 1 h at RT, under non-permeabilizing conditions. After wash-
ing, cells were incubated with secondary antibodies (anti-rabbit
IgG or anti-mouse IgG, respectively) conjugated to Alexa fluo-
rochromes (Life Technologies, Carlsbad, CA, USA), for 1 h at RT.
The total amount of GFP-tagged GluN subunits was detected
by the GFP endogenous fluorescent signal emitted by the GFP-
GluN2A/GluN2B construct. Coverslips were mounted in ProLong
antifade mounting medium (Life Technologies, Carlsbad, CA,
USA) and images were acquired in a Nikon Eclipse 80i micro-
scope (63×/1.4 N.A. immersion oil objective).

To analyze heterologous GluN2B subunit surface expression
in primary neuronal cultures, at DIV14, neurons were washed
and fixed with 4% PFA in PBS containing 4% sucrose. Surface
expression of GFP-GluN2B was detected by incubating with anti-
GFP (Life Technologies, Carlsbad, CA, USA) during 1 hour at RT
and visualized with an Alexa 488-conjugated goat anti-rabbit
Ab (Molecular Probes, Carlsbad, CA, USA). The intracellular pool
of GluN2B subunits was identified by permeabilizing cells with
0.1% Triton X-100 and labelling them with anti-GFP-Alexa 555-
conjugated Ab (Molecular Probes, Carlsbad, CA, USA), as pre-
viously described (28). Images were acquired in a Leica TCS-
SL spectral confocal microscope (Leica Microsystems, Wetzlar,
Germany) using a Plan-Apochromat 63×/1.4 N.A. immersion oil
objective (Leica Microsystems, Wetzlar, Germany) and a pinhole
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aperture of 114.54 or 228 μm (for surface receptors). To excite
fluorophores, confocal system is equipped with excitation laser
beams at 488 and 546 nm. In each experiment, fluorescence
intensity was measured in 5–15 COS-7 cells or 1–15 dendrites
from at least 7 pyramidal neurons per condition. Fluorescence
was quantified using Adobe Photoshop CS5 software (Adobe
Systems Inc., San José, CA, USA) and the results are represented
as the mean ± standard errors of the mean (SEM) of the surface
immunofluorescent signal, analyzing at least three independent
experiments.

Electrophysiological recordings of NMDA whole-cell
currents in HEK293T cells

Electrophysiological recordings were obtained 38–48 hours after
transfection, perfusing the cells continuously at RT with extra-
cellular physiological bath solution (in mM): 140 NaCl, 5 KCl, 1
CaCl2, 10 glucose and 10 HEPES, adjusted to pH 7.42 with NaOH.
Glutamate (1 mM, Sigma-Aldrich, St. Louis, MO, USA), in the
presence of glycine (50 μM; Tocris, Bristol, UK), was applied for
5 seconds by piezoelectric translation (P-601.30; Physik Instru-
mente, Karlsruhe, Germany) of a theta-barrel application tool
made from borosilicate glass (1.5 mm o.d.; Sutter Instruments,
Novato, CA, USA), and the activated currents were recorded in
the whole-cell configuration at a holding potential of −60 mV,
acquired at 5 kHz and filtered at 2 kHz by means of Axopatch
200B amplifier, Digidata 1440A interface and pClamp10 software
(Molecular Devices Corporation, San José, CA, USA). Electrodes
with open-tip resistances of 2–4 MΩ were made from borosilicate
glass (1.5 mm o.d., 0.86 mm i.d., Harvard Apparatus, Holliston,
MA, USA), pulled with a PC-10 vertical puller (Narishige, Tokyo,
Japan) and filled with intracellular pipette solution containing
(in mM): 140 CsCl, 5 EGTA, 4 Na2ATP, 0.1 Na3GTP and 10 HEPES,
adjusted to pH 7.25 with CsOH. Glutamate and glycine-evoked
currents were expressed as current density (−pA/pF; maximum
current divided by input capacitance as measured from the
amplifier settings) to avoid differences due to surface area in
the recorded cells. The kinetics of deactivation and desensiti-
zation of the NMDAR responses were determined by fitting the
glutamate/glycine-evoked responses at Vm − 60 mV to a double-
exponential function in order to determine the weighted time
constant (τw,des)

τw,des = τf

(
Af

Af + As

)
+ τs

(
As

Af + As

)
,

where Af and τ f are the amplitude and time constant of the fast
component of desensitization and As and τ s are the amplitude
and time constant of the slow component of desensitization.

Statistical analysis

Comparison between experimental groups was evaluated using
Prism (GraphPad Software, Inc., San Diego, CA, USA), applying a
one-way analysis of variance (ANOVA) followed by a Bonferroni
post hoc test (cell surface expression experiments) or Dunn’s
multiple comparison (electrophysiology experiments). For sin-
gle comparisons, either Student’s t test (for parametric data)
or Mann–Whitney U-test (for non-parametric data) was used.
Data are presented as the means ± SEM from at least three
independent experiments.

Supplementary Material
Supplementary Material is available at HMG online.
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Abstract

Glutamatergic neurotransmission is crucial for brain development, wiring neuronal

function, and synaptic plasticity mechanisms. Recent genetic studies showed the

existence of autosomal dominant de novo GRIN gene variants associated with GRIN‐
related disorders (GRDs), a rare pediatric neurological disorder caused by N‐methyl‐
D‐aspartate receptor (NMDAR) dysfunction. Notwithstanding, GRIN variants

identification is exponentially growing and their clinical, genetic, and functional

annotations remain highly fragmented, representing a bottleneck in GRD patient's

stratification. To shorten the gap between GRIN variant identification and patient

stratification, we present the GRIN database (GRINdb), a publicly available, non-

redundant, updated, and curated database gathering all available genetic, functional,

and clinical data from more than 4000 GRIN variants. The manually curated GRINdb

outputs on a web server, allowing query and retrieval of reported GRIN variants, and

thus representing a fast and reliable bioinformatics resource for molecular clinical

advice. Furthermore, the comprehensive mapping of GRIN variants' genetic and

clinical information along NMDAR structure revealed important differences in GRIN

variants' pathogenicity and clinical phenotypes, shedding light on GRIN‐specific
fingerprints. Overall, the GRINdb and web server is a resource for molecular stra-

tification of GRIN variants, delivering clinical and investigational insights into GRDs.

GRINdb is accessible at http://lmc.uab.es/grindb.
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1 | INTRODUCTION

N‐methyl‐D‐aspartate receptors (NMDARs) are ligand‐gated ion chan-

nels mediating excitatory neurotransmission (Paoletti et al., 2013).

Neuronal signaling via the NMDAR plays important roles in brain de-

velopment, wiring, and high cognitive and motor functions, among

others (Traynelis et al., 2010). NMDARs are heterotetramers mostly

composed of the assembly of two glycine/D‐serine‐binding GluN1 sub-

units (encoded by GRIN1 gene) and two glutamate‐binding subunits

GluN2A/GluN2B (encoded by GRIN2A and GRIN2B genes, respectively;

Flores‐Soto & Chaparro‐Huerta, 2012). In addition to the pre-

dominantly expressed GluN1, GluN2A, and GluN2B subunits, NMDARs

can also have the presence of GluN2C, GluN2D, GluN3A, and/or

GluN3B subunits at particular developmental stages and in precise

neuronal subtypes. For proper neuronal function and brain connectivity,

NMDAR heteromeric channels require a precise spatio–temporal ex-

pression pattern, in an NMDAR heteromer‐dependent manner. Func-

tionally, the NMDAR acts as a coincident detector responding

to sustained glutamate release. Following NMDAR activation,

NMDAR‐mediated calcium influx activates signaling cascades, leading

to neuronal responses. Besides neurotransmitter‐mediated regulation,

the molecular composition of the NMDAR is critical for NMDAR‐
mediated neurotransmission.

The structure of NMDAR has been recently determined

(Karakas & Furukawa, 2014; Lee et al., 2014; Tajima et al., 2016) and

showed a topological organization of this receptor into four func-

tionally related domains. The extracellular amino‐terminal and

ligand‐binding domains (ATD and LBD, respectively) are mechani-

cally linked to the transmembrane domain (TMD) that constitutes

the pore of the channel, and a cytoplasmic carboxy‐terminal domain

(CTD) with no determined structure. Functionally, the NMDAR acts

as a coincident detector of postsynaptic membrane depolarization

(removing Mg2+ blockade) and glutamate release. In this context, the

simultaneous binding of NMDAR coagonists (glutamate and glycine/

D‐serine) is mechanically transduced, allowing the channel pore

opening and Na+ and Ca2+ influx (Mayer et al., 1984; Nowak et al.,

1984). In addition to the subunit composition, which determines

NMDAR intrinsic biophysical properties, the receptor activity is

regulated by small ions and molecules, such as protons, zinc, sper-

mine (Paoletti et al., 2013), membrane lipids (Korinek et al., 2015),

and proteins, involved in posttranslational modifications (Lussier

et al., 2015) and protein–protein interactions (Frank & Grant, 2017).

