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cafés al Parc, durant aquests anys de tesi, en els quals reivindicavem plegats les
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en una gran amiga. El teu recolzament, companyia i alegria al llarg d’aquests darrers
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llum del sol. A més, any passat vam poder treure’ns I'espina de la FENS i gaudir



d’una experiéncia immillorable a Paris. Desenes d’hores en xerrades, posters i
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recorregut.
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felicos, en definitiva, és escollit contribuit a entendre una mica millor com
funciona aquest moén i aquest regal que és la vida. I és que a mi la ciencia m’ha
ensenyat molt, pero també m’ha permes coneixer grans persones com tu amb les
que he viscut experiéncies que sempre recordaré. En resum, gracies a les tres per
formar part de la meva vida i ser part d’aquesta tesi. Aquesta etapa s’acaba pero si
us plau, que no acabin les trobades, els stickers, les converses, les escapades a
plataforma, les alegties, les cancons o les bogeries. Us trobaré molt a faltar, pero
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sempre ens quedara el Tap!

Ara toca Boston! Moltissimes gracies a tots els que heu format part d’aquesta
increible i inoblidable experiencia. Si fa uns anys em diven que acabaria fent una
estada a Harvard no hi hauria donat credit. Pero és que no només ha estat una
gran oportunitat professional, siné que també ha estat una gran experiéncia vital.
I aixo ha estat gracies a molta gent... De entrada, mil gracias a ti Marcela. Gracias
por darme la oportunidad de trabajar contigo, conocer tu proyecto y confiar en
mi. A tu lado he aprendido muchisimo y he vuelto a enamorarme de la ciencia en
un momento en el que todo se me hacfa cuesta arriba. Asi que gracias por guiarme
y ensefiarme tanto dentro del lab, pero también por ser mi amiga fuera de él
(aunque fuera yo quien te tuviera que ensefiar Boston...). Siempre llevaré conmigo
nuestros cotis, copas, ratitos de peli y manta, paellas, cenas, fiestas y charlas.
Thanks a lot to all my lab colleagues at the OGI, you made me feel at home
although being miles away from it. Y sin duda, gracias también a la panda de la
RCC por ser mi pequefio refugio en Boston, ime llevo todo lo vivido juntos para
siempre! Per dltim, moltissimes gracies a les dues persones que s’han convertit en
la meva familia Bostoniana, a la Bet i a la Lucfa. No fa falta que us digui que sense
vosaltres no hauria estat el mateix. Vam viure experiencia americana al 100%:



vam veure absolutament tots els esports possibles, vam menjar totes les guarrades
que vam poder i més, vam fer un mini road trip amb visita obligatoria al siper amb
menjar XXL, vam viure les épiques festes universitaries americanes, vam menjar
molta pizza gratis mentre pintavem i vam descobrir plegades Boston, una ciutat
que s’ha convertit en la nostra segona llar. Gracies Bet per ser la millor compi de
pis possible (encara que ens deixessis sense forn una temporada...). I es que sense
tu, literalment, no hagués tingut un sostre a Boston! Haver-te conegut i compartit
aquesta experiéncia juntes ha estat tot un regal. Y obviamente gracias a ti, Lucfa.
iQuién me iba a decir que una sesion aburrida de bienvenida me iba a regalar a la
mejor compafiera de aventuras! Recorrimos Boston juntas y espero de corazén
poder continuar descubriendo mundo y compartiendo vivencias unicas a tu lado.
Sembla mentida que en tan poc temps us hagueu convertit en unes persones tan
importants per a mil Aixi que noies, espero que allo que va comengar a Boston
continui a Barcelona, Anglaterra o Australial

Gracies també a tots els PhD de I'Institut i el programa de doctorat amb els que
he coincidit i compartit congressos, xerrades, cafes, organitzacié d’esdeveniments
i mil moments més.

Un gracies també a 'equip de la UB Divulga i de difusié de la ciencia del Parc
Cientific. Hi ha una cosa que m’agrada tant o més que fer ciéncia, i és divulgar-lal
Vosaltres heu fet possible que expliqués la meva recerca a escoles, instituts, festes
de la ciencia i en definitiva, a la societat. Aixi que gracies perqué ho he gaudit
moltissim.

I Papartat d’agraiments cientifics no pot acabar sense recordar els meus inicis. Mil
gracies Susana per descobrir-me aquest mén. Em vas donar 'oportunitat d’entrar
en un laboratori en un moment molt complicat de la meva vida. Aquell estiu entre
nanoparticules em va ajudar a continuar endavant i em va regalar una professié
que em captiva. També gracies a tu, Cristina, la meva primera mentora cientifical
Aquesta tesi és en part possible gracies a tu, 1 és que el teu entusiasme 1 passio per
la investigaci6 sén contagiosos i gracies a tu vaig decidir que volia fer el doctorat.
Vaig aprendre molt al teu costat i vas fer que el meu primer contacte amb el mén

de la investigacié fos inoblidable.
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de la vostra ma quan encara no em podia ni imaginar com era treballar en un
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i aprendre moltissim de branques de la ciéncia que desconeixia, vaig coneixer un
grup de gent meravellosa que s’han convertit en alguns dels meus millors amics.
Hem sigut molts i és impossible anomenar-vos a un per un, perd mil gracies a tots!
Gracies Angel i Rossend perqué els partidets de Cosmobasquet post-laboratori
m’han ajudat moltissim a desconnectar. També, gracies Aida, Clara, Marti i tota la
resta per les fantastiques Cosmoescapades 1 calcotades que sempre recarreguen les
piles. I sobretot, mil gracies a les meves Cosmollagues: a la Paula, PAdri, EL, el
Joelila Nuria. Vosaltres segurament sou els que més heu patit aquesta tesi i també
els que més m’heu aconsellat i recolzat. Aixi que gracies per estar al meu costat 1

fer més comode el cami.

I qui millor per acabar els agraiments dels amics que amb vosaltres queé hi heu estat
sempre, des de que teniem tres anyets i comengavem la nostra aventura al Thau.
A vosaltres, les del cole, gracies per estar-hi des de fa tant de temps. Hem viscut i
compartit tantes coses que tenim batalletes per a molts i molts anys. Els anys
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a les altres, 1 que sigui per molts més anys! Aix{ que gracies a totes, a les Clares, a
I'Emmelin, a la Monica, a la Mire, a la Ine 1 a 1a Laura.
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cosa dificil o una de facil, tingues sempre
present que les coses dificils acostumen
a ser sempre més divertides.
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ABSTRACT

The central nervous system (CNS) is a fascinating and complex structure formed
by millions of interconnected neurons that govern essential cognitive functions
such as memory and learning. The development and maintenance of this system
rely on genetic programs that regulate the spatial and temporal expression of
multiple genes. Among them, cell adhesion molecules (CAMs) are key
components of the nervous system with relevant functions in signal transductions.
These proteins exhibit a wide range of structural and functional diversity, allowing
them to regulate different processes, including the renewal and proliferation of
neural stem cells (NSCs), neuronal migration and differentiation, and the
integration of neurons into functional circuits. The present thesis investigates the
role of Neural cell adhesion molecule 2 (NCAM?2) in neuronal development and
adult plasticity.

NCAM2, also known as OCAM and RNCAM, is a membrane glycoprotein
belonging to the NCAM family. This family comprises two members, NCAM1
and NCAM2, which originate from genomic duplication events. Alternative
splicing of Neam2 produces two isoforms of the protein: NCAM2.1 and
NCAM2.2. Both isoforms share an extracellular domain composed by five
immunoglobulin-like modules (Igl-IgV) and two fibronectin type III modules
(FnllI1-2). Through the extracellular domain, they establish #ans homophilic
interactions that are responsible for a large part of their functions. The isoforms
exhibit distinct intracellular domain: NCAM2.1 has a transmembrane domain and
a cytoplasmic tail while NCAM2.2 is attached to the membrane via a
glycosylphosphatidylinositol (GPI) anchor. This structural diversity led to
different cellular localization, interactions, and biological functions.

The role of NCAM2 have been extensively studied in the olfactory bulb, where it
participates in neurite growth, axo-dendritic compartmentalization, and selective
axon fasciculation. However, its role outside of this region has remained largely
unexplored to date. The main objective of this thesis has been to determine the
functions of NCAM2 protein in the cortex and hippocampus. The resultuts
obtained revealed that NCAM2 regulates neuronal polarization and
morphogenesis. Silencing the protein during neuronal polarization events leads to
aberrant dendritic and axonal phenotypes. The mechanisms that vehiculate
NCAM?2 functions in neuronal morphogenesis include the interaction with
cytoskeletal proteins (actin, tubulin, and neurofilaments), cytoskeleton-associated
proteins (MAP1B, MAP2, or CAPZ), and other intercellular effectors (CaMKII
or 14-3-3).



In the adult nervous systems, we analyze the effects of NCAM2 protein on the
regulation of hippocamapl adult neural stem cells (NSCs) and synaptic plasticity in
the hippocampus. The results in the context of neurogenesis revealed that
regulated levels of Neam2 are necessary for the activation of quiescent NSCs,
division and neuronal differentiation. Increased levels of NCAM?2 lead to a partial
arrest of progenitor cells delaying the normal course of the neurogenic events. In
synaptic plasticity, our data suggest that NCAM2 is necessary for synapse
formation and maintenance during adulthood. The disruption of Nea2 leads to a
constriction and a reduction in dendritic spines density. Conversely, upregulated
levels of the gene may promote contact stabilization by increasing the size of
dendritic spines.

In summary, the results obtained in this thesis highlight the relevance of NCAM2
in neuronal development and plasticity, thus reinforcing the crucial role of CAMs
in the functioning of the CNS. The NCAM2 gene has been associated with
neurodevelopmental disorders or neurodegenerative diseases such as Autism
Spectrum Disorders, Down syndrome, or Alzheimer's disease. The evidence
provided in the thesis could enhance our understanding of the neurogenic and
synaptic deficits that occur in these pathologies and open new promising avenues
for future research.
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1

INTRODUCCIO






El Sistema Nervids és una de les estructures més fascinants i misterioses de
la natura. Des de les funcions més basiques d’'un organisme, com respirar
o moure’s; a les més complexes, com pensar, recordar o imaginar, sén
possibles gracies a les xarxes neuronals que el conformen. Els circuits
neuronals que integren el sistema s’originen durant el desenvolupament
embrionari en un procés que implica la coordinacié d’'una gran diversitat
de molécules.

Aquests circuits neuronals presenten la sorprenent capacitat de convertir
els records, els sentiments o els pensaments en canvis en la seva activitat.
D’aquesta manera, I'ésser huma pot adaptar-se als entorns canviants i
emmagatzemar les experiéncies viscudes al llarg de tota la vida. El conjunt
de processos que participen en el desenvolupament i la plasticitat del
sistema dibuixen un escenari complex amb muiltiples actors, molts dels
quals esperen a ser revelats.
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Capitol 1. Desenvolupament del Sistema Nervids

L’origen del sistema nervids és fruit de ’acci6é coordinada en el temps i 'espai de
programes genetics d’alta complexitat i precisié que s’inicien durant el
desenvolupament embrionari. En mamifers, una de les etapes embriologiques més
rellevants és la gastrulacié. Durant aquest periode, una reorganitzacié massiva de
les cel-lules de la blastula finalitza amb la formaci6 de les tres fulles embrionaries:
I’endoderma, el mesoderma i ectoderma. En aquest punt, i a partir de diversos
esdeveniments de diferenciacié i d’organogenesi, s’inicia la formacié dels teixits i
dels organs de lorganisme. L’alliberament de diferents senyals per part de la
notocorda durant la induccié neural convertira 'ectoderma dorsal en la placa
neural. El plegament de la placa neural donara lloc a la formaci6 del tub neural, en
un procés anomenat neurulacié que marca U'inici del sistema nervios central (SNC).
Fruit d’una rapida i no uniforme divisié de les cél-lules del tub neural durant les
primeres fases del desenvolupament; es comencen a formar regions especialitzades
1 es visualitza una estructura amb tres vesicules: el prosencefal, el mesencefal 1 el
romboencefal. La compartimentalitzacié i la subdivisié d’aquestes vesicules acaba
generant les estructures de l'encefal, que juntament amb la medul'la espinal,
conformen el SNC (Figura 1.1). Es tracta d’'un procés altament regulat per
Pexpressio de patrons genetics especifics entre els quals juguen un paper decisiu
Shh, Hox, Pax o la familia de Wt (Franco & Miller, 2013; Leung et al., 2019).

Prosenceéfal Telenceéfal

Diencefal

Mesencéfal Mesencefal
Metencefal
Romboencéfal Mielencéfal
Medul-la espinal
3 vesicules | 5 vesicules

Figura 1.1. Compartimentalitzaci6 del sistema nerviés.

Representacié esquematica del tub neuronal en els diferents estadis del desenvolupament.
A Tlesquerra, es representa la subdivisié del tub neural. Aquesta divisi6 dona lloc,
inicialment, a les tres vesicules primordials: el prosencefal, el mesencefal i el romboencefal.
En etapes posteriors, s’oberva la subcompartimentalitzacié del tub neural en cinc vesicules
que formaran les estrcutures del sistema nerviés adult: el telencefal, el diencefal, el
mesencefal, el metencefal i el mielencéfal. A la part dreta de la figura es representa una
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secci6 sagital d’'un embrié on es mostra la distribucié de les cinc vesicules i la medul-la
espinal. Font: elaboraci6 propia a partir de la informacié recollida a Sozelo, 2004.

1.1 Neurogénesi embrionaria

La neurogenesi embrionaria és el procés per mitja del qual es generen les cél-lules
del sistema nerviés durant el desenvolupament. Les neurones i les cel'lules de la
glia s’originen a partir de les cel'lules mare neuronals (NSCs; de nenral stem cells) 1
els progenitors neurals. El procés de neurogenesi inclou la divisio, migraci6 i
diferenciacié de les NSCs (Agirman et al., 2017; Hanashima & Toma, 2015; Park
et al,, 2022). Les noves neurones generades, un cop arriben a la seva destinacio,
maduren, formen les connexions sinaptiques i esdevenen funcionalment
competents.

1.1.1 Les cel-lules mare neuronals

Les cel'lules mare somatiques contribueixen a lontogenesi, 'homeostasi i la
regeneraci6 dels teixits de 'organisme (Shin et al., 2015). Els dos trets principals
que les defineixen son la seva capacitat d’autorenovacié i la multipotencia. Aix{
doncs, les cél-lules mare poden dividir-se un nombre il-limitat de vegades i produir
diversos tipus de cél-lules diferenciades. En el cas del sistema nervids dels
mamifers, el conjunt de NSCs constitueix una poblacié heterogenia de cel-lules,
sovint dificil de categoritzar, amb diferents graus de multipoténcia. Els dos
integrants principals d’aquesta poblacié durant el desenvolupament embrionari
son les cel'lules neuroepitelials (NECs; de neuroepitelial cells) 1les cel-lules de la glia
radial RGCs, de radial glial cells) (Eze et al., 2021; Taverna et al., 2014). Ara bé, en
el procés de neurogenesi també hi participen unes cel'lules amb una capacitat
d’autorenovacié i un desti cel'lular més restringits anomenades progenitors
neurals. El terme progenitor neural inclou diferents tipus de cel-lules en funcié de
la seva ubicaci6 i tipus de divisi6 cel'lular. En concret, els progenitors neurals es
poden classificar en progenitors amplificadors transitoris (TAP; de transient
amplifying progenitors), progenitors subapicals (SAP; de subapical progenitors) i
progenitors intermedis (IPC; de éntermediate progenitor cells) (Taverna et al., 2014).
D’entre ells, els progenitors neurals més ben caracteritzats séon els IPCs els quals
contribueixen de manera destacada a la formacié de neurones.

Cel‘lules neuroepitelials. Les NECs son les cel-lules mare primerenques del
SNC. Es tracta de progenitors apicals altament polaritzats al llarg de Ieix apical-
basal amb caracteristiques morfologiques de cel-lules epitelials (Agirman et al.,
2017; Eze et al., 2021; G6tz & Huttner, 2005; Lindsey et al., 2018; Taverna et al.,
2014; Urban & Guillemot, 2014). Les NECs poden ser detectades a través de
Pexpressié de marcadors epitelials com el filament intermedi Nestina o ’'Ocludina,
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molecules d’adhesié com les cadherines o factors de transcripcié com Sox2 o
Sox1. A nivell transcriptomic, les NECs presenten una expressio enriquida en gens
com Hmga2 1 Cendl que promouen la progressi6 del cicle cel'lular (D1 Bella et al.,
2021; Ruan et al.,, 2021). El cos cel'lular de les NECs es situa en la superficie
luminal del tub neural i presenta dues prolongacions, una d’apical i una de basal.
La prolongacié apical s’endinssa en el lumen del tub neural permetent la deteccié
d’estimuls provinents de I'interior de la cavitat. En Dlaltre extrem, la prolongacié
basal estableix contactes, mediats per les integrines, amb la laminina de la lamina
basal (Arai & Taverna, 2017; Kosodo & Huttner, 2009). L’establiment i el
manteniment d’aquesta polaritat apico-basal és possible gracies a la distribucié
diferencial dels components de la membrana plasmatica, i a la formacié d’unions
especifiques cel'lula-cél-lula i cél'lula-matriu extracel-lular (Bian, 2013; Borrell &
Reillo, 2012; Gennarini & Furley, 2017; G6tz & Huttner, 2005). Entre aquestes
unions, destaquen les unions adherents establertes per les N-cadherines en la
membrana apical de les céllules (Arai & Taverna, 2017; Miyamoto et al., 2015).
Una ultima caracteristica de les NECs és el moviment del nucli a través de Peix
apical-basal durant la divisi6 cel-lular, un fenomen que es coneix com a migracié
nuclear intercinetica (Arai & Taverna, 2017; G6tz & Huttner, 2005; Taverna et al.,
2014).

