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Developing new therapeutic strategies to treat neurodegenerative diseases is a 

public health priority due to the current lack of therapies and enormous cost of 

medical care, the increase in cases with population aging, and the human 

suffering for patients and their families. A pre-eminent example is Huntington 

disease (HD), a progressive, rare and inherited neurological disease that 

usually manifests in adulthood and is characterized by a triad of symptoms: 

involuntary movements known as chorea which result from dysfunction and later 

degeneration of medium-sized spiny neurons (MSNs) in the striatum; cognitive 

impairment; and psychiatric disturbances. While the disease-causing mutation, 

an abnormal expansion of a polyglutamine stretch in the N-terminal region of a 

protein called huntingtin (HTT), has been known for almost 3 decades, to date 

there is no cure and symptomatic treatments offer only minor palliative effects. 

Our group recently discovered a key early HD pathogenic mechanism: 

dysregulated synaptic expression of juvenile NMDA-type glutamate receptors 

containing GluN3A subunits (GluN3A-NMDARs), which drives the aberrant 

pruning of synapses formed by cortical afferents onto MSNs.  

In this Thesis, we set out to design and evaluate a new gene therapy 

approach to correct the aberrant GluN3A expression. We began by testing the 

ability of recombinant adeno-associated vectors (rAAVs) encoding RNAi 

triggers to drive sustained GluN3A silencing in MSNs, the vulnerable 

population. Upon a single stereotaxic injection into the mouse striatum, rAAV9-

shGluN3A reduced GluN3A expression with high efficiency (>85% silencing), 

and selectivity. Silencing was maintained over long periods of time, up to 11 

months after a single administration, and ameliorated synaptic and motor 

deficits in YAC128 mice, a well-established HD model. Notably, rAAV9-

shGluN3A injections were effective when timed with disease initiation, but also 

when delivered at later disease stages. Our findings provide proof-of-principle 

validation of the effectiveness of GluN3A-directed gene therapies in HD mouse 

models, a necessary step for advancing into clinically relevant settings.  

Targeting GluN3A subunits would be predicted to have minimal side-

effects due to their low expression in adult brain in non-pathological settings, 
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which appears as a significant advantage compared to other NMDAR-based 

strategies. Yet the information currently available is sparse and recent work 

suggests that GluN3A also operates in adult brains to control a variety of 

behaviors. Thus for the second part of my Thesis, I conducted a systematic 

analysis of Grin3a expression in the mouse brain that combined high-sensitivity 

colorimetric and fluorescence in situ hybridization (FISH) with labeling for 

specific neuronal subtypes. We found that, while GluN3A expression peaks 

postnatally, significant levels remain into adulthood in specific brain regions 

including the amygdala, medial habenula, association cortices and high-order 

thalamic nuclei. The time-course of emergence and down-regulation of Grin3a 

expression varies across brain region, cortical layer of residence and sensory 

modality, in a pattern that correlates with previously reported hierarchical 

gradients of brain maturation and functional specialization. Grin3a is expressed 

in both excitatory and inhibitory neurons, with strong mRNA levels being a 

distinguishing feature of somatostatin interneurons. Our study provides a 

comprehensive map of Grin3a distribution across the murine lifespan and paves 

the way for dissecting the diverse functions of GluN3A in health and disease. 
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RESUMEN 

 

El desarrollo de nuevas estrategias terapéuticas para tratar enfermedades 

neurodegenerativas es una prioridad debido a la falta actual de terapias y al 

enorme coste de la atención médica, el incremento de casos con el 

envejecimiento de la población y el sufrimiento de los pacientes y sus 

familiares. Un ejemplo preeminente es la enfermedad de Huntington (EH), una 

enfermedad neurológica progresiva, rara y hereditaria que normalmente se 

manifiesta en la edad adulta y se caracteriza por una tríada de síntomas: 

movimientos involuntarios conocidos como corea causados por la disfunción y 

posterior degeneración de las neuronas espinosas de tamaño medio (MSNs) 

del cuerpo estriado, deterioro cognitivo y alteraciones psiquiátricas. Si bien la 

mutacion causante de la enfermedad, una expansión anormal de una región 

poliglutaminica en la porción N-terminal de una proteína llamada huntingtina 

(HTT), se conoce desde hace casi 3 décadas, hasta la fecha no existe cura y 

los tratamientos sintomáticos ofrecen solo efectos paliativos menores. Nuestro 

grupo descubrió recientemente un mecanismo patogénico temprano clave en la 

EH: la expresión sináptica desregulada de los receptores de glutamato de tipo 

NMDA juveniles que contienen subunidades GluN3A (GluN3A-NMDAR), que 

produce la poda/eliminacion aberrante de las sinapsis formadas las aferencias 

corticales en las MSNs. 

En esta tesis, nos propusimos evaluar un nuevo enfoque de terapia 

génica para corregir la expresión aberrante de GluN3A. Comenzamos 

probando la capacidad de los vectores adenoasociados recombinantes (rAAV) 

que codifican los ARN de interferencia para desencadenar el silenciamiento 

sostenido de GluN3A en las MSNs, la población vulnerable. Tras una única 

inyección estereotáxica en el cuerpo estriado del ratón, rAAV9-shGluN3A 

redujo la expresión de GluN3A con alta eficiencia (silenciamiento > 85%) y 

selectividad. El silenciamiento se mantuvo durante largos períodos de tiempo, 

hasta 11 meses después de una sola administración, y mejoró los déficits 

sinápticos y motores en ratones YAC128, un modelo de EH bien establecido. 

Es destacable que las inyecciones de rAAV9-shGluN3A fueron efectivas 
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cuando se sincronizaron con el inicio de la enfermedad, pero también cuando 

se administraron en etapas posteriores de la enfermedad. Nuestros hallazgos 

proporcionan una validación de prueba de concepto de la efectividad de las 

terapias génicas dirigidas hacia GluN3A en modelos murinos de EH, un paso 

necesario para avanzar hacia ámbitos clínicamente relevantes. 

Cabe esperar que la utilización de subunidades de GluN3A como diana 

provoque efectos secundarios mínimos debido a su baja expresión en el 

cerebro adulto en entornos no patológicos, lo cual supondría una clara ventaja 

frente a otras estrategias dirigidas a otros NMDARs. Sin embargo, la 

información actualmente disponible es escasa y un trabajo reciente sugiere que 

GluN3A también opera en cerebros adultos para controlar una variedad de 

comportamientos. Por lo tanto, para la segunda parte de mi tesis, realicé un 

análisis sistemático de la expresión de Grin3a en el cerebro de ratón que 

combina hibridación in situ colorimétrica de alta sensibilidad y fluorescencia con 

marcaje para subtipos neuronales específicos. Descubrimos que, aunque la 

expresión de GluN3A alcanza su punto máximo en edades postnatales, niveles 

significativos permanecen hasta la edad adulta en regiones cerebrales 

específicas, como la amígdala, la habénula medial, las cortezas asociativas y 

los núcleos talámicos de alto orden. 

La aparición y regulación negativa temporal de la expresión de Grin3a 

varía a lo largo de las regiones del cerebro, la capa cortical de residencia y la 

modalidad sensorial, en un patrón que correlaciona con gradientes jerárquicos 

de maduración cerebral y especialización funcional reportados anteriormente. 

Grin3a se expresa tanto en neuronas excitadoras como inhibidoras, siendo los 

altos niveles de ARN mensajero un rasgo distintivo de interneuronas de 

somatostatina. Nuestro estudio proporciona un mapa completo de la 

distribución de Grin3a murino a lo largo de la vida y allana el camino para 

analizar las diversas funciones de GluN3A en condiciones fisiológicas y 

patológicas. 
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1. Huntington´s disease (HD) 

HD is a dominantly inherited neurodegenerative disorder caused by the 

presence of an abnormally long polyglutamine stretch in the HTT protein 

(Wexler et al., 1991). Although a pre-symptomatic diagnostic (even prenatally or 

at a pre-implantation stage) is possible, no specific treatment is available, with 

only palliative drugs that offer very partial relief. The incidence of HD in white 

people is about 5-7 affected individuals per 100,000 (Walker, 2007). In African 

(Harry et al., 1981; Joubert et al., 1987) and Asian populations the rate is lower, 

in the latter only 0.5 per 100,000 individuals (Takano et al., 1998). Otherwise, 

areas colonized by a few founders, such as the region around Lake Maracaibo 

(Young et al., 1986) and Tasmania (Pridmore, 1990), present epidemic rates 

(1625-3530 affected persons per 100,000 individuals). The certainty in mutant 

HTT (mHTT) carriers that the disease will manifest or the onset of symptoms 

make the incidence of suicide in people with HD 5-11 times higher than the 

average in other populations, being suicide the cause of death in 5.7% of HD 

patients (Reed et al., 1958; Kessler et al., 1989). 

 

1.1 HD symptoms 

Diagnosis takes place typically around 35-40 years of age (Paulsen et al., 2005) 

when the initial motor symptoms, consisting on abrupt involuntary movements 

(chorea) that interfere with voluntary movement, emerge. They affect legs and 

arms, but also the body trunk and ocular muscles (Van Vugt et al., 2001). This 

initial period is known as the hyperkinetic stage and is followed by a hypokinetic 

phase were dystonia and rigidity affect the muscles (Mahant et al., 2003). Motor 

symptoms are the most striking, but 79% of HD patients show also cognitive 

decline, attention deficits, and difficulty in acquiring new knowledge (Naarding et 

al., 2001). In fact, cognitive impairment is estimated to emerge 10 years prior to 

motor dysfunction onset (Duff et al., 2010; Tabrizi et al., 2013). Furthermore, 

33% of the patients show prominent psychiatric disturbances before the onset 

of motor alterations, that manifest as mood and personality disorders in HD 
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(Maio et al., 1993; Shiwach, 1994). In addition, 40% of patients suffer from 

depression due to the changes in their lives and the burden on people around 

them (Folstein et al., 1983). Loss of weight occurs as a consequence of some 

HD symptoms, such as depression, increased motor activity during the first 

stages or deglutition difficulty (called dysphagia) in the hypokinetic phase (Kagel 

et al., 1992; Djoussé et al., 2002). HD patients could suffer epileptic attacks 

(Srivastava et al., 1999) and hallucinations (Rosenblatt et al., 2000). HD 

patients die commonly by respiratory disease (44.2% of the cases), 

cardiovascular problems (Solberg et al., 2018) or due to infection of ulcers 

derived from immobility (Dubinsky, 2005), typically 20 years after being 

diagnosed (Folstein et al., 1983). 

 

1.2 Neuropathology of HD 

The neuropathological changes observed in HD brains target predominantly the 

caudate and putamen, with atrophy of these regions and expansion of the 

ventricles (Vonsattel et al., 1985). Both nuclei (called striatum in rodents) 

conform the largest subcortical structure in the mammalian brain with an 

estimated volume of 10 cm3 in humans (Schröder et al., 1975), and are involved 

in the processing of motor information arriving from the cortex. Possibly 

secondary to anatomical atrophy of the caudate and putamen and degeneration 

of the corticostriatal pathway, the number of pyramidal neurons in the cortex is 

reduced and cortical atrophy is observed at later stages of the disease (Figure 

1) (Macdonald et al., 2002). Over time, significant loss of pyramidal neurons in 

other regions such as the hippocampus CA1 and angular gyrus is also 

noticeable (Spargo et al., 1993; Macdonald et al., 1997). 

The atrophy of the caudate and putamen is due to degeneration and 

death of MSNs, that are the most vulnerable cell population in HD (Reiner et al., 

1988). Other striatal populations involved in regulating motor function include 

cholinergic interneurons (Bolam et al., 1984), GABAergic neurons that express 

parvalbumin protein (Gerfen et al., 1985) and somatostatin (Sst) neurons 

(Vincent et al., 1983) and are relatively spared. 
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Figure 1. Variation of the brain anatomy in an HD patient. Macroanatomical changes in 

ventricles, cortices and caudate/putamen are seen in HD brain (left) compared with a 

control brain (right). Modified from Reiner et al., 2011.  

MSNs are GABAergic projection neurons and constitute 90-95% of all 

neurons of the striatum. They can be identified by the expression of Glutamic 

Acid Decarboxylase (GAD) (Gerfen, 1988), Calbindin-D28k and DARPP-32 

(dopamine and cAMP regulated phosphoprotein of 32 KD) (Pickel and Heras, 

1996, Ouimet et al., 1998; Fienberg et al., 2000). MSNs are characterized by a 

medium-sized soma (10-20 µm in diameter) from which several dendrites 

radiate (3 to 7), covering an area of 0,2-0,28 mm2 (Ferrante et al., 1991; Wilson 

et al., 2004). The dendrites are mostly smooth for the first 30 µm, which 

generally corresponds to primary dendrites. From there, they branch repeatedly 

and show very high spine densities, hence their name, in secondary and 

subsequent dendrites (Gerfen et al., 1988). Two different subpopulations of 

MSNs can be identified based on the expression of dopamine receptor 1 or 2 

(D1 or D2 receptors respectively). Both D1- and D2-expressing MSNs display 

similarly high spine densities and are intermixed with each other within the 

striatum (Gagnon et al., 2017). Although the proportion of D1/D2-MSNs is 

maintained throughout most of the striatum, intermediate ventromedial caudate-

putamen, a small portion of the whole striatum, show more D1-MSNs (Ren et 

al., 2017). Dendritic spines are small membrane protrusions of neuronal 

dendrites with different sizes (from 0.01 μm3 to 0.8 μm3) and shapes 
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(mushroom, thin, stubby and cupshaped) (Hering 2001) and are the site where 

most excitatory synapses form. Dendritic spines of MSNs receive glutamatergic 

synaptic inputs from the cortex (Gerfen, 1984; Selemon et al., 1985; Donoghue 

et al., 1986) and thalamus (Vogt et al., 1941; Powell et al., 1956), as well as 

modulatory dopaminergic afferents from SNr (Lynd-Balta et al., 1994; Haber et 

al., 2000) and SNc (Gerfen et al., 1984), and GABAergic terminals from striatal 

interneurons and axonal colaterals from other MSNs (Gerfen, 1988), making up 

to 10,000 synapses onto a single MSN.  

Gross anatomical atrophy only becomes evident when the disease has 

progressed inexorably. However, longitudinal imaging studies in humans have 

shown functional and microstructural morphological alterations in MSNs at 

much earlier pre-manifest and presymptomatic stages (Tabrizi et al., 2011; 

Tabrizi et al., 2013; Ross et al., 2014). For instance, reductions in caudate-

putamen volumes measured by magnetic resonance are observed before 

manifest motor symptoms and also a decrease in grey- and white-matter 

volumes (Tabrizi et al., 2011; Tabrizi et al., 2013), that affect the corpus 

callosum (Rosas et al., 2010). Some of these alterations have been related to a 

decrease in cognitive abilities in HD patients who have not yet developed overt 

motor symptoms (Tabrizi et al., 2011; Tabrizi et al., 2013).  

Work in humans and mice has placed synaptic alterations at the center-

stage of the neurodegeneration process, with changes in the number and 

morphology of dendritic arbors and spines. Several post-mortem studies 

examined the morphology of MSNs of HD patients at different stages of the 

disease using the classical Golgi impregnation. A remarkable decrease in spine 

density accompanied with abnormalities in the size and shape of spines, and 

altered appearance of dendritic endings were observed (Figure 2) (Graveland et 

al., 1985b; Ferrante et al., 1991). 

In MSNs of HD mice models, the synaptic properties are altered prior to 

the onset of behavioral symptoms, such as the increase of spontaneous 

excitatory postsynaptic currents (Raymond et al., 2011). Furthermore, reduction 

in the density of dendritic spines has been observed in presymptomatic stages 

in several mouse models (Richards et al., 2011; Marco et al., 2013; Simmons et 
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al., 2013; Wu et al., 2016), which has been directly related to the aberrant 

expression of GluN3A (Marco et al., 2013). Alterations in dendritic spine density 

in HD mouse models are not due to a decrease in the number of new spines but 

to instability during spine maturation (Murmu et al., 2013). 

 

 

 

Figure 2. Alterations in morphology of MSNs in HD. Drawings of MSNs from a HD patient 

(right) showing recurving distal dendritic segments (arrows), abnormal dendritic growth and 

decrease in spine density (high magnification) in comparison with MSNs from a control 

individual (left). Scale bar: 50 µm. Modified from Ferrante et al., 1991.  

 

1.3 Basal ganglia 

The basal ganglia consist of several subcortical nuclei involved mainly in motor 

control, but also in motor learning, executive functions and emotions. Strictly, 

the basal ganglia include two nuclei that are deeply embedded in brain 

hemispheres: striatum and globus pallidus (formed by external and internal 

segment, divided by myelinated fibres known as the medial medullary lamina). 

Other areas involved in those processes are the subthalamic nucleus (STN; 

located in the diencephalon) and substantia nigra (SN; in mesencephalon).  

Basal ganglia nuclei can be categorized based on afferent or efferent 

projection axons (Lanciego et al., 2012): 

1) Input nuclei: caudate and putamen that receive incoming information from 

cortex and thalamus. 
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2) Intrinsic nuclei: STN, substantia nigra pars compacta (SNc) and external 

segment of the globus pallidus (GPe). All receive and send information to other 

basal ganglia nuclei. 

3) Output nuclei send the information to the thalamus and are the substantia 

nigra pars reticulata (SNr) and the internal segment of the globus pallidus (GPi).  

All these nuclei are part of a motor refinement circuit. The caudate and 

putamen receive information from the cortex (Gerfen, 1984; Selemon et al., 

1985; Donoghue et al., 1986), thalamus (Vogt et al., 1941; Powell et al., 1956), 

SNc (Gerfen et al., 1985) and SNr (Lynd-Balta et al., 1994; Haber et al., 2000), 

and drift information through two routes, called the direct and the indirect 

pathway. Each of these routes is defined by the MSNs that send the projections 

and the nuclei innervated by these projections (Albin et al., 1989; DeLong, 

1990; Kawaguchi et al., 1990; Parent et al., 2000; Wu et al., 2000): 

1. Direct pathway: MSNs in this route predominantly express the D1 

receptor (Beckstead et al., 1988; Gerfen et al., 1990). Their striatofugal 

inhibitory projections innervate the SNr and GPi (Beckstead et al., 1986). 

2. Indirect pathway: MSNs in this route express D2 receptors and their 

axons innervate the GPe (Beckstead et al., 1988; Gerfen et al., 1990). 

GABAergic neurons from GPe innervate the STN (Shink et al., 1996) 

which in turn sends projections to the SNr and GPi (Ilinsky et al., 1987; 

Percheron et al., 1996). 

Thus, both direct and indirect pathways innervate SNr and GPi. Although 

both inhibitory efferent nuclei innervate the thalamus, significant differences can 

be observed. While pallido-thalamic projections innervate the densicellular and 

parvicellular territories of the ventral-anterior thalamic nucleus (VA), nigro-

thalamic projections target the magnocellular division (ventro-medial and 

ventro-lateral thalamic nucleus, VM and VL respectively) (Ilinsky et al., 1987; 

Percheron et al., 1996) (Figure 3, left panel). The circuit is completed with 

thalamo-striatal and thalamo-cortical efferents. Thalamic axon terminals target 

projection neurons (MSNs) and interneurons of the striatum (Vogt et al., 1941; 

Meredith et al., 1990; Lapper et al., 1992; Dubé et al., 1998). The thalamus also 
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inervates layer IV of neocortex, several layers of motor and prefrontal cortices 

(Caviness et al., 1980).   

 

1.3.1 Alteration of basal ganglia pathways in HD. 

The motor regulatory pathways described above are affected in HD due to cell 

loss in the striatum. D2-expressing MSNs are lost first followed by death of D1-

MSNs, which modifies the flow of motor information between basal ganglia 

nuclei (Reiner et al., 1988; Gerfen et al.,1990; Glass et al., 2000; Deng et al., 

2004). The reduction in the number of D2-MSNs produces a decrease of the 

STN activity due to the incapacity of striatum to inhibit GPe. At the same time, 

the imbalance between D1- and D2- MSNs increases SNc activity and produces 

an hyperactivation of the direct pathway (Jahanshahi et al., 2010). This leads to 

the inability of this circuit to inhibit thalamic nuclei, which results in a 

hyperactivation of the cortex causing hyperkinesia (Figure 3, middle panel) 

(Albin et al., 1989) which is one of the hallmarks of the disease. 

Other HD characteristic symptoms are hypokinesia/bradykinesia, which 

occur later in disease progression as a result of loss of D1-MSNs. Reduced 

inhibition of the GPi and SNr produces hyperinhibition of thalamus which stops 

activating the neocortex (Figure 3, right panel) (Albin et al., 1990). 

 

1.4 HTT expression 

HD is caused by an expansion of the trinucleotides CAG in the human 

huntingtin gene (HTT), located in the short arm of the chromosome 4 at position 

16.3 (4p16.3) (HDCRG, 1993). The HTT gene is large, with 67 exons spanning 

180 kb, and encodes two transcripts. In adult and fetal brain, the larger 

transcript (13.7 kb) is predominantly expressed in the central nervous system 

(CNS) whereas the smaller transcript (10.3 kb) is more widely expressed in 

peripheral tissues (Li et al., 1993; Hughes et al., 2014; Ruzo et al., 2015). 