As aforementioned, NMDAR‐mediated signaling is crucial for

fundamental neuronal processes. Concomitantly, the dysregulation

of the NMDAR function can cause synaptic dysfunction and disturb

neuronal activity, which ultimately can lead to neurological condi-

tions. Less than 10 years ago, the initial genetic reports describing

the association between de novo mutations of GRIN genes associated

and neurological disorders were released (de Ligt et al., 2012;

O'Roak et al., 2011; Tarabeux et al., 2011). Since then, third‐
generation deep sequencing has accelerated the identification of

novel GRIN variants in individuals affected by neurodevelopmental

and psychiatric disorders and allowed to initiate pioneer studies

toward the delineation of a clinical spectrum genetically defined as

GRIN‐related disorders (GRDs; Burnashev & Szepetowski, 2015;

Lemke et al., 2014, 2016; Lesca et al., 2013; Platzer et al., 2017).

GRDs are a group of rare neurological disorders (Lemke, 2020) with

a genetic etiology, namely de novo GRIN mutation (with almost ex-

clusively autosomal dominant inheritance pattern), a primary cause

of NMDAR‐mediated dysfunction of excitatory neurotransmission.

Clinically, GRDs' clinical spectrum includes intellectual disability,

epilepsy, movement disorders, development delay, autism spectrum

disorder, and schizophrenia, among others.

In addition to genetic data, several functional studies have been

conducted to characterize the direct impact of de novo GRIN variants

gene products on NMDAR biogenesis and activity. Altogether, genetic

and functional studies showed the need to stratify disease‐associated
GRIN variants and dichotomically dissect those functionally, causing

either a gain‐of‐function (GoF) or a loss‐of‐function (LoF). This stratifi-

cation, as well as gene‐dependent functional and clinical outcomes de-

finition, is critical to define precise NMDARs functional rescue,

ultimately leading to GRDs personalized medicine, a clinical and in-

vestigational priority. Therapeutic approaches for GRDs have focused

on the potential use of direct NMDAR modulators, potentially coun-

teracting either GoF or LoF GRIN variants effects on NMDARs, for

example, reducing or potentiating NMDARs activity, respectively.

Regarding GRIN‐GoF variants, the FDA‐approved drug memantine

(low‐affinity NMDAR antagonist) has been evaluated for GRD asso-

ciated with GRIN‐GoF variants (Ogden et al., 2017; Pierson et al., 2014;

Platzer et al., 2017). Similarly, radiprodil (GluN2B selective negative

allosteric modulator) has been recently evaluated and constitutes a

promising drug for the treatment of NMDARs containing GluN2B GoF

mutations (Auvin et al., 2020; Mullier et al., 2017). The potential rescue

of GRIN LoF variants has also been evaluated in preclinical and clinical

studies, using both NMDARs orthosteric and allosteric modulators. In

this line, a pilot clinical study showed that L‐serine (precursor of D‐
serine, endogenous NMDAR coagonist) dietary supplement results in a

clinical improvement in a patient harboring a GRIN2B LoF variant (Soto

et al., 2019).

As for many rare conditions with a genetic origin, GRD transla-

tional research shows a gap between growing genetic data (e.g., GRIN

variants identification) and their evaluation toward functional stratifi-

cation and therapeutic approaches evaluation. Further, GRIN variants

genetic, clinical, and functional data are highly fragmented, redundant,

and show certain inconsistencies, making both clinical and genetic ad-

vice arduous. In this scenario, we have developed the GRIN database

(GRINdb), a clinical and investigational resource, with more than 4000

unique GRIN variants that constitute the largest public repository of

GRIN variants and related data. More importantly, GRINdb provides a

unique, nonredundant, curated, and updated GRIN variants database.

Together with the genetic data, GRINdb delivers all available functional

and clinical annotations of the GRIN variant of interest, which, in turn,

might accelerate the patient's stratification and therapeutic decisions.

Further, GRINdb allowed delineating important differences in GRIN

pathogenesis and clinical phenotypes, shedding light on GRIN‐specific
fingerprints and GRDs' pathophysiology.
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2 | METHODS

2.1 | GRINdb

For GRINdb creation, all available GRIN variants information (gene,

nucleotide change, amino acid position, mutated amino acid, patho-

genicity, clinical information, and functional annotations) were retrieved

from the following sources: ClinVar (only pathogenic and likely patho-

genic variants), LOVD (https://www.lovd.nl), Uniprot Database

(UniProt Consortium, 2019), GnomAD (Karczewski & Francioli, 2017),

“GRIN‐Leipzig” (http://www.grin-database.de), CFERV (http://

functionalvariants.emory.edu/database/), and BCN‐GRIN (http://lmc.

uab.es/grindb/) and from previously published data. The genetic in-

formation was used to classify the variants into the following cate-

gories: missense, truncating (nonsense, frameshift), and others (amino

acid insertions and deletions, large DNA duplications, deletions and

translocations, and chromosomal aberration). The amino acid position

was used to locate the mutation into the corresponding topological

domain (see Table S1 for domain positions), with the TMD positions

assigned according to OPM Database (Lomize et al., 2012). Finally,

redundant entries (identical GRIN variant) were unified under the same

entry, while keeping clinical‐ and functional‐associated information.

2.2 | GRIN variants data curation and functional
classification

Based on genetic, clinical, and functional data, GRIN variants patho-

genicity was classified as “Disease‐associated,” “Neutral,” or

“Uncertain pathogenicity,” according to the following criteria. GRIN

variants with reported functional alterations (LoF/GoF) were classi-

fied as disease‐associated, while those not affecting NMDAR activity

were classified as neutral variants. For GRIN variants devoid of

functional annotations, their pathogenicity was defined according to

the associated genetic and clinical data. GRIN variants associated

with neurological disorders (ClinVar, LOVD, GRIN‐Leipzig,
BCN‐GRIN, and CFERV GRIN variants with associated phenotypes)

were classified as “Disease‐associated,” while those variants

exclusively reported in the GnomAD database were considered as

neutral. Finally, GRIN variants with conflicting annotations (e.g.,

described as disease‐associated and neutral variants in different

databases) were classified as variants of uncertain pathogenicity.

In addition to pathogenic categories, the available functional in-

formation was manually curated and used for GRIN variants functional

stratification into “loss‐of‐function” (LoF), “gain‐of‐function” (GoF),

“Complex,” or “Not affected” categories. GRIN variants impact on re-

ceptor biogenesis (surface expression of mutant NMDARs) and bio-

physical changes (electrophysiological properties of mutant NMDARs)

allowed to define LoF variants, based on the presence of a reduction

of surface expression and/or reduced NMDAR‐mediated currents

resulting from diminished ion channel conductance, open probability,

agonist(s) affinity(ies), and desensitization and/or deactivation rates.

On the contrary, GRIN variants were annotated as GoF when the

surface expression was increased and/or NMDAR‐mediated currents

were increased as a result of changes in the gating/affinity properties

mentioned previously. GRIN variants exhibiting both LoF‐ and

GoF‐associated changes were classified as “Complex” variants of

uncertain functional classification, while those with not showing

functional alterations in heterologous cell systems were defined as

“Not affected.” Based on our recent findings (Santos‐Gómez et al.,

2020), GRIN2A and GRIN2B protein‐truncating variants of the ATD,

LBD, and TMD were classified as LoF variants. Thus, the classification

of variants as GoF, LoF, or complex was entirely based on experi-

mental information and not in a prediction algorithm.

2.3 | Phenotypes associated with GRIN variants

The available clinical information allowed to group GRIN variants phe-

notypic traits into the following phenotype categories: intellectual dis-

ability, developmental delay, epilepsy, schizophrenia, autism spectrum

disorders, attention‐deficit and hyperactivity disorder, cortical visual

impairment, hypotonia, speech disorder, movement disorders, and mi-

crocephaly. While all these phenotypes categories were automatically

retrieved from available clinical information on reference databases and

research articles, “epilepsy” phenotype category was grouping epi-

lepsies and epileptic syndromes, such as epilepsy with continuous spike

and wave during sleep, benign childhood epilepsy with centro‐temporal

spikes, Landau–Kleffner syndrome of childhood, focal epilepsy, and

discrete epileptic seizures.