Cel‘lules de la glia radial. Les RGCs deriven de les NECs de les quals hereten
les caracteristiques epitelials, la polaritat apico-basal i la migracié intercinética
nuclear. Les cel'lules poden ser identificades gracies a 'expressié de marcadors
epitelials com la Nestina, molecules d’adhesié com la N-cadherina i factors de
transcripcié com Sox2 o Pax6. Un tret diferencial respecte les NECs és Paparicié
de caracteristiques d’astroglia com els granuls de glicogen i marcadors com el
Transportador de glutamat especific (GLAST; de Glutamate/ aspartate transporter), la
Proteina d’unié a calci S100B, la Proteina d’unié a lipids (BLBP; de Brain lipid
binding protein) o la Proteina acidica fibril-lar glial (GFAP; de Glial fibrilar acidic
protein) (Gotz & Huttner, 2005; Lindsey et al., 2018; Miranda-Negron & Garcia-
Arraras, 2022). Les analisis transcripctomiques realitzades en aquestes poblacions
revelen una expressié dinamica de gens implicats en la divisié cellular, la identitat
dels progenitors i I’especificacié del llinatge (M&i67, Aspm, Cenpe, Cenpf, 1d4, Hes5).
Aquesta expressio de gens varia al llarg del desenvolupament: en les primeres
etapes del expressen alts nivells de Lix7, Cend? 1 Gpel, en etapes posteriors es
detecta una major expressio de Nfix, Ndgr2 1 Aldoe, 1 finalment, les RGCs tardanes

presenten una elevada expressié de reguladors de la transcripcié com Pox3/2,
Zbth20 i Nfia/ Nfib/ Nfix (Ding et al., 2022; Ruan et al., 2021).

A nivell morfologic, les cel-lules ubicades a la zona ventricular (VZ; de ventricular
zone) estenen dues prolongacions, una apical i una basal. El procés apical es troba
en contacte amb l'interior del lumen del tub neural des d’on contribueix a la
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captacié d’estimuls que regulen el comportament de les RGCs. La prolongacio
basal s’ancora a la superficie pial i forma una bastida que permet la migraci6 de les
neurones formades. A mesura que el radi de la capa cortical augmenta degut a la
generacio de les noves neurones, el procés basal s’allarga (Arai & Taverna, 2017).
De manera similar a les NECs, la polaritat apico-basal és establerta i mantinguda
a partir de la distribuci6 diferencial de components de la membrana, les unions
entre cél-lules i amb la matriu extracel-lular i la distribucié citoplasmatica d’alguns
organuls com el reticle endoplasmatic (Arai & Taverna, 2017).

La posicié de les RGCs durant la divisié cel'lular permet diferenciar-les en
progenitors apicals 1 progenitors basals. Les RGCs apicals en dividir-se poden
donar lloc a les RGCs basals. Aquestes darreres cél-lules no presenten un procés
apical i realitzen la mitosis en la zona subventricular (SVZ; de subventricular zone),
una segona zona germinal localitzada a la part basal de la VZ. De manera directa
o indirecta, el conjunt de RGCs donen lloc a la majoria de les neurones i les
cel'lules de la glia que conformaran el sistema nerviés. Alguns estudis assenyalen
que lespecificacié del desti cel-lular podria estar predeterminada i que cada
progenitor només podria donar lloc a un tipus de cel'lula (Taverna et al., 2014).

Progenitors intermedis. Els IPCs s’originen per mitosi de les NECs i les RGCs,
perd no presenten polaritat apico-basal (Hevner, 2019; Noctor et al., 2004;
Pebworth et al., 2021; Taverna et al., 2014). Es caracteritzen per I'expressié de
factors de transcripcié com Thr2, CUX1 i CUX2. Els estudis de transcriptomica
han revelat 'existencia de diferents subgrups d’IPCs en funci6 de Iexpressié de
gens proliferatius com I’Eomes 1 gens relacionats amb el llinatge neural com Nexrgg2
o Neurod] (Bedogni & Hevner, 2021; Di Bella et al., 2021; Ruan et al., 2021).
Aquests progenitors basals situats a la SVZ sense adhesi6 a la lamina basal (Arai
& Taverna, 2017; Bedogni & Hevner, 2021; G6tz & Huttner, 2005; Hevner, 2019;
Noctor et al., 2004) presenten una capacitat d’autorenovacié limitada i una
multipoténcia més restringida.

Durant el desenvolupament, I’'accié coordinada dels diferents tipus de progenitors
permet construir la complexa arquitectura del SNC (Agirman et al., 2017; Eze et
al., 2021; Gotz & Huttner, 2005; Solozobova et al., 2012; Urban & Guillemot,
2014). Segons l'etapa del procés neurogenic predominaran unes modalitats de
divisi6 cel'lular o unes altres. Les divisions de les NSCs poden ser asimétriques o
simétriques, segons la identitat de les cel-lules filla (Taverna et al., 2014). En les
divisions simetriques proliferatives es generen dues cél-lules filla identiques a la
cel-lula progenitora. En canvi, en les divisions simeétriques consumidores, les dues
cellules filles sén identiques entre elles pero diferents a la cel-lula mare. Les NECs
o les RGCs poden experimentar divisions simetriques proliferatives per tal
d’expandir la poblacié inicial de progenitors. Els IPCs poden dur a terme divisions
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simetriques proliferatives per augmentar la superficie de la SVZ i la poblacié de
progenitors (Hansen et al., 2010; Taverna et al., 2014), o bé divisions simétriques
consumidores per incrementar la produccié de neurones.

Les divisions asimétriques es donen quan les dues cel'lules filla tenen diferents
identitats. En les divisions asimeétriques autorenovadores es genera una nova
cel'lula mare i una céllula filla més diferenciada. Les RGCs poden realitzar
divisions asimetriques autorenovadores en les quals s’obté una altra RGCs i una
cel'lula més diferenciada, que pot ser un IPC o una neurona (Mira & Morante,
2020; Taverna et al, 2014). També, hi poden haver divisions asimetriques
consumidores en les quals es formen dues cél-lules més diferenciades, pero
diferents entre elles. Aquest és el cas de les divisions de les RGCs en les quals es
forma un IPC i una neurona. L’asimetria de les cel-lules filles podria estar
relacionada amb I’herencia de components subcel-lulars i molecules en el moment
de la mitosi (Knoblich, 2008; Lancaster & Knoblich, 2012; Taverna et al., 2014).

1.1.2 El microentorn: la zona ventricular

El comportament, la divisi6 i la multipotencia de les cel-lules mare venen
determinats pel seu microentorn o ninxol neurogénic. En les primeres etapes, les
divisions simétriques de les NECs permeten la formacié de diferents capes entorn
al lumen del canal. La capa més interna és la VZ, considerada el lloc principal de
residencia de les NSCs. En aquesta regié convergeixen la multitud de factors
intrinsecs 1 extrinsecs que regulen el comportament i la capacitat regenerativa de
les NSCs (Mira & Morante, 2020). Les molecules senyal sén transduides per les
NSCs i activen cascades de senyalitzacié que controlen la divisio 1 diferenciaci6 de
les NSCs a través de reguladors transcripcionals (p. ex: Sox2, bHLH, Pax6, NGN2,
Tbr1/2) i remodeladors de la cromatina (Bjornsson et al., 2015). Els components

principals de la zona neurogenica que emeten o vehiculen els senyals fins a les
NSCs soén:

Vasculatura. L’inici de la neurogenesi coincideix temporalment amb la
vascularitzacié del tub neural. T.a comunicacié bidireccional entre els vasos
sanguinis i les NSCs promou la vascularitzacié de la zona, regula la proliferacié de
les NSCs i controla la seva diferenciacié (Tata et al., 2016; Vogenstahl et al., 2022).
Les prolongacions basals i apicals de les RGCs estableixen contactes amb els vasos
de la superficie pial i el plexe paraventricular que promouen el creixement i
Pestabilitzacié dels vasos sanguinis. En el procés també hi participen molecules
senyal com Wnt, Iacid retinoic o el Factor de creixement transformador 32
(TFGP2; de Transforming growth factor) (Bjornsson et al., 2015). Paral-lelament, les
cel'lules endotelials de la vasculatura promouen la renovacié de les NSCs i la
neurogenesi a través de la senyalitzacié per Notch. Les molecules Efrina B2 (o
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EphrinB2) 1 Jagged expressades per les cel-lules endotelials també controlen el
manteniment de les cel'lules mare (Morante-Redolat & Porlan, 2019). Per dltim,
els pericits, unes cél-lules de suport dels vasos, regulen la divisi6 de les cél-lules
limitant els factors que arriben a les NSCs des del torrent (Bjornsson et al., 2015).

Liquid cefaloraquidi i plexe coroide. La composici6 del liquid cefaloraquidi
(CSF, de cerebrospinal fluid) de T'interior del tub neural és modificada per activitat
de les NSCs i el plexe coroide (ChPs; de chorvid plexuses). E1 ChP és una capa de
cel'lules epitelials en contacte amb la xarxa vascular que controla el pas de
molecules al CSF. El ChP produeix i secreta morfogens implicats en el
manteniment i renovacié de les cel-lules mare (p. ex.: BMP7, IGF-2, Wnt, SHH,
FGF) (Huang et al., 2010; Johansson et al., 2013; Lehtinen et al., 2011; Segklia et
al., 2012; Zappaterra & Lehtinen, 2012), la formacié dels IPCs (Wnt), la
diferenciacié dels progenitors a tipus neurals (BMPs, Wnt) o altres tipus cellulars
(Wnt en la fase tardana de la neurogenesi) i la migracié de les neurones (SLIT?2)
(Bjornsson et al., 2015; Hu, 1999; X. Huang et al., 2010; Johansson et al., 2013;
Lehtinen et al., 2011; Segklia et al., 2012; Zappaterra & Lehtinen, 2012).

Components cellulars. El ninxol conté un grup heterogeni de cél-lules integrat
per les NSCs, els progenitors neurals, la progenie i les cél-lules de suport. Les
interaccions que s’estableixen entre les diferents cél-lules regulen el comportament
de les NSCs. Per exemple, les IPCs i les neurones formades poden regular
Pautorenovaci6 i diferenciacié de les RGCs a través de Notch. Un altre exemple
és el paper de les cel lules residents del sistema immune, la microglia, que secreten
factors de creixement i citoquines que afecten al procés neurogenic i controlen el
nombre de progenitors per fagocitosi (Bjornsson et al, 2015; Mira and
Morante,2020).

Matriu extracel-lular i moleécules d’adhesioé cel-lular. La matriu extracel-lular
propotciona un suport fisic a les NSCs. Les interaccions entre les cel-lules i els
components de la matriu extracel-lular, com la laminina, sén I'inici de cascades de
senyalitzacié cel-lular que regulen la proliferacié dels progenitors (Bjornsson et al.,
2015; Long & Huttner, 2019; Lépez-Mengual et al., 2022). Les interaccions amb
la matriu sén establertes per molecules d’adhesi6 cel-lular (CAMs; de cel/ adbesion
molecnles), uns elements de I'arquitectura del ninxol neurogenic amb papers clau en
la transducci6 de senyals. La seva diversa implicacié funcional en la regulaci6 de
les NSCs es detallara en el tercer capitol.
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1.1.3 Corticogénesi

En el SNC el procés de neurogenesi té lloc en totes les regions del tub neural
seguint uns patrons espacials i temporals especifics al llarg dels eixos caudal-rostral,
ventral-dorsal i lateral-medial. Una de les regions, pero, on la seqiiencia
d’esdeveniments ha estat més ben caracteritzada és el neocortex (Figura 1.2).
Aquesta estructura, evolutivament tnica, presenta un total de sis capes i és el centre
fisic de les funcions cognitives superiors (Ruan et al., 2021). El cortex primordial
emergeix durant Pembriogénesi a partir de les vesicules telencefaliques formades
pel neuroepiteli (Agirman et al., 2017; Borrell & Reillo, 2012; G6tz & Huttner,
2005; Taverna et al., 2014). A l'inici de la corticogenesi (E9.5), les NECs formen
un tub amb un canal central o lumen. La capa de NECs mostra un aspecte
pseudoestratificat, degut a la posicié dels nuclis resultant del moviment de
migracié nuclear intercinetica (G6tz & Huttner, 2005). En les primeres etapes del
procés, les NECs realitzen divisions simetriques proliferatives per tal
d’incrementar la poblacié de progenitors i ampliar I'area del primordi cortical. Les
primeres rondes de divisié de les NECs finalitzen amb la transformacié de la
poblacié en RGCs entorn els dies 10 i 12 del desenvolupament (E10-E12) dels
ratolins (Agirman et al., 2017; Attardo et al., 2008; Borrell & Reillo, 2012; Florio
& Huttner, 2014; Noctor et al., 2004; Paridaen & Huttner, 2014). Durant la
transicio, les cel'lules adquireixen marcadors de cel'lules de la glia i es modifiquen
les unions adherents entre les cél-lules veines (Mira & Morante, 2020). També es
modifica Pexpressié genica, per exemple, el factor Hes 3 és regulat a la baixa mentre
que Hes5 augmenta la seva expressié (Miranda-Negron & Garcfa-Arraras, 2022).
La transicié de NECs a RGCs ve regulada per multiples factors entre els quals hi
ha factors solubles com el Factor de creixement fibroblastic (FGF; de Fibroblast
growth factor) (Ferent et al., 2020; Sahara & O’Leary, 2009).

La majoria del parenquima cortical deriva de les RGCs, ja sigui de manera directa
o indirecta a partir de la produccié d’IPCs, a través de divisions asimetriques o
simetriques. La primera fase de la corticogenesis és eminentment neurogenica i es
pot estendre fins a les primeres etapes postnatals, mantenint-se només en regions
especifiques durant etapa adulta (Figura 1.2) (Gage, 2019; G6tz & Huttner, 2005;
Kempermann et al., 2015; Leuner & Gould, 2009; Ming & Song, 2011; Taverna et
al., 2014; Park et al., 2022). La generaci6 1 acumulacié dels IPCs per sobre de la
VZ desemboca en una segona zona germinal, la SVZ (Attardo et al., 2008; Noctor
et al., 2004; Ortega et al, 2017). L’expansié d’aquesta area es creu que esta
relacionada amb Pexpansié evolutiva del cortex. Les neurones corticals de
projecci6 es generen de manera seqiencial a partir de les RGCs i els IPCs (Agirman
et al., 2017; Attardo et al., 2008; Borrell & Reillo, 2012; Florio & Huttner, 2014;
Noctor et al., 2004; Paridaen & Huttner, 2014; Ruan et al., 2021). De fet, entre un

24



10 1 un 20% de les neurones piramidals corticals es generen per divisié asimetrica
de les RGCs, mentre que la resta ho fan per divisions simetriques neurogeniques
dels IPCs (Agirman et al., 2017; Paridaen & Huttner, 2014; Taverna et al., 2014).

Divisions simétriques  Tronsicid de NECs  Divisions asimétriques  Generacié @’iPCs ~ Migracié a través de les Divisions simétrigues
proliferatives @ RGCs neurogénigues fibres de les RGCs consumidores
PRE-NEUROGENES| NEUROGENESI

Figura 1.2. Corticogénesi.

Esquema representatiu de la formaci6 del cortex amb els principals tipus de NSCs ila seva
progenie. Als inicis del procés, les NECs es divideixen simetricament per incrementar la
poblacié de progenitors. A continuacid, té lloc la transicié a RGCs que es poden dividir
simetricament o asimetricament. En les divisions asimetriques generen noves neurones i
IPCs. Els IPCs presenten una alta taxa de proliferacié i contribueixen a generar un gran
nombre de neurones en periodes curts de temps. Les neurones formades migren a través
de les fibres de les RGCs. Al final del procés tenen lloc divisions simetriques consumidores
que primer generen neurones i més tard cel'lules de la glia. CP: placa cortical; IPC:
progenitor intermedi; 1Z: zona intermédia; NEC: cel'lula neuroepitelial; RGC: cel-lula de
la glia radial; SVZ: zona subventricular; VZ: zona ventricular. Font: elaboracié propia a
partir de la informacié recollida a Paridaen & Huttner, 2014.