Northern blot and in situ hybridization analysis demonstrate that: 1) HTT is 

expressed ubiquitously since early development and persists into adulthood, 
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showing higher levels in brain and testes (Li et al., 1993; Strong et al., 1993) 

and: 2) levels are not altered in the basal ganglia of HD patients 

(Landwehrmeyer et al., 1995).  

 

Figure 3. Basal ganglia circuitry models of HD. Left panel: schematic drawing of the direct 

and indirect pathways in non-pathological conditions. Cortical and thalamic afferents target 

the striatum, exciting both D1 and D2 MSNs. SNc activate D1 cells and inhibit D2 neurons. 

D2 cells inhibit GPe in the indirect pathway (in green) which in turn inhibit STN reducing the 

activation of GPi and SNr. D1 neurons inhibit in the direct pathway (in red) regions GPi and 

SNr. Both inhibit thalamic nuclei, which activate striatum and neocortex through 

glutamatergic axons. Middle panel: early symptomatic stages of HD are caused by an 

alteration in the basal ganglia circuitry due to the death of D2-positive neurons and 

activation of SNc. This produces a decrease of the activity of the indirect pathway and 

increase of direct pathway activity. All this culminates in hyperactivation of thalamic-striatal 

and thalamic-cortical axons. Right panel: late HD is characterised by D1 cell death and SNc 

activity loss. Direct and indirect pathways are deregulated producing hyperinhibition of 

thalamic nuclei that together with neocortex dystrophy prevent striatal activation. 

Transparent arrows: loss of function; Wider arrows: gain of function. Abbreviations: D1, 
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dopamine receptor 1 positive neurons; D2, dopamine receptor 2 positive neurons; GPe, 

external segment of the globus pallidus; GPi, internal segment of the globus pallidus; SNc, 

sustantia nigra pars compacta; SNr, substantia nigra pars reticulata; STN, subtalamic 

nucleus; VA, ventral-anterior thalamic nucleus; VL, ventral-lateral thalamic nucleus; VM, 

ventral-medial thalamic nucleus. 

 

1.5 HTT: structure and function 

HTT is a well-conserved 348-kDa protein of 3.144 amino acids; in fact, it shows 

one of the highest protein homologies among mammalian species (Tartari et al., 

2008). The N-terminal HTT domain, encoded by exon 1, contains an alpha-helix 

(Atwal et al., 2007) followed by a polymorphic polyglutamine (polyQ) stretch. An 

increase in the number of glutamine residues has been observed throughout 

evolution (Tartari et al., 2008). In humans not affected by HD, the polyQ tract 

contains 9 to 35 consecutive glutamine amino acids, with an average between 

17 and 20 repeats (Kremer et al., 1994). The polyQ stretch is followed by a 

proline-rich domain (PRD) which is polymorphic in the human population 

(Tartari et al., 2008). 

The rest of the protein (99.8%) is not well characterised as research has 

mainly focused on the exon 1, where HD mutations are found. The region 

encoded by exons 2-67 contains several HEAT (Huntingtin, Elongator factor3, 

PR65/A regulatory subunit of PP2A, and Tor1) repeats that mediate intra- and 

interprotein interactions (Palidwor et al., 2009). HTT undergoes post-

translational modifications such as phosphorylation, ubiquitination, sumoylation, 

acetylation and palmitoylation (Saudou et al., 2016). Polymorphic domains and 

post-translational modifications allow HTT to adopt up to a hundred structurally 

distinguishable conformations (Seong et al., 2010). The subcellular location of 

HTT is mostly cytoplasmic although it can be found in the nucleus (Hoogeveen 

et al., 1993). 

The function of HTT is not clearly known. HTT interacts with more than 

200 proteins, although this analysis was made in affinity-purified complexes and 

should be validated by co-localization and functional experiments (Ratovitski et 

al., 2012; Schaefer et al., 2012). The number of glutamines in the polyQ stretch 
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changes the pattern of HTT protein interactions, yielding interactions with 

proteins that normally do not interact with HTT, or altering the affinity of HTT for 

its normal partners (Goehler et al., 2004; Culver et al., 2012; Ratovitski et al., 

2012; Shirasaki et al., 2012). HTT interacts with proteins involved in a wide 

range of cellular processes (Harjes et al., 2003) such as endocytosis, vesicle 

trafficking and recycling, cell division coordination, cell cycle regulation, 

autophagy and transcription among others (Gutekunst et al., 1995; Engelender 

et al., 1997; Li et al., 1998; Steffan et al., 2000; Engqvist-Goldstein et al., 2001; 

Pal et al., 2006; Kaltenbach et al., 2007; Colin et al., 2008; del Toro et al., 2009; 

Keryer et al., 2011; Elias et al., 2014). 

 

1.6 HD etiology 

Increased number of glutamines in the polyQ domain beyond a threshold alters 

protein-protein interactions and leads to aggregation of HTT. Up to 35 

consecutive glutamines are considered normal, but above 27 poses a risk for 

the next generation. Thirty-six to 40 CAG repeats in HTT may cause HD. Above 

40 glutamines, all individuals develop HD and there is an inverse correlation 

between number of glutamine repeats and age of onset (Figure 4) (Squitieri et 

al., 2002). Although that is a general rule to categorize possible HD patients, 

cases with only 34 CAG repeats and even with just 29 have been reported 

(Kenney et al., 2007; Andrich et al., 2008). Juvenile onset cases occur in 

patients with more than 100 CAG repeats, with symptoms beginning under 20 

years of age (Cannella et al., 2004). 

A characteristic of HD is the presence of aggregates containing mHTT 

and some of its interacting partners. Sequestration of key intracellular proteins 

into aggregates is thought to interfere with their function and lead to cell 

dysfunction and eventually death (Davies et al., 1997). Yet in HD brains, 

aggregates have been found to be more frequent in cortex than in striatum, 

which is puzzling, given that the striatum is the vulnerable region (Gutekunst et 

al., 1999). This led to propose that aggregates might have a protective function. 

For instance, increased proteolysis in HD promotes the accumulation of small 
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N-terminal mHTT segments that contain long polyQ stretches and generate 

cytotoxicity. 

 

Figure 4. Onset of HD symptoms depends on the number of CAGs. (A) Composite graph 

plotting number of CAG repeats versus age (in years) of HD symptoms onset. The graph 

shows an inverse correlation between both axes. Modified from Walker, 2007. (B) Table of 

CAG repeat ranges for HD onset. Less than 35 CAG repeats do no lead to the disease. 

However, the descendants of carriers of 27 to 35 repeats are at a risk of developing HD. 

From 36 to 40 CAG repeats, not all individuals will suffer from the disease, but over 40 they 

will. 

Aggregates could then prevent cell damage by limiting the action of proteases 

on mHTT (Saudou et al., 1998; Benn et al., 2005; Graham et al., 2006). Also, 

mHTT aggregate formation reduces levels of oligomeric mHTT decreasing the 

risk of neuronal death (Arrasate et al., 2004). No consensus has been reached 

on the toxicity or protective function of these aggregates (Arrasate and 

Finkbeiner 2012). 

A prominent example of protein interactions affected by the polyQ length 

is the protein kinase C and casein kinase substrate in neurons 1 (PACSIN1).  

Increases in the number of glutamines in the polyQ stretch enhances the affinity 

of PACSIN1 for mHTT and drives the sequestration of PACSIN1 into somatic 

and neuropil mHTT aggregates (Modregger et al., 2002; Marco et al., 2013). In 

line with this, a dramatic loss of PACSIN1 immunoreactivity was observed in 

processes of cortical neurons of presymptomatic patients (Diprospero et al., 

2004). Moreover, biochemical analysis showed than in HD brains PACSIN1 

appears more concentrated in microsomal than synaptosomal fractions, 

indicating that the subcellular location of this protein is altered (Modregger et al., 

2002; Diprospero et al., 2004).  
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1.7 Gain or loss of functions of mHTT 

Mutant proteins could cause disease via loss or gain of function. There are 

reports supporting either notion. For example, conditional HTT knockout in adult 

mice results in progressive neurodegeneration, particularly in the striatum, with 

HD symptoms (Dragatsis et al., 2000), suggesting that loss of HTT function 

originate HD. Moreover, overexpression of WT HTT in YAC128 mice protects 

from MSN death (Leavitt et al., 2006). Negative dominance is another type of 

loss of function where the mutant protein interferes with WT conformation and 

activity. For instance, overexpression of mHTT inhibits the roles of HTT in 

transcription (Zuccato et al., 2003). In addition, reduction of HTT levels in HD 

and WT mice produces pathological effects (Van Raamsdonk et al., 2005b). 

Furthermore, heterozygous HTT KO mice show HD-like symptoms (Nasir et al., 

1995; O´Kusky et al., 1999). Thus, all these studies support the idea that at 

least part of the pathological events in HD may be attributable to the loss of the 

normal HTT function. 

However, the inverse correlation between the number of glutamine 

repeats and age of HD onset has lent support to the gain of function hypothesis, 

specifically a gain of toxicity. For instance, cytotoxicity could be caused by 

abnormal interactions of mHTT with other proteins, interfering with several 

cellular pathways such as endocytosis, axonal transport, autophagy, metabolic, 

gene transcription, etc (Walker et al., 2007). Mice expressing only the HTT exon 

1 develop similar cognitive and motor symptoms to those observed in the 

disease, reinforcing the idea of gain of function as the cause of HD (Mangiarini 

et al., 1996). Besides, other human genetic disorders produced by polyQ 

expansion as spinocerebellar ataxia, spinobulbar muscular atrophy and 

dentatorubropallidoluysian atrophy, have been attributed to a gain of function 

conferred by the polyQ stretch (Komure et al., 1995; Mariotti et al., 2000; 

O´Hearn et al., 2001; Piccioni et al., 2001). 
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1.8 Mouse models of HD 

Different animal models have been generated to study HD. Drosophila 

Melanogaster and Caenorhabditis elegans animal models show neuronal polyQ 

inclusions and progressive degeneration (Faber et al., 1999; Marsh et al., 

2003). However, mice HD models where the first to appear. Initially, excitotoxic 

damage by kainic acid in striatum tissue was used as a model of HD because it 

kills MSNs and mimics some HD symptoms (Coyle et al., 1976). Other 

excitotoxins such as quinolinic acid and 3-nitropropionic acid have been used 

(Beal et al., 1986; Beal et al., 1993).   

The discovery that HD is caused by a genetic mutation prompted the 

emergence of animal models based on the expression of the mutated gene, 

making HD one of the neurodegenerative diseases with better animal models. 

Genetic models recapitulate some electrophysiological, neurochemical, 

histopathological and behavioural alterations of HD (Mangiarini et al., 1996). 

They can be classified into three groups based on the type of transgene, all of 

them with altered polyQ stretch (Table 1). 

1) Transgenic mice expressing an N-terminal region of mHTT. A portion of the 

HTT gene of human or chimeric human/mouse origin is randomly inserted.   

2) Transgenic mice expressing full-length HTT gene randomly inserted. 

3) Knock-in mice strains with a pathological CAG repeat length introduced in the 

polyQ stretch locus of the endogenous Htt gene. 

Nevertheless, each model has strengths and limitations for modelling 

specific symptoms of this hereditary disease (Pouladi et al., 2013).   

 

1.8.1 Transgenic mice expressing N-terminal portion of mHTT  

Exon 1 fragments have been detected in HD patients (Neueder et al., 2017). 

and expression of a truncated N-terminal mHTT protein, omitting the rest of the 

protein, is sufficient to mimic some HD symptoms in mouse models  
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 R6/1 and R6/2 

R6 mice were the first transgenic mouse model created to study HD. R6/1 and 

R6/2 carry exon 1 of the human HTT gene carrying 116 and 144 CAG repeats, 

respectively (Mangiarini et al., 1996). R6/1 mice express around 31% of HTT 

mRNA and R6/2 75% compared to the endogenous level, respectively 

(Mangiarini et al., 1996).  

These mice recapitulated the importance of CAG repeats on age of onset 

seen in humans. R6/2 motor symptoms commence at around 3 weeks of age 

with locomotor hyperactivity, which is not observed until 13-20 weeks of age in 

R6/1 mice (Hansson et al.,2001; Luesse et al., 2001). Locomotor hyperactivity 

in R6/2 mice is followed by gradual reduction of motor activity from 8 weeks of 

age (Carter et al., 1999). Concerning lifespan, R6/1 live longer than 1 year while 

R6/2 die at 13-16 weeks of age (Sathasivam et al.,1999). R6/2 brains weigh 

20% less than WT at 12 weeks of age (Kosinski et al.,1999) and R6/1 striatum 

area is reduced 17% at 18 weeks of age, which is not due to neuronal death but 

to loss of the neuropil (Hansson et al., 1999; Turmaine et al., 2000; Klapstein et 

al., 2001). mHTT aggregates appear in striatum and cortex in R6/2 at 3-4 weeks 

of age, whereas inclusions do not appear until 8 weeks of age in R6/1 striatum 

(Hansson et al., 2001; Meade et al., 2002). 

 N171-82Q 

This transgenic mouse expresses exon 1 and exon 2 of HTT (171 amino acids 

in total) with 82 glutamines in the polyQ stretch (Schilling et al., 1999). N-

terminal fragment expression is driven by the mouse prion promoter (Prnp) 

appearing only in neurons, not in other cell types in the CNS (Schilling et al., 

1999). The main characteristics include the significant body weight loss and the 

lack of hyper and hypokinesia, although these mice show motor and memory 

deficits (Ramaswamy et al., 2009). The neuropathological features include 

striatal neuronal loss, striatal atrophy and ventricular enlargement at 16 weeks 

of age (Yu et al., 2003; McBride et al., 2006). The N171-82Q line has a lifespan 

that ranges from 4 to 6 months (Martin et al., 2009). 
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 Tg100 

It expresses around 3 Kb of the HTT gene with 100 CAG repeats under the rat 

neuron specific enolase promoter (Laforet et al., 2001). At 3 months of age 

mHTT inclusions appear in MSNs and cortex, altering the morphology of 

dendrites and leading to motor symptoms at 3-6 months of age (Laforet et al., 

2001). 

 HD94 

HD94 is a transgenic conditional knockout mouse that expresses exon 1 of 

mHTT with 94 glutamines under the control of the CaMKIIα promoter, which 

restricts its expression to forebrain neurons (Yamamoto et al., 2000; Wang et 

al., 2013). The expression of the transgene can be stopped with doxycycline. 

These mice are hypokinetic by 9 months. Cytoplasmic aggregates appear in the 

soma and neuropil of striatal and cortical neurons at 2 months of age. Although 

death of MSNs is not detected, striatal atrophy is observed from 18 weeks to 2 

years of age, when these mice die. All these phenotypes can be rescued with 

doxycycline administration beginning at 18 weeks of age, and maintaining the 

treatment for 16 weeks (Yamamoto et al., 2000).  

Although these mouse models recapitulate some HD symptoms, the use 

of only the HTT N-terminal domain does not mimic molecular defects caused by 

interaction of other HTT regions with cellular proteins.  

 

1.8.2 Full-length mHTT transgenic mice 

The lack of robust motor deficits or cell death in the models mentioned above 

prompted the generation of full-length HTT models.  Because the R6, N171-

82Q, Tg100 and HD94 mice only express the N-terminal portion of mHTT, 

crucial HD aspects might be missing. While conventional transgenic technology 

did not allow to introduce a gene as large as HTT, transgenic mice carrying full-

length HTT were eventually created using a yeast artificial chromosome (YAC) 

vector system which expressed the entire human HTT gene under the human 

HTT gene promoter (Hodgson et al., 1999; Slow et al., 2003). The first YAC HD 
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mouse was the YAC72 carrying 72 CAG repeats. YAC72 presented significant 

neurodegeneration in the striatum at 12 months, motor deficits at 16 months but 

rare apparition of macro-aggregates (Hodgson et al., 1999; Seo et al., 2008). 

Due to delayed symptom onset in YAC72 mice, YAC128 mice, carrying 

full-length human mHTT with a 128 polyQ tail, were generated (Slow et al., 

2003). These mice present a motor learning deficit in rotarod testing at 2 

months of age and cognitive deficits in a simple swimming test at 8 months of 

age (Van Raamsdonk et al., 2005b). The symptoms probably reflect loss of 

synaptic connectivity produced by spine loss in MSNs, that is detectable by 3 

months of age (Marco et al., 2013). Motor skills undergo a progressive decline, 

which begins to manifest at 6 months of age in rotarod and in swimming T-maze 

tests (Slow et al., 2003; Van Raamsdonk et al., 2005b). After a hyperkinetic 

period, that starts at 3 months of age, hypokinetic symptoms appear at 12 

months of age (Slow et al., 2003). Modest striatal atrophy (9% with respect to 

WT mice) is found in 36 weeks-old mice but loss of neurons in striatum (15%) 

and cortex are significant at 1 year of age (Slow et al., 2003). Neuronal death in 

striatum and cortex affect directly to brain weight, whereas other regions as 

cerebellum are not affected (Slow et al., 2003). Nuclear diffuse mHTT 

immunoreactivity appears in 3-monthd-old striatum while it is not until 12 

months that are present in CA1 and cortical neurons (Van Raamsdonk et al., 

2005a). Although electron microscopy (EM) analysis demonstrate micro-

aggregates of mHTT in 1-year-old YAC128 mice, is not until 18 months of life 

that macro-aggregates appear in MSNs (Slow et al., 2003). Both 

presymptomatic and symptomatic YAC128 mice show consistent resistance to 

excitotoxic stress (Graham et al., 2009). YAC128 mice show a normal lifespan. 

Nevertheless, survival analysis of males and females reveals a reduction in life 

expectancy in males (Van Raamsdonk et al., 2005b). 
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Figure 5. Timeline (in weeks) of behavioral and neuropathological symptoms in the 

YAC128 HD mouse model chosen for this study 

 

 BACHD 

The BACHD mouse was generated by injection of a bacterial artificial 

chromosome (BAC) into fertilized mice eggs. The BAC contains the entire 170 

Kb human HTT locus with a 97 mixed CAA-CAG repeats flanked by LoxP ends, 

that generate a 97polyQ tail (Gray et al., 2008). This conditional mutant HD 

mouse model presents body gain starting at 6 months of age that is maintained 

to death. Also at that age, these mice display atrophy of 30% in striatum and in 

cortex. mHTT aggregates appear in cortex and striatum in 1-year-old mice. At 2 

months of age, these mice exhibit a subtle but significant decrease in rotarod 

performance. The BACHD mouse model has the advantage that does not show 

instability in the germline in polyQ repeats due to the alternating CAA-CAG in 

the transgene (Gray et al., 2008). 

 

1.8.3 Knock-in transgenic mice 

These mice were generated by homologous recombination, where the 

endogenous polyQ stretch in Htt was replaced with a pathological polyQ. This 

non-random technique avoids possible insertions that alter other genes. 

Mice with different glutamine repetitions were developed to recapitulate all 

pathological stages of the disease: 
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 HdhQ72/Q80 (Shelbourne et al., 1999). 

 HdhQ111 (Wheeler et al., 1999). 

 HdhQ94 (Levine et al., 1999). 

 CAG150 (Lin et al., 2001). 

 CAG140 (Menalled et al., 2003). 

In contrast to what happens in humans, mice with more CAGs repeats show 

a delay in the appearance of pathology. One example is in HdhQ150, that show 

first motor symptoms at 16-24 months of age, while HdhQ94 mice, with a 

shorter polyQ stretch, present hyperactivity and hypoactivity at 2 and 4 months 

respectively (Levine et al., 1999; Menalled et al., 2002; Heng et al., 2007). All 

mice present normal lifespan although mHTT aggregates appear in all the 

cases at different ages or locations (Menalled et al., 2002; Wheeler et al., 2002; 

Kennedy et al., 2003; Heng et al., 2007; Hickey et al., 2008). 

 

Table 1. Commonly used transgenic mice models of HD. 