2.4 | NMDA receptor molecular model

A molecular model for the triheteromeric NMDA receptor (GluN1)2‐
GluN2A‐GluN2B was generated from 4PE5 X‐ray crystal structure

(Karakas & Furukawa, 2014). Modeller 9.20 (Webb & Sali, 2016) was

used to model the lacking regions of the receptor and Scwrl4 (Krivov

et al., 2009) to position the nondetermined side chains. The initial

model was energy‐minimized using GROMACS 5 (Hess et al., 2008).

The CTDs were not modeled, as there is no available determined

structure. Pathogenesis and functional annotations for all GRIN

variants with available information were mapped on the NMDA re-

ceptor structural model using Pymol 2 (DeLano, 2002).

2.5 | Web server

GRINdb is a freely available web application tool relying on Python

3.6.6 backend with Flask 1.0.2 framework (http://flask.pocoo.org).

Python scripts monthly access data from ClinVar, LOVD, Uniprot,

GnomAD, CFERV, GRIN‐Leipzig, and BCN‐GRINdbs. All data are stored

in a MySQL database. The NMDAR molecular model containing the

query GRIN variant is shown with an NGL Viewer (Rose & Hildebrand,

2015), allowing an interactive rotation in the x/y/z axes, together with

zoom options (Rose & Hildebrand, 2015).
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3 | RESULTS AND DISCUSSION

3.1 | GRINdb

The increasing number of identified GRIN genetic variants asso-

ciated with neurological and psychiatric disorders deals with high

fragmentation and redundancy of the corresponding data, which

is split into several databases and research articles. We have

constructed GRINdb, a unified, manually curated, nonredundant,

and updated database containing all available genetic, clinical,

functional, and structural information on GRIN variants. GRINdb

currently contains 4415 unique GRIN variants (May 2020), clas-

sified into different genetic categories: 4008 missense variants,

295 protein‐truncating variants (frameshift, nonsense, splice

site), and 112 other variants (duplications, deletions, transloca-

tions; see Table 1). The database can be freely accessed at http://

lmc.uab.es/grindb/grindbdata.

3.2 | GRINdb web server

To provide a user‐friendly computational tool to retrieve all

available information for the GRIN variant of interest, we have

developed the GRINdb Web Server (http://lmc.uab.es/grindb/). In

this GRIN variants explorer, the user is invited to introduce the

gene name (GRIN1, GRIN2A, GRIN2B, GRIN2C, GRIN2D, GRIN3A,

GRIN3B) and amino acid position as a query input. Optionally, the

user can also select the mutated amino acid (in three‐ or one‐
letter code), for missense variants. Following GRIN variant query,

GRIN web server explores GRINdb and retrieves—upon data

availability—all associated functional and clinical data: reference

database, mutation domain, and category (missense, truncation,

other), as well as available functional annotations and clinical

information with the corresponding bibliographic references

(PubMed links). Classification into GoF/LoF/Complex, phenotype

categories, and pathogenicity (disease‐associated, neutral, and

uncertain association to disease) is also shown (see Section 2).

This descriptive information is completed with a molecular model

of the NMDAR showing the topological location of the mutated

amino acid, displayed with an interactive NGL Viewer (Rose &

Hildebrand, 2015; see Figure 1).

3.3 | GRIN variants and disease association

The integration of functional and clinical information (disease‐
associated or neutral GRIN variants) into GRINdb was used to pro-

vide the first comprehensive analysis of GRIN variant‐related pa-

thogenesis. To this end, we analyzed the association of GRIN variants

with neurological conditions and classified them in three different

categories. Disease‐associated GRIN variants are GRIN variants un-

equivocally associated with GRD, with an autosomal dominant pat-

tern and GRD clinical symptoms described. On the contrary, those

GRIN variants described as genetic polymorphisms (neutral variants

present in gnomAD and/or no functional changes associated) were

considered as neutral. The third category of GRIN variants is con-

stituted by those genetic variants with contradictory annotations

facing the autosomal dominant inheritance pattern described in

GRD and was thus classified as GRIN variants of uncertain patho-

genicity (Table 2). Further, functional data and clinical phenotypes

analysis of all collected GRIN missense variants (4008, scattered

along the seven members of the GRIN gene family) revealed striking

gene‐dependent pathogenicity association. Interestingly, GRIN1,

GRIN2A, and GRIN2B genes (encoding for GluN subunits, most widely

expressed in excitatory neurons (Paoletti et al., 2013) present a

significant percentage of variants associated with disease (ranging

from 14.2% to 23.6%). Contrastingly, GRIN2C, GRIN2D, GRIN3A, and

GRIN3B (encoding for GluN subunits expressed in specific excitatory

neuron subpopulations; Paoletti et al., 2013) association with pa-

thogenicity is scarce (from 0.2% to 2.5%), with 17 missense disease‐
associated variants that are randomly located across all domains.

Interestingly, following database integration and curation, the ori-

ginally reported 118 initial total disease‐associated variants were

reduced to 26, suggesting that genetic variation of GRIN2C, GRIN2D,

GRIN3A, and GRIN3B genes could be more tolerated and less prone

to cause neurological phenotypes. GRIN1, GRIN2A, and GRIN2B genes

pathogenicity were further analyzed toward the potential identifi-

cation of GluN1, GluN2A, and GluN2B domains differential sensi-

tivity to amino acid variation (Figure 2 and Table S2).

Among GRIN genes most prevalently associated with the disease,

GRIN1 presents the lowest number of reported GRIN variants (313

GRIN1 vs. 803 and 592 variants, for GRIN1, GRIN2A, and GRIN2B,

respectively) but the highest percentage of disease‐associated var-

iants (23.6%). On the contrary, GRIN2A presents the highest number

TABLE 1 Summary of variants in GRIN
database

GRIN1 GRIN2A GRIN2B GRIN2C GRIN2D GRIN3A GRIN3B Total

Missense 313 803 592 602 364 596 738 4008

Truncations 22 57 54 43 17 26 74 293

Others 12 14 12 20 11 6 37 112

Total 347 874 658 665 392 628 849 4413

Note: GRIN variants collected from ClinVar, SwissVar, GnomAD, GRIN‐Leipzig, CFERV, and BCN‐GRIN
and bibliography including missense, truncating (nonsense, frameshift), and other variants (amino acid

insertions and deletions, large DNA insertions, deletions and translocations, and chromosomal

aberration).
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F IGURE 1 GRIN database web server example of use. (a) Input: the user can search for a specific GRIN variant (gene, amino acid position,
and mutated amino acid); (b) output: the corresponding genetic, clinical, and functional information is displayed. (c) Additionally, the mutated
amino acid is mapped on the N‐methyl‐D‐aspartate receptor structural model with an NGL Viewer 2015. Variant GRIN2B Pro553Thr
(NP_000825.2:p.Pro553Thr) has been used as an example. By integrating the fragmented information collected from databases and research
articles, the variant can finally be annotated as loss‐of‐function (LoF) and the corresponding clinical phenotype is displayed

TABLE 2 Summary of GRIN missense variants classification into disease‐association categories

GRIN1 GRIN2A GRIN2B GRIN2C GRIN2D GRIN3A GRIN3B Total

Associated with disease 74 (23.6%) 114 (14.2%) 111 (18.8%) 4 (0.7%) 9 (2.5%) 1 (0.2%) 3 (0.4%) 316

Neutral 222 (71.0%) 647 (80.5%) 445 (75.2%) 575 (95.5%) 347 (95.3%) 573 (96.1%) 704 (95.4%) 3513

Uncertain 17 (5.4%) 42 (5.2%) 36 (6.0%) 23 (3.8%) 8 (2.2%) 22 (3.7%) 31 (4.2%) 179

Total missense 313 803 592 602 364 596 738 4008

Note: Functional and clinical data of GRIN variants allowed their classification into variants with disease association, neutral, or with uncertain

pathogenesis (see Section 2 for additional information on the criteria used for variants pathogenesis classification).
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of variants, but the lowest percentage of disease‐associated variants

(14.2%), suggesting a differential tolerance of GRIN genes in front of

genetic variation, with a GRIN1 >GRIN2B >GRIN2A pathogenicity

scaling.