Les primeres neurones formaran les capes V-VI del cortex i projectaran els seus
axons a regions subcorticals. En canvi, les neurones produides en etapes tardanes
poblaran les capes II-IV del cortex i projectaran al cortex ipsilateral o contralateral
(Ruan et al., 2021). La formacié de cellules de la glia s’inicia durant embriogénesi
tardana 1 continua en etapes postnatals, amb una baixa, pero estesa produccid
d’astrocits i oligodendrocits per tot el NS adult (G6tz & Huttner, 2005; Paridaen
& Huttner, 2014; Taverna et al., 2014). En el cortex, la supervivencia de les
cel'lules depeén de 'accié de multiples factors que actuen inhibint un programa

25



latent d’apoptosi. Un cop s’han format, les neurones migren des de les zones de
proliferacié cap a les seves posicions finals on maduraran (Figura 1.2).

1.1.4 Formacié de I’hipocamp

L’hipocamp, localitzat en la part medial del lobul temporal, és una altra de les
estructures clau per als processos cognitius. Entre les seves funcions principals
destaquen la codificacié i 'emmagatzematge de la memoria a llarg termini, el
processament de la informaci6 espacial i la navegacié o I'aprenentatge (Lisman &
Redish, 2018; Zhong et al, 2020). Presenta tres estructures clarament
diferenciades: el gir dentat (DG; de dentate gyrus), el cornu Ammonis (’hipocamp
propiament dit; CA) i la fimbria. De la mateixa manera que el cortex, 'hipocamp
presenta una estructura laminada que s’origina durant el desenvolupament
embrionari. La formacié de I’hipocamp comenca entorn el dia E14, en resposta
als senyals emesos per un centre organitzador del telencéfal dorso-medial
denominat amb el terme angles “cortical hens’. La induccié de Ihipocamp és
possible gracies a la secrecié activa de molécules senyal com els BMP (de Borne
morphogenic protein) 1 Wnt, 1 a la manca d’expressié del factor de transcripcié Lhbx2
(Moore & Iulianella, 2021; Urban & Guillemot, 2014). Prop del centre
organitzador hi ha el neuroepiteli hipocamapl (HNE: de hippocampal nenroepithelinm)
i el neuropetili dentat (DNE; de dentate neunroepithelium) que donaran lloc a les
cel'lules de I'hipocamp i el DG, respectivament (Urban & Guillemot, 2014). Les
neurones piramidals del cornu Ammonis es formen majoritariament a la VZ entre
els dies E10-E20 del desenvolupament (Figura 1.3). E1 DG es genera a partir del
DNE, també conegut com a matriu primaria, que esdevé clarament visible el dia
E14.5 en els ratolins.

En etapes gestacionals posteriors, les cel-lules progenitores migren fora del DNE
cap a la superficie pial del cortex medial en un procés dependent de les cel-lules
de Cajal-Retzius (Del Rio et al., 1997). Els progenitors, una poblaci6 diversa de
cel'lules mare i precursors neuronals, migren des de la VZ cap a la fissura
hipocampal formant una segona matriu. Paral'lelament, es desenvolupa una
bastida de cél-lules de la glia que uneix la fimbria a la superficie pial del cortex. La
bastida i les cel-lules de Cajal-Retzius es mantenen durant el desenvolupament per
ajudar a la migracié i organitzacié dels precursors dentats 1 neurones granulars
(Figura 1.3). Els progenitors neurals arriben a la fissura hipocampal on s’acumulen
i formen un dltim centre de cel-lules en proliferacié o matriu terciaria. Les cel lules
granulars generades durant el desenvolupament del DG a partir dels precursors de
les tres matrius formen la capa de cél-lules granulars (GCL; de granule cell layer). La
forma caracteristica de les dues fulles del DG ve dictada per les cel-lules de Cajal-
Retzius que envolten la fissura hipocampal i la superficie pial. En les primeres

etapes postnatals, la matriu terciaria es converteix en I'inica font de progenitors

26



dentats i cel-lules granulars. Durant la segona setmana postnatal, la proliferaci6 al
DG es restringeix i, finalment, es confina a la SGZ on residiran les NSCs durant
Petapa adulta (Urban & Guillemot, 2014).
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Figura 1.3. Formacié de ’hipocamp.

Representacié esquematica del telencafal dorsal a diferents estadis del desenvolupament
embrionari (E) i en el moment del naixement (P0). Els requadres mostren la magnificacié
de la regi6 de ’hipocamp. En el dia E12.5, el DNE primerenc es troba entre THNE i el
CH, el qual produeix les cel-lules de Cajal-Retzius (vermell). A mesura que avanca el
desenvolupament (E14.5), els precursors de la matriu primaria localitats en la VZ (color
blau clar) comencen a mirar cap a a la superficie pial del cortex generant una matriu
secundaria. A la VZ del HNE, els precursors de la glia radial (taronja) donen lloc a les
neurones de I’hipocamp. En el dia E17.5, es forma la fissura hipocampal mentre els
precursors del DG migren i s’acumulen en aquesta regi6 i formen la matriu terciaria. En
aquest punt, les cel-lules de la glia radial estenen les seves projeccions des del CH a la
fissura hipocampal conduint la migracié de les neurones cap a la CA1 ila CA3. En el
moment del naixement, es comenga a formar el DG. Les neurones granulars del gir (lila)
apareixen primer en la fulla superior per sota de la fissura hipocampal. La migracié de les
cel'lules de Cajal-Retzius fins a la superifice pial ajuda a la formaci6 de la fulla inferior.
Mentre que les cel'lules precursores de les matrius primaria i secundaria acabaran
desapareixent, les de la matriu terciatia continuaran formant neurones durant el
desenvolupament postnatal del DG. DG: gir dentat; DNE: neuroepiteli dentat; HNE:
neuroepiteli hipocampal; RGC: cel'lula de la glia radial; 1ari: matriu primaria; 2a: matriu
secundaria; 3a: matriu terciaria. Font: Elaboracié propia a partir de la informacié extreta
Urbdn & Guillemot, 2014.
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1.2 Migracié neuronal

Les neurones han de migrar fora de les zones germinals cap a les seves posicions
finals per tal d’assolir la correcta citoarquitectura del cervell (Bressan &
Saghatelyan, 2021; Marin et al., 2010; Nadarajah & Parnavelas, 2002). Aquesta
migracié pot ser “de dins a fora” o “de fora a dins” segons si les ultimes neurones
generades ocupen posicions més superficials o bé més properes a les zones
proliferatives. En funcié de la via que segueixen les neurones i de les interaccions
que estableixen durant el trajecte, la migracié pot ser radial, tangencial o en cadena
(Buchsbaum & Cappello, 2019; Marin & Rubenstein, 2003). Els tres mecanismes
no sén excloents i una mateixa cel-lula pot alternar-los en resposta a Iaccio
coordinada de factors cel'lulars intrinsecs i factors extracel'lulars. La migracié
radial és la via principal de migracié utilitzada per les neurones piramidals de
projeccié del cortex. En aquest tipus de migracié, les neurones piramidals
glutamatergiques segueixen una trajectoria perpendicular a la superficie guiades per
la bastida de fibres de les RGCs (Marin et al., 2010; Rakic et al., 2008). En canvi,
la migracié tangencial és la via utilitzada per les interneurones gabacrgiques.
Aquestes cel'lules s6n generades en el telencefal ventral i es mouen en trajectories
paral-leles a la superficie del ventricle sense necessitar una bastida de suport per
migrar (Marin et al., 2010). Per utlim, un exemple de migracié en cadena és el
mecanisme que segueixen els neuroblasts formats en la SVZ fins al bulb olfactiu
en etapes postnatals i adultes (Akter et al., 2021).

A nivell cel'lular, el procés de migracié s’aconsegueix a partir de 'extensié de
processos lider (leading process) 1 processos cua (frailing process) per part de les
neurones (Figura 1.4). Els processos lider sén estructures dinamiques que
detecten les molecules senyal de 'entorn i guien a les neurones. El moviment basic
de les neurones es coneix com a locomocié i es divideix en tres passos: extensio
del procés lider, translocaci6 del nucli o nucleoquinesi i eliminacié del procés cua.
El cicle es repeteix fins que la neurona arriba a la seva destinacio. En alguns casos,
els processos lider i cua acabaran transformant-se en els futurs axons i dendrites
com, per exemple, en les neurones piramidals del cortex. Quan la neurona arriba
a la posicié final té lloc la translocacié somal final en la qual hi ha nucleoquinesis i
remodelatge del procés cua, pero no una nova extensié del procés lider (Noctor et
al., 2004; Takano et al., 2015) (Figura 1.4).
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1.2.1. Lalaminacio del cortex

Un dels esdeveniments de migracié més ben estudiats del SNC és el que té lloc
durant la formacié del cortex. Les neurones migren cap a la superficie pial i
s’acumulen en una seqtiencia “de dins a fora” formant una estructura de sis capes.
En aquest model de migracié “de dins a fora”, les primeres neurones generades
ocuparan les capes més profundes del cortex, mentre que les neurones més
tardanes ocuparan posicions més supetficials. Els esdeveniments de migracid
comencen amb la sortida dels neuroblasts postmitotics de la VZ/SVZ i la
formaci6 d’una estructura transitoria anomenada preplaca (PP; de preplate) per part
de les primeres neurones generades, entorn el dia embrionari 10 (E10). En les
primeres etapes, les neurones migren distancies curtes 1 ho fan per translocacié
somal, és a dir, de manera independent a les fibres de les RGCs (Figura 1.2). Degut
a Pacumulacié de les neurones per sobre de la VZ, la translocacié somal és
substituida per un mecanisme de migracié en maltiples etapes.

El segtient grup de neurones piramidals forma la placa cortical (CP; de cortical plate),
intercalant-se en la preplaca i dividint-la en dues capes: una capa més superficial
anomenada zona marginal (MZ; de marginal zone) 1 una capa més profunda o
subplaca (SP; de subplate). La MZ conté neurones corticals de projeccio i cel-lules
de Cajal-Retzius que sintetitzen i secreten la proteina Reelina, encarregada de
controlar la migracié neuronal (Causeret et al., 2021; Gil-Sanz et al., 2013).
Paral-lelament, entre la VZ ila SP es forma la zona intermedia (I1Z; de intermediate
zone) amb els axons de les neurones primitives. Les noves neurones generades
s’aniran posicionant seqiiencialment en la CP formant les capes II-VI del cortex
(Marin et al., 2010) a través del mecanisme de locomocié radial depenent de les
RGCs (Figura 1.2). Per migrar, les neurones utilitzen les fibres esteses per les
RGCs com a guia per arribar a la placa cortical (Agirman et al., 2017; Marin et al.,
2010). La interaccié entre les neurones i les fibres de la glia radial és mediada per
CAMs. Parallelament, les interneurones gabacrgiques migren en grup o
individualment des del telencefal ventral i es distribueixen de manera tangencial.
En el transcurs de la migracié presenten un procés lider ramificat i estableixen

interaccions homotipiques o heterotipiques amb altres tipus cel-lulars (Marin et
al., 2010).

Durant el trajecte migratori les neurones corticals integren els senyals derivats
d’interaccions receptor-lligand. Els senyals provenen de la matriu extracel-lular i
de la interacci6 directa o indirecta amb les cel-lules veines. A més, hi ha factors
difusibles com els factors de creixement, les neurotrofines, les semaforines, els slits
o les netrines que controlen el moviment de les noves neurones. Un cop captats i
integrats per la neurona, els senyals activen vies de senyalitzacié diverses que
contribueixen a la progressié de la migracié. Una de les molecules amb un paper
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més destacat en la regulacié de la migracié és la Reelina. Es tracta d’una
glicoproteina de la matriu extracel'lular secretada inicialment per les cel-lules de
Cajal-Retzius de la MZ, i en etapes més tardanes per les interneurones
gabacrgiques. Participa en la laminaci6é del cortex activant la via de Dabl (de
Disabled T) a través de la uni6 als receptors VLDR (de Very low density lipoprotein
receptor) 1 ApoE32 (de Apolipoprotein E receptor 2). Els ratolins reeler amb mutacions
en el gen de Re/n mostren distonia, ataxia i tremolors deguts als defectes
estructurals del cortex, ’hipocamp i el cerebel (D’Arcangelo et al., 1995; Gonzalez-
Billault et al., 2005; N et al., 2008; Vilchez-Acosta et al., 2022).

1.2.2. La migracid a I"hipocamp

En el cas de I’hipocamp, les neurones formades es converteixen en cel-lules
postmitotiques multipolars en sortir de la VZ i arribar a la IZ. Aquestes neurones
adquireixen una morfologia bipolar i migren radialment cap a la superficie pial fins
a la placa hipocampal o futur estrat piramidal (Hayashi et al., 2015). Les neurones
emeten processos lider que es retrauen i s’estenen generant una migracié coneguda
amb el terme angles de “climbing migration”, no dependent de les fibres de les RGCs.
Les cel-lules de Cajal Retzius i la Reelina també contribueixen a la correcta
migraci6 de les neurones piramidals i a la laminaci6 de ’hipocamp (Hayashi et al.,
2015) (Figura 1.3).

Les neurones, un cop han migrat i s’han diferenciat, maduren i estableixen
connexions sinaptiques que construeixen el conegut circuit trisinaptic de
Ihipocamp (Figura 1.3). L’activitat del circuit participa en la produccié de
memories episodiques 1 s’origina en el cortex entorrinal (EC, d’enthorrinal cortex)
(Osanai et al., 2023). Els axons de les neurones de 'EC projecten als segments
dendritics distals de les cel'lules granulars del DG a través de la via perforant
medial 1 lateral. Les cel-lules granulars del DG connecten amb les neurones
piramidals de la CA3 generant un feix d’axons conegut com a fibres molsoses. Els
axons de les neurones piramidals de la CA3 estableixen contactes sinaptics amb
les neurones de la CA1l a través de les projeccions col-laterals de Schafter,
ipsilaterals i contralaterals, i envien la informacié de tornada al EC a través del
subiculum (Osanai et al., 2023).
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1.3 Diferenciacié neuronal

El procés de diferenciaci6 de les neurones s’inicia amb P'establiment de la polaritat
neuronal durant el procés de migracié. Un cop les neurones arriben a la seva
posicio, la diferenciacié continua amb la formacié i maduracié dels compartiments

axo-dendritics.

1.3.1. Establiment de la polaritat neuronal

Les neurones son cel-lules altament polaritzades a nivell morfologic i funcional. El
trencament de la seva simetria en resposta a estimuls intrinsecs 1 extrinsecs és vital
per a un correcte desenvolupament i funcionament del SNC (Barnes & Polleux,
2009; Takano et al., 2019). Fruit del fenomen de polaritzacid, les neurones
presenten dos compartiments amb caracteristiques estructurals, funcionals i
morfologiques clarament diferenciades: els axons i les dendrites. L’axd és una
prolongaci6 llarga i estreta, a través del qual es transporten les vesicules sinaptiques
amb els neurotransmissors que permeten la comunicacié entre neurones en
resposta a senyals electrics. Les dendrites, en canvi, sén prolongacions curtes amb
multiples ramificacions on es troben els receptors de neurotransmissors que
permeten captar els senyals alliberats pels axons d’altres neurones.

Els primers estudis que van intentar desxifrar els mecanismes responsables de
Pestabliment de la polaritat neuronal s’iniciaren a finals del s. XX de la ma de
Banker (Dotti & Banker, 1987; Takano et al., 2015) en neurones hipocampals en
cultiu. Els esdeveniments que transcorren al llarg de la polaritzacié van ser dividits
en cinc estadis denominats estadis de Banker (Figura 1.4, panell superior). En un
primer moment, les cel'lules dissociades del teixit i plantades en superficies
adherents presenten una morfologia arrodonida. En poques hores, comencen a
estendre fil'lopodis per tot el cos cel'lular (Estadi 1). Aquests fil-lopodis
esdevenen prolongacions menors o neurites immadures que s’estenen i retrauen
de manera repetida (Estadi 2). Un dia després de ser plantades, una de les neurites
comenga a elongar-se rapidament donant lloc a 'axé (Estadi 3). L’especificacié de
'ax6 es considera el punt de partida de la polaritzacié neuronal i esta regulada per
diferents molécules de senyalitzacié que provoquen canvis en el citoesquelet 1 en
el trafic de proteines (Arimura & Kaibuchi, 2007). Les neurites restants continuen
els cicles de creixement i retraccié fins a convertir-se en dendrites al cap d’entre
quatre-set dies (Estadi 4). Finalment, les estructures maduren, es construeixen les
espines dendritiques i s’inicia la sinaptogenesi (HEstadi 5). La formacié de les
espines dendritiques s’inicia després del sete dia en cultiu i establiment de les
connexions sinaptiques s’observa entre els dies 141 21 (Takano et al., 2015).
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POLARITZACIO IN VITRO

Estadi 1 Estadi2 Estadi 3 Estadi 4 Estadi 5
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Figura 1.4. Establiment de la polaritat neuronal in vitroi in vivo.