Strain 
name 

Transgenic 
/Knock-in 

Gene 
Characteristics 

Promoter Number of 
glutamines 

Motor 
symptom 

Onset 
(months) 

References 

R6/1 Transgenic 
fragment 

Exon 1 of 
human 

HTT gene 

1 kb of 
Human 

HTT 
116 1.5 

Mangiarini 
et al., 1996; 

Carter et 
al., 1999 

R6/2 Transgenic 
fragment 

Exon 1 of 
human 

HTT gene 

1 kb of 
Human 

HTT 
144 4,5 

Mangiarini 
et al., 1996; 
Hodges et 
al., 2008 

N171-
82Q 

Transgenic 
fragment 

First 171 amino 
acids of human 

HTT 
Prnp 82 3 

Schilling et 
al., 1999; 

Schilling et 
al., 2004 

Tg100 Transgenic 
fragment 

First 3 kb of 
human HTT 

cDNA 
Rat NSE 100 3 

Laforet et 
al., 2001 

HD94 Transgenic 
fragment 

Chimeric 
human/ 

mouse HTT 
exon 1 

TetO + tT 94 1,5 
Yamamoto 
et al., 2000 

YAC72 Transgenic 
full-lenght 

Full length 
human HTT 

gene 

Human 
HTT 72 16 

Hodgson et 
al., 1999; 
Seo et al., 

2008 

YAC128 Transgenic 
full-lenght 

Full length 
human HTT 

gene 

Human 
HTT 128 6 

Slow et al., 
2003 
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BACHD Transgenic 
full-lenght 

Full length 
human HTT 
gene (floxed 

exon 1) 

Human 
HTT 97 2 

Gray et al., 
2008 

HdhQ72, 
Q80 Knock-in 

Endogenous 
murine 

Htt gene, 
expanded 

CAG inserted 

Mouse 
Htt 72,80 12 

Shelbourne 
et al., 1999; 
Kennedy et 

al., 2003 

HdhQ111 Knock-in 

Endogenous 
murine 

Htt gene, 
chimeric 

human/mouse 
exon 1 

Mouse 
Htt 109 24 

Wheeler et 
al., 1999; 

Wheeler et 
al., 2002 

HdhQ94 Knock-in 

Endogenous 
murine 

Htt gene, 
chimeric 

human/mouse 
exon 1 

Mouse 
Htt 94 2 

Levine et 
al., 1999; 

Menalled et 
al., 2002 

HdhQ140 Knock-in 

Endogenous 
murine 

Htt gene, 
chimeric 

human/mouse 
exon 1 

Mouse 
Htt 140 4 

Menalled et 
al., 2003; 
Hickey et 
al., 2008 

 

 

1.8.4 Synaptic alterations in mouse models of HD 

Defects in cortico-striatal synaptic communication at presymptomatic stages are 

one of the most consistent alterations across HD mouse models, as assessed 

by MRI and a variety of other methods (Raymond et al., 2011). The nature of 

the synaptic alterations has been identified with electrophysiological methods. 

In R6/2 and YAC128 mice models, MSNs show first an increase in spontaneous 

excitatory postsynaptic currents, followed by later reduction in current densities 

likely reflecting spine loss (Cepeda et al., 2003; André et al., 2011).  While initial 

morphological studies focused on cell death, early MSN spine loss has now 

been demonstrated in knock-in mouse models, BACHD, YAC128 and R6 mice 

(Richards et al., 2011; Marco et al., 2013; Simmons et al., 2013; Wu et al., 

2016). MSN spine loss and death have been linked to alterations in NMDAR 

numbers, subunit composition and subcellular distributions. 

 Alterations in NMDAR location: HD mice exhibit an imbalance between 

synaptic and extrasynaptic NMDAR, with an increase in the number of 
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extrasynaptic NMDARs and decreases in synaptic counterparts.  The 

shift from synaptic to extrasynaptic NMDARs alters trophic NMDAR 

signalling, and has been suggested to drive MSN death in YAC128 mice 

(Okamoto et al., 2009; Milnerwood et al., 2010a) 

 Alterations on NMDAR composition:  the subunits that compose the 

NMDAR determine its down-stream signaling. In knock-in and R6/2 mice, 

levels of GluN2A NMDAR subunits are significantly reduced (Ma et al., 

2017). Abundance of GluN2B-NMDARs seems to be higher in the 

YAC128 striatum (Milnerwood et al., 2010a). Increased NMDARs-

containing GluN3A subunits are enhanced in YAC128 MSNs, which 

drives the loss of dendritic spines (Marco et al., 2013). 

Thus, the possibility of correcting early NMDAR alterations in HD to stop the 

pathological process from its very beginning has sparked considerable interest.  

Targeting aberrant GluN3A subunits raised particular attention as their 

expression is low in adult brains and antagonizing their functions might not be 

associated to the side-effects that have prevented the use of other NMDAR-

based therapies (see next section). 

 

2. Ionotropic glutamate receptors 

Ionotropic glutamate receptors are glutamate-gated ion channels that mediate 

fast excitatory synaptic transmission in the CNS. They are macromolecular 

assemblies of four large subunits that form a central ion channel pore through 

which cations (principally Na+ and Ca2+) flux. Four different ionotropic glutamate 

receptor families can be distinguished based on the molecule that activates 

them and their integrating subunits (Traynelis et al., 2010). 

 AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) 

receptors: formed by homo- or heterotetrameric assemblies of GluA1 to 

GluA4 proteins. 

 Kainate receptors: formed by homo- or heterotetrameric assemblies of 

GluK1 to GluK5 subunits. 
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 NMDA (N-methyl-D-aspartate) receptors: formed by heterotetrameric 

combinations of GluN1, GluN2 (A-D) and GluN3 (A-B) subunits. 

 δ-Receptors: formed by GluD1 and GluD2 subunits. Despite high 

homology with the other ionotropic glutamate receptors, they are not 

gated by glutamate and no ligand has been identified.  

As mentioned, dysfunction of NMDARs has been implicated in HD, with a 

prominent role of subtypes containing non-conventional GluN3A-NMDARs. In 

this section, I will summarize our current knowledge of NMDARs with a focus on 

GluN3A-NMDARs. 

 

2.1 NMDARs 

Functional NMDAR are heterotetrameric assemblies of two mandatory GluN1 

subunit and combinations of GluN2 (A-D) and GluN3 (A-B) (Monyer et al., 1992; 

Schorge et al., 2003). The specific subunit composition of NMDAR subtypes 

confers specific biophysical properties and protein interactions which will 

determine the unique trafficking, localization, signalling and functions of the 

receptor (Lau et al., 2007; Paoletti et al 2013).  

 

2.1.1 NMDARs subunit basic structure 

All NMDAR subunits share a membrane topology characterized by an 

extracellular N-terminal domain, 4 membrane domains, and a cytoplasmic C-

terminus domain (Paoletti et al., 2007; Paoletti et al 2013). The extracellular 

domain can be divided into an N-terminal domain and a bi-lobed ligand-binding 

domain. The N-terminal domain on, is involved in subunit assembly and 

allosteric inhibition by molecules such as zinc and ifenprodil (Williams, 1993; 

Paoletti et al., 1997; Meddows et al., 2001). The ligand-binding domain has a 

clam-shell structure formed by two discontinuous segments, one part of the N-

terminal domain and a loop formed by the amino acid sequence between 

transmembrane domains M3 and M4, and binds glutamate in GluN2 subunits 

and glycine or D-serine in GluN1 and GluN3 (Furukawa et al., 2003; Furukawa 
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et al., 2005; Yao et al., 2008). NMDAR activation requires simultaneous binding 

of glycine and glutamate (Johnson et al., 1987; Lerma et al., 1990). The 

transmembrane domain includes three transmembrane helixes (M1, M3 and 

M4) and a membrane re-entrant loop (M2) (Sobolevsky et al., 2009). Upon 

assembly with other subunits, the membrane domains form a cation-permeable 

pore. The sequence of a key glutamine/arginine/asparagine (Q/R/N) site in M2 

determines the cation permeability and confers NMDARs properties such as the 

ability to flux calcium and be blocked by Mg2+, which are fundamental for their 

functions (see below) (Dingledine et al., 1999). The intracellular C-terminal 

domain is the most diverse in amino acid sequence and has varying lengths in 

the different NMDAR subunits. It contains target sequences for 

posttranscriptional modification, such as phosphorylation sites, and protein 

interaction motifs that bind different partners in different subunits and are key for 

receptor signaling and regulation of membrane trafficking (Traynelis et al., 

2010). 

 

2.1.2 Classical NMDAR properties and function 

Classical NMDARs are heterotetrameric complexes formed by two GluN1 

subunit and a combination of GluN2 subunits which yields a variety of subtypes. 

They are widely expressed throughout the brain, but subunit composition varies 

between nuclei, cell types and developmental stage (Paoletti et al., 2011). 

Whereas the obligatory GluN1 subunit is ubiquitously expressed from 

embryonic stage to adulthood (Watanabe et al., 1992), GluN2 subunits show 

different spatiotemporal expression. In embryonic brain, GluN2B and GluN2D 

are highly expressed, but after birth GluN2A expression appears and becomes 

abundantly and widely expressed in the adult CNS. GluN2C appears in the 

second postnatal week and its expression is mostly restricted to olfactory bulb 

and cerebellum (Paoletti et al., 2013). Subunit exchanges modify the properties 

of synaptic plasticity and underlies processes such as synapse maturation, 

circuit refinement, acquisition of learning abilities and memory (Dumas et al., 

2005; Paoletti et al., 2013). 
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NMDARs are typically concentrated at postsynaptic densities via binding 

to PSD95 (Prybylowski et al., 2005), and other members of the PDZ-domain 

family (Sans et al., 2000). Subcellular localization is also thought to be 

determined by subunit composition. GluN2A-NMDA receptors are highly 

concentrated at synaptic sites while GluN2B-containing NMDA receptors 

appear also in peri- and extrasynaptic sites (Harris et al., 2007; Logan et al., 

2007; Raymond et al., 2011).  

Classical NMDAR activation requires binding of glutamate and a co-

agonist (glycine or D-serine). Although the subunit stoichiometry affects cation 

permeability, it could be said that classical NMDARs show high-conductance 

channel openings, high Ca2+ permeability and sensitivity to Mg2+ blockade 

(Paoletti et al., 2013). The activation of these receptors is also affected by 

substances that are endogenously found in the CNS. Zn2+ ions act as highly 

specific antagonists of GluN1-GluN2A–containing NMDARs, but protons (H+) 

preferentially inhibit GluN2D- or GluN2B-containing NMDARs (Paoletti et al., 

1997; Banke et al., 2015). 

Classical NMDARs are essential mediators of brain plasticity and convert 

specific neuronal activity patterns into long-term changes in synapse structure. 

In higher brain structures of adults, such as the cortex and hippocampus, 

GluN2A and GluN2B-containing NMDARs have central roles in synaptic 

plasticity and function (Monyer et al., 1994) and mediate long-term potentiation 

(LTP) and long-term depression (LTD), the two main forms of synaptic long-

term plasticity. According to several findings, GluN2A-containing NMDARs 

seem specifically important for LTP induction, whereas GluN2B-containing 

NMDARs would be specifically involved in LTD induction in synapses (Paoletti 

et al., 2013). Alteration in NMDARs functions, either hyperactivity or 

hypofunction, at the synaptic level can cause synaptopathies such as 

Alzheimer’s disease, Parkinson’s disease, depression, autism spectrum 

disorders, amount others (Paoletti et al., 2013). 
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2.2 GluN3A-containing NMDARs 

GluN3A was the last NMDAR subunit to be discovered and has great interest 

due to its particular properties that differ from the classical NMDARs described 

above. Two independent groups identified it in 1995, and termed it with a 

different name, “Chi-1” or “X-1” and “NMDAR-like” (Ciabarra et al., 1995; Sucher 

et al., 1995). The GluN3A designation (before NR3A) was adopted later, when 

coimmunoprecipitation analysis showed that it can assemble with NMDAR 

subunits (Das et al., Nature 1998). The mouse gene is Grin3a and the human 

gene GRIN3A. GRIN3A is located on human chromosome 9 (9q31.1) and 

spans 9 exons that encode a protein of 1115 amino acids (Ciabarra et al., 1995; 

Sucher et al., 1995; Eriksson et al., 2002) and a molecular weight of 125 kD 

(Ciabarra et al., 1997). The rodent homologous gene is located in chromosome 

5 in rats and chromosome 4 in mice. Grin3a in rodents encodes two isoforms of 

the protein generated by alternative splicing, one with a short C-terminus 

(GluN3A-S) and a long isoform that includes 20 amino acids encoded by exon 9 

(GluN3A-L) (Sun et al., 1998). GluN3A-L is present only in rodents, not in 

humans (Andersson et al., 2001).  

 

2.2.1 Unique features of GluN3A subunits 

GluN3A subunit functions and features are well conserved across mammalian 

species (Andersson et al., 2001; Eriksson et al., 2002) with 93% protein 

homology between human and rodents, and share 88% of the DNA sequence. 

The other non-conventional subunit, GluN3B, share 57% of the sequence with 

GluN3A. Lesser homology is found with GluN1 (27%) or GluN2 (24-29%) 

subtypes (Ciabarra et al., 1995). GluN3A protein amino acid sequence and 

structure is similar to other NMDAR and ionotropic glutamate receptors 

subunits, but with crucial differences (Figure 6). In its N-terminal domain and 

extracellular loops, 10 asparagine residues (N145, 264, 275, 285, 296, 425, 

439, 549, 565 and 886) are glycosylated to regulate trafficking of GluN3A-

containing NMDARs to membrane surface (Andersson et al., 2001; Skrenkova 

et al., 2018). Also, the N-terminal domain contains a motif required for redox 

modulation with two cysteine residues (CC) (Andersson et al., 2001). As GluN1, 
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GluN3 can bind glycine and D-serine, but it is not activated by glutamate (Paas 

et al., 1998; Yao et al., 2006; Yao et al., 2008). A unique feature that makes 

GluN3A different from classical NMDAR subunits is the presence of a glycine 

followed by an arginine (G/R) instead of the Q/R/N site controlling ion 

permeability and rectification in M2 (Seeburg et al., 1993, Hollmann et al., 1994, 

Dingledine et al., 1999). This finding might explain the low permeability to Ca2+ 

(Sucher et al., 1995; Nishi et al., 2001; Matsuda et al., 2002). 

Like other NMDARs subunits, the GluN3A intracellular C-terminus 

domain contains putative phosphorylation sites for protein kinases A and C 

(PKA and PKC), calcium/calmodulin-dependent kinase II (CaMKII) and tyrosine 

kinases (PTK) (Ciabarra et al., 1995; Sucher et al., 1995; Andersson et al., 

2001; Nishi et al., 2001; Eriksson et al., 2002). Phosphorylation of residues in 

the C-terminal domain regulates signalling, trafficking and channel properties of 

other NMDAR subunits but it is yet not known how they influence GluN3A 

function (Chen et al., 2007). The GluN3A C-terminal domain also contains 

trafficking motifs: an arginine/any/arginine (RXR) motif that could work as an ER 

retention signal (Henson et al., 2010) to restrict forward secretory trafficking to 

only properly assembled GluN3A complexes (Perez-Otano et al., 2001), and a 

tyrosine-based internalization motif (YWL) that mediates activity-dependent 

endocytosis. Phosphorylation of the YWL motif by the tyrosine kinase Src 

recruits the clathrin adaptor protein 2 (AP2) (Perez-Otano et al., 2006; 

Chowdhury et al., 2013). A distinguishing feature of the GluN3A C-terminal 

domain is the lack of a PDZ domain (Matsuda et al., 2002; Eriksson et al., 

2007), that in other NMDAR subunits allows binding to PSD-95 and stabilizes 

NMDARs at postsynaptic densities within dendritic spines. 
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Figure 6. Transmembrane topology of GluN3A NMDAR subunit, sites for modulation and 

protein-protein interactions. The schematic shows the extended extracellular domain with 

two segments (S1 and S2) that form the binding site for Glycine (Gly) or D-serine; the 

transmembrane domain composed by three transmembrane helixes (M1, M3 and M4) and 

a membrane re-entrant loop (M2); sequence motifs (-CC-, -GR-, -YTANLAAV-, -YWL-, -

RXR-); and intracellular domain. Predictive glycosylation asparagine residues in 

extracellular domain (N145, 264, 275, 285, 296, 425, 439, 549, 565 and 886) to regulate 

the trafficking are indicated by open circles (○). Phosphorylation sites by protein kinases A 

and C (PKA and PKC), calcium/calmodulin-dependent kinase II (CaMKII) and tyrosine 

kinases (PTK) are present in C-terminal domain indicated by closed circles (●). Long 

GluN3A isoform (GluN3A-L) includes extra 20 amino acids in initial part of exon 9 (-

SRWRRWTCKTEGDSELSLFP-) (in red). Binding sites for intracellular proteins such as 

clathrin adaptor protein 2 (AP2), Ras homologue enriched in brain (RHEB), microtube-

associated proteins (MAP1S/MAP1B), GIT1 and protein kinase C and casein kinase 
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substrate in neurons 1 (PACSIN1/syndapin1) are indicated. Figure based on sequence 

data from (Andersson et al., 2001). 

 

2.2.2 Receptor assembly 

GluN3A can assemble with both GluN1 and GluN2 subunits in heterologous cell 

lines. However, assembly with GluN1 is required for ER exit in such a way that 

homomeric GluN3A complexes or di-heteromeric GluN2A-GluN3A are retained 

in the ER and do not reach the plasma membrane (Perez-Otano et al., 2001; 

Chatterton et al., 2002). With these rules, two types of surface-expressed 

GluN3A complexes exist: di-heteromeric GluN1-GluN3A and tri-heteromeric 

GluN1-GluN2-GluN3A (Nishi et al., 2001; Perez-Otano et al., 2001; Chatterton 

et al., 2002). Tri-heteromers containing GluN1, GluN2 and GluN3A subunits 

bind glutamate and NMDA and are thus bona-fide NMDARs (Pachernegg et al., 

2012). GluN3A has been show to assemble with GluN2C in oligodendrocytes 

and with GluN2A and GluN2B in neurons (Das et al., 1998; Al-Hallaq et al., 

2002; Nilsson et al., 2007; Burzomato et al., 2010; Martinez-Turrillas et al., 

2012). 

 

2.2.3 Biophysical properties 

The single-channel electrophysiological properties of isolated tri-heteromeric 

GluN1-GluN2A-GluN3A NMDARs have been studied (Figure 7) in patches 

excised from HEK293 cells and Xenopus laevis oocytes, (Das et al., 1998; 

Perez-Otano et al., 2001; Sasaki et al., 2002). Non-conventional tri-heteromeric 

GluN3A-NMDARs have a smaller single-channel conductance, 28 picosiemens 

(pS) main conductance, than classical GluN1-GluN2A receptors (48 pS) (Perez-

Otano et al., 2001). GluN1-GluN2-GluN3A NMDARs also display a lower 

relative Ca2+ permeability (permeability ratio: Ca2+/Na+ or K+): 0.8 compared to 

6.8 in di-heteromeric classical NMDARs (Sasaki et al., 2002). Open probability 

is also lower: 0.03 versus 0.5, respectively (Sasaki et al., 2002). The opposite 

applies to mean open time probability of the channel: 6.7 ms for GluN3A-

NMDARs versus 3.1 ms for GluN1-GluN2A di-heteromeric NMDARs (Perez-
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Otano et al., 2001). Moreover, GluN3A-NMDARs are relatively insensitive to 

Mg2+ block at hyperpolarized potentials (Sasaki et al., 2002; McClymont et al., 

2012). Because of these non-conventional NMDAR properties, GluN3A were 

proposed to fulfill a dominant-negative role on classical NMDAR functions 

(Cavara et al., 2008; Low et al., 2010; Pachernegg et al., 2012; Kehoe et al., 

2013).  

Although rare, di-heteromeric GluN3A-containing NMDARs exist in vivo. 

They are not activated by glutamate or NMDA, are insensitive to AP-5 

(competitive NMDAR antagonist at the glutamate binding site) or open-channel 

blockers such as memantine or Mg2+, and instead behave as excitatory glycine 

receptors (Chatterton et al., 2002). The existence of GluN1-GluN3A excitatory 

receptors has been controversial because glycine triggers rapid desensitizing 

responses and glycine responses could not be detected in GluN3A-

overexpressing transgenic mice (Chatterton et al., 2002; Matsuda et al., 2003; 

Awobuluyi et al., 2007; Smothers et al., 2007; Tong et al., 2008). Nevertheless, 

experiments performed in mouse optic nerve demonstrated glycine responses 

of native GluN1-GluN3A NMDARs (Piña-Crespo et al., 2010). Also, native 

GluN1/GluN3A receptors have been recently identified in juvenile mouse 

hippocampus and adult medial habenula (Grand et al., 2018; Otsu et al., 2019).  

 

Figure 7. NMDARs composition alternatives. Tri-heteromeric (GluN1-GluN2-GluN3A) 

NMDARs (middle panel) exhibit reduced Ca2+ influx and are less sensitive to voltage-

dependent block by Mg2+ compared with di-heteromeric (GluN1-GluN2) NMDARs (left 

panel). Di-heteromeric GluN3A-containing NMDARs, that are activated by glycine, exhibit 

resistance to Mg2 + blockade and are relatively Ca2+ impermeable (right panel). 
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2.2.4 GluN3A-interacting proteins 

The C-terminal tail of GluN3A interacts with a distinct set of intracellular 

proteins: 

 GIT1: Amino acids 1082 to 1115 of the distal C-terminal domain interact 

with the G-protein-coupled receptor kinase interactor 1 (GIT1) (Fiuza et 

al., 2013). Neuronal activity dissociates GIT1 from GluN3A and favours 

the generation of a multiprotein complex formed by GIT1-Rac1-βPIX 

(members of the Rho family of GTPases) which activates p21-activated 

kinase 1 (PAK1) and regulates actin dynamics in dendritic spines (Zhang 

et al., 2003). 

 Rheb: The small GTPase Ras homologue enriched in brain (Rheb) is a 

central activator of the mammalian target of rapamycin complex 1 

(mTORC1) (Sucher et al., 2011). mTORC1 signalling is involved in 

autophagy, spine remodelling and protein synthesis (Arsham et al., 

2006). 