Topologically, the majority (about 80%) of GRIN1, GRIN2A, and

GRIN2B disease‐associated variants are located within TMD and LBD

(see Figure 2 and Table S2). This result is in accordance with previous

reports compiling the data from around 100 GRIN variants (Amin

et al., 2020; XiangWei et al., 2018). This differential domain sensi-

tivity is exhibited by all GluN subunits, in line with the high

F IGURE 2 GRIN variants pathogenicity. (a) Scatter plot
representing GRIN1, GRIN2A, and GRIN2B variants' disease
association and distribution along the GluN1, GluN2A, and GluN2B
protein sequence. Spikes undefined color code: disease‐associated
GRIN variants in red; not associated with disease in green; no
reported variant in white. Juxtaposed topological domains are
represented in alternate colors (amino‐terminal domain [ATD], M1,
M2, M3, and M4 highlighted in gray) and the protein termination
with a black spike. (b) GRIN1, GRIN2A, and GRIN2B variants
pathogenicity mapped on the structural model of the trihetromeric
(GluN1)2‐GluN2A/GluN2B NMDA receptor. Lateral view of the
structural model of the NMDAR, composed of two GluN1 (pale blue),
one GluN2A (cyan), and one GluN2B (purple) subunits. Note the high
density of disease‐associated GRIN variants in the ligand‐binding
domain (LBD) and transmembrane domain (TMD). (c) Molecular
model of the N‐methyl‐D‐aspartate receptor (cytosolic side view).
The pore channel and the GluN subunit interfaces are highly
pathogenic. A position is considered as associated with disease (in
red) if at least one disease‐associated mutation is found. Neutral
variants (in green) are those not reported as disease‐associated;
TM, transmembrane

TABLE 3 Functional annotation of GRIN1, GRIN2A, and GRIN2B
variants

GRIN1 GRIN2A GRIN2B

GoF variants 13 (39.4%) 23 (42.5%) 16 (25.4%)

LoF variants 20 (60.6%) 31 (57.4%) 47 (74.6%)

Variants with functional

annotation

33 (44.6%) 54 (47.3%) 63 (56.8%)

Variants with no functional

annotation

41 (55.4%) 60 (52.6%) 48 (43.2%)

Total 74 114 111

Note: Percentages are shown over reported annotations. Half of the GRIN

variants contain a functional annotation, and LoF variants are more

frequent than GoF variants.

Abbreviations: GoF, gain‐of‐function; LoF, loss‐of‐function.

F IGURE 3 GRIN variants functional annotations. (a) GRIN1,
GRIN2A, and GRIN2B variants functional annotations along the GluN1,
GluN2A, and GluN2B sequence (proteins are limited by gray lines).
Disease‐associated GRIN missense variants causing a loss‐of‐function
are represented by orange lines in the corresponding amino acid
position, while GoF variants are represented in blue lines. The
domains ATD, M1, M2, M3, and M4 are highlighted in gray. (b) GRIN1,
GRIN2A, and GRIN2B variants functional annotations mapped on the
structural model of the N‐methyl‐D‐aspartate (NMDA) receptor. The
structural molecular model is composed of two GluN1 (pale blue), one
GluN2A (cyan), and one GluN2B (purple) subunits. LBD and TM
domains concentrate most of the disease‐associated variants.
(c) NMDA receptor molecular model view from the cytosolic side.
GoF mutations are mainly around the magnesium‐binding site at the
pore channel. ATD, amino‐terminal domain; GoF, gain‐of‐function;
IC, intracellular; LBD, ligand‐binding domain
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phylogenetic conservation degree and structural constraints of the

NMDAR channel pore. A more detailed analysis of GRIN disease‐
associated variants distribution along NMDAR subdomains revealed

several hotspots. These subdomains highly vulnerable to genetic

variance correspond to functionally crucial elements of the

NMDARs, namely the agonist/coagonist binding pockets (LBD), the

inner side of NMDAR channel pore, and the interface between GluN

subunits in accordance with the rolling motion between subunits that

is necessary to activate the receptor (Esmenjaud et al., 2019). Con-

versely, the ATD presents a low association with neurological con-

ditions, with occasional disease‐associated variants located close to

positive and negative allosteric binding sites. These sites are involved

in NMDAR channel activity fine‐tuning (Zhu et al., 2016), controlling

NMDAR open probability and deactivation rate (Gielen et al., 2009;

Yuan et al., 2009). Similarly, the CTD domains of GluN1, GluN2A, and

GluN2B present a reduced number of disease‐associated variants,

suggesting that these intracellular domains are mainly neutral. No-

teworthy, the presence of inherited GRIN variants within the CTD,

both in asymptomatic carriers and in GRD individuals, was sugges-

tive of a recessive inheritance pattern, potentially acting as a risk

factor of complex disorders.

3.4 | GRIN variants stratification and NMDAR
dysfunction

Recently, several efforts have been conducted toward the evaluation

of potential GRD therapies, aiming to rescue NMDAR dysfunctions in

a personalized manner. While memantine (Ogden et al., 2017; Pierson

et al., 2014; Platzer et al., 2017) and radiprodil (Auvin et al., 2020;

Mullier et al., 2017) have been prescribed for patients with GRIN1 and

GRIN2B GoF variants, respectively, the L‐serine dietary supplement

has been investigated in a single individual harboring a GRIN2B LoF

variant (Soto et al., 2019). Nevertheless, before the therapeutic in-

tervention, the functional annotation of the GRIN variant of interest is

compulsory and constitutes the bottleneck in patient stratification and

personalized therapies. Indeed, the molecular phenotyping of GRIN

variants is a time‐consuming process that can be shortened by the use

of already existing data. Unfortunately, these data are spread among

databases and the literature, together with data duplication and/or

conflicting annotations, making their retrieval and interpretation dif-

ficult. To accelerate GRIN variants annotation and patient stratifica-

tion, GRINdb offers a curated repertoire of available GRIN variants

functional annotations.

GRINdb analysis showed that disease‐associated GRIN1,

GRIN2A, and GRIN2B variants are similarly functionally annotated

(44.6%, 47.3%, and 56.8%, respectively), with a higher number of LoF

variants compared with GoF variants (Table 3). Importantly, GRIN

variants mapping revealed no specific association between functional

alterations (GoF or LoF) and topological domains, with the exception

of a certain enrichment of GoF variants location at the Mg2+‐binding
site at the transmembrane pore channel (see Figure 3 and Table S3).

The analysis of GRIN variants functional annotations revealed strik-

ing fingerprints of both LoF and GoF disease‐associated variants. LoF

variants mostly result from a decrease of NMDAR surface expression

and/or a reduction of charge transfer across the mutant NMDAR. In

contrast, GRIN‐GoF variants are frequently associated with the

presence of the following alterations, either individually or com-

bined: reduction or abolishment of magnesium blockade, increase of

agonist(s) potency(ies), and decrease of deactivation rate.

TABLE 4 Clinical phenotypes of disease‐associated GRIN1, GRIN2A, and GRIN2B variants

GRIN1 GRIN2A GRIN2B

GoF LoF Total GoF LoF Total GoF LoF Total

Reported phenotypes 7 16 56 18 26 99 12 40 91

Autism spectrum disorder 0 6% (1) 18% (10) 0 4% (1) 6% (6) 0 40% (16) 29% (26)

Cortical visual impairment 57% (4) 19% (3) 25% (14) 0 0 0 42% (5) 3% (1) 7% (6)

Developmental delay 86% (6) 81% (13) 71% (40) 83% (15) 46% (12) 38% (38) 100% (12) 75% (30) 68% (62)

Epilepsy

(ECSWS, FE, BECTS, LKS)

57% (4) 56% (9) 57% (32) 83% (15) 100% (26) 89% (88) 83% (10) 40% (16) 47% (43)

Hypotonia 43% (3) 38% (6) 30% (17) 11% (2) 4% (1) 3% (3) 8% (1) 38% (15) 21% (19)

Intellectual disability 71% (5) 100% (16) 82% (46) 89% (16) 46% (12) 49% (49) 100% (12) 100% (40) 93% (85)

Microcephaly 0 6% (1) 4% (2) 0 0 1% (1) 50% (6) 8% (3) 14% (13)

Movement disorder 0 31% (5) 13% (7) 6% (1) 0 1% (1) 0 13% (5) 9% (8)

Schizophrenia 0 0 5% (3) 0 0 4% (4) 0 5% (2) 5% (5)

Speech disorder 0 19% (3) 7% (4) 50% (9) 73% (19) 57% (56) 0 0 0

Note: Percentages are shown over reported clinical phenotypes. Also, note that the clinical phenotypes are subunit‐ and GoF/LoF‐dependent.
Abbreviations: BECTS, benign childhood epilepsy with centro‐temporal spikes; ECSWS, epilepsy with continuous spike and wave during sleep; FE, focal

epilepsy; GoF, gain‐of‐function; LKS, Landau–Kleffner syndrome of childhood; LoF, loss‐of‐function.
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Noteworthy, along with this analysis, we noticed a nonsystematic

analysis of NMDAR surface expression. As this aspect is crucial to

determine the overall functional outcome of GRIN GoF, these in-

complete (pending) variant annotations were indicated as GoF(P) in

GRINdb.