Esquema representatiu del procés d’establiment de la polaritat neuronal en models iz vivo i
in vitro. En el panell superior, s’exemplifica el procés de polaritzacié que té lloc durant la
migracié de les neurones corticals. Un cop formades, les neurones abondonen la VZ i
comencen a estendre multiples dendrites i donen lloc a les cel-lules multipolars. En la IZ
es dona la transici6 cap a cel*lula bipolar amb la formaci6 de dos processos: un procés lider
(futura dendrita) i un procés cua (futur axo). Les cel'lules bipolars migraran a través de la
bastida de la glia radial fins a les seves posicions finals on acabaran d’estendre I'axé i
formaran I'arbre dendritic. En el panell inferior, s’observa el procés de polaritzacié de les
neurones en cultiu seguint els cinc estadis de Banker. CP: placa cortical; IZ: zona
intermédia; SVZ: zona subventricular; VZ: zona ventricular. Font: elaboracié propia a
partir de la informacié extreta a Nawba et al., 2015.

Malgrat que I'Gs de cultius neuronals ha estat ampliament utilitzat per estudiar el
procés, no necessariament reprodueix amb exactitud el fenomen 7 vivo, ja que, les
neurones utilitzades en els cultius estaven previament diferenciades en '’hipocamp
del ratoli. Per aixo, cal aprofundir en el coneixement dels mecanismes i regulacid
de la polaritzacié in vive. Avui dia, es creu que la polaritat de les neurones iz vivo
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pot ser adquirida per heréncia o bé establerta un cop la neurona ja s’ha format. Per
exemple, les cel-lules ganglionars de la retina hereten la polaritat de les cél-lules
neuroepitelials retinals (Barnes & Polleux, 2009). En el cortex, les NECs i les
RGCs també tenen polaritat, pero els IPCs la perden en desenganxar-se de les
superficies apical i basal (Agirman et al., 2017; Bedogni & Hevner, 2021; Hevner,
2019; Noctor et al., 2004). Donat que els IPCs contribueixen a generar part de les
neurones corticals, aquestes cél'lules no poden heretar la polaritat dels seus
progenitors siné que ’han d’establir durant el procés de diferenciacié (Figura 1.4,
panell inferior). La implementacié de la polaritat durant la diferenciacié també
s’observa en les neurones de ’hipocamp 1 el cerebel (Noctor et al., 2004; Takano
et al,, 2015).

D’entrada, les noves neurones que han migrat des de la VZ fins a la IZ estenen
multiples neurites 1 originen unes c¢l-lules amb morfologia multipolar (MP; de
multipolar) (Funahashi et al., 2014; Sakakibara & Hatanaka, 2015). Una de les
multiples neurites comenga a créixer rapidament esdevenint el procés cua que sera
el futur ax6. Una altra de les neurites es conveteix en el procés lider i esdevindra
la futura dendrita (Namba et al., 2014). Les neurites restants es retrauen ila cel-lula
multipolar es converteix en cel'lula bipolar (BP; de bipolar). Aquesta transicié és
un dels punts critics de la polaritzaci6 iz vivo. Les BP ja polaritzades deixen enrere
la IZ 1 migren a través de la placa cortical fins a la seva posicié final (Funahashi et
al,, 2014; Takano et al., 2015). El mecanisme exacte d’especificacié de ’ax6 no es
coneix amb certesa. Algunes hipotesis apunten a un model de “Touche>g0” en el
qual quan una de les neurites de les cel'lules MP entra en contacte amb els axons
de les noves neurones. La interaccié amb aquests axons pioners promou el
creixement rapid de la neurita i condueix a Iespecificacié de I'ax6. A banda, cal
esmentar que, en un 30% dels casos, les cél-lules MP estenen en un primer lloc el
procés lider i en un segon lloc el procés cua (Namba et al.,, 2014); i, en un 10% dels
casos, ambdos processos es formen simultaniament.

1.3.2. Regulacidé de la polaritzacio neuronal

L’establiment de la polaritat és un procés altament complex que depen de la
combinacié de multiples factors intrinsecs i extrinsecs. Entre els factors que hi
participen, trobem factors secretables com les neurotrofines, les semaforines, el
Wnt, el TGFB o el Factor de creixement depenent d’insulina 1 (IGF-1; de Insulin
growth factor 7). També hi ha components de la matriu extracel lular com la laminina
o les CAMs (Namba et al., 2014). L’acci6 dels factors desencadena diverses
cascades de senyalitzaci6 intracel-lular que de manera coordinada modifiquen el
transport de proteines dins la cel-lula i, sobretot, la morfologia cel-lular a través de
la reorganitzacié del citoesquelet d’actina i tubulina (Burute et al., 2022; Schelski
& Bradke, 2017; Takano et al., 2015, 2019).

33



Els estudis realitzats en els darrers anys han constatat la implicacié de multiples i
complexes vies de senyalitzaci6 en la regulaci6 de la polaritat (Figura 1.5), les més
rellevants es descriuen a continuacio.

Via de PAMP ciclic. Les neurotrofines com el Factor neurotrofic derivat del
cervell (BDNY; de Brain derived nenrotrophic factor) o la Neurotrofina-3 (NT-3; de
Nenrotrophin-3) regulen especificacié de I'axé a través de la via de TAMPc (de Cyclie
adenosine monophosphate). La unié del BDNF als receptors tirosina quinasa TrKB
augmenta els nivells d’AMPc. Els nivells elevats d’AMPc conducixen a la
fosforilacié i activacié de la serina/treonina quinasa LKB1 (de Liver kinase B1) pet
part de la Proteina quinasa A (PKA, de Protein kinase A). L’activacié de la LKB1
regula de manera indirecta proteines associades al citoesquelet de tubulina com la
Tau o la Doblecortina (DCX; de Doublecortin) (Gu et al., 2023; Takano et al., 2019).
La sobreexpressio de la LKB1 indueix la formacié de maltiples axons, mentre que
el seu silenciament provoca errors en la formacié de I'axd, perd no en la migracié
neuronal. La PKA també indueix la secrecié de BDNF i el transport de TrkB a
través de la Quinesina 1 creant una retroalimentacié positiva en la neurita que
esdevindra ax6 (Takano et al., 2019).
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Figura 1.5. Vies de senyalitzaci6 en la polaritzacié neuronal.

Representacié esquematica de les vies de senyalitzacié que regulen Iestabliment i
manteniment de la polaritat neuronal. Font: elaboracié propia a partir de la informacié
recollida a Namba 2015 i Schelski & Bradke, 2017.
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Via de Ras. En resposta a les neurotrofines, Ras activa la Fosfoinositol 3 quinasa
(PI3K; de Phospoinositol 3 kinase), fet que estimula la produccié de fosfatidilinositol
3, 4, 5-trifostat (PIP3). Els nivells de PIP3 activen de manera indirecta la Proteina
quinasa B (PKB; de protein kinase B) que fosforil-la i inactiva a la Quinasa
sintetitzadora de glicogen 33 (GSK3B, de Glyeogen synthase kinase 35). La inactivacid
de la GSK3B activa Proteines associades a microtabuls (MAPs, de wicrotubul-
associated proteins) com la Tau o la Proteina mediadora de la resposta a col-lapsina 2
(CRMP2, de Collapsin response mediator protein 2) provocant estabilitzacié dels
microtibuls. En cultius, nivells alts de CRMP2 provoquen la induccié de maltiples
axons mentre que la seva inhibicié n’impedeix la formacio. In vivo, el silenciament
de Pexpressié de CRMP2 afecta a la migracié i a la transicié de MP-BP (T'akano et
al. 2015; Shi et al. 2003; Ménager et al. 2004).

Via de les Rho GTPases. La familia de les Rho GPTases com la RhoA, Cdc42
o Racl sén alguns dels reguladors principals de la dinamica del citoesquelet. Els
receptors de neurotrofines TrkB activen la via de Racl a través de Tiam1 que
indueix P'especificacié de I'ax6 a través de Shootinl (Namba et al., 2015; Takano
et al,, 2019). Una altra de les GTPases, Cdc42 és activada per la PI3K i el complex
PAR que esta format per PAR3 (de Partioning defective protein 3), PARG (de Partioning
defective protein 6) 1 la Proteina quinasa atipica C (aPKC; de Apypical protein kinase C).
El complex PAR activa Racl el qual activa de nou la PI3K i1 Shootinl generant
també un circuit de retroalimentacié positiva (Arimura & Kaibuchi, 2007; Barnes
& Polleux, 2009; Lewis et al., 2013; Takano et al., 2019).

Via de la CaMK(i la senyalitzacio per calci: la NT-3 pot estimular I’alliberament
de calci depenent de incrementant els seus nivells a extrem dels nous axons. Aixo
promou l’activacié de la via de la Proteina quinasa depenent de calci/calmodulina
1 (CaMKT; de Caleinm/ calmoduline-dependent protein kinase I) (Namba et al., 2015). La
CaMKI indueix la fosforil-lacié i activacié de RhoA ila quinasa de RhoA, ROCK
(de Rho activated fkinase). Aquestes molecules regulen el citoesquelet d’actina a través
de diferents vies. D’aquesta manera, la via és important per 'especificaci6 de I'ax6
1la transicié de MP a BP. En les neurites no polatitzades, aquesta via experimenta
fenomens de retroalimentacié negativa que reprimeixen la retroalimentaci6
positiva de les vies que afavoreixen la formaci6 de I'ax6. D’aquesta manera, s’evita

la formaci6 de multiples axons i s’especifiquen les dendrites (Takano et al., 2019).

Tal com s’ha vist, les vies presenten fenomens de retroalimentacié positiva o
negativa que afavoreixen I'establiment de la polaritat de les neurites. En la neurita
que esdevindra axd, els bucles de retroalimentacié positiva faciliten la formaci6 de
I'ax6. A més, des d’aquesta prolongacio, es progaguen senyals de retroalimentacié
negativa cap a la resta de neurites per inhibir la formacié de multiples axons
(Figura 1.6) (Takano et al., 2019).
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Figura 1.6. Retroalimentacié positiva i negativa en les neurites.

En les neurites en desenvolupament s’observen bucles de retroalimentacié positiva i
negativa que afavoreixen la polaritzacié neuronal. Font: elaboracié propia a partir de la
informacio recollida a Namba 2015 i Schelski & Bradke, 2017.

1.3.3. El paper del citoesquelet

La majoria de vies de senyalitzacié descrites condueixen, en dltim terme, a la
remodelacié del citoesquelet. L’actina, la tubulina i els neurofilaments sén
components principals dels compartiments axo-dendritiques amb funcions
destaques en l’establiment i manteniment de la polaritat neuronal. Tot aixo és
possible gracies a les seves caracteristiques estructurals i funcionals. Els filaments
d’actina i els microtdbuls presenten polaritat intrinseca i tenen la capacitat de
convertir els senyals moleculars en canvis estructurals, modificant aixi la
morfologia de la cél'lula. Aquests dos factors converteixen el citoesquelet en el
motor principal de establiment i el manteniment de la polaritat neuronal (Takano
et al., 2019; Witte et al., 2008).

L’establiment inicial de la polaritat és altament dependent de la dinamica del
citoesquelet de tubulina. Els microtabuls sén polimers formats pels heterodimers
d’o 1 B-tubulina, la polimeritzacié dels quals forma protofilaments que s’uneixen
per construir una estructura tubular (Higgs & Das, 2022). Els fenomens de
polimeritzacié/despolimeritzaci6 tenen lloc als extrems dels microtibuls.
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Figura 1.7. Dinamica del citoesquelet en la polaritat neuronal.

Esquema representatiu on es mostren les estructures del citoesquelet en el procés de
polaritzacié de les neurones. Els dos compartiments, axons i dendrites, presenten diferents
dinamiques del citoesquelet d’actina i tubulina. Hi ha diversos mecanismes involucrats en
el manteniment de la polaritat: estrucutra i 'organitzacié del citoesquelet; aixi com, el
transport de molécules. El fragment inicial de ’ax6 (AIS; ombrejat en color lila) és clau pel
manteniment de la polaritat. Font: elaboracié propia a partir de la informacié extreta a
Namba et al., 2015; Schelski & Bradke, 2017.

L’orientacié de les subunitats dels heterodimers, amb l'a-tubulina exposada a
Pextrem negatiu i la B-tubulina al positiu, doten a lestructura tubular d’una
polaritat intrinseca que facilita el transport de proteines a través dels microtabuls
(Higgs & Das, 2022; Stiess & Bradke, 2011). De fet, aquesta polaritat és clau per a
Pespecificacié de I’ax6 i permet diferenciar els compartiments dendritics i axonals.
Les neurites son estructures caracteritzades per la presencia de microtubuls amb
polaritat mixta (Witte et al., 2008). Durant I’especificacié de I'ax6, un canvi en la
polaritat fa que els microtibuls de la neurita que esdevindra axé acabin orientats
en una mateixa direccié amb 'extrem positiu cap a la vessant distal (Figura 1.7).
La polaritat mixta, en canvi, es manté en les neurites que es convertiran en
dendrites. Els mecanismes funcionals que fan possible la polaritzacié i formacié
de I'ax6 es basen en els esdeveniments de polimeritzacié/despolimeritzacié dels
microtdbuls. Els microtibuls exhibeixen una inestabilitat dinamica en la qual es
poden donar periodes de creixement lent i constriccié rapida que permeten la
reorganitzacié de lestructura (Higgs & Das, 2022). El canvi de polimeritzacié a
despolimeritzacié depen de la subunitat $1la seva unié a GTP o GDP. L’estabilitat
dels feixos de microtdbuls constitueix una altra diferéncia entre axons i dendrites.
Els microtubuls de I'ax6 sén més estables que els de les dendrites, 1 de fet, la
induccio de Pestabilitzacio dels feixos de microtibuls a través de substancies, com
el taxol, és suficient per induir la formacié de I'axé (Namba et al., 2015; Schelski
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& Bradke, 2017; Witte et al., 2008). En conjunt, la dinamica del citoesquelet esta
regulada per MAPs i altres efectors cel-lulars, i és altament dependent de
modificacions postraduccionals com I’acetilacié (Janke & Bulinski, 2011). Els
canvis en el citoesquelet de tubulina, aix{ com el transport de carrega a través dels
seus feixos, fan possible la polaritzacié neuronal i el creixement axonal.

Un segon membre del citoesquelet clau en la polaritzacié neuronal és I'actina
(Figura 1.7). Els filaments d’actina (F-actina) estan formats per monomers
d’actina globular (G-actina). El creixement d’aquests filaments és dona per la
incorporacié de monomers en qualsevol dels seus extrems. La incorporacid, pero,
és més rapida en un dels dos extrems fet que origina estructures polaritzades, com
en el cas de la tubulina. L’ATP és necessaria per a la polimeritzacid, els monomers
d’actina es troben inicialment units a ATP, i aquesta és hidrolitzada a ADP després
de la unié dels monomers als filaments. Els fenomens de polimeritzaci6 i
despolimeritzacié de I’actina en resposta a la senyalitzacié cel'lular contribueixen
a la polaritzacié neuronal i a la dinamica diferencial dels cons de creixement. En el
con de creixement del futur ax6, els filaments d’actina presenten una major taxa
de recanvi i estructuracié, mentre que en les futures dendrites sén menys dinamics
(Stiess & Bradke, 2011; Takano et al, 2015; B. Zhao et al, 2017). Aquests
processos estan regulats per proteines associades a actina (ABPs, d’Actin binding
proteins) que participen en la nucleacio, despolimeritzaci6 (o severing), ramificacié i
formacié de feixos (Tahirovic & Bradke, 2009) regulant aix{ I’estructura i estabilitat
de les xarxes d’actina. Entre elles, hi trobem la proteina nucleadora Arp2/3
activada per proteines associades a la membrana com WAVE (de W.ASP-family
verprolin-homologous  protein) o els factors despolimeritzadors ADF i cofilina.
L’activitat de PADF/cofilina augmenta el nombre d’extrems lliures de I’actina que
poden ser polimeritzats i controla les reserves de F/G-actina (Konietzny et al.,
2017). A nivell funcional, aquests esdeveniments de reestructuracié de I'actina,
conjuntament amb el transport de substancies a través dels filaments, permeten el
manteniment de ’asimetria neuronal i contribueixen a la guia axonal i a la formacid
de larbre dendritic (Konietzny et al., 2017; Stiess & Bradke, 2011; Tahirovic &
Bradke, 2009; Takano et al., 2015; B. Zhao et al, 2017). Especificament, la
conservaci6 de la polaritat és possible gracies a 'acumulacié de filaments d’actina
en el segment inicial de 'ax6é (ALS, d’axon initial segment) originant una barrera que
controla la difusié de substancies 1 confina les proteines en els seus compartiments
(Figura 1.7) (Huang & Rasband, 2018; Jones & Svitkina, 2016; Leterrier, 2018).