 MAP1S/MAP1B: Both are microtubule-associated proteins that bind the 

proximal portion of the GluN3A C-terminal domain (Eriksson et al., 2007; 

Eriksson et al., 2010).  

 PP2A: Protein phosphatase 2A (PP2A) exists as a multi subunit serine-

threonine phosphatase expressed in high levels in CNS (Strack et al., 

1998). The GluN3A binding-domain to the catalytic subunit of the 

complex, similar to Rheb-binding domain, is located 37 amino acids from 

the transmembrane domain M4 at the C-terminal tail (Chan et al., 2001; 

Ma et al., 2004). This association promotes dephosphorylation of GluN1-

Ser897, attenuating NMDAR channel currents (Chan et al., 2001). 

 PACSIN1/syndapin1: also called “synaptic dynamin-associated protein 1” 

(syndapin1), is enriched in synaptic sites and interacts with dynamin and 

the actin cytoskeleton (Qualmann et al., 1999; Kessels et al., 2002; 

Kessels et al., 2004). Neuronal activity drives the interaction of the C-

terminal GluN3A domain with PACSIN1, and promotes the endocytosis 

of GluN3A-NMDARs (Perez-Otano et al., 2006). This process permits the 

replacement of immature GluN3A-NMDARs with mature NMDARs and 
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has been linked to the maturation of neural networks. Interfering with 

PACSIN1 function using dominant-negative variants or because of 

sequestration by mHTT causes a pathological increase of GluN3A-

NMDARs at the synapses (Perez-Otano et al., 2006; Marco et al., 2013) 

emphasizing the physiological importance of this interaction. 

 

2.2.5 GluN3A expression in the CNS 

2.2.5.1 Developmental time-course  

The time-course of GluN3A expression in humans is characterized by a low 

expression during gestation, which increases soon after birth, reaches its 

maximum during the first year of life followed by progressive down-regulation 

through adolescence and into adulthood (Henson et al., 2008; Henson et al., 

2010). In rodents, GluN3A expression increases progressively after birth with a 

peak around postnatal day 5-10 (P5-P10) and later declines into adulthood 

(Wong et al., 2002) (Figure 8). The expression peak overlaps with postnatal 

critical periods of synaptic refinement, which has suggested a role of GluN3A in 

modulating experience-driven neural circuit refinements (Feldman et al., 1998; 

Colonnese et al., 2006; Perez-Otano et al., 2016). The match with critical 

periods seems remarkable, as indicated by a delay in the decline of GluN3A 

expression in visual cortex where synaptic refinement takes place later (Figure 

8) (Majewska et al., 2003). 

 

Figure 8. GluN3A protein expression during 

rodent brain development. Graph show GluN3A 

peak of expression during the critical circuit 

refinement period (orange shaded area) in 

different brain areas in the first postnatal days 

(P5-P10) of development. After that, sharp 

decrease expression occurs into adulthood. 

Modified from Perez-Otano et al., 2016. 



Introduction 

43 
 

2.2.5.2 GluN3A subcellular localization 

A distinguishing feature of conventional NMDARs is their high concentration in 

postsynaptic densities within dendritic spines, the place where most excitatory 

synapses are formed. However, immunogold EM and immunofluorescence 

analysis have revealed a special subcellular location of GluN3A (Figure 9A). In 

postsynaptic plasma membranes, GluN3A-NMDARs are particularly abundant 

in perisynaptic (within 120 nm of the postsynaptic density (PSD) edge) and 

extrasynaptic domains (>120 nm away from PSD) (Perez-Otano et al., 2006), 

with only a small percentage of GluN3A-positive gold particles located at the 

PSD. Within PSDs, GluN3A concentrates in the edge, just the opposite to what 

is found in classical NMDARs (Figure 9B-C) (Racca et al., 2000; Perez-Otano et 

al., 2006). This conclusion is supported by the analysis of NMDAR components 

using fractionation of synaptic plasma membranes, where GluN3A distribution 

differs from conventional subunits, which are abundant in the highly detergent-

insoluble fractions, whereas GluN3A appears mostly in TX100-soluble fraction 

(detergent soluble fraction) (Perez-Otano et al., 2006; Martinez-Turrillas et al., 

2012). This “delocalization” relative to conventional NMDARs is probably due to 

the lack in GluN3A of a PDZ domain that links other NMDAR subunits to the 

PSD. GluN3A also appears in intracellular vesicles, particularly in adult 

neurons, likely reflecting high rates of endocytosis in spines (Figure 9B) (Perez-

Otano et al., 2006). Interestingly, beyond the general down-regulation of 

GluN3A expression, its concentration in dendritic spines also declines: it is 

higher at P8 and decreases from P16 into adulthood (Perez-Otano et al., 2004; 

Henson et al., 2012).  

GluN3A-NMDARs are not only found in the postsynaptic spines but 

presynaptically, being located in specific axon terminals (Figure 9B) (Larsen et 

al., 2011; Savtchouk et al., 2019). Non-conventional presynaptic NMDARs (pre-

GluN3A-NMDARs) have been found near astrocyte membranes (Savtchouk et 

al., 2019). Down-regulation of pre-GluN3A-NMDARs is evident after the peak of 

expression at P8, showing the same pattern as the rest of GluN3A-NMDARs 

(Larsen et al., 2011; Savtchouk et al., 2019). 
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Figure 9. Location of GluN3A-containing NMDARs at the synapse. (A) Diagram showing 

differential membrane distribution of GluN3A-containing, mostly in perisynaptic, 

extrasynaptic and vesicle regions, and GluN3A-lacking NMDARs (mostly anchored to the 

PSD via interaction with C-terminal PDZ-domain). Diagram also illustrates presence of 

GluN3A NMDARs in presynaptic membranes and endocytosis pathway of non-conventional 

NMDARs by PACSIN1 protein. (B) EM micrographs showing immunoparticles indicating 

the presence of GluN3A-containing NMDARs in perisynaptic, extrasynaptic areas and in 

vesicles in adult rat CA1 hippocampal dendritic spines. In adult mice GluN3A also appears 

in axonal presynaptic membranes in medial prefrontal path input to dentate granule cells. 

Scale bar: 200 nm. (C) Tangential distribution of inmunoparticles for GluN3A and GluN1 

subunits along the PSD of CA1 hippocampal synapses where GluN3A-containing NMDARs 

are abundant in the periphery of the PSD. In contrast, immunoparticles for GluN1 appear 

mostly at the centre of the PSD. Part B is adapted from Perez-Otano et al., 2006 and 

Savtchouk et al., 2019; Part C is adapted from Perez-Otano et al., 2006. 

 

 

 



Introduction 

45 
 

2.2.5.3 Areas and cell types with GluN3A expression.  

In humans, GluN3A expression appears from embryonic stages in the marginal 

and ventricular zones, spinal cord and also in some cortical regions, where 

transient GluN3A levels can be detected during the second trimester of 

gestation (Eriksson et al., 2002; Mueller et al., 2003; Eriksson et al., 2007; 

Nilsson et al., 2007). Adult GluN3A levels are retained in regions or specific 

neuronal populations of cerebral cortex, subcortical forebrain, caudate-

putamen, midbrain and hindbrain (Nilsson et al., 2007; Marco et al., 2013). 

Analysis of GluN3A murine expression across the CNS has focused on 

postnatal ages, but initial studies found mRNA levels at embryonic stages in 

specific areas such as hippocampus, spinal cord, pons, thalamus, cortical 

neuroepithelium and medulla (Ciabarra et al., 1995). In the first and second 

postnatal weeks, GluN3A appears in cortex, thalamus, hippocampus, olfactory 

bulb, piriform cortex, cerebellum, entorhinal cortex, striatum, amygdala, retina 

and medial habenula (Ciabarra et al., 1995; Sucher et al., 1995; Sun et al., 

1998; Al-Hallaq et al., 2002; Wong et al., 2002; Zhang et al., 2002; Sucher et al, 

2003; Marco et al.,2013; Otsu et al., 2019). Although GluN3A expression is well 

characterized in glutamatergic neurons in cortex or CA1, it has also been 

detected in retinal ganglion cells, in trigeminal neurons and Sst GABAergic 

interneurons in visual cortex (Zhang et al., 2002; Sucher et al, 2003; Ishihama 

et al., 2006; Pfeffer et al., 2013). Expression has also been reported in human 

astrocytes and oligodendrocytes (Lee et al., 2010; Jantzie et al., 2015). GluN3A 

appears in high levels in oligodendrocyte precursors relative to other stages of 

their maturation (Salter et al., 2005; Burzomato et al., 2010; Zhan et al., 2014).  

However, the available information continues to be sparse and a detailed 

analysis has been lacking. 

 

2.2.6 GluN3A-NMDARs gate synapse and circuit maturation 

Synapse networks build information bridges between neurons. Synapse 

formation occurs early in development (mostly in utero) and generates neuronal 

networks highly interconnected by weak, labile synapses. Circuits are later 
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refined by neuronal activity and sensory experience to yield circuits that 

respond to the individual environment. The refinement occurs through selective 

stabilization and elimination of synapses and associated dendritic spines. This 

process takes place throughout life but is particularly intense during critical 

periods of postnatal development (Rakic et al., 1986; Holtmaat et al., 2005; Zuo 

et al., 2005). Conventional NMDARs have been implicated in controlling the 

balance between spine loss or maintenance, which has been proposed to 

depend on GluN2B-GluN2A ratios (Barria et al., 2002; Perez-Otano et al., 2004; 

Gambrill et al., 2011). 

Newer studies point towards a more prominent role of GluN3A-NMDARs 

in synaptic refinements through negatively modulating synaptic maturation and 

stabilization (Figure 10). Spine density analysis in young GluN3A-knockout 

(GluN3A KO) mice revealed a two-threefold increase in the number of synapses 

(Das et al., 1998). Enhanced spine densities were associated with an earlier 

onset of long term potentiation (LTP) and accelerated emergence of GluN2A-

NMDARs and AMPA receptors, both considered markers of synaptic maturation 

(Henson et al., 2012). In contrast, prolonging expression of GluN3A beyond its 

physiological expression window reduces synaptic NMDAR currents, LTP (Tong 

et al., 2008; Kehoe et al., 2014) and spine densities in hippocampal CA1 

pyramidal neurons (Roberts et al., 2009). EM studies found GluN3A to be 

restricted to small and immature synapses, but absent from large ones (PSD 

length larger than 250 nm) (Roberts et al., 2009). Consistent with these 

findings, an analysis of spine turnover demonstrated that the bidirectional 

changes in spine density reflect the ability of GluN3A to decrease spine stability 

and promote pruning (Kehoe et al., 2014). Much milder increases in spine 

density were found in cortical neurons of adult GluN3A KO mice compared to 

the big changes seen in juvenile stages, which demonstrates a direct 

involvement of GluN3A during development (Das et al., 1998; Marco et al., 

2013). 

The behavioural consequences of GluN3A level modification are less 

understood. GluN3A KO mice show increased prepulse inhibition, but 

phenotype normalizes later on (Brody et al., 2005). Enhanced spatial memory 

and object recognition have also been reported, but is not clear whether is due 
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to lack of GluN3A in juvenile or adult stages (Mohamad et al., 2013). In mice in 

which GluN3A expression is prolonged, long-term memory storage is disrupted, 

but not memory acquisition, likely reflecting impaired structural plasticity 

(Roberts et al., 2009). 

 

Figure 10. GluN3A-containing NMDARs in synapse plasticity and maturation. (A) Graphs 

show GluN3A expression time course in WT (red line), KO (Grin3a-/-) and transgenic mice 

in which GluN3A expression is prolonged (Tg GluN3A) (blue lines). The effects of loss (left 

panels) and gain (right panels) of GluN3A function were analysed at postnatal days (P6-P8) 

and P25 (when endogenous GluN3A protein level is highest or largely down-regulated, 

respectively). GluN3A expression was prolonged using the calcium/calmodulin-dependent 

protein kinase type 2α (Camk2α) promoter. (B) Schematic drawing show dendritic 

segments from cortical neurons of GluN3A KO mice (left panel) which had increased 

density of spines with large spine heads, indicative of a mature morphology. Conversely, 

dendritic spine size and density were reduced in transgenic mice with GluN3A prolonged 

expression (TgGluN3A) (right panel). (C) Grin3a-/- CA1 neurons present an increased LTP 

evoked by high-frequency stimulation (HFS) of Schaffer collaterals (100Hz for 1 second) 

(left panel). Prolonging GluN3A expression reduced the magnitude of CA1 LTP measured 

at P25 (right panel). fEPSP, field excitatory postsynaptic potential. Modified from Perez-

Otano et al., 2016. 
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2.2.7 GluN3A in diseases 

Several disorders are characterised by a loss of dendritic spines, and GluN3A 

implication has been suggested. To date, increased GluN3A levels have been 

causally linked to loss of synaptic connections in HD (Marco et al., 2013). 

GluN3A-NMDAR levels are also increased in areas of the brain related to 

alcoholism or substance addiction, where they might be involved in formation of 

robust memories underlying relapse (Yuan et al., 2013; Jin et al., 2014; Yang et 

al., 2015; Huang et al. 2017; Chen et al., 2018; Chen et al., 2020). Increased 

GluN3A levels have also been found in prefrontal areas in schizophrenic 

patients where elevated spine pruning can be observed (Glantz et al., 2000; 

Mueller et al., 2004). Interestingly, increased levels of GluN3A expression 

turned out to be neuroprotective in ischemic stroke, mitochondrial damage or 

striatal lesion with the neurotoxin 3-nitropionic acid (Nakanishi et al., 2009; 

Henson et al., 2010; Martinez-Turrillas et al., 2012). 

 

2.2.7.1 GluN3A in HD 

As previously mentioned, HD is characterised by spine loss in MSNs and this 

alteration occurs from very early stages. Work from our lab demonstrated that 

GluN3A levels are abnormally elevated in striatum samples of HD patients and 

of HD animal models including R6/1, YAC128 and knock-in mice models (Marco 

et al., 2013). The accumulation of GluN3A-NMDARs was observed in synaptic 

plasma membranes without alterations at the mRNA levels, pointing towards a 

defect in trafficking. At a mechanistic level, the trafficking defect was identified 

as defective endocytosis due to sequestration of the dedicated GluN3A 

endocytic adaptor PACSIN1 by mHTT (Perez-Otano et al., 2006; Marco et al., 

2013).  



Introduction 

49 
 

 

Figure 11. GluN3A-containing NMDARs location in HD dendritic spines. (A) Diagram shows 

enhanced membrane levels of GluN3A-containing NMDARs in HD synapses compared to 

WT synapses (Figure 9). (B) Representative images of MSNs neurons transfected with 

HTT-exon1-46Q-GFP and stained for endogenous PACSIN1 demonstrate sequestration of 

PACSIN1 into mHTT aggregates. Arrows point to the localization of PACSIN1 kidnapped 

by HTT-exon1-46Q in cytoplasmic aggregates. Scale bar: 5 µm. Modified from Marco et al., 

2013. 

Importantly, dendritic spine loss in MSNs was prevented by genetic deletion of 

GluN3A. The prevention of loss in spine numbers was associated with major 

improvement in striatum-dependent motor symptoms. For instance, in rotarod 

and vertical pole tasks, YAC128 mice showed an evident motor impairment that 

was rescued by genetic GluN3A deletion (Marco et al., 2013). In the swimming 

T-maze, that test procedural learning and memory, YAC128 mice show learning 

defects in comparison with YAC128xGrin3a-/- mice, that performed as well as 

WT mice. All these data provide causal demonstration of aberrant GluN3A 

expression in synaptic and motor HD alterations (Figure 12).  

 

3. Gene silencing 

3.1. RNA interference (RNAi) 

Several processes can modify gene expression in cells. Post-transcriptional 

RNA silencing, mediated by small non-coding RNAs of 20–35 nucleotides that 

can trigger the silencing of complementary RNA sequences, is an important and 
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Figure 12. Genetic deletion of GluN3A in YAC128 prevents dendritic spine density loss and 

ameliorates motor dysfunction.  (A) Dendritic segments from Golgi-impregnated MSNs of 3-

month-old WT, YAC128 and YAC128 × Grin3a−/− mice. Scale bar: 3 μm. (B) Quantification 

of spine densities in MSNs from mice of the indicated ages and genotypes. (C) Fall latency 

from an accelerating rotarod for 10- to 12-month-old mice of the indicated genotypes. 

Modified from Marco et al., 2013. 

 

evolutionarily conserved form of gene regulation in eukaryotes (Ecker et al., 

1986; Napoli et al., 1990; Fire et al., 1998). Primary microRNAs (pri-miRNAs) 

are RNA transcripts encoded by the genome of the cell (Borchert et al., 2006). 

They contain self-complementary as well as non-complementary segments 

which generate the characteristic hairpin shape with some internal mismatches 

along the duplex. They are later processed in the nucleus by the Drosha-

DGCR8 complex into miRNAs precursors (pre-miRNA), and exported to the 

cytosol by exportin-5 (Lee et al., 2003; Yi et al., 2003; Gregory et al., 2004; Han 

et al., 2004). Mature miRNAs are generated by the catalytic action of a 

ribonuclease complex containing Dicer (Provost et al., 2002). Then, the 

resulting 19-25 nucleotides-long miRNA duplexes, that shows an imperfect 

stem-loop secondary structure, associate with the RNA-induced silencing 

complex (RISC) (Khvorova et al., 2003), where the antisense “guide” single 

strand (ssRNA) recognise the target transcript (Schwarz et al., 2003), while the 

sense strand is degraded. Inhibition of mRNA expression can occur in two 

ways. If the complementarity between miRNA and mRNA is perfect or near 
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perfect, the process culminates with the transcript cleavage, whereas imperfect 

base pairing causes translational repression and mRNA destabilization (Lewis 

et al., 2005; Guo et al., 2010). 

 

3.1.1 Short hairpin RNA (shRNA) 

shRNA is a widely used tool that takes advantage of the cellular machinery in 

order to knock down the expression of genes of interest. shRNA technology 

was developed to mimic pre-miRNAs, and its function (Zeng et al., 2002; Chung 

et al., 2006). shRNAs are ssRNA molecules containing the antisense guide bp 

sequences (complementary to the target mRNA) and a sense sequence 

connected by a loop of unpaired nucleotides. shRNAs are encoded by 

exogenous plasmid or viral DNA and synthetised by the host cell under the 

control of polymerase III (Pol III) promoters U6 or H1 (Paul et al., 2002; Sui et 

al., 2002). shRNAs can be processed by Dicer, giving rise to small interfering 

RNAs (siRNA) that tap into the cellular mechanisms described above (Borel et 

al., 2014; Bofill-De Ros et al., 2016). The greater use of shRNA regarding its 

homolog in function, siRNA, is because physicochemical properties of siRNAs 

such as size, negative charges, and large molecule weight make it unstable 

(Wang et al., 2010). Furthermore, the siRNAs can induce type I interferon 

responses (Kim et al., 2007; Tseng et al., 2009).  

A main limitation of therapies using RNAi is to achieve efficient delivery 

to target cells. To facilitate the delivery of RNAi, different methods have been 

developed such as non-viral particles and viral vectors (Davidson and McCary 

2011). shRNA can be linked to aptamers and cholesterol particles or introduced 

into nanoparticles, but this approaches would require of successive 

administrations, and they broad cell-type delivery, so they are not the ideal 

method to direct gene silencing to specific cell populations (Soutschek et al., 

2004; Kumar et al., 2007; Dassie et al., 2009). Different types of viruses have 

been used for the delivery of shRNA, but among them, lentivirus and adeno-

associated virus (AAV) stand out among all because their low immunogenicity 

(Mingozzi and High 2013; Annoni et al., 2018). But, lentivirus generally integrate 

their genomes into transcriptionally active chromatin of the host cell and this 
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could inactivate a tumour suppressor gene or activate an oncogene (Lombardo 

et al., 2007). To overcome mutagenesis, AAVs are one of the most promising 

approaches for the delivery of shRNA. 

 

3.2. AAVs 

AAVs have many advantages over other systems for gene transfer in clinical 

applications (Lentz et al., 2012). AAV belongs to the Parvoviridae family and 

require co-infection by a helper virus (adenovirus or herpesvirus) for efficient 

replication. Its single-stranded DNA (ssDNA) genome is 4.7 Kb-long and is 

encapsulated in a small (20-25nm) icosahedral capsid (Hoggan 1970; Berns 

1990; Berns et al., 1996). The AAV genome consists of two genes flanked by 

inverted terminal repeats (ITRs) (Hermonat et al., 1984). Cap gene encodes the 

viral capsid proteins VP1, VP2 and VP3, which facilitate virion binding to cell 

surface receptors (Tratschin et al., 1984; Ruffing et al., 1992; Ni et al., 1994; 

Young et al., 2000). The other gene, Rep, encodes four regulatory proteins 

(Rep78, Rep68, Rep52 and Rep40) involved in replication and packaging of the 

genome (Chejanovsky and Carter, 1989; Weitzman et al., 1994). There are 12 

serotypes (AAV1-12), differentiated by capsid protein motifs that bind specific 

cell surface receptors for cell attachment, and more than one hundred variants 

of AAVs (Ikezu, 2015). AAVs recognize a variety of proteinaceous receptors 

and glycan attachment factors to be internalized by caveolar endocytosis, 

micropinocytosis, via clathrin-mediated endocytosis or by the clathrin-

independent carriers (Bartlett et al., 2000; Sanlioglu et al., 2000; Pillay et 

al.,2017). Endosomal vesicle pathways converge in the Golgi apparatus 

(Bantel-Schaal et al., 2002; Nonnenmacher et al., 2012; Nonnenmacher et al., 

2019). During the internalization process, virus can escape from the membrane 

complex with the intact capsid and travel to the nucleus by host factors (Bartlett 

et al., 2000; Johnson et al.., 2009; Popa et al., 2015). Viral ssDNA stays as a 

genetic unit of replication in the host cell that exist extra-chromosomally called 

episome (Chen et al., 2001; Nakai et al., 2001). 