3.5 | GRIN variants clinical phenotypes analysis

Following GRINdb construction, GRIN variants‐associated clinical

phenotypes were compiled toward the delineation of the GRDs'

clinical spectrum and the exploration of putative genotype‐ and

domain‐specific clinical symptoms. Further analysis of the most

prevalent GRD‐associated GRIN genes (GRIN1, GRIN2A, and GRIN2B)

showed that disease‐associated GRIN1 variants are generally clini-

cally manifested by developmental delay (71%), intellectual disability

(82%), and epilepsy (57%), although the scarce clinical data ham-

pered the determination of putative clinical phenotypes correlation

with GRIN variants GoF/LoF functional categories (Table 4 and

Figure 4).

GRINdb analysis showed that GRIN2A variants are almost in-

variably associated with epilepsy (89%), with frequent speech dis-

turbance (57%) and, to less extent, intellectual disability (49%) and

developmental delay (38%). Importantly, intellectual disability and

development delay are more frequently associated with GRIN2A GoF

variants (89% and 83%, respectively) than with GRIN2A LoF variants

(46% in both cases), while speech disorder is more frequently asso-

ciated with GRIN2A LoF variants, compared with GRIN2A GoF var-

iants (73% vs. 50%). Interestingly, the domain‐based analysis showed

a strong presence of speech disorders in individuals harboring

GRIN2A variants affecting the ATD. Genotype–phenotype analysis

showed that ATD is the less vulnerable domain of GluN subunits,

suggesting that speech disorder might not be recorded in data-

bases for those individuals with severe developmental delay and/or

intellectual disability.

Regarding GRIN2B, disease‐associated missense mutations are

almost invariably associated with intellectual disability (93%) and

development delay (68%). The occurrence of epilepsy is variable

(47%) and more frequently associated with GoF than with LoF var-

iants (83% vs. 40%). GRINdb analysis also showed that GRIN2B

variants are frequently associated with the presence of autism

spectrum disorders phenotypic traits in GRIN2B LoF but not GRIN2B

GoF variants (40% vs. 0%). GRIN2B variants functional alterations

were also associated with additional clinical traits, such as hypotonia

(38% in LoF vs. 8% in GoF GRIN2B variants) and microcephaly (0% in

LoF vs. 50% in GoF GRIN2B variants).

4 | CONCLUSIONS

The GRINdb research resource constitutes an updated, manually

curated, and nonredundant database comprising genetic, clinical,

functional, and structural information of the largest repertoire of

GRIN variants, with more than 4400 unique GRIN variants entries.

From a clinical angle, the comprehensive data compiled in the

GRINdb represents a valuable bioinformatic resource shortening the

gap between the growing number of GRIN variants identification

(resulting from the implementation of deep genomic sequencing data

in the clinical practice) and patient stratification. Noteworthy, the

query of individual GRIN variants throughout the GRIN web server

F IGURE 4 GRIN variants clinical phenotypes. Scatter plot of
GRIN1, GRIN2A, and GRIN2B loss‐of‐function (LoF) and
gain‐of‐function (GoF) genetic variants associated with clinical
phenotypes. The spikes represent disease‐associated GRIN variants
(LoF, orange spike; GoF, blue spike) distribution along GluN1,

GluN2A, and GluN2B proteins (GluN protein terminus, black spike).
The domains ATD, M1, M2, M3, and M4 are highlighted in gray. Note
that the clinical phenotypes are subunit‐ and GoF/LoF‐dependent
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provides important molecular diagnosis insights of GRIN variants'

functional outcomes (disease‐association and functional annotation,

e.g., GoF/LoF), which is compulsory for GRD personalized medicine.

The analysis of more than 4000 missense GRIN variants sheds

light on the pathogenesis map almost completely covering GluN

subunits amino acid positions, revealing their weighted association

with neurological conditions in a gene‐, subunit‐ and region‐
dependent manner. For GRIN1, GRIN2A, and GRIN2B genes, around

18% of its variants are disease‐associated and mainly concentrated

in the LBDs and TMDs. Contrastingly, reported GRIN2C, GRIN2D,

GRIN3A, and GRIN3B variants have a very limited association with

neurological conditions. Indeed, about 95% of the reported missense

variants affecting these genes are neutral. Further, the variants of

these genes are homogeneously distributed across all domains, in

contrast to GRIN1, GRIN2A and GRIN2B mutations hotspots present

in the agonist‐binding domain and the channel pore. In summary,

these association studies suggest that although the variants affecting

these genes could be involved in complex neurological diseases

(schizophrenia, attention deficit hyperactivity disorder), the majority

of the variants are neutral and not disease‐causing. This reduced

vulnerability is indicative of a weaker pathophysiological impact on

glutamatergic neurotransmission‐related processes, which might

result from their intrinsic spatio–temporal expression patterns

(restrained to a small set of glutamatergic synapses), a putative

functional redundancy with other gene products and/or asympto-

matic conditions. Despite the pathogenic map of GRIN variants being

extensive, the functional annotations are still fragmented. Indeed,

about half of disease‐associated GRIN variants lack functional

annotation and concomitantly their classification into LoF or GoF

remains elusive. In the context of GRD, this annotation is essential

toward patient stratification and personalized medicine (e.g., positive

or negative allosteric modulators and subunit specificity) and thus

further efforts are required to achieve this critical task.

The number of reported phenotypes brings the opportunity to

characterize the clinical phenotype and suggests that clinical phe-

notype is subunit‐, domain‐ and LoF/GoF‐dependent. In addition, the

clinical phenotypes are in accordance with GRIN protein‐truncating
variants‐associated clinical phenotypes, which represent a paradig-

matic genetic condition of NMDAR LoF (Santos‐Gómez et al., 2020).

However, GRINdb data analysis presents some intrinsic limitations

resulting from the partial functional annotations of GRIN variants

and the heterogeneous and not comprehensive clinical description of

GRD individuals. Therefore, there is an urgent need to fully report

the clinical phenotypes of each domain in each subunit and according

to LoF and GoF and to homogenize and extensively assess the clinical

phenotypes of GRD individuals. This would lead to delineate GRD

genetic and functional determinants, as well as defining GRD patient

stratification and prognosis.

The enrichment of the database with new GRIN variants, which is

daily growing, will allow to also improve the predictive model of GRIN

pathogenesis and clinical phenotype and the effect of disease‐
associated variants on receptor structure and function, thus

shortening even more the gap between variant identification and

personalized medicine.
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GRIN1 disease-associated variants 
 

GRIN variant Type of 
variant 

Domain Clinical description Functional impact 

V27G Missense ATD NA NA 
R217W Missense ATD Severe ID, movement disorder, autism, 

epilepsy, language problems, sleep 
problems, constipation 

Increased Zn2+ inhibition 

D227H Missense ATD ID, autism, language problems, 
stereotypies, hypotonia, brain  
alterations 

NA 

R306Q Missense ATD NA NA 
A349T Missense ATD Schizophrenia NA 
A370T Missense ATD Schizophrenia NA 
R397S Missense ATD NA NA 
P532H Missense LBD NA NA 
S549G Missense LBD-TM NA NA 
S549R Missense LBD-TM Epilepsy, severe ID, movement 

disorder, seizures 
NA 

L551P Missense LBD-TM DD, stereotypies, epilepsy, hypotonia  
D552E Missense LBD-TM ID, epilepsy, movement disorder, 

seizures, CVI, myoclonus, oculogyric 
crises, chorea, dyskinesia, stereotypies, 
brain alterations, quadriplegia 

Reduced current amplitude, 
reduced surface expression, 
reduced glutamate and glycine 
potency 

S553L Missense LBD-TM Polymicrogyria, DD, hypotonia NA 
Q556* Nonsense LBD-TM Severe epileptic encephalopathy NA 
P557R Missense LBD-TM ID, epilepsy Reduced current amplitude, 

reduced surface expression 
S560dup Indel LBD-TM Severe ID, hypotonia, partial epilepsy, 

CVI, seizures 
Reduced current amplitude 

G618R Missense TM DD, ID, hypotonia, language alterations Reduced current amplitude 
G620R Missense TM DD, ID, hypotonia, dysmorphism, 

language alterations, behavior 
alterations, stereotypies 

Enhanced proton inhibition, 
decreased Mg2+ blockade, reduced 
current amplitude, decreased 
glutamate potency, decreased 
glycine potency, decreased Ca2+ 
permeability 