Els ultims integrants del citoesquelet neuronal sén els neurofilaments. Aquests
filaments intermedis estan formats per les subunitats: NF-L (de neurofilament
high), NF-M, (de neurofilament middle), NF-H (de neurofilament heavy) i a-
internexina o periferina (Lee & Cleveland, 2003). Es tracta de filaments no
polaritzats que proporcionen suport estructural per mantenir I'asimetria de les
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neurones, encara que les seves funcions difereixen entre els dos compartiments.
En les dendrites, els neurofilaments sén escassos 1 fragils, pero en els axons son el
component més abundant del citoesquelet (Yuan et al., 2017). Els filaments
formen xarxes entrellacades que es connecten amb altres components del
citoesquelet per tal de crear regions especialitzades implicades en el creixement
axonal i en funcions d’ancoratge en el terminal sinaptic (Sainio et al., 2022).

1.3.4. Elongacid i maduracié de I'axd

L’elongaci6 i la ramificacié dels axons es dona a partir del con de creixement, una
estructura mobil amb un citoesquelet altament dinamic localitzat en extrem de
les neurites. El con de creixement és capag de detectar els senyals del seu entorn i
dirigir 'elongacié de I'ax6 cap a la seva diana o provocar la seva retracci6. Els
senyals captats pel con convergeixen en canvis en el citoesquelet d’actina i tubulina
(Schelski & Bradke, 2017) (Figura 1.8). A nivell estructural, el con de creixement
es pot dividir en tres dominis: el domini periferic (P), el domini central (C) ila zona
de transicié (T). El domini central conté organuls i feixos de microtibuls estables
que entren al con de creixement provinents de I'eix de I'ax6. A la zona periférica,
trobem majoritariament filaments d’actina dinamics que formen fil-lopodis i
lamel-lipodis i una petita proporcié de microtibuls poc estables. En la zona de
transicid, hi ha una zona amb arcs d’actina formada per estructures d’actomiosina
generades per I'accié de la miosina. En aquesta regi6, els filaments d’actina sén
despolimeritzats i nous monomers d’actina globular (o G-actina) resten
disponibles per ser polimeritzats de nou. Abans de la polaritzacié morfologica, el
futur ax6 presenta una dinamica potenciada del con de creixement i un major
recanvi d’actina (Witte et al., 2008).

La dinamica del con de creixement durant el procés d’elongacié depen de les
interaccions entre la xarxa de filaments d’actina i els microtubuls, i es pot dividir
en tres fases: protusio (1), engruiximent (2) i consolidacié (3) (Dent et al., 2011;
Higgs & Das, 2022).

1. Protusié. L’acumulaci6 de filaments d’actina permet 'extensio rapida de
fil-lopodis i lamel-lipodis. Els cons de creixement exploren I'entorn i
contacten amb les cel'lules veines, i la matriu extracel-lular fent possible
el moviment (Higgs & Das, 2022; Stoeckli, 2018). La interaccié dels
receptors de la membrana del con de creixement amb els seus lligands
activa vies de senyalitzacié que reestructuren 1 polimeritzen els filaments
d’actina dels fil-lopodis i els lamel lipodis. Les proteines que regulen la
nucleacid, la ramificacié i1 I'elongacié dels filaments d’actina, com el
complex Arp2/3 (d’Actin related protein 2/3 complex) o Ena/VASP, sén
importants per aquesta etapa (Suter & Miller, 2011).
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2. Engruiximent. Els microtibuls entren al domini central aprofitant el flux
retrograt atenuat de la F-actina (Sanchez-Huertas & Herrera, 2021). El
transport de components a través d’aquests microtubuls permet 'entrada
d’organuls i vesicules a la zona periféria del con de creixement (Dent et
al., 2011; Sanchez-Huertas & Herrera, 2021). Els neurofilaments també
s’integren a ’estructura del con en aquesta etapa.

3. Consolidacié. La part proximal del con de creixement es contrau i
estabilitza formant ’estructura cilindrica central caracteristica de I’ax6. Els
filaments d’actina es despolimeritzen en el coll del con de creixement i
permeten que la membrana es faci més estreta entorn el feix de
microtibuls. Seguidament, els microtibuls de l'interior de Pestructura
s’estabilitzen. (Dent et al., 2011; Higgs & Das, 2022).

En conjunt, I'elongacié i la ramificacié de I'ax6 requereix de sintesi proteica,
remodelacié del citoesquelet i transport de vesicules a la part distal de I'ax6 (E.
Dent et al., 2011; Gamarra et al., 2021). Un cop I’ax6 arriba a la seva diana, inicia
el procés de ramificacié per tal de contactar amb diverses dianes postsinaptiques
(Dent et al., 2011; Sarnat, 2022).
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Figura 1.8. L’estructura del con de creixement i ’elongaci6 de I’axé.

Representacié del procés d’elongacio i ramificacio de ’ax6 (panell esquerra). Aquest procés
depen del con de creixement, una estructura altament dinamica formada per filaments
d’actina i microtibuls (panell dret). El con de creixement consta d’una regié periferica rica
en una xarxa de microfilaments, una regié de transicié on hi trobem arcs d’actina i una
regi6é central amb microtabuls. A partir de senyals quimics atraients i repel-lents, el con
dirigeix I’elongacié de I'ax6. Per a la formacié de les ramificacions (panell inferior esquerra)
P'actina s’acumula formant un fil-lopodi o lamel-lipodi que es posteriorment estabilitzat
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pels microtibuls. A continuacid, es formara un con de creixement en la ramificacié que
permetra la seva elongacié. Les estructures formades seran estabilitzades o refinades en un
procés regulat per molécules senyal i I'activitat sinaptica (panell inferior central). Font:
elaboracié propia a partir de la informacié recollida de Lewis et al 2073.

1.3.5. Formacid i maduracié de I'arbre dendritic

El creixement i la ramificacié de les dendrites determina les connexions i els
estimuls que la neurona rebra i processara. La formacié de I'arbre dendtitic és un
procés dinamic i complex que engloba el creixement i la morfogénesi de les
dendrites; aixi com la seva retracci6 i refinament (Arikkath, 2012; S. Lewis, 2011;
Puram et al., 2011; Richards et al., 2020). La diferenciacié dels compartiments
dendritics té lloc, generalment, després de lespecificacié de I'ax6, ja que la
morfogenesi de les dendrites no és compatible amb el procés de migracié. De fet,
hi ha senyals que faciliten la migracié com la N-cadherina, Sox2 o la Semaforina 3
que inhibeixen el creixement de les dendrites (Prigge & Kay, 2018). L’extensi6 de
les dendrites té lloc quan la neurona arriba a la seva destinaci6 final on el procés
cua es converteix en les dendrites basals primaries. Els senyals locals de la matriu
extracel-lular i els contactes establerts amb dendrites de neurones veines, de la
propia neurona o de cél-lules de la glia promouen canvis en el citoesquelet que
ajuden a la construcci6 de l'arbre dendritic amb uns patrons determinats. Per
garantir la correcta funcié neuronal i la connectivitat del sistema, els patrons
dendritics han d’estar controlats de manera especifica i s’han de coordinar amb
Pactivitat sinatpica (Ledda & Paratcha, 2017). Entre els factors que regulen el
procés hi trobem senyals difusibles com les neurotrofines, els BMPs, els factors
neurotrofics, les semaforines o les CAMs (Kitchner et al., 2023; Ledda & Paratcha,
2017). A nivell intracel-lular, la senyalitzacié per calci, estimulada per Iactivitat
neuronal, o els canvis en la transcripcio i traduccié de gens especifics, també
controlen la formacié de les dendrites (Konietzny et al., 2017). En conjunt, aquests
factors poden modificar Pestructura del citoesquelet a través de proteines ABP
com les proteines nucleadores Ena/VASP o Arp2/3 que regulen lextensié de
’actina dels fil-lopodis necessatia per a la formacié de les ramificacions.

Per minimitzar la redundacia i optimitzar la innervacié de les diferents regions,
s’estableixen uns patrons especifics que asseguren un sol-lapament minim entre
els arbres dendritics de neurones veines amb funcions similars, en un procés
conegut amb el terme angles de #/ing. Per aixo, és important el fenomen de repulsié
entre neurites d’una mateixa neurona denominat se/f-avoidance (Arikkath, 2012;
Grueber & Sagasti, 2010). Un cop construida ’arquitectura de I'arbre dendsritic, les
dendrites maduren i comencen a formar unes protusions en la seva membrana,

anomenades espines dendritiques, on resideixen la majoria de sinapsis excitatories.
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Les dendrites d’una mateixa neurona podran rebre sinapsis de diferent tipus i
esdevenir molecularment i funcionalment diferents (Prigge & Kay, 2018).
Finalment, es refinen les estructures per assegurar que només aquelles dendrites
correctament innervades perdurin (Ledda & Paratcha, 2017; Puram & Bonni,
2013). La retracci6 de les dendrites sembla estar regulada per difernts mecanismes,
entre els quals hi ha la Calci/calmodulina kinase II B (CaMKIIB; de
Calcium/calmoduline kinase 11 8) (Nicole & Pacary, 2020; Puram et al., 2011).

1.4 Sinaptogenesi

La construccié de la intricada arquitectura del sistema nerviés finalitza amb
Pestabliment de connexions entre neurones o sinapsis. Les sinapsis es defineixen
com a connexions asimeétriques especialitzades que permeten la transferencia
controlada d’un senyal quimic o eléctric entre una neurona presinaptica i una diana
postsinaptica (Sidhof, 2018; Sanes and Zipursky 2020; Lim et al., 2022). La
majoria de sinapsis del sistema nerviés sén quimiques i es poden dividir en
excitatories o inhibitories segons el tipus de neurotransmissor que alliberi la
neurona presinaptica, 1 la resposta que es desencadeni en la neurona postsinaptica.
El neurotransmissor principal de les sinapsis excitatories és el glutamat i el de les
inhibitories, I’ Acid gamma-aminobutitic (GABA; de Gamma-aminobutyric acid).

Les sinapsis estan formades per dominis especialitzats: la zona activa i la densitat
postsinaptica (PSD; de postsynaptic density). E1 boté sinaptic de 'extrem dels axons
conté vesicules sinaptiques amb neurotransmissors. Quan un potencial d’accié
despolaritza el botd, provoca l'alliberament de les vesicules a la fenedura sinaptica.
Les vesicules es fusionen en la zona activa del terminal presinaptic, una regié
composta d’'una complexa xarxa proteica (Siidhof, 2018, 2012). Els components
principals del complex proteic presinaptic sén les proteines RIM, Munc13, RIM-
BP, o-liprina i ELKS. Aquestes proteines s’acoblen a les vesicules sinaptiques,
recluten canals de calci i posicionen correctament la zona activa enfront de les
especialitzacions postsinaptiques (Stidhof, 2012; Emperador-Melero and Kaeser,
2020; Béhme 2019). En linia amb la zona activa, pero en la neurona postsinaptica,
hi ha la PSD. Aquesta regié electronicament densa en imatges de microscopia
electronica també esta formada per una xarxa de proteines. La PSD permet
Pagrupament dels receptors de neurotransmissors postsinaptics, els canals ionics
dependents de voltatge 1les molécules senyal (Dosemect et al., 2016; Stidhof, 2018;
Zeng et al., 2018). En la majoria de sinapsis excitatories, la PSD es troba en les
espines dendritiques (Runge et al., 2020).

La formaci6 de les sinapsis s’inicia en etapes embrionaries, pero continua en les
b

primeres setmanes postnatals i, en menor grau, en letapa adulta. Després del

procés de diferenciacié, les neurones activen gens que codifiquen per proteines
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sinaptiques i s’observa, en les neurones implicades, la formacio, 'acumulacié i el
trafic de vesicules amb components pre i postsinaptics (Stidhof, 2021). Hi ha
diferents molécules senyals i factors que preparen a les neurones per a ’establiment
de les sinapsis, per exemple, afavorint la seva diferenciaci6 i maduraci6 per tal que
siguin competents. Les neurotrofines promouen la maduracié neuronal i
l'arboritzacié dendritica, mentre que membres de la familia de Wnt o el FGF
afavoreixen la ramifiacié dels axons i lacumulacié de vesicules sinaptiques
(Sudhof, 2021). També hi ha factors que contribueixen a crear un entorn permissiu
on el contacte entre ’ax6 i la dendrita per formar la sinapsis pugui tenir lloc. Les
neurones competents estableixen els contactes seguint una seqiiencia
d’esdeveniments que es pot dividir en tres etapes: la guia axonal (1), especificacio
sinaptica (2) i l'assemblatge de les sinapsis (3) (Sanes & Zipursky, 2020) (Figura
1.9, panell esquerra).

1. Guia axonal. Els axons poden recérrer llargues distancies fins a la seva
diana guiats per molecules senyal atraients o repel-lents que sén
reconegudes pels receptors del con de creixement (Stoeckli, 2018; Zang et
al.,, 2021). Les moleécules senyal provenen de zones llunyanes a I'axé si sén
difusibles o bé, des de zones properes, si es troben en la matriu
extracellular o la superficie de les cél-lules. Un cop arriben a la diana, els
axons es ramifiquen i emeten fil-lopodis per tal d’establir els primers

contactes amb la neurona postsinaptica.

2. Especificitat sinaptica. Un cop els axons arriben a la diana es produeix
el reconeixement entre les membranes pre 1 postsinaptiques. A
continuacid, s’obsetrva I’establiment inicial de contactes, sovint transitotis,
mediat per les unions heterofiliques entre CAMs. Alguns exemples de
CAMs necessaries per I'establiment de les sinapsis sén les cadherines, la
NCAMI, les SynCAMs o les neuroligines/neurexines (Honig & Shapiro,
2020; Sanes & Zipursky, 2020; Shapiro et al., 2007). En la majoria dels
casos, primer té lloc especificacié presinaptica i després la postsinaptica.

3. Assemblatge de la sinapsi. Un cop ha tingut lloc la induccié de les
sinapsis, s’han de construir els compartiments pre i postsinaptics; fet que
implica la sintesi de diferents proteines, el transport de les molecules
sinaptiques i la reorganitzacié del citoesquelet (Studhof, 2018).
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Figura 1.9 Formacio de les connexions sinaptiques.

Esquema representatiu del procés de formacié i refinament de les sinapsis. A la dreta es
mostren les etapes de formacio de les sinapsis. El panell de esquerra mostra el refinament
de les connexions que té lloc durant les etapes postnatals. Les espines s’estabilitzen entorn
al dia postnatal 60 (PG0), tot i que en etapes adultes també poden patir processos de
formaci6 i eliminacié. Font: elaboracié propia a partir de la informacié de Waites et al,
2005.

Les diferents etapes de la formacié de les sinapsis estan regulades per multiples
factors entre els quals hi ha elements de la matriu extracel-lular o molecules senyal.
Les molecules solubles poden ser alliberades per les cél-lules diana (p. ex: netrines,
semaforines, Efrina A, Wnt, FGF) o per les cel'lules de la glia (p. ex.: ApoE,
Trombospondina-1 o TSP1) (Siidhof, 2018). A més, el paper destacat de les
cel'lules de la glia en la formacié i el manteniment de les sinapsis fa que sovint les
sinapsis siguin denomidades amb el terme de sinapsis tripartides. Entre tots els
factors que controlen la connectivitat sinaptica, les CAMs tenen un rol
protagonista que es detallara en el Capitol 3. La densitat sinaptica augmenta
rapidament des del naixement i arriba al seu maxim entre el primer i segon any de
vida en humans (Siidhof, 2018). Durant I'adolescencia, el nombre de sinapsis
formades comenca a caure drasticament, pero s’estabilitza en letapa adulta
(Figura 1.9, panell dret). Aixi doncs, durant la infancia es produeixen de manera
massiva connexions sinaptiques que posteriorment sén eliminades en el que es
coneix com a refinament o “prunning” sinaptic. El refinament selectiu després d’'una
formaci6 excessiva de connexions optimitza els circuits neuronals i fa que les
xarxes siguin més robustes 1 eficients (Navlakha et al., 2015; Sakai, 2020).