  



Introduction 

53 
 

3.2.1. Recombinant AAVs (rAAVs) 

rAAVs were generated by genetic manipulation of AAVs to allow delivery of a 

specific gene or genetic cassette into cells. The transgene cassette is 

incorporated to the ssDNA between the ITRs replacing rep and cap genes (see 

Materials and methods) (Surace et al., 2007). Different serotypes can infect 

different cell types; one example is rAAV9 that can infect cells from liver, heart, 

muscle, brain and skeletal muscle, while rAAV5 mostly infect liver cells 

(Zincarelli et al., 2008; Rajapaksha et al., 2019). The use of rAAV in vivo 

provides several advantages:  

 Reduced toxicity, as AAVs induce a mild immune response (Hutson et 

al., 2012). 

 Low probability of mutagenesis, as genetic material stays as an episome 

(Berns 1990). 

 Wide range of cell type infectivity (Zincarelli et al., 2008) 

In contrast, the major caveat of rAAV is its small packaging capacity, between 

4.1 and 4.9 kb, which allows a maximum of 5.2 kb of genetic material, including 

the ITRs (Dong et al., 1996; Hermonat et al., 1997; Wu et al., 2010). Gene 

silencing can be induced in a specific cell type by selecting an AAV serotype 

that mainly infects that cell population.  

 

3.3 shRNA-AAVs as a therapeutic tool 

RNAi has become a powerful tool to investigate and treat a variety of diseases 

(e.g., viral infections, cancer, dominant genetic disorders) (Davidson et al., 

2011), and specifically shRNAs have been widely used in preclinical studies of 

different pathologies in disease animal models (Borel et al., 2014). For instance, 

shRNA-based approaches have been shown to efficiently knock-down ataxin-1 

and Htt gene expression in neurodegenerative spinocerebellar ataxia type 1 

and HD mouse models respectively, with aid of rAAV vector delivery into the 

mouse brain (Boudreau et al., 2011; Keiser et al., 2016), leading to a reduction 

of symptoms caused the specific mutation.   
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According to the U.S. clinical trials database, of the 66 RNAi-based 

finished or ongoing clinical trials, 20 of them used shRNAs (clinicaltrials.gov). 

rAAV delivery is the gene transfer method of choice in at least 231 ongoing 

clinical trials. Of all these clinical trials, 43 use rAAVs as a delivery system 

targeting brain areas by neurosurgery in neurodegenerative disorders such as 

dementia, Parkinson, Alzheimer and Huntington diseases. In the latter, different 

doses of rAAV5 (6x1012-6x1013 vg/subject) carrying a miRNA against HTT are 

administered in adults with early manifest Huntington disease by stereotaxic 

intrastriatal infusion. This clinical trial aims to explore safety, tolerability and 

efficacy of the treatment. Although the estimated date of completion of this 

study is the year 2026, previous studies carried out in transgenic mouse and 

minipig models indicated an improvement in the motor symptoms observed in 

those animals as a result of the reduction in the amount of the mHTT (Evers et 

al., 2018; Spronck et al., 2019). Taking this information together, the use of 

rAAVs as vectors to deliver shRNAs to inhibit genetic expression provides a 

promising tool for the development of medical treatments for a wide range of 

diseases, especially those caused by overexpression of a known gene.  
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First chapter. “RNAi-Based GluN3A Silencing Prevents and Reverses Disease 

Phenotypes Induced by Mutant huntingtin” 

Building upon previous work from the laboratory that demonstrated a causal 

relationship between aberrant expression of GluN3A subunits and HD, our goal 

was to validate the therapeutic benefit of suppressing/antagonizing GluN3A 

function. To do this we designed a rAAV-based gene therapy strategy to silence 

GluN3A by RNAi in vulnerable populations, and evaluated its efficacy in a 

mouse model of HD.  The work was structured in 3 specific objectives: 

1) To set-up and validate a GluN3A silencing strategy based on intrastriatal 

rAAV injection to deliver shGluN3A to MSNs. 

2) To define a therapeutic window of opportunity over which synapse loss can 

be reversed. 

3) To evaluate the effects of GluN3A silencing on HD-like motor symptoms 

characteristic of YAC128 mice. 

 

Second chapter. “Temporal Dynamics and Neuronal Specificity of Grin3a 

Expression in the Mouse Forebrain” 

GluN3A is typically expressed during postnatal development with much lower 

levels observed in adult brains. This suggested that strategies based on 

GluN3A silencing would lack the major side-effects of previously failed therapies 

targeting other NMDAR subtypes. However, information on specific patterns of 

GluN3A expression during development and especially in adulthood was 

sparse. In this context, the goal of this part of the thesis was to define in detail 

the temporal patterns of GluN3A expression in developing and adult mouse 

brains and to identify the cellular types that express GluN3A. Currently available 

antibodies do not work well in immunohistochemistry and show non-specific 

signal in adult brains, and thus we used a ISH approach. Our specific aims 

were: 
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1) To characterise the extent of Grin3a mRNA down-regulation into adulthood. 

2) To generate a detailed regional map of Grin3a expression in young and adult 

brains. 

3) To analyse temporal patterns of Grin3a expression and down-regulation 

during postnatal periods and provide a roadmap to investigate GluN3A 

functions in experience-dependent refinements. 

4) To study Grin3a expression across different cell populations. 

 

 

  



 

 

«Un hombre que se atreve a perder una hora 

no ha descubierto el valor de la vida» 

- Charles Darwin - 
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1. AAV-shGluN3A vector  

To study the effect of GluN3A silencing in the striatum in HD mouse models we 

used a shRNA that targets rat and mouse GluN3A (shGluN3A, Table 2, target 

sequence in bold). 

The efficiency and specificity of silencing had been previously tested in 

primary cortical neurons using a lentivirus construct expressing the shGluN3A 

(Yuan et al. 2013). Endogenous GluN3A protein expression was largely 

reduced in a dose-dependent manner without affecting postsynaptic proteins or 

other NMDAR subunits (Figure 13).  

  

Figure 13. ShGluN3A 

characterization. Effect on GluN3A 

protein expression levels in cultures 

cortical neurons by the transduction 

of shGluN3A, showing the specific 

down-regulation of GluN3A 

expression without effects on other 

proteins analysed. Adapted from 

Yuan et al., 2003. 

 

 

Two shRNA promoters are generally used, U6 and H1. Although U6 

promoter is more efficient (Mäkinen et al., 2006) it also presents more 

cytotoxicity due to sequestration of endogenous silencing machinery and the 

appearance of off-target effects (An et al., 2006; Sun et al., 2013). Because of 

the U6 cytotoxicity, the H1 promoter was selected at the time of designing the 

AAV vector. shGluN3A, under the H1 promoter, was subcloned into a pAAV 

vector that contained EGFP (as a reporter gene) under the cytomegalovirus 

(CMV) promoter to enable visualization of infected cells (Figure 14). Virus 
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production was done by Vector Biolabs. A control shRNA was also purchased 

from Vector Biolabs and used as a control (Table 2). 

 

 

Figure 14. Schematic drawing of the generated 

rAAV plasmid carrying shGluN3A. 

 

 

 

2. rAAV production  

The production of the rAAVs used was made by transfection of three different 

plasmids into HEK293T cells (Figure 15): 

1. H1-shGluN3A-CMV-EGFP sequence flanked by AAV2 ITRs. 

2. Plasmid encoding rep and cap genes. 

3. Plasmid that provides the genes isolated from helper adenovirus. 

 

 

Figure 15. Schematic showing transfection of HEK293T cells with the 3 necessary plasmids 

to generate encapsidated rAAV. After cell lysis, rAAV are isolated by density gradient or 
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column purification (Penaud-Budloo et al., 2018) and stored at -80ºC in phosphate buffered 

saline (PBS, pH 7.4) containing 5% glycerol. 

The cap gene determines the serotype of the rAAV, so its variation 

allows us to obtain different rAAV serotypes. For our experiments 3 different 

rAAV serotypes (rAAV8, rAAV9 and rAAV10) were produced by the Vector Core 

Facility of the Universitat Autònoma de Barcelona for comparison of infection 

rates and neuronal selectivity. Once the best serotype (rAAV9) for our study 

was selected, the rAAV9-shGluN3A and shControl was produced by Vector 

Biolabs (Table 2), as mentioned. 

 

Table 2. rAAV constructs used for cell infection. 

Name Capsid 
Serotype Company Insert Physical Titer 

(gc/ml) 

rAAV8-
CMV-GFP rAAV8 

Vector Core Facility 
of The Universitat 

Autònoma de 
Barcelona (Spain) 

CMV-EGFP 2.35x1012 

rAAV9-
CMV-GFP rAAV9 

Vector Core Facility 
of The Universitat 

Autònoma de 
Barcelona (Spain) 

CMV-EGFP 2.50x1012 

rAAV10-
CMV-GFP rAAV10 

Vector Core Facility 
of The Universitat 

Autònoma de 
Barcelona (Spain) 

CMV-EGFP 2.50x1012 

rAAV9-
shGluN3A rAAV9 Vector Biolabs 

(Malvern, PA, USA) 

CMV-EGFP-H1-
shGluN3A 

(GATCCCCCTA
CAGCTGAGTTT
AGAAATTCAAG
AGATTTCTAAA
CTCAGCTGTAG

TTTTTA) 

4.4x1013 

rAAV9-
shControl rAAV9 Vector Biolabs 

(Malvern, PA, USA) 

CMV-EGFP-H1-
shControl 

(CAACAAGATG
AAAGCACCAAC
TCGAGTTGGTG
CTCTTCATCTT
GTTGTTTTTT) 

3.2x1013 
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3. Stereotaxic injections 

Mice were anesthetized with an intraperitoneal injection of ketamine/xylazine 

(80/10 mg/kg) and placed in a World Precision Instruments stereotaxic frame. 

The scalp was shaved and a longitudinal incision was made to expose the skull 

surface. Two burr holes were drilled above the infusion sites with a hand drill 

(Figure 16). A 2 µl virus suspension was stereotaxically injected with a 5 mL 

Hamilton syringe into one or both striata of anesthetized mice according to the 

Paxinos and Franklin mouse brain atlas (Paxinos et al., 2001). The infusion rate 

was 200 nL per minute with a World Precision Instruments single-syringe 

infusion pump (SP100iZ), and the needle remained in place for 5 minutes after 

infusion for vector absorption before removal of the syringe. Finally, the site was 

stitched closed. 

 

Figure 16. Schematic of mice 

placed into a stereotaxic 

frame with the skull surface 

exposed and two burr holes in 

the bone. 

 

 

4. Spine measurement by Golgi impregnation 

Mice were sacrificed, their brains extracted form the skull, and fresh brain 

hemispheres were incubated in Golgi-Cox solution (1% potassium dichromate; 

1% mercury chloride; 0.8% potassium chromate) for three weeks in the dark. 

Then, tissue was washed with water several times and a final wash was made 

with 90% ethanol for 30 minutes to avoid “needle-like” precipitates. In a 

vibratome, the hemispheres were cut into 200 µm-thick slices in 70% ethanol 

solution and stored no longer than 24 hours in the same solution. A reduction 

step with 16% ammonia solution for 1 hour was used to produce metallic 

mercury and the slices were fixed by incubation with 1% sodium thiosulfate 

solution. Slices were mounted in Superfrost slides and dehydrated through 
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successive immersions in increasing concentrations of alcohols. Coverslips 

were mounted using DPX medium.  

 The slides were randomly coded, and the experimenter was blind to 

genotype and virus injection during image acquisition and analysis. Bright-field 

images of Golgi-impregnated MSNs were captured with a Nikon DXM 1200F 

digital camera attached to a Nikon Eclipse E600 light microscope using 100x oil 

objective. Only fully impregnated MSNs with their soma and at least four orders 

of dendrites entirely within the thickness of the section were included in the 

analysis. Image z-stacks were taken every 0.75 µm and analysed with Fiji 

software. A total of 2.536 dendritic segments (25–124 µm long; average, 50.67 

µm) were traced through different layers of the stack and spines counted 

manually. Spine density per neuron was calculated in as many tertiary dendrites 

of length >25 mm as could be unequivocally identified (range, 7–15 dendrites). 

 

5. Western blot 

5.1 Protein sample preparation 

Mice were sacrificed and both striata were dissected.  Striata were weighed (w) 

and homogenized into 10 volumes (w/v) of cooled homogenization buffer (0.32 

M sucrose; 10 mM HEPES pH 7.4; 2 mM EDTA) supplemented with protease 

inhibitors (Roche). All the procedures were done at 4ºC. Homogenation was 

carried out using 10-12 strokes of a motor-driven glass-teflon homogenizer 

(Heidolph RZR-1, position 3, 600-800 rpm). Samples were then centrifuged at 

1000xg for 15 minutes to remove the pelleted nuclear fraction. Supernatants 

were sonicated (20 pulses) with a tip-sonicator (Branson Sonifier 250; duty 

cycle 20, output 3), and centrifuged at 16200xg for 20 minutes. Samples were 

stored at -80ºC. 

 

5.2 SDS-PAGE electrophoresis 

Protein concentrations were measured using the BCA protein assay (Pierce). 

Twenty to fifty micrograms of total protein were resolved using sodium dodecyl 
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sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). Gels were cast 

manually using Mini-Protean set (Bio-Rad). The resolving gel 

(Acrylamide/bisacrylamide from 5 to 10 %, 10% SDS; 1.5 M Tris-HCl pH 8.8; 

10% ammonium persulfate; 0.05% TEMED) was added smoothly between two 

glass plates spaced 1.5 mm. A 10-well comb was placed into the stacking gel 

(Acrylamide/bisacrylamide from 4%; 10% SDS; 0.5 M Tris-HCl pH 6.8; 10% 

ammonium persulfate; 0.05% TEMED) just after being poured over resolving 

gel before it polymerized. After gel had polymerized glass plates containing the 

gel were placed into de electrophoresis module assembly and filled with 

electrophoresis buffer (20 mM Tris–HCl; 1% SDS; 190 mM glycine). Samples 

were dissolved in 4x Laemmli sample buffer (125 mM Tris-HCl; 4% SDS; 20% 

β-mercaptoethanol; 20% glycerol; 0.004% bromophenol blue), heated at 95ºC 

for 5 minutes and loaded into the wells along with a molecular weight marker 

(BlueStar Prestained Protein marker plus, Nippon Genetics # MWP04). 

Electrophoresis was carried out at 80V until the samples entered the resolving 

gel and then at 100V for 1-2 hours. 

 

5.3 Protein transfer to PVDF membranes 

After electrophoresis, gels were equilibrated in transfer buffer (10 mM glycine; 

10 mM Tris-HCl; 5% methanol). Simultaneously, polyvinylidene difluoride 

(PVDF) membranes were activated with methanol for 5 minutes. Transfer 

sandwich was prepared within a gel holder cassette with fibre pads, Whatman 

filter papers, the gel and the PVDF membrane. The cassette placed into the 

electrode module with the gel facing the cathode end and filled with transfer 

buffer. Transference was carried out at constant 300 mA for 2 hours at 4ºC. 

Once the proteins were transferred to the membrane this was briefly rinsed in 

water and stained in Ponceau S solution. 

 

5.4 Immunodetection 

Membranes were blocked with 5% skimmed milk in Tris-buffer saline pH 7.6 (50 

mM Tris-Cl; 150 mM NaCl; 0.05% Tween-20) (TBS-T) at room temperature 
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(RT) for 1 hour and then incubated overnight at 4ºC in primary antibody solution 

(1% skimmed milk in TBS-T) with the appropriate primary antibody (Table 3). 

The following day, the blot was rinsed and incubated with the appropriate 

horseradish peroxidase-conjugated secondary antibody (1:10000, GE 

Healthcare) in blocking solution for 1 hour at RT. Blots were developed using 

enhanced chemiluminescence (ECL) plus substrate (Pierce) and exposed to a 

film (GE Healthcare). Films were scanned with GS-800 imaging densitometer 

(Bio-rad) and individual bands were quantified after background subtraction 

using ImageQuant studio 5.2 (Molecular dynamics) software. 

Table 3. Primary antibodies used for immunodetection in WB. 

Antibody Provider Catalog number Host Dilution 
GluN1 Millipore MAB363 Mouse 1:2000 

GluN3A Jim.S. Trimmer 
(US Davis) K35/40 Rabbit 1:100 

DARPP-32 BD Biosciences 611520 Mouse 1:500 
 

6. In situ hybridization 

6.1 Grin3a mRNA cloning  

6.1.1 Riboprobe design and synthesis 

We chose to study Grin3a expression by in situ hybridization (ISH) given the 

lack of good, specific antibodies antibodies. First, different riboprobes against 

the Grin3a mRNA were generated and tested. One of them was selected based 

on its sensitivity, specificity and because the sense sequence gave no signal 

(Figure 17).  The Grin3a riboprobe is complementary to nucleotides 2853 to 

3392 of mouse Grin3a mRNA (spanning 495 bp of the C-terminal domain, 

Accession number NM_001033351.2).  

 Templates for synthesizing the Grin3a riboprobe were obtained by PCR 

from cDNA libraries of C57BL/6 hippocampus using the following primers: (5’-3’) 

Forward primer: GAACACATAGTGTACAGACTGC 

Reverse primer: CTAGGATTCACAAGTCCGGTT 
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Figure 17. Grin3a riboprobe characterization. Representative ISH coronal sections images 

at P9 using antisense (left) and sense (right) riboprobe. Images show sensitivity and 

specificity. Scale bar: 500 µm. 

Plasmids for riboprobes against Gad1 mRNA (bp 934-1786 of the Gad1 cDNA, 

Accession number NM_008077) were a gift from Dr. Jordi Guimer. 

 

6.1.2 Insert and vector digestion, and ligation. 

To generate complementary overhanging ends, 2µg of insert and pBlueScript 

SK plasmid were digested with XhoI and EcoRI restriction enzymes in 

appropriate buffer conditions for 2 hours at 37ºC. Linearized DNA and insert 

were run in a 0.8% agarose gel and the corresponding band of each were cut 

out. To remove agarose and obtain pure DNA, QIAquick gel extraction kit 

(Qiagen) was used.  

For the ligation reaction, 70 ng of linearized vector DNA were mixed in a 1:3 

molar ratio with the insert and 1µl of T4 DNA ligase in ligase buffer (New 

England Biolabs). The mix was incubated overnight at 16ºC, and the ligase was 

inactivated by incubation at 70ºC for 10 minutes.  

 

6.1.3 Bacterial transformation 

Subcloning efficiency Escherichia coli (DH5α) cells (50µl) (Invitrogen) were 

transformed with 5 ng of ligation mixtures in Super Optimal broth with catabolite 

repression (SOC medium; 10 mM MgCl2; 20 mM Glucose) by incubation for 30 

minutes in ice, followed by a 20-second heat shock (42ºC) and 1-hour 
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incubation with SOC medium at 37ºC under shaking (225 rpm). Twenty-five µl 

of the mix were seeded in LB-agar culture plate with 50 µg/ml of ampicillin. 

 

6.1.4 Plasmid amplification 

Multiple bacterial colonies were picked and grown in LB medium with selection 

antibiotic and the plasmids were extracted using Qiagen Plasmid Maxi 

Preparation Kit (QIAGEN). The sequence of the plasmid was analysed using 

DNAstar software. 

 

6.2 Riboprobe synthesis 

To obtain ribroprobes, we linearized each plasmid using 2 µl of restriction 

enzymes XhoI (for the Grin3a and Gad1 mRNA antisense riboprobe, used to 

detect expression) or EcoRI (for the Grin3a and Gad1 mRNA sense riboprobe, 

used as negative control) at 37ºC for 2 hours in the appropriate buffer (New 

England Biolabs). For the synthesis of the riboprobes, 6 µg of linear plasmid 

was mixed with RNase-free water, transcription buffer, 2 µl of RNase inhibitors, 

2 µl of T3 (for the Grin3a or Gad1 mRNA antisense) or T7 (for the Grin3a or 

Gad1 mRNA sense) polymerase and a nucleotides mix (Roche), in a total 

volume of 50 µl at 37ºC for 2 hours. The nucleotide mix contains 10 mM ATP, 

10 mM CTP, 10 mM GTP, 6.5 mM UTP and 3.5 mM UTP-Digoxigenin or UTP-

Fluorescein. DNAse enzyme (2 µl) was added for plasmid degradation before 

checking the riboprobe synthesis, by running a few µl of reaction product in a 

1% agarose gel and measuring the amount of RNA in NanoDrop (One/OneC 

Microvolume UV-Vis Spectrophotometer; Thermo Fisher). 