G638A Missense TM NA NA 
G638V Missense TM NA NA 
M641I Missense TM Epilepsy, severe ID, movement 

disorder, seizures, stereotypies, sleep 
problems, brain alterations 

NA 

A645S Missense TM Epilepsy, severe ID, CVI, seizures NA 
Y647C Missense TM NA Increased glutamate potency, 

increased glycine potency, 
increased Mg2+ blockade, 

Y647S Missense TM Spasms, DD, severe ID, epilepsy, 
hypotonia, seizures 

Reduced current amplitude 

N650I Missense TM DD, epilepsy, hypotonia NA 
 
 

N650K Missense TM Epilepsy, severe ID, movement 
disorder, seizures, feeding problems, 
dyskinesia, stereotypies, chorea, sleep 
problems, brain alterations 

NA 

A653G Missense TM NA  NA 
R659W Missense TM Polymicrogyria, DD, microcephaly, 

CVI, epilepsy 
Increased glutamate potency, 
increased glycine potency 

E662K Missense TM Mild-moderate ID Increased current amplitude 
N674I Missense LBD Polymicrogyria, DD, microcephaly, 

CVI, epilepsy, hypotonia 
Reduced glycine potency, reduced 
proton inhibition 
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S688Y Missense LBD Encephalopathy, DD, hypotonia, 
oculogyric-like movements 

Reduced glycine affinity, decreased 
Ca2+ permeability, slow 
desensitization and reduced 
surface expression in GluN3A-
containing receptors 

M706V Missense LBD NA NA 
D789N Missense LBD Polymicrogyria, DD, microcephaly, 

CVI, epilepsy, hypotonia, language 
problems 

Reduced current amplitude 

R794Q Missense LBD Polymicrogyria, DD, microcephaly, 
CVI, epilepsy, hypotonia 

Increased glutamate potency, 
increased glycine potency 

A814D Missense TM NA NA 
G815R Missense TM Epilepsy, severe ID, movement 

disorder, CVI, seizures, oculogyric 
crises, myoclonus, chorea, brain 
alterations 

Reduced current amplitude, 
reduced glutamate potency 

G815V Missense TM ID, movement disorder, seizures NA 
F817L Missense TM Severe ID, movement disorder Reduced current amplitude 
G827R Missense TM Epilepsy, severe ID, DD, movement 

disorder, encephalopathy, hypotonia, 
oculogyric-like movements, seizures 

Unstable structure and assembly 

R844C Missense CTD Epilepsy, severe ID, movement 
disorder, seizures 

NA 

 
Supplementary table 1. Summary list of GRIN1 reported variants accompanied by a description of the type of variant 
(missense, frameshift/nonsense, nonsense, indel), the associated clinical symptoms and functional annotation (from: 
Hamdan FF. et al, 2011; Burnashev N. et al., 2015; Ohba C. et al., 2015; Lemke JR. et al., 2016; Chen W. et al., 2017; Odgen 
KK. Et al., 2017; Rossi M. et al., 2017; Xu XX. and Luo J-H, 2017; Zehavi Y. et al., 2017; Fry AE. et al., 2018; Yu Y. et al., 
2018; Li J. et al., 2019; Skrenkova K. et al., 2020; Amin JB. et al., 2021). Abbreviations: ID, intellectual disability; DD, 
developmental delay; CVI, cortical visual impairment; ATD, amino-terminal domain; LBD, ligand-binding domain; TMD, 
transmembrane domain; CTD, carboxy-terminal domain; NA, not available. Splice-site variants are not included.  
 
GRIN2A disease-associated variants 
 

GRIN variant Type of variant Domain Clinical description Functional impact 
M1T Missense ATD LKS, ID NA 
P31Sfs*107 Frameshift/nonsense ATD RE NA 
P31T Missense ATD Epilepsy NA 
W55* Nonsense ATD NA NA 
P79R Missense ATD CSWS, RE, ID, ADHD, seizures Reduced Zn2+ inhibition, reduced 

surface expression, reduced 
current amplitude, reduced 
glutamate potency, reduced 
glycine potency 

 P140A Missense ATD Schizophrenia NA 
T141M Missense ATD Epilepsy NA 
T143I Missense ATD NA NA 
A149V Missense ATD Schizophrenia NA 
Q163* Nonsense ATD NA NA 
F183I Missense ATD RE, cognitive problems NA 
I184S Missense ATD CSWS, aphasia, ID Reduced current amplitude, 

increased activation and 
deactivation time, reduced surface 
expression 

T189N Missense ATD NA NA 
W198* Nonsense ATD Partial epilepsy, ID, hypotonia, 

language problems, seizures 
NA 

Q218* Nonsense ATD Mild-moderate ID, seizures, 
epilepsy, hypotonia 

NA 

C231R Missense ATD Partial epilepsy NA 
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C231Y Missense ATD LKS, ID, language problems, 
hypotonia 

Reduced surface expression, 
reduced current amplitude, 
reduced glutamate potency, 
reduced glycine potency 

A243V Missense ATD RE, learning difficulties Reduced Zn2+ inhibition 
A290V Missense ATD RE NA 
G295S Missense ATD RE NA 
L334* Nonsense ATD CSWS, ID, motor problems, 

language problems 
NA 

P336S Missense ATD NA NA 
K346* Nonsense ATD ID, DD, hypotonia NA 
R370W Missense ATD RE Increased Zn2+ inhibition 
C436R Missense LBD Partial epilepsy, DD, language 

problems, seizures 
Reduced surface expression, 
reduced current amplitude, 
increased glutamate potency, 
reduced glycine potency 

K441N Missense LBD Autism NA 
N447K Missense LBD RE Increased current amplitude, 

increased glutamate potency, 
decreased Mg2+ blockade 

V452M Missense LBD Schizophrenia, seizures Increased glutamate potency 
C455Y Missense LBD Partial epilepsy NA 
G483R Missense LBD CSWS, RE, aphasia, ID, seizures Reduced glutamate potency, 

reduced glycine potency, reduced 
current amplitude, reduced 
surface expression, faster 
deactivation 

R504W Missense LBD CSWS, aphasia, ADHD, ID Reduced surface expression, slow 
deactivation 

V506A Missense LBD Focal seizures Increased glutamate potency, 
increased surface expression 

R518C Missense LBD NA NA 
R518H Missense LBD CSWS, LKS, RE, seizures, apraxia, 

ID 
Reduced current amplitude, 
increased activation and 
deactivation time, reduced surface 
expression, increased open time, 
reduced close time 

P522R Missense LBD NA NA 
F528Gfs*22 Frameshift/nonsense LBD CSWS, seizures,  NA 
V529Wfs*22 Frameshift/nonsense LBD Epilepsy, RE, mild ID NA 
T531M Missense LBD CSWS, ID, language problems, 

seizures 
Increased open state, reduced 
current amplitude 

S538* Nonsense LBD ID, DD, dysarthria, ataxia, 
seizures 

NA 

S545L Missense LBD-TM NA NA 
S547del Indel LBD-TM CSWS, partial epilepsy, ID NA 
A548T Missense LBD-TM LKS, seizures, ID, ADHD, 

language problems 
Reduced current amplitude, 
reduced glutamate potency, 
reduced glycine potency 

P552R Missense LBD-TM Seizures, severe ID, language 
alterations, DD, gray matter 
reduction 

Slow rise time, slow deactivation, 
increased glutamate and glycine 
potency, increased mean open 
time, increased Zn2+ inhibition 

A555T Missense LBD-TM NA NA 
R586K Missense LBD-TM Encephalopathy NA 
K590N Missense LBD-TM Autism NA 
W606* Nonsense TM Partial epilepsy, seizures NA 
L611Q Missense TM Epilepsy, DD, ID Increased glutamate potency, 

reduced proton inhibition, 
decreased Mg2+ blockade, reduced 
conductance 

N614S Missense TM Epilepsy, DD, ID, autism and 
language alterations, seizures 

Increased glutamate potency, 
reduced proton inhibition, 
reduced current amplitude 
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N615K Missense TM Severe ID, DD, autism, language 
alterations, epilepsy, seizures, 
hypotonia, spasms, myoclonus, 
dysmorphism 

Loss of Mg2+ blockade and 
decreased Ca2+ permeability, 
increased glutamate potency, 
reduced conductance 

A643D Missense TM DD, moderate ID, language 
problems, dystonia, dyskinesia, 
strabismus, sleep problems 

Increased glutamate potency, 
increased glycine potency, 
reduced Mg2+ blockade, reduced 
proton inhibition, reduced Zn2+ 
inhibition, decreased current 
amplitude 

S644G Missense TM Epilepsy, language alterations Enhanced glutamate potency, 
slow deactivation 

T646A Missense TM Epilepsy, seizures, spasms, 
myoclonus 

NA 

L649V Missense TM Seizures, severe ID, aphasia, 
feeding alterations, dysmorphism, 
hypothyroidism 