Durant el refinament, les sinapsis que es mantindran es seleccionen en funcié de
Pactivitat sinaptica. D’aquesta manera les sinapsis amb una major activitat seran
potenciades 1 retingudes. Contrariament, les sinapsis amb menor activitat seran
debilitades i finalment eliminades fet que permet la redistribuci6 dels recursos. Les
cel'lules del sistema immunitari residents en el NS, la microglia, adopten un rol

44



actiu en el refinament de les sinapsis (Paolicelli et al., 2011). Les cel-lules de la
microglia, guiades per molécules com CX3CL1 o proteines del complement
(Schafer et al., 2012; Stevens et al., 2007) poden exercir una fagocitosi parcial
selectiva o trogocitosis de les estructures sinaptiques i induir la formacié de
fil-lopodis en I'espina postsinaptica (Weinhard et al., 2018).
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Capitol 2. Plasticitat neuronal

La plasticitat neuronal és la sorprenent capacitat de modificar els circuits neuronals
en resposta a lexperiencia (Leuner & Gould, 2009). Hi ha dos mecanismes
principals de plasticitat neuronal en el cervell adult: la plasticitat sinaptica i la
neurogenesi adulta. Mentre que la plasticitat sinaptica engloba els canvis que es
donen en les connexions entre neurones, la neurogenesi adulta fa referéncia a la
generacié de noves neurones i a la seva incorporacié en els circuits preexistents.
Aquests dos instruments tenen un pes determinant en processos com
I'aprenentatge o la memoria. Anomalies en el seu correcte funcionament es troben
en la base de diversos desordres neurologics (Magee & Grienberger, 2020).

2.1 Plasticitat sinaptica

El concepte plasticitat sinaptica fa referencia als canvis en leficacia sinaptica
dependents de I'activitat. L’activitat pot incrementar o disminuir la forca de les
connexions tot regulant la maquinaria sinaptica de les neurones. El terme fou
donat a coneixer per Santiago Ramoén y Cajal, un dels primers investigadors en
explorar les capacitats plastiques del SNC (Stahnisch & Nitsch, 2002). La durada
dels canvis en les connexions sinaptiques permet classificar la plasticitat en dos
tipus: la plasticitat a curt termini i la plasticitat a llarg termini. En la plasticitat a
curt termini, els canvis en les sinapsis tenen una durada de mil-lésimes de segon a
minuts i sovint impliquen modificacions postraduccionals peroé no canvis en la
sintesi local de proteines. En canvi, en la plasticitat a llarg termini, els canvis es
poden mantenir d’hores a anys i, precisament per aquest motiu, se’l considera el
principal mecanisme responsable de lemmagatzematge dels records i les
experiencies. Les modificacions induides per la plasticitat a llarg termini
requereixen d’alteracions majors en la dinamica de la cel-lula, com per exemple, la
sintesi local de proteines (Holt et al., 2019; Rangaraju et al., 2017).

Els mecanismes que permeten traduir les experiencies viscudes en canvis
permanents en els circuits neuronals han estat ampliment estudiats en els darrers
anys. Una de les primeres idees sorgides per respondre aquest interrogant fou la
teoria de la plasticitat Hebbiana postulada per Donald Hebb I'any 1949. Hebb
proposava que I'activitat simultania entre dues o més neurones augmenta la forga
de la seva connexié. En paraules de Siegrid Lowels, “cells that fire together, wire
together”. Malgrat moltes de les formes de plasticitat sinaptica que coneixem en
Pactualitat es correlacionen amb la plasticitat Hebbiana, hi ha mecanismes de
plasticitat a llarg termini que no ho fan (p. ex.: quan la plasticitat a llarg termini és
emmagatzemada 1 expressada Gnicament per la neurona presinaptica) (Magee &
Grienberger, 2020).
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Els mecanismes de plasticitat sinaptica que prevalen avui dia foren descoberts a
I’hipocamp. En base als estudis realitzats amb neurones hipocampals, i corroborats
en altres regions, s’ha observat que 'activacié sincronica de les neurones pre i
postsinaptiques potencia o deprimeix la for¢a de la transmissié sinaptica de la
connexié estimulada (Citri & Malenka, 2007). El fenomen rep el nom de
potenciaci6 a llarg termini (LTP; de Long Term Potentiation) quan augmenta la forca
de la connexié; o depressié a llarg termini quan la disminueix (LTD; Long Tern
Depression) (Malenka & Bear, 2004; Nicoll, 2017). Tot i que els seus efectes sén
oposats, una mateixa sinapsis pot experimentar LTD i LTP en resposta a diferents
patrons d’activacié dels receptors de glutamat.

L’estimulacié sinaptica d’alta frequiencia (HFS; de bigh-frequency stimulation) indueix
la LTP a través d’'una seqiiencia d’esdeveniments que es poden resumir en tres
punts: Iactivacié dels receptors de glutamat NMDA (de N-methyl-D-aspartate)
provoca Ientrada de calci a linterior de la cél'lula (1); els nivells augmentats de
calci activen de manera transitoria la CaMKII (2); i Pactivacié de la CaMKII
desencadena cascades de senyalitzacié que porten a la incorporacié de receptors
de glutamat AMPA (de a-Awmino-3-hydroxy-5-methyl4-isoxazgolepropionic  acid)
addicionals i a la remodelaci6 de les estructures postsinaptiques a partir de canvis
en el citoesquelet (3) (Castillo et al., 2012; Colgan & Yasuda, 2014).

El fenomen oposat a la LTP és la LTD que pot ser induida a través de periodes
d’estimulaci6 de baixa freqliencia prolongats (LES; de Low-Frequency Stimulation), la
combinacié d’estimulacié basal 1 despolaritzacié, potencials d’accié de
retropropagaci6 (forma dependent del temps d’ocurréncia dels polsos, STDP; de
Spike-Time Dependent Plasticity) o bé per Iaplicacié d’agonistes. Aquests estimuls
activen els receptors de glutamat NMDA i mGluR desencadenant vies de
senyalitzacié que impliquen sensors de calci i provoquen la inhibicié de potencials
d’acci6 (Collingridge et al., 2010).

Les dues formes de plasticitat sinaptica, LTP i LTD, solen requerir de la
remodelacié dels compartiments pre i postsinaptics de manera que els mecanismes
de plasticitat sinaptica poden ser classificats en mecanismes presinaptics o
postsinaptics (Sheng & Kim, 2002; Yang, 2013; Nicoll 2017).
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2.1.1 Plasticitat presinaptica

Els esforcos dedicats a entendre els canvis que es donen en les connexions
sinaptiques en resposta a processos cognitius s’han focalitzat en el compartiment
postsinaptic. Tot i aixi, els canvis en la for¢a sinaptica poden ser deguts també a
fenomens de plasticitat presinaptica (Castillo et al., 2012; Yang & Calakos, 2013).
La plasticitat a llarg termini presinaptica modifica leficacia d’alliberament de
neurotransmissors, augmentant-la o disminuint-la, a partit de mecanismes
moleculars que inclouen RIM1a, Rab3, Munc13 o els Canals de calci dependents
de voltatge (VGCC; de Voltatge-gate calcium channels). Aquests efectors modifiquen
la probabilitat d’alliberament (Pr) regulant aspectes com la preparacié de les
vesicules o l'alliberament sincronitzat dels neurotransmissors (Stidhof, 2004; Yang
& Calakos, 2013).

Els mecanismes basics d’induccié de la LTP o LTD presinaptiques varien en
funcié de si la inducci6 és homosinaptica o heterosinaptica, és a dir, si la plasticitat
a llarg termini és estimulada per la propia connexié sinaptica o per una altra
sinapsis. Un exemple de mecanisme d’induccié homosinaptica és el de les fibres
molsoses de la CA3 de ’hipocamp (Castillo et al., 2012; Yang & Calakos, 2013).
En les fibres molsoses de la CA3, la inducci6 de la LTP presinaptica succeix quan
hi ha una entrada de calci pels canals del terminal presinaptic acompanyada d’un
potencial d’accié i flux de calci en el soma (Monday & Castillo, 2017). També
requereix P'activacié de TtkB i la preseéncia de zinc vesicular. Aquestes formes de
LTP sén independents de NMDAR i dependents de la via de PAMPc/PKA. Per
a la induccié de la LTD és necessaria I'activacié dels receptors metabotropics de
glutamat mGIluR2/3 en el terminal presinaptic. Aquest mecansime es troba en
altres arees com 'amigdala, el cortex o en les fibres paral-leles del cerebel (Castillo
etal., 2012). Les neurones postsinaptiques també poden instigar fenomens de LTP
o LTD en la neurona presinaptica a partir de senyals retrograds. Les espines
dendritiques poden difondre molecules senyal com l'oxid nitric que redueix
lalliberament de glutamat en les sinapsis excitatories; tot incrementant el de
GABA en les sinapsis inhibitories (Hardingham et al., 2013).

L’estimul de la LTP també pot ser heterosinaptic a partir de molecules difusibles
que viatgen fins a terminals sinaptics propers o bé a través de ’acci6 del glutamat
provinent de sinapsis veines sobre els receptors de NMDA (Castillo et al., 2012;
Yang & Calakos, 2013).
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2.1.2 Plasticitat postsinaptica: les espines dendritiques

Els mecanismes de plasticitat postsinaptica inclouen canvis en els receptors de
neurotransmissors, modificacions en la sintesi proteica local o reorganitzacions del
citoesquelet en resposta a la LTP o LTD (Sumi & Harada, 2020). En les sinapsis
excitatories, la majoria d’aquests canvis es focalitzen en les espines dendritiques.

Les espines dendritiques es defineixen com a protusions de la membrana de les
dendrites on resideixen la majoria de sinapsis excitatories. Ramoén y Cajal fou el
primer en detectar-les en cél-lules de Purkinje tenyides amb la tincié de Golgi, 1 les
va plasmar en les seves reconegudes il-lustracions. Es tracta d’estructures clau en
la transmissio sinaptica compostes per un cap i un coll estret d’aproximadament
0,1 pm. Actuen com a compartiments postsinaptics autonoms que aillen els senyals
quimics i electrics (Bosch & Hayashi, 2012) 1 s6n estructures clau en la transmissio
sinaptica.

Atenent a la seva forma i mida, les espines es poden classificar en fil'lopodis,
espines primes (o #hin), espines rabassudes (o sf#bby) o espines amb forma de bolet
(o mushrooms) (Pchitskaya & Bezprozvanny, 2020; Runge et al., 2020). Els diferents
tipus d’espina desenvolupen funcions especifiques en el procés de formacié de
contactes sinaptics. Els fil'lopodis sén protrusions llargues i estretes molt
dinamiques. Tenen una elevada presencia en les dendrites durant les primeres
etapes postnatals, pero disminueixen progressivament. Se’ls considera els
precursors de les espines i s’encarreguen de detectar els senyals de 'entorn i iniciar
el contacte amb el terminal presinaptic (Runge et al., 2020). Un cop establerts
aquests primers contactes, els fil-lopodis sén progressivament substituits per
espines rabassudes. Aquestes espines tenen un cap amb diametre més gran i
s’uneixen directament a ’espina o través de colls molt curts (Tennesen et al., 2014).
A mesura que maduren les connexions, les espines rabassudes disminueixen, i
predominen les primes i en forma de bolet. Les espines en forma de bolet sén les
més estables i es consideren les espines funcionals connectades sinapticament al
boté sinaptic. Aquesta aparicié seqiencial dels diferents tipus de dendrites
suggereix que els fil'lopodis estableixen els primers contactes amb la neurona
postsinatica a partir del quals les espines madures emergeixen (Hering & Sheng,
2001). Cal apuntar, pero, que 'evolucié constant en la qual es troben les espines
fa que la seva morfologia sigui transitoria i, per tant, la importancia funcional
d’aquesta classificacié necessiti ser revisada (Runge et al., 2020; Tonnesen et al.,
2014).

Pel que fa a la seva composicié, les espines contenen subdominis especialitzats rics
en proteines del citoesquelet i en receptors de neurotransmissors (Figura 1.10).
Els elements principals en una espina son:
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Densitat postsinaptica. La PSD és una estructura organitzada en capes,
electronicament densa, formada per diferents proteines unides entre elles per
interaccions domini-domini especifiques. Entre les proteines que la conformen hi
trobem receptors, proteines bastida que estabilitzen els receptors, molécules de
transduccié de senyal, canals ionics i components del citoesquelet (Sheng &
Hoogenraad, 2007). La PSD-95 (de Postsynaptic density protein 95) és una de les
proteines bastida necessaries per la maduracié de les sinapsis glutamatergiques 1 el
refinament de les connexions (Cane et al., 2014; Yusifov et al., 2021).

ESTRUCTURA DE L'ESPINA

CAMs o Catenines
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o Gt @ v

ve PSD-95 Rho

' Cafilina ' Arp2/3

A G—Actina! F-Actina

.o )
" Neuratransmissors

' Receptors ionotropics
de glutamat
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H ‘H Receptors metabatrapics
“l3 de glutamat

Figura 1.10. Estructura de les espines dendritiques.

Els components principals de espina son la xarxa de filaments d’actina i les proteines que
es troben en la densitat postsinaptica. En aquesta regié hi trobem receptors de
neurotransmissors, proteines bastida com la PSD-95, el citoesquelet d’actina, proteines
d’unié a lactina o molecules senyal. Font: elaboracié propia a partir de la informacié
recollida a Rochefort & Konnerth, 2012.

Organuls. Les espines poden contenir diversos organuls entre els quals destaquen
el reticle endoplasmatic llis o poliribosomes. El reticle endoplasmatic llis pot
exercir com a magatzem de calci intracel'lular des d’on el calci pot ser alliberat en
resposta a estimuls. Un dels organuls més importants en les espines, pero, son els
poliribosomes que es troben en I'eix dendritic a la base de espina i ocasionalment
s’endinsen dins l'estructura de l'espina. Aquests organuls permeten la sintesi
proteica local en el compartiment postsinaptic (Holt et al., 2019; Steward &
Schuman, 2001). Els RNAm poden ser transportats als dominis subcel-lulars de la
neurona per tal que la traduccié localitzada ajudi a respondre rapidament a

50



Pactivitat (Gamarra et al., 2021). S’han identificat diferents transcrits en les
dendrites entre els quals convé destacar els RNAm de la CaMKlIa, la MAP2A, la
B-actin, I’Arc i la PSD-95, per la seva rellevancia en la plasticitat sinaptica.

Receptors, canals ionics i molécules senyal. Els receptors postsinaptics es
concentren en la zona propera al compartiment presinaptic de la superficie de
Pespina (Bosch & Hayashi, 2012). Hi trobem receptors ionotropics de glutamat
(NMDAR i AMPAR) i receptors metabotropics (mGluR). Una de les vies de
senyalitzacié amb més pes dins 'espina és la del calci. Els receptors de NMDA
conjuntament amb els canals de calci dependents de voltatge i les reserves internes
de calci modifiquen les concentracions de calci de I'espina. Increments en el calci
intracel-lular desencadenen diferents cascades de senyalitzacidé que parteixen de la
uni6 del calci a la calmodulina (CaM). Aquesta uni6 activa la CaMKII (Malenka &
Bear, 2004) que fosforil'la diferents proteines sinaptiques regulant la seva
estructura i funcié. La CaMKII pot regular la plasticitat estructural de les espines
1 participar en els mecanismes de LTP ila LTD (Shibata et al., 2021; Yasuda et al.,
2022).