 

6.3 Colorimetric ISH: Hybridization, immunodetection and amplification 

After deep anesthesia with isoflurane, mice were transcardially perfused with 

4% paraformaldehyde in phosphate buffered saline (PBS, pH 7.4) with a 

Masterflex L/S complete pump system. Brains were removed and post-fixed 
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overnight. Cerebra were embedded with 4% agarose in PBS solution, sectioned 

coronally with a vibratome in 100 μm-thick slices and stored in PBS at 4 °C. 

After heating the riboprobe for 10 minutes at 80ºC to avoid loops, free-floating 

brain sections, previously permeabilized with detergent mix (1% NP40, 1% 

SDS, 0.5% Sodium Deoxycholate, 50 mM Tris pH 8.0, 1 mM EDTA and 150 

mM NaCl) for 1 hour at RT, were incubated with antisense or sense 

digoxigenin-labeled riboprobes against Grin3a mRNA at 63ºC overnight in 

hybridization buffer (50% formamide deionized; 2x saline-sodium citrate (SSC) 

pH 5.3; 50 µg/ml heparin; 50 µg/ml tRNA; 50 µg/ml Salmon Sperm DNA; 0.1% 

Tween-20). The following day, several washes for 2 hours with cleaning solution 

(50% formamide; 2x SSC pH 5.3; 1% SDS) at 63ºC were necessary to remove 

non-specific binding mRNA-riboprobe. Later, slices were washed with 1x MABT 

(100 mM maleic acid; 150 mM NaCl; 190 mM NaOH; 0.1% Tween-20, pH 7.5) 

and subsequently incubated in blocking solution (2% Blocking Reagent and 

20% sheep serum in MABT) for 1 hour to prevent non-specific antibody binding. 

Hybridized probes were detected using an alkaline phosphatase-conjugated 

anti-digoxigenin (Table 4). Slices were incubated in blocking solution with 

appropriate antibody overnight at 4ºC. To remove non-bound antibodies, 

several washes in MABT buffer were made. 

For visualization, sections were then incubated at RT during 6 or 22 hours in a 

solution containing nitroblue tetrazolium chloride (NBT) and 5-bromo-4-chloro-

3’-indolyphosphate p-toluidine salt (BCIP) (purple color) substrates in NTMT 

buffer (100 mM NaCl; 100 mM Tris-HCl pH 9.5; 50 mM MgCl2; 1% Tween-20). 

Alkaline phosphatase catalyses a reaction that produces a coloured precipitate. 

After developing, reaction was stopped with several washes of PBS-T and post 

fixation step with 4% PFA in PBS was carried out. Slices were mounted in 

superfrost slides (Thermo Fisher) and dehydrated through successive washes 

with increasing concentrations of alcohols. Coverslips were mounted with DPX 

mounting solution. 
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6.4 FISH: Hybridization, immunodetection and amplification 

Identical protocol to the described above was followed, except that sections 

were 80 μm-thick and they were incubated for 1 hour at RT in the dark with 

MABT buffer + 1% H2O2 to avoid non-specific precipitates during the 

development step due to the activity of endogenous peroxidases. Sections were 

incubated with Grin3a mRNA digoxigenin-labeled riboprobes in hybridization 

buffer, followed by incubation with peroxidase-conjugated anti-digoxigenin 

(Table 4). A tyramide signal amplification (TSA) plus fluorescence kit was used 

for signal amplification and detection (Thermo Fisher, NEL744001KT). For that, 

slices were incubated in a mix with amplification buffer and Cy3 fluorochrome in 

a 1:100 dilution for 1 hour in the dark. In this step, horseradish peroxidase 

(POD) enzyme conjugated with antibodies catalyzes covalent deposition of 

fluorophores directly adjacent to the riboprobe. To remove non-specific 

fluorescence precipitates, the slices were rinsed in PBS for 1 hour and 

incubated with 4’,6-diamidino-2-phenylindole (DAPI) (Invitrogen 1:50000) for 10 

minutes at RT. Slices were mounted in superfrost slides (Thermo Fisher) and 

air-dried, and cover-slipped with fluorescence mounting medium (DAKO). 

 

6.4.1 Double FISH 

Double FISH was performed with dual hybridization: one probe was labeled with 

UTP-Digoxigenin and the other with UTP-Fluorescein (against Grin3a mRNA 

and Gad1 mRNA respectively) followed by duplicated detection and 

amplification steps. For that, after Grin3a signal amplification and detection with 

Cy3 TSA plus fluorescence kit an incubation for 1 hour at RT in the dark with 1x 

PBS + 1% H2O2 was carried out to remove endogenous peroxidase activity. 

The protocol continued as the first one using a different antibody (anti-

fluorescein-POD, Table 4) and a different fluorochrome (Cy5). 
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Table 4. List of antibodies used for ISH 

 

7. RNAscope 

For RNAscope assays, the tissue was collected as indicated in the previous 

protocol and was immersed in 30% sucrose at 4ºC and frozen in OCT. Frozen 

brains were sectioned at 14 μm with a cryostat and stored at -80⁰C. 

RNAscope® Multiplex Fluorescent Kit v2 (Advanced Cell Diagnostics) was used 

to perform in situ hybridizations with the following probes: Grin3A-C1 

(#551371), GAD1-C2 (#400951-C2), Slc17a7-C3 (vGluT1) (#416631-C3), Sst-

C3 (#404631-C3), and tdTomato-C2 (#317041-C2). Briefly, slides were dried for 

60 min at -20⁰C, washed in PBS for 5 min, then baked for 10 min at 60⁰C. The 

slides were post-fixed by immersing them in pre-chilled 4% PFA for 10 min in 

ice, followed by two rinses in diH2O. Slides were dehydrated for 5 min each in 

50%, 70% and 100% ethanol, then dried for 5 min at RT. 5-8 drops of 

RNAscope hydrogen peroxide was applied to the slides for 10 min followed by 

diH2O washing. Then, slides were transferred to a container with RNAscope 

Target Retrieval Reagent and incubated at > 95⁰C for 5 min, followed by 

incubation in 100% alcohol for 3 min. After drying the slides at RT, they were 

treated with Protease III for 20 min at 40⁰C. After rinsing 2 times in diH2O, 1X 

target probe mixes were applied to the brain sections and incubated at 40°C for 

2 hours in the HybEZ™ oven (Advanced Cell Diagnostics). Sections were then 

incubated with preamplifier and amplifier probes to develop HRP-C1, C2 and 

C3 signals with TSA Plus fluorophores (PerkinElmer) following the RNAscope® 

Multiplex Fluorescent Kit v2 user manual. After washing, sections were stained 

for 30 seconds with DAPI. 

 

 

Antibody Provider Catalog number Host Dilution 
Digoxigenin-AP Roche 11093274910 Sheep 1:2000 

Digoxigenin-POD Roche 11207733910 Sheep 1:2000 
Fluorescein-POD Roche 11426346910 Sheep 1:2000 
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8. Immunohistochemistry 

8.1 Immunohistochemistry in slices from injected mice 

Animals were deeply anesthetized and transcardially perfused with 4% 

paraformaldehyde in 0.1 M phosphate buffer (PB) (pH 7.4). Brains were 

removed, post-fixed overnight, and stored in 30% sucrose in PB buffer at 4ºC. 

Thirty-micrometer coronal sections were cut with a freezing sliding microtome 

and stored at -20ºC in cryoprotectant solution (30% ethylene glycol; 30% 

glycerol; 20 mM PB) until processing. Free-floating brain sections were washed 

in PBS and incubated for 30 minutes in permeabilization/blocking solution (1% 

BSA; 0.1% Triton X-100; 4% normal goat or donkey serum (NS) in PBS). 

Different primary antibodies (Table 5) were incubated in 1% BSA, 0.1% Triton 

X-100, and 1% NS in PBS shaking overnight at 4ºC. After several washes with 

PBS, sections were incubated with appropriate Cy3-conjugated secondary 

antibody (Table 6) in 1% BSA, 0.1% Triton X-100 in PBS for 1 hour at RT. After 

several washes in PBS and incubation for 10 minutes in DAPI, sections were 

mounted onto Superfrost Plus slides (Thermo Fisher Scientific), airdried, and 

coverslipped with Mowiol-DABCO solution. 

Table 5. Primary antibodies used for immunostaining. 

Antibody Provider Catalog 
number Host Dilution 

NeuN Millipore MAB377 Mouse 1:500 

DARPP-32 Cell Signaling 19A3#2306 Rabbit 1:500 

choline 
acetyltransferase Chemicon AB144P Goat 1:100 

GFAP Dako 20334 Rabbit 1:500 

Olig2 Millipore AB9610 Rabbit 1:1000 

Sst Millipore MAB354 Rat 1:400 

GFP Synaptic 
systems 132002 Rabbit 1:1000 

Cux1 or CDP Santa Cruz 
biotechnology 

Sc-13024 Rabbit 1:500 

Ctip2 Abcam Ab18465 Rat 1:500 
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8.2 Immunohistochemistry after FISH 

Permeabilization and blocking step had already been conducted, so after the 

FISH procedure, free-floating brain sections were directly incubated with 

primary antibody (Table 5) overnight at 4ºC as described in the section 8.1 and 

incubated with appropriate secondary antibody (Table 6). 

Table 6. Secondary antibodies used for immunostaining. 

Antibody Provider Catalog 
number Host Dilution 

Anti-Rabbit-Cy3 Jackson 
Immunoresearch 111165003 Goat 1:500 

Anti-Mouse-Cy3 Jackson 
Immunoresearch 

115165003 Goat 1:500 

Anti-Goat-Cy3 Jackson 
Immunoresearch 705166147 Donkey 1:500 

Anti-Rabbit-Cy5 Jackson 
Immunoresearch 111175144 Goat 1:500 

Anti-Rat-488 Invitrogen A11006 Goat 1:500 

Anti-Rabbit-488 Invitrogen A11008 Goat 1:500 

 

9. Image acquisition and analysis 

To quantify transduction efficiency, mosaic pictures of sequential rAAV-injected 

brain sections (at the level of the striatum and spaced 240 µm apart) were 

captured with a 2.5x objective using a Nikon Eclipse E600 epifluorescence 

microscope. Positive EGFP signal was defined as three times the value of 

fluorescent intensity in the green channel in an adjacent but non-injected region 

of the brain. Regions with GFP signal within the striatum were automatically 

detected with a set threshold of 3-fold over matched non-injected regions, and 

their areas were summed to calculate the total infected area.  

 For cell rAAV tropism, colocalization of GFP fluorescence with 

neuronal/glial markers was analysed with Fiji software on images acquired on a 

Zeiss LSM800 confocal microscope (Carl Zeiss) using 10x or 40x objectives. 

Bright field images of colorimetric ISH were acquired using a Leica DM6000B 

microscope with 5x and 10x objectives or a MZ16FA stereomicroscope 
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equipped with a DC500 digital camera, and processed with Leica AF6000 

software. Quantification of Grin3a expression across cortical layers and sensory 

modalities (Figure 5D, second chapter) was performed using Fiji for automatic 

detection of positive labelling after background subtraction. Fluorescence 

confocal images were captured on an Olympus FV1200 with a 20x objective or 

a ZEISS AxioImager M2 microscope with an Apochromat 20x objective, and 

processed with FV10-ASW_Viewer and Zen Blue software respectively. The 

colocalization of Grin3a-positive cells with neuronal subtype-specific markers 

was quantified using Fiji software. 

 For anatomical analysis, identification of structures and functional 

interpretation, the Mouse brain in stereotaxic coordinates (Paxinos and Franklin, 

2019 Edition), the Mouse nervous system (Watson, Paxinos, Puelles, 2012 

Edition) and the Atlas of the developing mouse brain (Paxinos, Halliday, 

Watson, Koutcherov, Wang, 2007 Edition) were used. 

 

10. Animals 

10.1 Mouse models 

WT and YAC128 (line 55 homozygotes; Tg(YAC128)55Hay) male mice in a 

FVB/N background were crossed for at least four generations into a C57Bl6J 

background and used in the studies described in the first part of the thesis.  

In the second part, several strains of mice were used: WT, GAD67GFP 

(B6.Cg-Tg(Gad1-EGFP)) (Tamamaki et al., 2003) and Nkx2.1-Cre::Ai9tdTomato. 

The latter was obtained by crossing Tg(Nkx2.1-Cre)2Sand/J (JAX 008661; Xu 

et al., 2008) and Ai9(B6.Cg-Gt(ROSA) 26Sortm9(CAG-tdTomato)Hze/J (JAX 

007909; Madisen et al., 2010). Mice were housed 4-6 per cage with ad libitum 

access to food and water and maintained in a temperature-controlled 

environment on a 12-hr light/dark cycle at humidity between 40-60% in a 

standard pathogen free environment. All procedures were conducted in 

accordance with the European and Spanish regulations (2010/63/UE; 

RD53/2013) were approved by the Ethical Committee of the Government of 
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Navarra and by the Ethical Committee of the Government of the Generalitat 

Valenciana (2017/VSC/PEA/00196) 

10.2 Real-time PCR for YAC128 mice genotyping 

Mice samples were incubated in digestion buffer (100 mM Tris pH 8.8; 5 mM 

EDTA; 200 mM NaCl; 0.2% SDS; 100 µg/ml proteinase K) for 2 hours at 55ºC 

with shaking. After a centrifugation step for 10 minutes a 13200xg, DNA was 

precipitated by addition of one volume of isopropanol to the the supernatant and 

centrifuged at 13200xg for 10 minutes. Pellet was washed with 70% ethanol, 

dried and resuspended in milliQ water. 

Quantitative PCR (qPCR) was carried out using the SYBR Green PCR 

Master Mix (Applied Biosystems) and a pair of primers specific to human HTT. 

-Actin was used as housekeeping gene. (Table 7). Each qPCR reaction was 

run in triplicate, containing 2.5 ng of DNA sample, 10 µl of SYBR Green PCR 

Master Mix, 5 pmol of forward primer and 5 pmol of reverse primer in 20 µl in 

total mix using a 7300 Applied Biosystems apparatus. qPCR program included 

an enzyme activation step (95ºC for 2 minutes) followed by 40 cycles of 

denaturation/annealing-elongation (95ºC for 15 seconds and 60ºC for 1 minute 

respectively). Relative quantification 2^ (CT β-actin-CT Htt) was used to analyse 

results. Samples (from WT, heterozygous and homozygous YAC128 mice) with 

known amount of copies for human HTT were run in the same 96-well plate as 

the test samples. 

 

Table 7. Nucleotide sequence of the different primers used for qPCR genotyping. 

Primer name Sequence (5´-3´) Host 

Forward huntingtin GAAAGTCAGTCCGGGTAGAACTTC Human 

Reverse huntingtin CAGATACCCGCTCCATAGCAA Human 

Forward β-Actin ACGGCCAGGTCATCACTATTG Mouse/rat 

Reverse β-Actin CAAGAAGGAAGGCTGGAAAAGA Mouse/rat 
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11. Behavioral tests 

Two independent male mice cohorts of 10–12 months of age were used. For 

motor coordination assessment, naive mice were placed on a rotarod for 2 trials 

(spaced for 2 hours) with a fixed speed of 12 rpm, and the number of falls was 

recorded until the sum of latencies to fall reached a total of 60 seconds per trial. 

A balance beam test was used to evaluate fine motor coordination and balance. 

Mice were placed at one end of a 12-mm-wide, 90-cm-long beam, and the time 

to reach an escape box containing nesting material and located in the opposite 

end was recorded. Mice were allowed to rest for 15 seconds before next trial 

with a total of three consecutive trials. After 2 hours, the test was repeated 

using a 6-mm beam width, making the test more sensitive. To measure 

muscular strength, mice were placed on top of a standard wire cage lid 

(surrounded by tape to prevent mice walking off the edge), and after light 

shaking so mice gripped the wires, the lid was turned upside down. Latency to 

the first fall was recorded with a maximum of 60 seconds. 

 

12. Statistical analysis 

Statistical analysis was performed using GraphPad Prism 5-7. Sample sizes for 

each experiment were determined based on previous studies from our 

laboratory. The number of mice used for the first part “RNAi-Based GluN3A 

Silencing Prevents and Reverses Disease Phenotypes Induced by Mutant 

huntingtin” have been included in the corresponding figure legends. The 

following number of mice were analysed for the second part of this thesis:  

E17.5 (n=3), P0 (n=6), P3 (n=8), P6 (n=16, short and long exposure; n=4, 

FISH), P9 (n=6), P12 (n=4), adult (n=3, long exposure). One- or two-way 

ANOVA followed by Bonferroni post-hoc tests was used to assess differences 

between groups. In all figures, data are presented as means ± SEM. 
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«El estudioso es el que lleva a los demás lo que él ha 

comprendido, la verdad»  

- Santo Tomas de Aquino - 
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«Lo bueno de la ciencia es que es cierta independientemente de 

si crees o no en ella» 

-Neil deGrasse Tyson- 
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Supplementary Figure 1 (related to Figure 1).  Adult Grin3a expression in the thalamus 

and cortical amygdala 

(A-C) Coronal sections of adult mouse brain showing further detail of Grin3a expression in 

subcortical structures.  (D)  Higher magnification images of Grin3a expression in ventral cortical 

amygdala nuclei.  

ACg, anterior cingulate cortex; ACo, anterior cortical amygdaloid nucleus; AHi, 

amygdalohippocampal area; AI, agranular insular cortex; APir, amygdalo-piriform transition 

area; BLA, basolateral amygdala, anterior part; BLP, basolateral amydala, posterior part; BMP, 

basomedial amydala, posterior part; CeM, central amydala; CL, centrolateral thalamic nucleus;  

Cla, claustrum; CM, centromedial thalamic nucleus; CoA, cortical amygdala; CxA, cortex 

amygdala transition zone; DEn, dorsal endopiriform nucleus; IL, infralimbic cortex; IMD, 

intermediodorsal thalamic nucleus; La, lateral amygdala; LS, lateral septum; MHb, medial 

habenula nucleus; PLCo, posterolateral cortical amygdaloid nucleus; PMCo, posteromedial 

cortical amygdaloid nucleus; PV, paraventricular thalamic nucleus; Re, reuniens thalamic 

nucleus; Rh, rhomboid thalamic nucleus; S, subiculum; TT, tenia tecta. Scale bars: 500 µm. 

 

 

 

 



 

 

 

 

 

  

Supplementary Figure 2 (related to Figure 1). Dorso-ventral gradient of Grin3a 

expression in adult CA1 hippocampus 

ISH photomicrographs show representative images of Grin3a mRNA expression in dorsal 

(A, B) and ventral CA1 (C, D) in postnatal (P6) and adult young brains. High magnification 

images for the corresponding boxes (A´, B´, C´, C´´, D´, D´´) are shown. Dotted lines mark 

the boundary between the different hippocampal layers.  SOr, stratum oriens; SP, stratum 

pyramidale. Scale bars: 500 µm (A-D); 50 µm (A’-D’; C’’, D’’). 

 

 

 

 

 

 

 

 

 



  

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 3 (related to Figure 6).  High Grin3a mRNA expression in a 

subpopulation of GABAergic neurons 

(A) Maximal projection images from double FISH show Grin3a mRNA (red) 

colocalization with Gad1 mRNA (white) in the CA1 stratum oriens of P6 mice. (B, C) 

Single confocal images of Grin3a mRNA FISH (red) and GFP signal (green) in 

GAD67GFP mice identify a subpopulation of GABA interneurons expressing high levels 

of Grin3a mRNA in CA1 (B) and layer V of somatosensory cortex 1. (C) Solid arrows: 

colocalization of Grin3a mRNA with GABAergic markers Gad1 mRNA or GAD67GFP. 

Empty arrows: non-GABAergic Grin3a-positive cells. Dashed lines mark the boundary 

between cortical or hippocampal layers. CA1, cornu ammonis 1; SOr, stratum oriens; 

SP, stratum pyramidale; SR, stratum radiatum; SS1, somatosensory cortex 1. Scale 

bar: 20 µm. 

 

 

 

 



 

 

Supplementary Table 1 (related to Figure 2). Semi-quantitative analysis of Grin3a mRNA levels at postnatal times of 

maximal expression (P6-P9). 

Degree of Grin3a expression estimated from P6-P9 brains (n= 6 mice per age; absent (-), low (+), moderate (++), 

medium (+++) and strong expression (++++). 

 

Grin3a mRNA expression Abbreviation Qualitative 
intensity 

Agranular insular cortex AI +++ 

Anterior cingulate cortex ACg ++ 

Anterior olfactory nucleus AON ++++ 

Anterior pretectal nucleus APT + 

Auditory cortex Au ++ 

Baso amygdaloid nucleus, posterior part BP ++++ 

Basolateral amygdaloid nucleus, posterior part BLP ++++ 

Basomedial amygdaloid nucleus, posterior part BMP ++++ 

Basolateral amygdaloid nucleus, anterior part BLA ++++ 

Bed nucleus of the stria terminalis BST ++ 

Caudate-putamen CPu (-/+) 

Central amygdaloid nucleus, medial division CeM ++ 

Cingulate cortex Cg +++ 

Claustrum Cla +++ 

Corpus callosum cc n.a. 