NA 

F652V Missense TM CSWS, autism Increased open time and 
decreased close time 

K669N Missense LBD CSWS, seizures Increased glutamate potency, 
increased glycine potency, slower 
deactivation 

G760S Missense LBD LKS NA 
R681* Nonsense LBD LKS, ID, partial epilepsy, language 

problems, ADHD 
NA 

V685G Missense LBD Severe epilepsy, DD Reduced current amplitude, 
reduced glutamate potency, 
reduced surface expression, faster 
deactivation 
 
 
 

I694T Missense LBD LKS, seizures, language problems Reduced current amplitude, 
reduced glutamate potency, 
reduced surface expression, 
reduced open probability 

Y698* Nonsense LBD Language problems, ID, epileptic 
encephalopathy 

NA 

P699S Missense LBD RE Increased glutamate potency, 
reduced surface expression 

M705V Missense LBD RE, seizures, language problems Reduced glutamate potency, 
reduced glycine potency, reduced 
surface expression, reduced open 
probability 

E714K Missense LBD CSWS Reduced surface expression 
A716T Missense LBD RE, apraxia, LKS, hypotonia, 

motor alterations, ID, seizures, 
ADHD 

Reduced glutamate potency, 
reduced surface expression, faster 
deactivation 

G723S Missense LBD NA NA 
A727T Missense LBD RE Reduced glutamate potency, 

reduced surface expression, 
reduced open probability 

D731N Missense LBD RE, LKS, apraxia, DD, hypotonia, 
seizures, ID, motor alterations 

Reduced glutamate potency, 
reduced glycine potency, increased 
Zn2+ inhibition, increased proton 
inhibition, reduced current 
amplitude, fast deactivation, 
decreased open probability, 
reduced surface expression 

V734L Missense LBD RE Reduced glutamate potency, fast 
deactivation 

T749I Missense LBD NA NA 
K772E Missense LBD Partial epilepsy, ID Reduced glutamate potency, 

reduced current amplitude, 
reduced surface expression 

D776Y Missense LBD ID NA 
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L779Sfs*5 Frameshift/nonsense LBD CSWS, epilepsy NA 
E803* Nonsense LBD-TM LKS, seizures NA 
L812M Missense LBD-TM Epilepsy, DD, ID, motor 

alterations, seizures, hypotonia, 
hypertonia, myoclonus, brain 
alterations 

Increased open probability, 
increased glutamate potency, 
increased glycine potency, 
decreased Zn2+inhibition, reduced 
proton inhibition, reduced Mg2+ 
blockade, slow deactivation 

I814T Missense LBD-TM RE NA 
 

M817T Missense TM NA NA 
 

M817V Missense TM Seizures, DD Increased glutamate potency, 
increased glycine potency, 
decreased Zn2+inhibition, reduced 
proton inhibition, reduced Mg2+ 
blockade 

I840F Missense CTD Autism NA 
V865G Missense CTD Seizures NA 
I876T Missense CTD Epilepsy, autism NA 
D884N Missense CTD Schizophrenia NA 
I904F Missense CTD RE, cognitive problems NA 
A922V Missense CTD NA NA 
D933N Missense CTD LKS NA 
Y943* Nonsense CTD CSWS NA 
Q964E Missense CTD Schizophrenia NA 
V967L Missense CTD Epilepsy NA 
N976S Missense CTD Partial epilepsy, CSWS NA 
A978T Missense CTD Schizophrenia NA 
V998M Missense CTD NA NA 
V1000M Missense CTD Autism NA 
E1055Q Missense CTD DD, ID, language problems, 

motor alterations, dystonia, 
abnormal gait, hyperkinetic 
movements, brain alterations 

NA 

T1064A Missense CTD Schizophrenia, epilepsy NA 
N1076K Missense CTD Epilepsy, LKS NA 
H1129R Missense CTD Schizophrenia NA 
R1159P Missense CTD NA NA 
T1229S Missense CTD NA NA 
D1251N Missense CTD RE NA 
A1276G Missense CTD CSWS NA 
I1295T Missense CTD NA NA 
R1376C Missense CTD NA NA 
I1379V Missense CTD Absence epilepsy NA 
D1385Y Missense CTD Partial epilepsy NA 
Y1387* Nonsense CTD CSWS, autism Removal of phosphorylation site 
S1459G Missense CTD Epilepsy Removal of phosphorylation site, 

decreased interaction with PSD95 
and SNX27, decreased surface 
expression, decreased spine 
density and mEPSC frequency 

 
Supplementary table 2. Summary list of GRIN2A reported variants accompanied by a description of the type of variant 
(missense, frameshift/nonsense, nonsense, indel), the associated clinic, and the functional impact (from: Endele S. et al., 
2010; Tarabeux J. et al, 2011; Lemke JR. et al., 2013; Lesca G. et al., 2013; Pierson TM. et al., 2014; Yuan H. et al., 2014; 
Burnashev N. et al, 2015; Serraz B. et al., 2016; Swanger SA. et al., 2016; Addis L. et al., 2017; Gao K. et al., 2017; Odgen 
KK. Et al., 2017; von Stülpnagel C. et al., 2017; Xu XX. et al., 2017; Xu XX. and Luo J-H, 2017; Yang X. et al., 2017; 
Fernández-Marmiesse A. et al., 2018; Strehlow V. et al., 2018; XiangWei W. et al., 2018; Yu Y. et al., 2018; Li J. et al., 2019; 
Marwick KFM. Et al., 2019; Nicotera A. et al., 2019; Amador A. et al., 2020; Li X. et al., 2020; Mora Viera M. et al., 2020; 
Amin JB. et al., 2021). Abbreviations: ADHD, attention deficit, hyperactivity disorder; ID, intellectual disability; DD, 
developmental delay; CSWS, continuous spike and wave during sleep; LKS, Landau-Kleffner syndrome; RE, rolandic 
epilepsy; ATD, amino-terminal domain; LBD, ligand-binding domain; TMD, transmembrane domain; CTD, carboxy-
terminal domain ; NA, not available. Splice-site variants and/or chromosomal translocations are not included. 
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GRIN2B disease-associated variants 
 

GRIN 
variant 

Type of variant Domain Clinical description Functional impact 

S34Qfs*25 Frameshift/nonsense ATD ID, autism NA 
E47G Missense ATD Epilepsy NA 
I50N Missense ATD NA NA 
V65I Missense ATD Schizophrenia NA 
I150V Missense ATD DD, ID NA 
Q180* Nonsense ATD Moderate ID, seizures NA 
Q217* Nonsense ATD ID, DD NA 
S246* Nonsense ATD Mild ID, DD NA 
T268Sfs*15 Frameshift/nonsense ATD Moderate ID, behavior alterations NA 
A271V Missense ATD Schizophrenia NA 
L362M Missense ATD NA NA 
V363Gfs*2 Frameshift/nonsense ATD ID, DD NA 
E370K Missense ATD Epilepsy NA 
W373* Nonsense ATD Severe ID, autism, seizures, DD, 

motor alterations 
NA 

E413G Missense LBD Severe ID, DD, behavior alterations Reduced glutamate potency, 
reduced current amplitude, fast 
deactivation, reduced surface 
expression 

C436R Missense LBD Epilepsy, ID, autism, seizures Reduced current amplitude, 
decreased surface expression 

 Missense LBD Autism, epilepsy, ID Enhanced glutamate potency, 
reduced glycine potency, 
reduced current amplitude, 
decreased surface expression 
 

C461F Missense LBD Lennox-Gastaut syndrome, autism, 
ID, epilepsy 

Reduced current amplitude, 
decreased surface expression, 
reduced glutamate potency, 
increased glycine potency, fast 
deactivation, EPSC with fast 
decay 

G499R Missense LBD Moderate ID, autism NA 
T514A Missense LBD Severe ID, seizures, brain alterations NA 
N516S Missense LBD Mild ID NA 
D524N Missense LBD Autism, ID, epilepsy NA 
F525V Missense LBD Autism, ID NA 
G533D Missense LBD NA NA 
R540H Missense LBD ID, focal epilepsy, autism, seizures Decreased Mg2+ blockade. 

increased Ca2+ permeability, 
increased glutamate potency, 
increased glycine potency, 
decreased surface expression, 
fast deactivation 

S541R Missense LBD-TM Severe ID, autism, seizures, motor 
alterations 

Decreased glutamate potency, 
decreased glycine potency 

P553L Missense LBD-TM Severe ID/DD, hypotonia, language 
alterations, dysmorphism 

Reduced glutamate potency, 
increased desensitization, 
reduced EPSC amplitude, 
EPSC with fast decay, reduced 
current amplitude 