Citoesquelet. L’estructura de l'espina esta mantinguda per una xarxa de
citoesquelet d’actina que permet sostenir els canals, els receptors i els components
de la PSD (Nakahata & Yasuda, 2018). La xarxa esta formada per actina
filamentosa ramificada (F-actina) conectada a través de proteines d’unié a I’actina
ABPs (Colgan & Yasuda, 2014; Hotulainen & Hoogenraad, 2010). Els filaments
de F-actina es formen a partir de la polimeritzaci6 de la G-actina. La remodelacié
de lespina es produeix gracies a cicles de polimeritzacié/despolimeritzacié de
’actina on la G-actina unida a PATP s’agrega al extrem positiu en creixement dels
filaments i la G-actina unida a PADP es dissocia de I'extrem negatiu (Hotulainen
& Hoogenraad, 2010). La LTP indueix el creixement de U'espina decantant el
balan¢ de polimeritzacié/despolimeritzacié de I'actina cap a la polimeritzacio,
ajudant aix{ a 'elongaci6 dels filaments d’actina i ’expansié de la xarxa de filaments
(Bosch etal.,, 2014). Els filaments d’actina son regulats per les ABPs que controlen
la seva polimeritzacié/despolimeritzacid, nucleacié, ramificacid, “capping’,
entrecreuament i trafic (Nakahata & Yasuda, 2018). Alguns exemples sén la
Proteina relacionada amb actina 2/3 (Atp2/3; &’ Actin related protein complex 2/ 3),
la Cofilina o la Profilina. I’Arp2/3 esta implicada en la nucleaci6 i la formacié de
les ramificacions de filaments d’actina. La polimeritzacié esta potenciada per la
Profilina que accelera lintercanvi ’ADP a ATP, mentre que ’ADF/cofilina
accelera la despolimeritzacié unint-se a l'actina unida a ADP. Els microtabuls es
troben en I'estructura de la dendrita perd no en la de I’espina, tot i que puntualment
hi poden entrar de manera transitoria (Nakahata & Yasuda, 2018).
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Els mecanismes de plasticitat a llarg termini poden provocar canvis en la densitat
i morfologia de I'espina. La L'TP s’associa amb ’engruiximent de ’espina, mentre
que la LTD comporta la seva contraccié (Nakahata & Yasuda, 2018) (Figura 1.11).
La remodelacié estructural de l'espina requereix de lactivacié de vies de
senyalitzacié que finalitzen en la reorganitzacié del citoesquelet d’actina. Per
exemple, la CaMKII activada estimula P'activacié de les petites GTPases de la
familia de Rho, Cdc42 1 Racl que regulen el citoesquelet d’actina de diverses
maneres. RhoA activa efectors posteriors de la via com la proteina quinasa
associada a Rho (ROCK; de Rho-associated protein kinase) que a la seva vegada
fosforil'la la quinasa LIM (LIMK; de LIM kinase) 1 aquesta fosforil-la
’ADF/Cofilina. Cdc42 i Racl promouen la polimeritzacié de I'actina a través de
WASP i WAVE. Aquests complexes s’uneixen i regulen Arp2/3. La nucleacié de
Pactina per part de ’Arp2/3 permet el creixement de espina. També estabilitzen
el citoesquelet inhibint la despolimeritzacié provocada per ADF/Cofilina gracies
a efectors com la via PAK/ROCK-LIMK (Bosch et al., 2014). Canvis en la matriu
extracel'lular 1 les molécules d’adhesié sinaptiques com la N-cadherina o
Neuroligina també afecten la morfologia de l'espina (Missler et al,, 2012;
Nagappan-chettiar et al., 2018).

Figura 1.11. Canvis estructurals en les espines
Augment mida induits per la LTP i la LTD.
Formacié de noves Els mecanismes de potenciacié o depressi6 a llarg
termini modifiquen la morfologia, ’estructura i la
composicio6 de les espines dendritiques. La LTP pot
I incrementar el nombre d’espines dendritiques
A induint la formacié de noves estructures, aixi com
augmentar la mida de les espines. En canvi, la LTD
pot provocar una disminucié en larea de les
espines que es tradueixi en la perdua de les
estructures. Els mecanismes de potenciacié o

LD l depressio a llarg termini regulen la dinamica de les
espines a través d’efectors intracellulars o canvis
g;!’:j;’;'i‘:d’“pmes en el citoesquelet. Font: elaboracié propia a partir
de la informaci6 recollida a Rochefort & Konnerth,
2012.
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2.2 Neurogenesi adulta

Fins a principis de la decada dels 60, un dels dogmes més estesos en el camp de la
neurociencia deia que les neurones només es formaven durant el desenvolupament
embrionari. Els estudis realitzats per Alman 1 els seus col'laboradors van
demostrar per primera vegada que la formacié de neurones en rosegadors
persisteix després del naixement, i es manté durant la vida adulta (Altman, 1962;
Altman & Das, 1965). El descobriment ampliava el concepte de plasticitat
neuronal 1 descobria noves vies per entendre i explicar el funcionament de la
memoria 1 Paprenentatge (Gage, 2019). Al procés de formacié de noves neurones
funcionals a partir de les NSCs i els progenitors neurals després del naixement se’l
va denominar neurogenesi adulta. Sila neurogenesi adulta existeix o no en humans,
es un tema que ha ences el debat en la comunitat cientifica i pel qual encara no hi
ha una resposta clara. D’una banda, hi ha estudis que defensen que la produccié
de neurones es manté al llarg de tota la vida en regions especifiques, i podria estar
implicada en la patogenesi de malalties neurodegeneratives com la malaltia
d’Alzheimer (Boldrini et al., 2018; Eriksson et al., 1998; Ernst et al., 2014; Moreno-
Jiménez et al., 2019, 2021). De Paltra banda, hi ha investigacions que postulen que
la capacitat de generar neurones disminueix drasticament després de la infancia i,
per tant, no tindria un paper determinant en els mecanismes de plasticitat neuronal
adulta (Dennis et al., 2016; Galan et al., 2017; Knoth et al., 2010; Sorrells et al.,
2018). Un dels principals obstacles per aclarir Uexisténcia de la generacié de
neurones en ’huma adult sén les limitacions i les dificultats teécniques en els
procediments experimentals (Duque et al., 2022).

L’existéncia de la neurogenesis adulta en altres espécies de mamifers com els
rosegadors gaudeix d’un major consens (Charvet et al., 2018; Gage, 2019). En
aquests mamifers, la neurogenesi adulta recapitula la seqiéncia d’esdeveniments
de la neurogenesi embrionaria incloent la proliferaci, la determinacié del llinatge,
la migracié, la diferenciacid, la sinaptogenesi i la integracié funcional de les
neurones en els circuits (Gage, 2019). A diferencia del procés embrionari, la
neurogenesi adulta és un fenomen localitzat en dues regions concretes del cervell
anomenades ninxols o zones neurogéniques: la SVZ dels ventricles laterals i la
zona subgranular del gir dentat de ’hipocamp (SGZ; de subgranular zone). En menor
grau, les neurones també poden produir-se en altres zones neurogeniques no
canoniques, en condicions basals o després de lesions (Feliciano & Bonfanti,
2015).
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2.2.1 Cel-lules mare neuronals adultes

Les NSCs que durant el desenvolupament originen les neurones i les cel-lules de
la glia del sistema nervids desapareixen de la major part de regions després del
naixement. En les zones neurogeéniques pero, persisteixen i es mantenen actives
en letapa adulta (Toda & Gage, 2018). La poblacié de NSCs adultes esta
constituida principalment per RGCs i progenitors neurals (Mira & Morante, 2020).
En relacié al seu origen, les dades recollides fins ara apunten a que les NSCs de la
SVZiSGZ tenen diferents procedéncia i caracteristiques (Berg et al., 2018; Bond
et al., 2022; Morales & Mira, 2019; Obernier & Alvarez-Buylla, 2019). Les RGCs
de la VZ comparteixen caractetistiques morfologiques i funcionals amb els
progenitors embrionaris. A nivell morfologic, presenten un cili primari en contacte
amb el CSF i polaritat apicobasal (Obernier & Alvarez-Buylla, 2019). En les fases
intermedies de la neurogenesi embrionaria, una subpoblacié de les RGCs es
divideix i genera els precursors de les RGCs adultes. Aquestes noves cél-lules
expressen la molecula d’adhesié vascular 1 (VCAMI; de Vascular cell adbesion
molecnle T), una molécula d’adhesié important en el mateniment de les propietats
de les cel*lules mare (Fuentealba et al., 2015; Furutachi et al., 2015). Posteriorment,
entre els dies E13.51 E15.5 del desenvolupament en ratolins, una segona poblacié
de les RGCs entra en quiescencia (Merkle et al, 2007). Aquesta mateixa
subpoblacié de progenitors genera cel-lules ependimals que regulen la composicié
del CFS. La conversi6 final de VZ a SVZ té lloc en la primera setmana postnatal
coincidint amb la diferenciacié de les cel-lules ependimals i el desplagament dels
cossos cel'lulars de les RGCs adultes a la SVZ. Les RGCs adultes donaran lloc a
diferents subtipus d’interneuronnes en funcié de la seva localitzacié en els eixos
anterior-posterior 1 dorso-ventral (Obernier &  Alvarez-Buylla, 2019).
L’especificacié regional d’aquests progenitors ¢és definida a inicis del
desenvolupament segons la posicié que ocupen les cel-lules i és heretada per les
NSCs adultes (Alvarez-Buylla & Garcfa-Verdugo, 2002; Fuentealba et al., 2015;
Merkle et al., 2007). En el cas de les NSCs de la SGZ, la seva procedencia esta
unida al desenvolupament del gir dentat. Tal com s’ha descrit en el Capito/ 1, les
RGCs del gir dentat es desuneixen del ventricle i migren cap I’hipocamp primitiu.
Després de la primera setmana postnatal, la capcaitat proliferativa d’aquestes
cel'lules disminueix drasticament (Bond et al., 2022; Berg et al., 2019). En aquesta
setmana, la majoria de céllules mare del gir dentat entren en un estat de

quiescencia de llarga durada (Berg et al., 2019).

Aixi doncs, en el teixit adult, les NSCs es troben en un estat de quiescencia o no
proliferatiu en el qual hi ha un arrest reversible del cicle cel-lular en les fases GO 1
G2 (Urban et al, 2019). Les cel'lules quiescents presenten una baixa taxa
metabolica, perd una alta sensibilitat a estimuls externs. La quiescencia és
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necessaria per preservar la poblacié de progenitors i evitar exhaurir-ne les reserves.
De fet, 'estat quiescent és activament mantingut a través d’un programa molecular
que elimina la diferenciacié, prevé la senescéncia, assegura la reversibilitat de
Parrest del cicle cel'lular i evita 'acumulacié de danys en el DNA, les proteines i
els mitocondris (Morales & Mira, 2019; Urban et al, 2019). Les cellules
quiescents, sota determinades condicions fisiologiques activen a les NSCs i
promouen la seva entrada al cicle cel'lular (Urban et al., 2019).

La poblacié de NSCs de les zones neurogeniques adultes presenta una
heterogeneitat encara més complexa que en el sistema en desenvolupament.
Analisis transcriptomiques 1 d’expressié en cel'lula dnica revelen un escenari
d’evolucié continuada de les NSCs des d’un estat de quiescéncia profunda a un
estat d’activacié (Basak et al., 2018; Codega et al., 2014; Dulken et al., 2017;
Llorens-Bobadilla et al., 2015; Shin et al., 2015). En les cél-lules quiescents s’hi
detecta un enriquiment en gens relacionats amb la comunicacié cel-lula-cél-lula i,
cel'lula-matriu extracel'lular i gens implicats en P'adhesié cel'lular (Basak et al.,
2018; Codega et al., 2014; Dulken et al., 2017; Llorens-Bobadilla et al., 2015; Shin
etal., 2015). Alguns exemples de gens associats a I'estat de quiesceéncia sén ApoE3,
Aldoc o Id3. Les cel'lules quiescents també expressen el factor repressor REST (de
Repressor element 1 silencing transcription factor) que manté la quiescencia, tot inhibint
Pexpressio de gens implicats en la biogenesi de ribosomes i el cicle cel-lular.
L’expressié d’aquests gens disminueix en la transicié entre quiescéncia i activacié
mentre que la de gens com Fgfr3, Egfr, Ki67 o M2 augmenta. En les cel-lules
actives, en canvi, els transcriptomes mostren major expressié de genes implicats
en la transcripcid, la traducci6 i la reparacié del DNA. L’activacié també implica
la desconnexié gradual de les vies de senyalitzacié extrinseca i un canvi en el
metabolisme de les cel-lules de glicolisi a fosforillacié oxidativa (Basak et al., 2018;
Codega et al., 2014; Dulken et al., 2017; Llorens-Bobadilla et al., 2015; Shin et al.,
2015; Urban et al., 2019). Les cel'lules actives comencen a expressar els marcadors
EGFR, Ki67 o MCM2. A més, en estudis de proliferacié poden ser detectades a
partir de la incorporacié d’analegs de nucleotids com el BrdU (Codega et al., 2014,
Urban et al., 2019).

Un cop activades, les NSCs poden adoptar diferents modalitats de divisi6 per tal
de renovar la poblacié de progenitors tot fabricant progénie més diferenciada.
Poden realitzar divisions asimétriques autorenovadores o bé divisions simeétriques
proliferatives i neurogeniques (Obernier & Alvarez-Buylla, 2019). El tipus de
divisié ve en gran part determinat per senyals del microtentorn. Per exemple,
Peliminacié de la senyalitzacié per GABA en el gir dentat provoca una sortida
prematura de la quiescencia i activa les divisions simetriques per augmentar la
generaci6 de neurones.
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2.2.2 Zones neurogeniques

Les NSCs adultes es localitzen en microentorns especialitzats o ninxols
neurogeénics on troben les condicions optimes per sobreviure i dividir-se. Els
microentorns integren les vies de senyalitzacié que controlen el manteniment de
les NSCs en un estat immadur quiescent, la seva activacié i proliferacié, i la
progressio del llinatge (Yao et al., 2016; Zhang & Zhang, 2018; C. Zhao et al.,
2008). Els senyals inclouen citoquines, factors de creixement i factors trofics,
neurotransmissors, mecanismes epigenctics aixi com variables fisiologiques i
patologiques. Les dues zones neurogeniques principals, la SVZ 1 la SGZ,
comparteixen algunes caracteristiques generals, perd mostren diferencies en la seva
composici, dinamica i regulacié que mereixen ser tractades per separat.

Neurogenesi a la zona subventricular

La SVZ es troba a la paret externa dels ventricles laterals, per sota de 'epéndima i
en contacte amb el CFS i el plexe vascular (Alvarez-Buylla & Garcia-Verdugo,
2002; Merkle et al., 2007). En aquesta zona hi ha tres tipus de progenitors: les
cel'lules de tipus A, B i C. Els progenitors de tipus B sén NSCs, concretament
RGCs. Es tracta de cel'lules quiescents que un cop activades proliferen i donen
lloc als progenitors de tipus C (Doetsch et al., 1999). Els progenitors de tipus C o
IPCs tenen una alta taxa de proliferacié, augmenten la poblacié de progenitors i
produecixen les cel'lules de tipus A (Figura 1.12, panell superior). Finalment, els
progenitors de tipus A o neuroblasts es diferencien per donar lloc a interneurones
del bulb olfactiu (Alvarez-Buylla & Garcia-Verdugo, 2002; Merkle et al., 2007). Les
neurones generades en la SVZ recorren llargues distancies fins al bulb olfactiu
seguint la corrent migratoria rostral (Thrie & Alvarez-Buylla, 2011). En el bulb
olfactiu maduren i esdevenen interneurones de les capes granular i periglomerular
(Lledo & Valley, 2016; C. Zhao et al., 2008) (Figura 1.12, panell inferior). La
migracié de les noves neurones generades esta regulada per molécules senyals i
interaccions cel-lula-cel-lula o cel-lula-matriu mediades per CAMs. El bulb i el
septum emeten senyals atraients i repulsius que guien la migracié en cadena de les
interneurones. Les noves neurones s’integren i modulen els circuits prexistents
participant en funcions cognitives com l'aprenentatge, el processament de la
informacié o de memories olfactives (Lazarini & Lledo, 2011; Lledo & Valley,
2016).
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Figura 1. 12. Neurogénesi adulta a la zona subventricular.

Representacié del procés de neurogenesi a la SVZ dels ratolins adults. En el panell
superior, es mostra un tall coronal amb la zona subventricular marcada. En aquesta regi6
hi trobem els progenitors de tipus B (RGCs) que en dividir-se donen lloc als de tipus C
(IPCs). Els progenitors de tipus C generen les cel-lules de tipus A (neuroblasts) que surten
de la SVZ cap a la seva destinacié final. En el panell inferior, s’observa un tall sagital on es
representa la migracié dels neuroblasts formats des de la SVZ cap al bulb olfactiu seguint
la corrent migratoria rostral. Un cop arriben al bulb s’acaben de diferenciar en
interneurones granulars (en color lila) i interneurones periglomerulars (en color gris) que
formen lestructura de epiteli del bulb. GCL: capa de cel'lules granulars; GL: capa
glomerular; LV: ventricle lateral; ONL: capa del nervi olfactiu; RMS: corrent migratoria
rostral; RGC: cel'lula de la glia radial; SVZ: zona subventricular, VZ: zona ventricular.
Font: elaboraci6 propia a partir de la informaci6 recollida a Alvarez-Buylla & Garcia-1 erdugo,
2002; Lim & Avarez-Buylla et al., 2016.

Neurogenesi a la zona subgranular

La SGZ és la zona que es troba entre la capa granular i Philus del gir dentat.
Aquesta regié ofereix un entorn permissiu a les RGCs que afavoreix el seu
manteniment i tot promovent la seva proliferacié i diferenciacié a cél-lules
granulars del gir dentat (Gongalves et al., 2016; Obernier & Alvarez-Buylla, 2019;
C. Zhao et al,, 2008) (Figura 1.13).
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Figura 1. 13. Neurogénsi adulta a la zona subgranular de hipocamp.