Cortex amygdala transition zone CxA ++ 

Cortical amygdala CoA  

Amygdalohippocampal area AHi ++++ 

Anterior cortical amygdaloid nucleus ACo ++++ 

Posterolateral cortical amygdaloid nucleus PLCo ++++ 

Posteromedial cortical amygdaloid nucleus PMCo ++++ 

Dorsal endopiriform nucleus DEn ++ 

Dorsal subiculum DS ++ 

Frontal association cortex Fr +++ 

Globus pallidus GP (-) 

Glomerular layer of the olfactory bulb GI ++ 

Hippocampus Hipp  

Cornu Ammonis 1 CA1  

Stratum oriens SOr ++ 

Stratum pyramidale SP ++++ 

Stratum radiatum SR (-) 

Cornu Ammonis 2 CA2 (-) 

Cornu Ammonis 3 CA3 (-) 

Dentate gyrus DG (-) 

Indusium griseum IG ++ 

Insular cortex In ++ 

Internal capsule ic n.a. 

Islands of Calleja ICj ++ 

Lateral amygdaloid nucleus La ++ 

Lateral habenula LHb (-) 



  

 

Mammillary tract mt n.a. 

Medial habenula MHb + 

Mitral cell layer of the olfactory bulb Mia ++++ 

Motor cortex Mo ++ 

Olfactory tubercule OT +++ 

Orbitofrontal cortex OC ++ 

Parafascicular thalamic nucleus PF (-) 

Parietal cortex, posterior part PtP ++ 

Piriform cortex Pir ++ 

Prefrontal cortex PFC  

Dorsal peduncular cortex DP +++ 

Infralimbic cortex IL +++ 

Prelimbic cortex PrL +++ 

Retrospenial cortex RS +++ 

Rhinal cortices Rhi  

Ectorhinal cortex Ect ++ 

Perirhinal cortex PRh ++ 

Somatosensory cortex SS ++ 

Subthalamic nucleus STh + 

Temporal association cortex TeA ++ 

Tenia tecta TT  

Dorsal tenia tecta DTT ++++ 

Ventral tenia tecta VTT ++++ 

Thalamus Thal  

Anterodorsal thalamic nucleus AD (-) 

Anteromedial thalamic nucleus AM ++++ 

Anteroventral thalamic nucleus AV (-) 

Centrolateral thalamic nucleus CL ++++ 

Centromedial thalamic nucleus CM ++++ 

Dorsal lateral geniculate nucleus DLG (-) 

Lateral posterior thalamic nucleus LP ++++ 

Laterodorsal thalamic nucleus LD (-) 

Mediodorsal thalamic nucleus MD ++++ 

Paracentral thalamic nucleus PC ++++ 

Paratenial thalamic nucleus PT ++++ 

Paraventricular thalamic nucleus PV ++++ 

Posterior thalamic nuclear group Po ++++ 

Reticular thalamic nucleus Rt ++ 

Reuniens thalamic nucleus Re +++ 

Rhomboid thalamic nucleus Rh ++++ 

Ventral lateral geniculate nucleus VG + 

Ventral posterior thalamic nucleus VP (-) 

Ventral posterolateral thalamic nucleus VPL (-) 

Ventral posteromedial thalamic nucleus VPM (-) 

Ventromedial thalamic nucleus VM ++ 

Ventromedial hypothalamic nucleus VMH +++ 

Visual cortex Vis ++ 

 

 



 

 

 

 

 

 

 

Supplementary Table 2 (related to Figure 5D).  Statistical analyses of the time-courses of Grin3a emergence and 

downregulation in primary somatosensory (SS1) and visual cortex (V1) (n = 3 mice per postnatal age; 2 cortical fields 

taken at different levels were analysed per mouse). 

 

2-way ANOVA plus  Bonferroni post-hoc test 

SS1 Upper layers Layer V V1 Upper layers Layer V 

P0 vs P3 n.s. 0.072 (↑) P0 vs P3 n.s. n.s. 

P0 vs P6 n.s. **** (↑) P0 vs P6 n.s. n.s. 

P0 vs P9 ### (↑) 0.078 P0 vs P9 n.s. #### (↑) 

P0 vs P12 n.s. n.s. P0 vs P12 n.s. **** (↑) 

P3 vs P6 n.s. * (↑) P3 vs P6 n.s. n.s. 

P6 vs P9 *** * (↓) P6 vs P9 n.s. **** (↑) 

P9 vs P12 n.s. ** (↓) P9 vs P12 n.s. n.s. 
 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

«La ciencia es todo  

aquello sobre lo cual 

 siempre cabe discusión»  

- José Ortega y Gasset - 

 

 

 

 

 

 

 

 

 

 

DISCUSSION 



 

 

 



                          DISCUSSION 

117 
 

 

The first chapter of my Thesis provides proof-of-principle validation of GluN3A 

as a target to treat early pathogenic mechanisms in HD, and develop and test 

RNAi-based tools to harness this therapeutic potential. The strategy was based 

on previous findings from our laboratory that impaired glutamatergic synaptic 

transmission and excessive synapse pruning resulting from aberrant GluN3A 

expression are among the earliest events in HD pathophysiology and major 

drivers of the pathogenic process. Genetic GluN3A suppression prevented 

early-to-late disease phenotypes including altered AMPA and NMDA receptor 

currents and spine loss (Marco et al., 2013; Mahfooz et al., 2016), leading us to 

explore viable therapeutic strategies. We were able to demonstrate that upon a 

single intrastriatal injection, rAAV9s encoding shRNAs against GluN3A drive 

highly efficient, long-lasting GluN3A silencing that targets selectively MSNs. 

Silencing expression in MSNs was sufficient for halting the synaptic pathology 

and restoring motor performance.   

The work corroborates and extends the earlier results and has major 

translational implications. First, silencing GluN3A exclusively in MSNs (that 

normally express low GluN3A levels in adult stages) whilst sparing other cell 

types in the striatum (such as cholinergic interneurons that retain high 

expression into adulthood (Marco et al., 2013)) enables to block specifically the 

pathological event, i.e. age-inappropriate reactivation of GluN3A in vulnerable 

populations. Such specificity could provide clinical benefit while minimizing 

adverse effects. The observation that injecting rAAV9-shGluN3A does not affect 

spine density in WT MSNs, nor motor performance, supports this rationale. 

Second, rAAV9-driven GluN3A silencing turned out to be effective when timed 

with the onset of the synaptic pathology but also when initiated later in the 

disease course, establishing a window of opportunity over which pre-existing 

phenotypes can be reversed. Third, our approach targets one of the earliest 

disease mechanism, when intervention is more likely to be efficacious and 

before a point of no-return has been reached (Rubinsztein et al., 2016). In this 

regard, electrophysiological and morphological evidence of early dysfunction 

and loss of MSN synapses is extensive in HD mouse models (Milnerwood et al., 

2010; Mahfooz et al., 2016) and humans (Graveland et al., 21985; Ferrante et 
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al., 1991). Likewise, longitudinal imaging and functional studies in humans 

report significant striatal atrophy years prior to diagnosable HD (Aylward et al., 

2004), which is strongly correlated with time to disease onset, performance and 

clinical progression (Tabrizi et al., 2013; Harrington et al., 2014). And, GluN3A 

has been shown to be required not only for spine loss (chosen as a read-out in 

this study) but also for the multivariate dysfunction of synaptic transmission onto 

MSNs that precedes morphological signs, including early enhanced synaptic 

currents mediated by AMPA and NMDA-type glutamate receptors and NMDA 

“spikes” or “upstates” (Marco et al., 2013; Mahfooz et al., 2016).  Within the 

experimental time-frame of the present study, death of MSNs is not yet 

detectable in YAC128 mice and we could not determine whether GluN3A 

knockdown would reduce the neurodegeneration that is seen at later stages. In 

our previous report, genetic cross of YAC128 mice with GluN3A knock-outs 

conferred partial protection from cell death (Marco et al., 2013), indicating that 

preventing synaptic damage preserves pro-survival signaling pathways driven 

by afferent synaptic activity (Keiser et al., 2016). However, multiple other factors 

such as deficient neurotrophic signalling, transcriptional dysregulation or altered 

proteostasis have been linked to cell death in preclinical and human HD studies, 

and establishing whether these are related or independent of the synaptic 

pathology still needs to be addressed. 

While HTT-lowering drugs seem the therapy of choice, developing allele-

specific strategies has proven to be difficult and will likely require to target 

single-nucleotide polymorphisms residing only in the mutant allele or alternative 

approaches such as genome editing (Keiser et al., 2016; Monteys et al., 2017).  

Clinical trials testing the safety of allele-specific antisense oligonucleotides that 

silence the mutant HTT gene (Wave Precision-HDs) are currently active, but the 

polymorphisms targeted are present only in a subset of people with the HD 

gene and in some cases do not discriminate between mutant and normal HTT. 

Furthermore, the polymorphism variability is large across geographic 

populations, where the prevalence of polymorphisms are much lower in the 

general population in China, Japan, and Nigeria compared to HD patients of 

European origin (Warby et al., 2009). Using RNAi for the strategy of selecting 

polymorphisms in the mutant allele requires that the variations in mHTT allele 
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must be present in mature RNA, thus limiting available target sequences (Kay 

et al., 2014). Alternative strategies are based on specific silencing by RNAi of 

the expanded polyQ stretch. But when the mutated and WT allele do not differ 

much in the number of CAG repeats (e.g. 44/15, respectively), the treatment 

does not discriminate and silences the two alleles (Yu et al., 2012). Therefore, 

this therapy does not work in patients with a short HD repeat. Another caveat is 

the possibility of off-target effects, since there are 66 protein-coding transcripts 

that carry CAG repeats (Butland et al., 2007), and this treatment could silence 

their expression. All this emphasizes the need for a personalized treatment 

strategies based on patient genotypes. Nevertheless, antisense 

oligonucleotides against both WT and mutant HTT (IONIS-HTTRx), by bolus 

intrathecal administration, have recently yielded promising dose-response 

reductions in HTT protein levels in cerebrospinal fluid and showed appropriate 

safety and tolerability profiles in a completed phase 1 clinical trial (Tabrizi et al., 

2019). However, the efficacy of these approaches in the reduction of mHTT 

expression in CNS (as well as their tolerability over the extended periods of time 

likely required to treat chronic neurodegeneration) remains to be tested through 

larger trials. More generally, the use of RNAi to treat diseases such as cancer, 

viral infection, diabetes or cardiovascular disease, has become increasingly 

applied (Chen et al., 2018). In our RNA-based approach for neurodegenerative 

disease, delivery continues to be a challenge as it would require direct 

intraparenchymal administration into the striatum. However, non-viral particles 

could provide alternatives to carry shRNAs to the brain and target cells. 

Liposomes, solid lipid nanoparticles, nanostructured lipid carriers, polymer-

based delivery and aptamers are the more widely used. These RNAi delivery 

systems show excellent physical stability, low toxicity, ease of preparation and 

stability for storage (Naseri et al., 2015). However, since high therapeutic doses 

are required when using non-viral technologies, and the resulting gene 

expression is generally transient, most gene therapies now rely on viral vectors 

which allow long-term expression of the transgene. 

Specifically, the use of rAAVs for transgene delivery continues to be 

seen as one of the safest methods to treat different diseases including 

neurodegenerative disorders such as dementia, Parkinson and Alzheimer 
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diseases (Martier et al., 2020). The neural feature of non-division allows long-

term expression of transgenes with a single administration of rAAVs, whereas 

other delivery systems require successive administrations, which is a great 

disadvantage in the CNS. In addition, rAAVs have been tested in more than 200 

clinical trials, and shown to be safe (Hudry et al., 2019). rAAVs have also been 

used as a shRNA delivery in clinical trials. In chronic hepatitis C virus, shRNAs 

against well-conserved hepatitis C virus genome sequences delivered by rAAV 

have shown long-term and dose-dependent shRNA expression. This clinical 

trial indicated that the treatment is tolerable and safe for patients (Patel et al., 

2016). Studies have suggested that combination of rAAVs treatment together 

with new non-invasive techniques, such as the use of ultrasound to direct the 

virus to the striatum (Stavarache et al., 2019), could expand its use in humans. 

However, our data show that rAAV9 yields remarkably long-lasting knock-down 

of GluN3A protein levels associated to motor improvement upon a single 

injection, which would limit the invasiveness of the procedure. 

In summary, our study grants the necessary proof-of-principle for 

exploring therapies targeting aberrant GluN3A expression in HD, that could be 

used alone or in combination with HTT-lowering treatments. Efforts to be 

undertaken in the future include further evaluation of the current RNAi-based 

approach or investing on screenings for small molecules blocking GluN3A 

expression, function or downstream signalling pathways. Rationale for the 

treatment stemmed out from a unique feature of GluN3A subunits, which are 

predominantly expressed on early postnatal stages and pathologically 

reactivated in animal models and HD patients (Marco et al.,2013). Such 

combination of features suggested that side-effects would be minimum if 

therapies started in late life. Yet a detailed knowledge of GluN3A expression 

patterns in adult or even postnatal life has been conspicuously absent, so they 

cannot be not ruled out. 

To fill that gap we embarked on a comprehensive analysis of GluN3A 

expression in the mouse brain from embryonic to postnatal and adult stages. 

This part constitutes the Second Chapter of my Thesis. 
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One of the main contributions is a fine anatomical detailed map of the postnatal 

down-regulation known a priori, which reveals a highly dynamic and differential 

Grin3a regulation across different brain regions. During early postnatal life, 

neuronal circuits in the brain are massively remodelled by experience: large 

subsets of synapses are strengthened and mature but may others weaken and 

are eliminated (Katz and Shatz 1996). GluN3A-NMDARs have been proposed 

to control the timing and magnitude of this remodelling by limiting classical 

NMDAR signalling until the arrival of sensory experience, and/or fine-tuning 

synapse plasticity and maturation at later stages (Roberts et al., 2009; Fiuza et 

al., 2013; Perez-Otano et al., 2016). Our anatomical work lends support for this 

idea by showing early, sequential, and transient expression of Grin3a in many 

cortical areas over postnatal development. 

The variations in the timing of Grin3a expression and down-regulation 

across cortical regions correlate remarkably with differences in time-scales of 

cortical maturation (Guillery 2005) and degree of functional specialization 

(Wang 2020). For instance, transient waves of Grin3a expression are a 

characteristic of primary sensory and motor cortices, whereas expression 

appears early and is retained in association and multimodal areas. Primary 

sensory cortices provide modality-specific information, and early maturation 

guided by experience is needed to sculpt receptive fields and preserve the 

fidelity of the information. By contrast, associative and multimodal cortices play 

an integrative role, have long, protracted maturation periods and maintain a 

potential for plastic responses that lower areas lose early (Guillery 2005). Of 

relevance here, adult Grin3a expression was also observed in non-cortical 

areas with strong plasticity needs into adulthood, or high functional 

requirements such as association of multiple inputs such are the olfactory 

system, the amygdala, the claustrum, or ventral hippocampus. 

Within primary sensory cortices, Grin3a expression follows a stereotyped 

sequential pattern with initial restriction to layer V followed by expression in 

outer layers and overall down-regulation, which resembles the inside-out 

patterning model of cortical maturation. While this stereotyped pattern is 

conserved across motor and sensory cortices, its timing varies and is coupled to 

the arrival of sensory experience as exemplified by the delayed Grin3a 
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expression in visual cortex, an area of the neocortex that matures later 

coinciding with eyelid opening (Yoshii et al., 2003).  

 

Our findings confirm and expand a recent report that found Grin3a 

expression in adult mouse brain to be one of the strongest correlates with a 

hierarchical gradient of functional integration, from primary sensory to 

transmodal association cortices, established using the T1w/T2w magnetic 

resonance imaging ratio (Fulcher et al., 2019). In primate and mouse cortex, the 

T1w/T2w ratio inversely correlates with structural properties such as levels of 

intracortical myelination, laminar elaboration, abundance of parvalbumin 

interneurons or perineuronal nets, all considered markers of increased 

differentiation and stability across cortices (Garcia-Cabezas et al., 2017; Wang 

2020). Low T1w/T2w ratios and high Grin3a expression are typical of 

functionally integrative areas, such as insular cortices, temporal association 

areas, cingulate cortex, ectorhinal cortex, etc (Figure 18A). Correlation between 

T1w:T2w ratios and Grin3a levels are consistent between mice and humans 

(Figure 18B) (Fulcher et al., 2019). It is worth noting that genetic variations in 

human GRIN3A have been reported to modulate prefrontal cerebral activity 

during selective attention tasks (Gallinat et al. 2007), supporting a role in higher 

cognitive processing. 

 
Figure 18. Correlation between T1w:T2w ratios and Grin3a relative expression (A) Scatter 

plot of T1w:T2w vs z-score normalized levels of Grin3a transcription in different adult 

mouse brain areas. (B) The plot shows the correlation between T1w:T2w and transcription 

levels for 70 brain-related genes in mice (horizontal axis) and humans (vertical axis), where 
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Grin3a levels are consistent between humans and mice. Modified from Fulcher et al., 2019. 

Abbreviations for cortical areas and genes are defined in Fulcher et al., 2019. 

 

A number of parameters that vary over postnatal development and along 

the cortical hierarchy to fulfil specific functional requirements could be related to 

the GluN3A expression described here. For instance, Grin3a enhances spine 

turnover (Kehoe et al., 2014), and high rates of disassembly and formation of 

synapses and spines during postnatal critical periods are thought to be 

permissive for refinement while low spine turnover leads to circuit stabilization. 

GluN3A subunits have also been shown to control the developmental onset of 

long-term forms of plasticity such as hippocampal long-term potentiation 

(Roberts et al., 2009), spike-timing dependent long-term depression in V1 

(Larsen et al., 2014), or the synaptic incorporation of GluN2A subunits and 

AMPA receptors (Henson et al., 2012). Other properties such as the 

maintenance of persistent or recurrent activity in the prefrontal cortex could 

reflect roles of GluN3A-NMDARs or excitatory GluN1/GluN3A receptors on 

NMDA spiking activity or neuronal excitability (Mahfooz et al., 2016; Otsu et al., 

2019). Finally, association and frontal areas contain a greater proportion of Sst 

interneurons that innervate dendrites and have an “input-modulating function”, 

while sensory areas contain more parvalbumin interneurons that innervate the 

soma and axon initial segment and have an “output-modulating” function.  

 

Grin3a expression is very high in the thalamus where it prevails in higher 

order thalamic nucleus, while primary sensory thalamic areas lack Grin3a or 

express it at low levels. Information from the sensory periphery is first 

transmitted to the cerebral cortex via the primary sensory, or first-order, 

thalamic nuclei including the lateral geniculate in visual thalamus, ventral 

division of the medial geniculate in auditory thalamus, and ventral posterior 

nuclei in somatosensory thalamus. By contrast, higher order thalamic nuclei do 

not receive substantial input from the sensory periphery and instead form 

extensive cortico-thalamic-cortical circuits or connect functionally related cortical 

and subcortical regions. They provide a route for cortico-cortical communication 

which integrates cortical and subcortical inputs, linking cognition and motivated 

behavior to internal states and levels of consciousness (Sherman 2007). Of 
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relevance here, highest adult Grin3a expression was observed in midline and 

intralaminar nuclei such as the centromedial and paraventricular, involved in 

arousal and wakefulness (Van der Werf et al., 2002; Ren et al., 2018; 

Redinbaugh et al., 2020). Consistent with these findings, unbiased mammalian 

reverse genetics detected alterations in wakefulness-sleep transitions in Grin3a 

knockout mice (Sunagawa et al., 2016), and GluN1/GluN3A glycine receptors in 

the medial habenula have been implicated in mediating conditioned place-

aversion (Otsu et al., 2019). Particularly intriguing is the gradient of Grin3a 

expression throughout the hippocampus with a greater presence in the ventral 

hippocampus in adult stages. The dorsal hippocampus is mostly related to 

memory and spatial navigation, while the ventral hippocampus mediates 

anxiety-related behaviours (Bannerman et al., 2004). In addition, the areas of 

the hippocampus where Grin3a mRNA is present are anatomically linked to 

areas of social behavior, such us amygdala nuclei and prefrontal cortex that 

also show high levels of expression in adult mice (Kishi et al., 2006; Sun et al., 

2020). A previous report defines GluN3A expression as a key regulatory protein 

in the development and execution of normal social behavioral mice interaction. 

In a variety of social behavioral tests, GluN3A KO adult mice show social 

deficits, which is due to the effect of lack of GluN3A on oxytocin receptor levels 

in prefrontal cortex (Lee et al., 2018), which directly relates GluN3A expression 

to social development in mice. Another area with high expression of Grin3a is 

the DEn the function of which is unknown. Different results indicate that DEn 

belongs to the limbic processing network, which interacts with the ipsilateral 

amygdala complexes and prefrontal cortex (Behan et al., 1999; Watson et al., 

2016). We could conclude that the function of GluN3A in stages of development 

would be what is well known so far, which is the function of refinement of 

neuronal circuits by immature synapse pruning, but in adult animals, GluN3A 

function is related to motivated, arousal and wakefulness, wakefulness-sleep 

transitions, social, emotional and anxiety behavior elements. 
 