P553T Missense LBD-TM Severe encephalopathy, motor, 
cognitive and language problems 

NA 

S555I Missense LBD-TM Severe ID NA 
V558I Missense TM ID Decreased glutamate potency, 

increased desensitization, 
reduced open probability 

W559* Nonsense TM Autism, ID NA 
A590T Missense TM ID, ADHD, autism NA 
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W607C Missense TM DD, ID, dysmorphism, autism, 
ADHD 

Enhanced proton inhibition, 
decreased Mg2+ blockade, 
reduced current amplitude, 
decreased mean open time, 
reduced open probability, 
reduced glutamate potency, 
reduced glycine potency 

G611V Missense TM ID, epilepsy, seizures, dysmorphism, 
ADHD, autism, brain alterations 

Reduced current amplitude, 
decreased mean open time, 
decreased Mg2+ blockade 

N615I Missense TM ID, epilepsy, seizures, autism, 
hypotonia, West syndrome, severe 
DD, autism, ADHD 

Decreased Mg2+ blockade, 
reduced current amplitude, 
reduced Ca2+ permeability, 
EPSC with fast decay, reduced 
glutamate potency 

N615K Missense TM DD, ID Decreased Mg2+ blockade, 
reduced current amplitude 

N615L Missense TM West syndrome, DD, ID Decreased Mg2+ blockade and 
increased Ca2+ permeability 

N616K Missense TM ID, epilepsy, hypertonia, 
dysmorphism 

Increased glutamate potency, 
decreased Mg2+ blockade 

V618G Missense TM West syndrome, epilepsy, seizures, ID, 
hypotonia, severe DD, autism, 
ADHD 

Decreased Mg2+ inhibition, 
increased Ca2+ permeability, 
enhanced proton inhibition, 
reduced current amplitude, 
decreased mean open time, 
reduced open probability, 
reduced desensitization 

V620M Missense TM DD, ID, hypotonia, autism, ADHD Reduced proton inhibition, 
decreased Ca2+ permeability 

S628C Missense TM Severe ID, autism, seizures, DD NA 
S628F Missense TM ID, ADHD, autism, DD, epileptic 

encephalopathy 
Reduced surface expression, 
reduced current amplitude 

A636P Missense TM Mild ID, myoclonus, abnormal EEG, 
behavior alterations, autism, ADHD 

NA 

A636V Missense TM Severe ID, ADHD, autism, epilepsy, 
seizures, CVI, brain alterations 

NA 

A639V Missense TM Severe ID, ADHD, autism, seizures, 
CVI, brain alterations 

NA 

L643P Missense TM DD, motor alterations, language 
problems, sleep problems, 
stereotypies, epilepsy,  

NA 

I655F Missense TM Severe ID, epilepsy, seizures, brain 
alterations, CVI 

Decreased glutamate potency, 
decreased Mg2+ blockade, 
reduced proton inhibition 

Q656* Nonsense LBD-TM Moderate ID, seizures NA 
E657G Missense LBD-TM ID, DD Reduced current amplitude, 

increased glutamate potency, 
reduced glycine potency 

Q662P Missense LBD Severe ID, myoclonus, DD, autism, 
CVI, epilepsy, seizures 

NA 

D668Y Missense LBD Severe ID, seizures NA 
F671-
Q672del 

Indel LBD West syndrome NA 

R682C Missense LBD Mild/moderate ID, behavior 
alterations, DD, autism, CVI, epilepsy 

Increased glutamate potency, 
increased glycine potency, slow 
deactivation 

G684E Missense LBD NA NA 
G684R Missense LBD NA NA 
T685P Missense LBD Severe ID, DD, autism, CVI, epilepsy NA 
P687L Missense LBD ID, DD NA 
P687R Missense LBD Severe ID, DD, autism, CVI, epilepsy NA 
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G689C Missense LBD Severe DD, brain alterations, language 
problems, strabismus, constipation, 
reflux, dyskinesia, hypotonia  

Reduced glutamate potency, 
reduced glycine potency, 
reduced surface expression, 
reduced current amplitude, 
reduced proton inhibition, 
reduced EPSC time course 

G689S Missense LBD Severe ID, DD, autism, CVI, epilepsy, 
seizures, motor alterations, 
myoclonus/spasms, brain alterations, 
language problems, dyskinesia, 
hypertonia 

Reduced glutamate potency, 
reduced proton inhibition 

S690N Missense LBD NA NA 
R693S Missense LBD Severe ID, epilepsy, seizures, brain 

alterations 
NA 

I695T Missense LBD Moderate ID NA 
R696H Missense LBD Severe ID, DD, hypotonia, autism, 

CVI, epilepsy, seizures 
Increased glutamate potency, 
reduced current amplitude, fast 
deactivation 

M706V Missense LBD Severe ID, DD, autism, CVI, epilepsy, 
seizures 

NA 

Q711* Nonsense LBD Severe ID, DD, autism, CVI, epilepsy NA 
G724* Nonsense LBD Autism, ID, language problems Reduced surface expression, 

increased pruning of dendritic 
branches 

A734V Missense LBD ID, DD NA 
I751T Missense LBD ID, autism, DD NA 
M789K Missense LBD NA NA 
E807K Missense LBD-TM ID, DD NA 
S810N Missense LBD-TM ID, seizures, epilepsy, brain alterations NA 
S810R Missense LBD-TM ID, seizures, brain alterations Increased glutamate potency, 

increased glycine potency, 
reduced proton inhibition 

M818L Missense TM ID, DD NA 
M818T Missense TM Seizures, epilepsy, DD, CVI Increased glutamate potency, 

increased glycine potency, 
reduced proton inhibition 

A819T Missense TM ID, DD, seizures Increased glutamate potency, 
increased glycine potency, 
reduced proton inhibition 

G820A Missense TM ID, DD, epilepsy, dyskinesia, autism, 
brain alterations  

Reduced current amplitude 

G820E Missense TM ID, brain alterations Increased surface expression, 
reduced current amplitude 

G820V Missense TM ID, DD NA 
M824R Missense TM Epilepsy, ID, DD, brain alterations, 

motor alterations, autism 
Reduced current amplitude 

L825V Missense TM Autism, ID Reduced open probability 
G826E Missense TM Moderate ID NA 
R847* Nonsense CTD Severe ID, DD, autism NA 
I864Sfs*20 Frameshift/nonsense CTD ID, DD NA 
K976del Indel CTD ID, DD NA 
Y1004* Nonsense CTD Moderate ID, autism NA 
F1037L Missense CTD NA NA 
Q1014R Missense CTD NA NA 
G1026S Missense CTD NA NA 
R1111H Missense CTD ID, DD NA 
T1228M Missense CTD NA NA 
A1267S Missense CTD NA NA 
T1273K Missense CTD NA NA 
K1292R Missense CTD NA NA 
K1293R Missense CTD NA NA 
M1331I Missense CTD NA NA 
M1339V Missense CTD NA NA 
M1342R Missense CTD NA NA 

298 



Annex 
 

S1415L Missense CTD Autism Impaired MAGUK binding, 
reduced surface expression, 
spines density reduction 

L1424F Missense CTD Schizophrenia Impaired MAGUK binding, 
slight decrease of glutamate 
potency 

S1446T Missense CTD NA NA 
S1452F Missense CTD Schizophrenia Impaired MAGUK binding, 

slight increase of glycine 
potency 

 
Supplementary table 3. Summary list of GRIN2B reported variants accompanied by a description of the type of variant 
(missense, frameshift/nonsense, nonsense, indel), the associated clinic, and the functional impact (from: Endele S. et al., 
2010; Tarabeux J. et al, 2011; Lemke JR. et al., 2013; Burnashev N. et al, 2015; Hu C. et al., 2016; Swanger SA. et al., 2016; 
Liu S. et al., 2017; Mullier B. et al., 2017; Platzer K. et al., 2017; Xu XX. and Luo J-H, 2017; Fedele L. et al., 2018; 
Kyriakopoulos P. et al., 2018; Vyklicky V. et al., 2018; Wells G. et al., 2018; XiangWei W. et al., 2018; Li J. et al., 2019; 
Sceniak MP. et al., 2019; Bahry JA. et al., 2021; Kellner S. et al., 2021; Amin JB. et al., 2021). Abbreviations: ADHD, 
attention deficit, hyperactivity disorder; ID, intellectual disability; DD, developmental delay; CVI, cortical visual impairment; 
ATD, amino-terminal domain; LBD, ligand-binding domain; TMD, transmembrane domain; CTD, carboxy-terminal 
domain; NA, not available. Splice-site variants and/or chromosomal translocations are not included. 
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