Finally, our data revealed particularly high Grin3a mRNA levels in Sst 

interneurons of SS1 and hippocampus from early postnatal stages (Figure 19A). 

This is in-line with single-cell RNAseq analyses of gene expression in adult 

mouse somatosensory, motor and visual cortex interneurons (Pfeffer et al., 
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2013; Paul et al., 2017). In adult (16 week-old mice) somatosensory and motor 

cortices, Sst interneurons were distinguished from other GABA interneurons by 

a high expression of Grin3a (Figure 19B) (Paul et al., 2017). Grin3a expression 

was highest in Sst Martinotti cells that appear in the stratum oriens of 

hippocampus (Leão et al., 2012) and within the neocortex, in layers V and 

somewhat less in 2-3 (Harris et al., 2014). Single-cell RNAseq of adult visual 

cortex also detected high expression of Grin3a in Sst compared to other types 

of interneurons (Figure 19C) (Pfeffer et al., 2013). Publicly available 

transcriptome datasets indicate that Grin3a expression might be a conserved 

feature of Sst interneurons across species (http://interneuron.mccarrolllab.org/). 

Moreover, a recent genome-wide epigenomic analysis identified the Grin3a 

locus as a site of open chromatin and low DNA methylation (mCG) in Sst 

interneurons (Yao et al., 2020). Both epigenetic marks are typical of actively 

expressed genes and are thought to promote and maintain cell-type specific 

expression and cell identity. 

Together, these data provide strong validation of Grin3a expression as a 

secondary marker for Sst interneurons, which may explain some of their 

particular features in terms of synaptic communication. They further suggest 

that GluN3A subunits might play more general roles than currently envisioned in 

modulating the development of neural circuits. Along with the well-studied 

refinements of connections between excitatory principal neurons, circuit 

formation requires the network integration of local interneurons that also 

involves a refinement of excitatory synaptic inputs onto these inhibitory cells (De 

Marco Garcia et al., 2015; Tuncdemir et al., 2016). For example, Sst 

interneurons in infragranular layers of SS1 receive dense but transient 

thalamocortical innervation during the first postnatal week. This innervation is 

required for the later functional maturation and synaptic integration of 

parvalbumin interneurons, but is reduced by 4-fold by P14 (Tuncdemir et al., 

2016). Our data show that Grin3a is highly expressed between P3-P9 in layer V 

Sst interneurons, providing a candidate mechanism for mediating the 

refinement of thalamocortical inputs. Excitatory synapses onto MGE-derived 

interneurons undergo a defined program of synapse maturation, with 

predominance of GluN2B-NMDARs in neonates which are later replaced by 

GluN2A-NMDARs (Matta et al., 2013; Perszyk et al., 2016). This developmental  



Discussion 

126 
 

 

Figure 19. High Grin3a mRNA levels in Sst interneurons. (A) Percentage of Grin3a-positive 

cells in different neuronal populations. The area size illustrates the percentage of Grin3a 

mRNA+ neurons (total square) colocalizing with each neuronal marker in layer V of SS1 

(top) and SO of CA1 (bottom). (B) Grin3a mRNA expression measured by RNA-seq in SS 

cortex single cells. Modified from Paul et al., 2017. (C) Coexpression of primary interneuron 

markers (PM) and Grin3a based on the analysis of 474 single cells by scRT-PCR. Modified 

from Pfeffer et al., 2013. Abbreviations: Gad1 mRNA label GABAergic neurons; M, 

Martinotti cells; SO, stratum oriens; SS1, somatosensory cortex 1; Sst mRNA label 

somatostatin interneurons; Nkx2.1-tdTomato and Nkx2.1 label interneurons from MGE; 

NM, Non-Martinotti cells; PV, parvalbumin interneurons; tnfaip8l3, TNF Alpha Induced 

Protein 8 Like 3; vGlut1 mRNA label glutamatergic neurons; Vip, vasoactive intestinal 

peptide interneurons. 

 

switch in subunit composition resembles the experienced by excitatory neurons, 

in which GluN3A down-regulation has been implicated (Perez-Otano and Ehlers 

2004; Henson et al., 2012). 
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In sum, our study offers entirely new insight onto the spatiotemporal 

patterns of Grin3a distribution in the brain, provides a roadmap for dissecting 

the diverse functions attributed to GluN3A-NMDARs in brain physiology, 

behaviour and disease states, and opens up important cell biological and 

functional questions. At the cell biological level, further investigations on 

regulation will be needed to define the transcriptional and epigenetic 

mechanisms that determine the area-to-area and temporal variations in Grin3a 

expression. Is experience a critical determinant factor, as suggested by the 

observation that rearing rats in the dark prevents GluN3A down-regulation in 

visual cortex (Larsen et al., 2014) or is regulation by the calcium-regulated 

transcription factor CaRF (Lyons et al., 2016)? In terms of function, the transient 

expression of Grin3a in cortical areas and temporal correlation with hierarchical 

cortical maturation emphasizes the concept of GluN3A as a key controller of the 

timing of brain maturation and its coupling to experience. Further advances will 

require selective deletion of the Grin3a gene at specific times and in specific 

neuronal populations, combined with tools to distinguish roles of GluN3A-

NMDARs from those of the yet more enigmatic excitatory GluN1/GluN3 

receptors. 
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«¿El zumo compensa  

exprimir la fruta?» 

- la vecina de al lado, película - 
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All the results presented in the First Chapter of my Thesis: “RNAi-Based 

GluN3A Silencing Prevents and Reverses Disease Phenotypes Induced by 

Mutant huntingtin” are summarized in the following points: 

1) The spread capacity of rAAV9 in striatum was higher and more consistent 

across individuals than that of rAAV8 or rAAV10, as was thus chosen for our 

gene therapy approach. 

2) A single injection of the rAAV9-shGluN3A silenced persistently and 

specifically the expression of GluN3A subunits without affecting other proteins 

analysed. 

3) rAAV9-shGluN3A showed neuronal tropism in the striatum and preferentially 

targets medium spiny neurons, the vulnerable population in Huntington´s 

disease, without modifying GluN3A levels in other neuronal or non-neuronal 

populations. 

4) rAAV9-driven GluN3A silencing was effective when timed with the onset of 

the synaptic pathology but also when initiated later in the disease course, 

establishing a broad window of opportunity over which pre-existing phenotypes 

can be reversed. 

5) Silencing expression in medium spiny neurons was sufficient for restoring 

motor performance in a Huntington´s disease mice model. 

 

All the results presented in the Second Chapter of my Thesis: “Temporal 

Dynamics and Neuronal Specificity of Grin3a Expression in the Mouse 

Forebrain” are summarized in the following points: 

1) Despite a major down-regulation, Grin3a mRNA expression is retained into 

adulthood in a subset of brain areas such as the prefrontal cortex, anterior 

cingulate, retrosplenial, agranular insular, temporal association, ectorhinal, and 

perirhinal cortices, amygdala and ventral hippocampus. 
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2) A stereotyped, layer-specific profile of Grin3a expression is observed in 

sensory and motor cortices at early postnatal stages, with early restriction to 

layer V and later appearance in upper layer neurons. The timing however varies 

across sensory modalities and correlates with the timing of arrival of sensory 

experience and associated neural circuit refinements.  

3) Grin3a is expressed in both excitatory and inhibitory neurons, with 

GABAergic interneurons showing particularly high Grin3a mRNA levels in 

somatosensory cortex and stratum oriens of the hippocampus. Virtually all 

Grin3a-positive interneurons are Nkx2.1-positive which shows a common origin 

in the medial ganglionic eminence. 

4) Virtually all somatostatin interneurons in cortex and hippocampus express 

high levels of Grin3a mRNA, indicating that Grin3a expression can be used as a 

secondary marker for somatostatin interneurons. 
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Los resultados presentados en el primer capítulo de mi tesis “El silenciamiento 

de GluN3A basado en ARNi previene y revierte los fenotipos de enfermedad 

inducidos por huntingtina mutante” están resumidos en los siguientes puntos: 

1) La capacidad de difusión del rAAV9 en el estriado fue mayor y más 

consistente entre diferentes ratones inyectados que los rAAV8 o rAAV10, por lo 

que se escogió como vector para nuestra estrategia de terapia génica. 

2) Una única inyección de rAAV9-shGluN3A silenció de forma persistente y 

específica la expresión de las subunidades GluN3A sin afectar a otras 

proteínas analizadas. 

3) rAAV9-shGluN3A presenta un tropismo neuronal en el estriado con 

preferencia significativa por neuronas espinosas medianas, la población 

vulnerable en la enfermedad de Huntington, sin modificar los niveles de 

GluN3A en otras poblaciones neuronales (interneuronas colinérgicas) o no 

neuronales (oligodendrocitos). 

4) El silenciamiento de GluN3A dirigido por rAAV9 fue eficaz cuando se 

sincronizó con el inicio de la patología sináptica, pero también cuando se inició 

más tarde en el curso de la enfermedad. Esta observación establece una 

amplia ventana de oportunidad sobre la cual se pueden revertir los fenotipos 

preexistentes. 

5) El silenciamiento de la expresión en neuronas espinosas medianas fue 

suficiente para restaurar el rendimiento motor en un modelo de ratones con 

enfermedad de Huntington. 

 

Los resultados presentados en el segundo capítulo de mi tesis “Dinámica 

temporal y especificidad neuronal de la expresión de Grin3a en el prosencéfalo 

del ratón” están resumidos en los siguientes puntos: 
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1) A pesar de una importante reducción a partir del pico de expresión postnatal, 

se observan niveles significativos del ARNm de Grin3a hasta la edad adulta en 

un subconjunto de áreas cerebrales que incluyen la corteza prefrontal, 

cingulado anterior, retrosplenial, corteza insular agranulada, temporal 

asociativa, cortezas ectorhinal y perirrinal, amígdala e hipocampo ventral. 

2) La expresión de Grin3a sigue un perfil estereotipado y específico de capa en 

las cortezas sensoriales primarias y motoras en las primeras etapas 

posnatales, con una restricción temprana a capa V y aparición posterior en las 

neuronas de las capas superiores. Sin embargo, el curso temporal varía según 

la modalidad sensorial y se correlaciona con la llegada de la experiencia 

sensorial y refinamientos asociados del circuito neuronal. 

3) Grin3a se expresa tanto en neuronas excitadoras como inhibidoras, con 

niveles de ARNm particularmente elevados en interneuronas GABAérgicas de 

corteza somatosensorial y stratum oriens del hipocampo. Virtualmente todas 

las interneuronas que expresan Grin3a son positivas para el marcador Nkx2.1 

lo que muestra un origen común en la eminencia ganglionar media. 

4) Virtualmente todas las interneuronas somatostatinérgicas en corteza e 

hipocampo expresan altos niveles de Grin3a ARNm, indicando que la expresión 

de Grin3a puede usarse como marcador secundario de interneuronas 

somatostatinérgicas. 

  



 

 

 

 

 

«La vida no se mide por las 

 veces que respiramos, sino por los 

 momentos que nos dejan sin aliento»  

- Will Smith - 
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General abbreviations 

A 

AAV, adeno-associated virus 

Ab, antibody 

AMPA, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

ANOVA, analysis of variance 

AP2, clathrin adaptor protein 2 

AP-5, D-2-amino-5-phosphonovaleric acid 

B 

BAC, bacterial artificial chromosome 

BCIP, 5-bromo-4-chloro-3’-indolyphosphate p-toluidine salt 

C 

C-terminal, carboxy-terminal 

Ca2+, calcium ions 

CAA, cytosine-adenine-adenine nucleotides 

CAG, cytosine-adenine-guanine nucleotides 

CaMKII, calcium-calmodulin-dependent protein kinase II 

Cap genes, capsid genes 

CC, motif required for redox modulation with two cysteine residues 

Chat, cholinergic interneurons 

CMV, cytomegalovirus promoter 

CNS, central nervous system 

Ctip2, chicken ovalbumin upstream promoter transcription factor-interacting 
protein 2 

Cux1, cut Like Homeobox 1 protein 

Cy, cyanine 
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D 

D1, dopamine receptor 1 positive neurons 

D2, dopamine receptor 2 positive neurons 

DAPI, 4´,6-diamidino-2-phenylindole 

DARPP-32, Dopamine and cAMP regulated phosphoprotein 32 

DNA, deoxyribonucleic acid 

dNTPs, deoxyribonucleotide triphosphates 

E 

E, embryonic day 

ECL, enhanced chemiluminescence 

EDTA, ethylenedinitrilotetraacetic acid 

EGFP, enhance GFP 

EH, enfermedad de Huntington 

EM, electron microscopy 

ER, endoplasmic reticulum 

F 

fEPSP, field excitatory postsynaptic potential  

FISH, fluorescent ISH 

G 

GABA, gamma-aminibutyric 

Gad1, Glutamate decarboxylase 1 

GAD67, glutamic acid decarboxylase 67 

GFP, green fluorescent protein 

GIT1, G-protein coupled receptor kinase interacting protein 

GluD, δ-Receptors 

GluN3A, glutamate NMDA receptor subunit 3A 

GluN3A-S, C-terminal short length GluN3A 
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GluN3A-L, C-terminal long length GluN3A 

GRIN, glutamate receptor ionotropic N-methyl-D-aspartate 

Grin3a, glutamate receptor ionotropic N-methyl-D-aspartate 3a 

H 

HEAT, Huntingtin, Elongator factor3, PR65/A regulatory subunit of PP2A and 
Tor1 

HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HFS, high-frequency stimulation 

HTT, huntingtin protein 

HTT, human huntingtin gene 

Htt, mouse huntingtin gene 

HD, Huntington´s disease 

I 

IT15, interesting transcript 15 gene 

ITRs, inverted terminal repeats 

ISH, in situ hybridization 

K 

K+, potassium ions 

Kb, kilo bases 

kD, kilo Daltons 

KO, knock out 

L 

LTP, long-term potentiation 

M 

M1-4, transmembrane helixes 1-4 

MAPs, microtube-associated proteins 

Mg2+, magnesium ions 
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mHtt, mutant Huntingtin 

miRNAs, micro RNAs 

mRNA, messenger RNA 

Ms, miliseconds 

MSNs, medium spiny neurons 

mTOR, mammalian target of rapamycin 

mTORC1, mammalian target of rapamycin complex  

N 

Na+, sodium ions 

NBT, nitroblue tetrazolium chloride 

NMDAR, N-methyl-D-aspartate receptors 

N-terminal, amino-terminal 

NSE, specific enolase promoter 

O 

Oligos, oligonucleotides 

P 

P(number), postnatal day 

PACSIN1, protein kinase C and casein kinase substrate in neurons 1 

PAK1, p21-activated kinase 1 

PB, phosphate buffer 

PBS, phosphate buffered saline 

PCR, polymerase chain reaction 

PFA, paraformaldehyde 

PKA, protein kinase A 

PKC, protein kinase C 

PP2A, protein phosphatase 2A 

POD, horseradish peroxidase  
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PolyQ, poly glutamine repeats 

PRD, proline-rich domain 

Pre-miRNAs, pre-mature miRNAs 

Pri-miRNAs, primary microRNAs    

Prnp, mouse prion promoter 

pS, picosiemens 

PSD, postsynaptic density 

PSD-95, postsynaptic density protein-95 

PTK, protein phosphatase 2A 

PVDF, polyvinylidine difluoride 

Q 

Q/R/N, Glutamine/arginine/asparagine 

R 

rAAV, recombinant adeno-associated virus 

Rep gene, replication gene 

Rheb, Ras-GTPase activating proteins 

RISC, RNA-induced silencing complex 

RNA, Ribonucleic acid 

Rpm, Revolutions per minute  

RT, room temperature 

RT-PCR, reverse transcriptase polymerase chain reaction 

RXR, arginine/any/arginine 

S 

SDS-PAGE, sodium dodecyl sulphate polyacrylamide gel electrophoresis 

SEM, standard error of the mean 

shRNA, short-hairpin-RNA 

siRNAs, small interfering RNAs 
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ssDNA, single-stranded DNA  

ssRNA, single strand 

Sst, somatostatin  

Syndapin, synaptic dynamin-associated protein 

T 

TBS, Tris buffer saline 

TEMED, N,N,N′,N′-Tetramethylethylenediamine 

TSA, tyramide signal amplification 

V 

vGlut1, vesicular glutamate transporter 1 

W 

WT, wild-type 

X 

xg, relative centrifugal force 

Y 

YAC, yeast artificial chromosome 

YWL, Tyrosine-tryptophan-leucine 

 

Anatomical abbreviations 

A 

ACg, anterior cingulate cortex 

ACo, anterior cortical amygdaloid nucleus 

AD, anteriordorsal thalamic nucleus 

AHi, amygdalohippocampal area  

AI, agranular insular cortex 

AM, anteriormedial thalamic nucleus 

AON, anterior olfactory nucleus 
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APT, anterior pretectal nucleus 

Au, auditory cortex 

AV, anteriorventral thalamic nucleus 

B 

BMP, basomedial amygdaloid nucleus, posterior part 

BLA, basolateral amygdala  

BLP, basolateral amygdaloid nucleus 

BP, baso amygdaloid nucleus, posterior part 

BST, bed nucleus of the stria terminalis 

C 

CA1, cornu ammonis 1  

cc, corpus callosum 

CeM, central amygdaloid nucleus, medial division 

Cg, cingulate cortex 

CL, centrolateral thalamic nucleus 

Cla, claustrum 

CM, centromedial thalamic nucleus 

CoA, cortical amygadala 

CPu, caudate-putamen 

CxA, cortex amygdala transition zone 

D 

DEn, dorsal endopiriform nucleus 

DLG, dorsolateral geniculate nucleus 

DP, dorsal peduncular cortex 

DG, dentate gyrus 

DS, dorsal subiculum 

DTT, dorsal tenia tecta 
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F 

Fr, frontal cortex 

Fr, fasciculus retroflexus 

E 

Ect, ectorhinal cortex 

G 

GP, globus pallidus 

GPe, external segment of the globus pallidus 

GPi, internal segment of the globus pallidus 

H 

Hb, habenula 

I 

Ic, internal capsule 

ICj, islands of Calleja 

ICjM, major island of Calleja  

IG, Indusium griseum 

In, insular cortex 

IL, infralimbic cortex 

IM, intercalated amygdaloid nucleus, main part 

IMD, intermediodorsal thalamic nucleus 

In, insular cortex 

L 

La, lateral amygdala 

LD, laterodorsal thalamic nucleus 

LHb, lateral habenula 

LP, lateral posterior thalamic nucleus 

LS, lateral septal nucleus 
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LTD, long-term depresion 

LTP, long-term potentiation 

M 

MD, medial dorsal thalamic nucleus 

MGE, medial ganglionic eminence 

MHb, medial habenular nucleus 

Mia, Mitral cell layer of the olfactory bulb  

Mo, motor cortex  

mt, mammillothalamic tract 

O 

OC, orbital cortex 

OFC, orbitofrontal cortex 

ON, olfactory nerve 

OT, Olfactory tubercule 

P 

PC, Paracentral thalamic nucleus 

PF, Parafascicular thalamic nucleus 

PFC, prefrontal cortex 

Pir, piriform cortex 

PLCo, posteriorlateral cortical amygdala nucleus  

PMCo, posteriormedial cortical amygdala nucleus 

Po, posterior thalamic nuclear group 

PRh, perirhinal cortex 

PrL, prelimbic cortex 

PT, paratenial thalamic nucleus 

PtP, parietal cortex, posterior part 

PV, paraventricular thalamic nucleus 
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Pyr, pyramidal layer 

R 

Re, reuniens thalamic nucleus 

Rh, rhomboid thalamic nucleus 

Rhi, rhinal cortices  

RNA, ribonucleic acid 

RS, retrosplenial cortex 

Rt, reticular thalamic nucleus 

S 

S, subiculum 

SN, substantia nigra 

SNc, substantia nigra pars compacta 

SNr, substantia nigra pars reticulata 

SOr, stratum oriens 

SP, stratum pyramidale 

SR, stratum radiatum 

SS, somatosensory cortex 

ST, bed nucleus of the stria terminalis 

STh, subthalamic nucleus 

STN, subtalamic nucleus 

T 

Thal, thalamus 

TeA, temporal association cortex 

TT, tenia tecta 

Tu, olfactory tubercle 

V 

VA, ventral-anterior thalamic nucleus 
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VEn, ventral endopiriform nucleus 

VG, Ventral lateral geniculate nucleus 

Vis, visual cortex 

VL, ventral-lateral thalamic nucleus 

VM, ventromedial thalamic nucleus 

VMH, ventromedial hypothalamic nucleus 

VP, ventral posterior thalamic nucleus 

VTT, ventral tenia tecta 

Z 

ZI, zona incerta 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 



 

 

 

«Vive como si fueras a morir 

 mañana, aprende como si 

 fueras a vivir para siempre»  

- Mahatma Gandhi - 
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