Representacié esquematica del procés neurogenic al gir dentat de hipocamp adult. Els
progenitors de tipus I sén RGCs que es troben en un estat quiescent en el qual expressen
gens com ApoE3 o Id3. Diferents estimuls poden activar les cel'lules fent que entrin al
cicle cel'lular. Els gens caracteristics d’aquest procés d’activacié sén I’Fgfr3 o I'Egfr. Un cop
activades, es divideixen i donen lloc a progenitors de tipus II o IPCs. En aquest punt
trobem una alta expressié de gens relacionats amb el cicle cel'lular com Ki67. Els
progenitors de tipus II produeixen els de tipus III o neuroblats que es diferencien a
neurones granulars. Les neurones migren durant el procés de diferenciacié, maduren i
s’integren funcionalment a la capa granular del gir dentat. Al llarg del procés, s’expressen
diferents marcadors que permeten identificar els principals tipus cellulars. Els progenitors
de tipus I expressen Nestina, GFAP i Sox2. L’expressié de Sox2 es manté en progenitors
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de tipus Ila que també comencen a expressar Tbr2. Els nivells del marcadors de
proliferacié disminueixen a mesura que es fa la transicié cap a progenitors de tipus IIb i
tipus I1I. En en els progenitors de tipus III comenca I'expressié de marcadors del llinatge
neuronal com DCX. Les neurones un cop maduren expressen marcadors com NeuN.
Font: elaboraci6 propia a partir de les dades recollides a Urbdn et al., 2019.

En la SGZ hi trobem progenitos de tipus I o RGCs que expressen marcadors com
Sox2, Nestina i GFAP. En dividir-se generen els progenitors de tipus 1I o
progenitors intermedis (IPCs), unes cel-lules amplificadores transitories. Els
progenitors de tipus II es subdivideixen en tipus Ila i 1I12. Mentre que els
progenitors de tipus Ila expressen marcadors proliferatius com Sox2 o Tbr2, els
de tipus 1Ib comencen a expressar marcadors neurals com la DCX o la PSA-
NCAM. En aquest punt del procés neurogenic es determina el llinatge de les
cel'lules filles. En la majoria de casos, els progenitors de tipus II donaran lloc a
neurones granulars del gir dentat (Figura 1.13). Un cop determinen el seu dest,
esdevenen progenitors de tipus III o neuroblasts.

Els neuroblasts es diferencien a neurones granulars del gir dentat que migren
curtes distancies fins a la capa granular. Un cop arriben a la capa granular inicien
la seva diferenciaci6 estenent la dendrita cap ala capa molecular 1 ’ax6 cap a Philus.
Les cel'lules adquireixen el fenotip neuronal dues setmanes després, quan la
dendrita arriba a I'extrem de la capa molecular externa i I'ax6 a la CA3 de
I’hipocamp. A la tercera setmana, es comencen a formar les espines dendritiques i
s’estableixen els contactes amb el circuit local. A partir d’aqui, les cel-lules
adquireixen propietats electrifisiologiques de cel'lules madures i expressen com a
marcador NeuN 1 MAP2 (G6tz & Huttner, 2005; Obernier & Alvarez-Buylla,
2019) (Figura 1.13).

2.2.3 Regulacio de la neurogenesi adulta

Tant a la SVZ com a la SGZ, un gran nombre de factors regulen el manteniment
de les NSCs, la seva activaci6 i proliferacio, i la diferenciacié 1 maduracié de les
neurones generades de novo. Aquests senyals son integrats i vehiculats pels ninxols
neurogenics que no només atorguen un suport fisic a les NSCs, siné que també
faciliten la transducci6 de senyals (Gage, 2019). Els principals factors intrinsecs i
ambientals que regulen la neurogénesi adulta es detallen a continuacié.

Vasculatura i CFS. Les cel'lules de 'endoteli vascular produeixen factors que
modifiquen la neurogenesi de manera directa o indirecta a través de la secrecié de
substancies 1 el transport de molécules produides per altres cel-lules. La secrecié
de factors trofics (BDNF, VEGF) afecta la proliferaci6 de les RGCs 1 la
diferenciaci6 de les neurones. A més, les interaccions establertes entre les cél-lules
endotelials 1 les NSCs promouen la quiescencia de les NSCs (Morante-Redolat &
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Porlan, 2019). En el cas de la SVZ, el CES i el plexe coroide regulen el
comportament de les NSCs adultes de manera similar a la regulacié de les NSCs
embrionaries. A més, amb l'edat, el plexe coroide presenta una marcada
d’expressi6 de gens dependents d’interfero 1. Si es bloqueja aquesta via, es restaura
la funcié cognitiva i la neurogensi al gir dentat (Bjornsson et al., 2015).

Components cel-lulars. Entre les principals cel-lules que regulen el procés
neurogenic hi trobem NSCs, neurones i cél'lules de la glia. Les NSCs tenen la
capacitat de regular el seu propi ninxol neurogenic alliberant factors difusibles que
controlen el desenvolupament de les noves neurones (Bonafina et al., 2020). Les
interneurones inhibitories i les neurones glutamatergiques també poden controlar
la integraci6 de les noves neurones formades (Haniff et al., 2018). La microglia
participa en la fagocitosi de cél-lules granulars apoptotiques. A més, poden regular
la neurogeénesi a través d’interaccions cel-lula-cél-lula i factors secretables.
Lactivacié de vies proinflamatories altera diferents etapes del procés de
neurogenesi (Bjornsson et al., 2015; Bonafina et al., 2020). Altres cellules de la glia
com els astrocits controlen la proliferacié, la migracié, la diferenciacié i la
integracié sinaptica de les neurones gracies a molécules de membrana i factors
solubles com FGF-2, Wnt i citoquines (Bonafina et al., 2020; Bjornsson et al.,
2015). En la SVZ, hi ha cel-lules ependimals que poden modificar la composicid
del CFS i afectar la neurogenesi a través de diferents vies. Per exemple, expressen
Noggin que es un antagonista de BMP i alliberen factors com PEDF que
promouen I'autorenovacié de les NSCs (Bjornsson et al., 2015).

Senyals locals difusibles. Hi ha factors secretables que poden ser alliberats per
diferents components del ninxol neurogenic per tal de controlar el comportament
de les NSCs. Els BMPs produits per les neurones granulars promouen la
quiescéncia i el mateniment de les NSCs a llarg termini inhibint la proliferacié dels
progenitors neurals (Morales & Mira, 2019). Les molecules de la familia de Wnt
produides per les NSCs i les cel'lules de la glia promouen la renovacié i la
proliferacié dels progenitors neurals (Bowman et al., 2013; Lie et al., 2005; Qu et
al,, 2013). La resposta a través de la via no canonica de Wnt manté la quiescéncia
a la SVZ, promovent 'ancoratge de les cel'lules de tipus B al ninxol a través de
Cdc42. El factor SHH regula el comportament de les NSCs postnatals i adultes de
la SVZ i de Thipocamp afectant al procés de proliferacié i diferenciacié (Urban i
Guillemot, 2014). Els factors de creixement com FGF 1 EGF també estimulen
Pactivacié 1 la proliferacié de les cel'lules mare. De fet, els analisis de
transcriptomica revelen nivells alts d’expressio dels receptors d’aquests factors en
NSCs activades (Motizur et al., 2018; Shin et al., 2015).

Neurotransmissors. L’estat de quiescencia de les NSCs pot ser regulat per
neurotransmissors com la serotonina, el glutamat o el GABA. En la SGZ, les
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interneurones gabaérgiques inhibeixen la proliferacié de les NSCs. Les fibres
molsoses promouen la quiescencia de les NSCs de manera indirecta amb
lalliberament de GABA per les interneurones parvalbimina positives, perod
promou P'activacié NSCs a través de I'alliberament directe de glutamat a les NSCs
(Berg et al., 2013; Matsubara et al. 2021).

Factors ambientals. L’activitat de les NSCs s’ajusta als requeriments de
Porganisme en resposta a estimuls fisiologics i del comportament. I.’exercici fisic,
els nous entorns, les interaccions socials, la composicié de la dieta o P'estrés poden
afectar la proliferacié i la diferenciacié de les NSCs (Gage, 2019; Kempermann et
al., 2018). S’ha descrit que l'afllament social disminueix proliferacié de les cél-lules
1 la neurogenesi en la SGZ (Holmes, 2016). En canvi, correr augmenta la
proliferacié i la supervivencia dels IPCs, i promou la maduracié de les noves
neurones generades. El procés neurogenic també esta altament influenciat per
Pedat, el sexe, els estats metabolics i els ritmes circadians. Amb I’edat es déna una
disminucié de la capacitat regenerativa deguda a canvis en el comportament de les
NSCs, dels ninxols neurogenics i dels senyals sistemics (Kempermann, 2015;
Moreno-Jiménez et al., 2021).

Factors epigenétics. Els mecanismes epigenctics regulen el procés de
neurogenesis a través de la resposta coordinada a senyals extracel-lulars. D’aquesta
manera determinen 'expressié espacial 1 temporal de reguladors que controlen la
proliferacié, la determinacié del llinatge i la diferenciacié de les NSCs (Yao et al.,
2016). Les modificacions epigenetiques inclouen la metil-lacié del DNA, la
modificacié de les histones i els RNAs no codificants. Alguns factors ambientals
com D’exercici fisic poden estimular ]a metilacié del DNA 1i evitar la unié de factors
de transcripcid als seus promotors, limitant aix{ I'expressié de determinats gens
que poden regular la neurogenesi. Les modificacions en les histones, com la
desacetilacié, també regulen el manteniment de les NSCs. Per tltim, els RNAs no
codificants estan implicats en la diferenciacid, I'establiment de connexions o la
integracié funcional de les noves neurones (Yao et al., 2010).

Matriu extracel'lular i molecules d’adhesid. Les funcions principals de la
matriu sén les de donar suport estructural i transduir els senyals moleculars que
regulen el desenvolupament de les NSCs (Bonafina et al., 2020). En el cas de la
SVZ, les extensions de la matriu extracel-lular en el ventricle lateral es coneixen
com a fractons (Morante-Redolat & Porlan, 2019). Aquestes estructures son riques
en laminina, heparan sulfat, perlecan, nidogen i col-lagens. La seva funcié podria
ser estructural durant la migracié de les cel-lules. També podrien ajudar a
concentrar i activar els factors trofics (Bjornsson et al., 2015). En la SGZ, la matriu
conté molecules com la Reelina (Pujadas et al., 2010; Teixeira et al., 2012) o els

proteoglicans (Bonafina et al., 2020; Yamada et al., 2018) que també controlen del
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procés neurogenic. De manera complementaria a les funcions de la matriu
extracel lular, les CAMs també juguen papers destacats durant els esdeveniments
neurogenics durant 'etapa adulta (S. Bian, 2013).
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Capitol 3. NCAM2

La molécula d’adhesi6é neuronal 2 (NCAM2; de neural cell adbesion molecule 2) fou
identificada per primer cop 'any 1997 en el bulb olfactiu dels rosegadors (Alenius
& Bohm, 1997; Paoloni-Giacobino et al., 1997; Yoshihara et al., 1997). Es tracta
d’un dels membres de la familia NCAM, un grup de molecules d’adhesi6 cel-lular
amb funcions destacades en la formacié del sistema nerviés.

3.1. Moleécules d’adhesio cel-lular

Les molecules d’adhesié cel'lular (CAMs) constitueixen un grup divers de
glicoproteines de membrana implicades en ’adhesié cel-lular i la transduccié de
senyals (Togashi et al., 2009). Exerceixen les seves funcions a través de les
interaccions cel-lula-cél-lula i cél-lula-matriu, homofiliques o heterofiliques,
establertes pels seus ectodominis. D’aquesta manera, i tal com s’ha pogut constatar
en els capitols anteriors, les CAMs assumeixen rols destacats en el
desenvolupament, la connectivitat, la plasticitat i el correcte funcionament del
sistema nerviés (Moreland & Poulain, 2022; Sytnyk et al., 2017). Especificament,
durant el desenvolupament embrionari, les CAMs poden controlar la divisi6 1 la
diferenciacié de les cel-lules mare, guiar la migracié de les neurones, contribuir a
la maduraci6é de les mateixes i participar en la construccié de les connexions
sinaptiques (Gerrow & El-Husseini, 2006; R. Huang et al.,, 2020; Missaire &
Hindges, 2015; Pollerberg et al., 2013; Schmid & Maness, 2008; Solecki, 2013;
Stidhof, 2008). La seva eminent aportacié continua en I'etapa adulta, un periode
en el qual les CAMs dirigeixen el manteniment i la plasticitat sinaptiques, i regulen
la neurogenesi adulta (Dalva et al., 2007; Kilinc, 2018; Lim et al., 2022; Missler et
al.,, 2012; Morante-Redolat & Porlan, 2019). Donat el seu cabdal i polifacetic paper
en la formacio i conservacio del sistema nervios, la disrupcié de les seves funcions
pot desencadenar alteracions en el correcte funcionament del sistema. De fet,
nombroses CAMs han estat associades amb desordres del neurodesenvolupament,
trastorns psiquiatrics i malalties neurodegeneratives (Moreland & Poulain, 2022;
Sakurai, 2017).

3.1.1. Estructura

L’ampli ventall de funcions de les CAMs és possible gracies als patrons d’expressio
espacio-temporal 1 I'accié d’una gran diversitat de molecules. Les CAMs es
classifiquen en diferents families que agrupen molecules amb estructures
extracel-lulars similars. Fins a actualitat, les principals families de CAMs descriten
sén les integrines, les cadherines, les neurexines/neuroligines, les taurines i la
superfamilia de les immunoglobulines (IgCAMs, de immunoglobulin cell adbesion
molecnles) (Figura 1.14).
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Cadherines

La familia de les cadherines compren un variat grup de proteines transmembrana
amb repeticions cadherina (Cdh) en el seu ectodomini (Figura 1.14). Aquests
dominis cadherina presenten plegaments en fulla B que sén importants per a la
formacié de les unions. Les cadherines estableixen unions cél-lula-cél-lula o
cel'lula-matriu extracel-lular dependents de calci en s o frans (Agustin-Duran et
al, 2021; Shapiro et al., 2007). La proteina també presenta un domini
transmembrana 1 diferents dominis citoplasmatics. A través de la cua
citoplasmatica i la unié amb les catenines del citosol, les cadherines poden
interaccionar de manera indirecta amb el citoesquelet d’actina (Meng & Takeichi,
2009). En vertebrats, les cadherines s’agrupen en diferents subfamilies entre les
quals destaquen les cadherines classiques i les protocadherines. Les cadherines
classiques inclouen les cadherines de tipus I (CDHI, CDH2,1 CDH3 CDH4) i les
cadherines de tipus II (CDH6, CDH7, CHD8, CDH9, CDH10, CDH11, CDH12,
CDH 18, CDH20 i CDH24) (Polanco et al, 2021). Pel que fa a les
protocadherines, s’han descrit dues subfamilies en funcié de lestructura del gen
que les codifica, les protocadherines agrupades (en angles clustered) 1 les no
agrupades (en angles non-clustered) Moreland & Poulain, 2022; Shapiro et al., 2007).

Integrines

Les integrines conformen la familia estructuralment més complexa de CAMs. Es
tracta de receptors de membrana constituits per dues unitats, o i 3, que en el
transcurs de la interaccié dimeritzen donant lloc a heterodimers. Les proteines o i
B estan constituides per diferents dominis amb enllagos flexibles entre ells. Cada
una d’aquestes unitats conté un domini extracel-lular complex, un tnic domini
transmembrana i una cua citoplasmatica curta (Shapiro et al., 2007) (Figura 1.14).
En les integrines o, I’ectodomini presenta cinc subdominis, mentre que en les 3
s’han descrit vuit subdominis. Els heterodimers formats per les integrines medien
la interaccié amb els components de la matriu extracel-lular (Moreland & Poulain,
2022). La transmissi6 bidireccional de senyals a través de la membrana és possible
gracies a canvis de conformaci6 de la proteina en resposta al lligand (Humphries
etal., 2003). Els canvis conformacionals poden ser induits per les interaccions amb
altres molecules a través dels dominis extracel-lular i intracel-lular (Shapiro et al.,
2007) i produeixen la modificacié d’adaptadors com la vinculina o la tal-lina, i
’activacié de vies de senyalitzacié que regulen el citoesquelet d’actina i ’adhesié
focal a través de quinases com FAK. En el SNC, les diferents subunitats de les

integrines son expressades en neurones, cel'lules de la glia, meninges i cel'lules
endotelials (Shapiro et al., 2007).
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Neurexines/Neuroligines

La interaccié entre dos grans grups de CAMs, les neurexines i les neuroligines, és
clau en la formacié del cervell i la construccié de les sinapsis excitatories i
inhibitories. Les neurexines sén proteines de superficie amb milers d’isoformes o
o B originades per 'empalmament alternatiu de tres gens (Shapiro et al., 2007)
(Figura 1.14). Les a-neurexines contenen sis dominis LNS (de laminin, neurexin,
sexc-hormone binding globulin domain) amb tres dominis tipus EGF intercalats. Les §3-
neurexines presenten un unic domini LNS en la seva fraccié extracel-lular (Sidhof,
2008). Les neurexines realitzen unions intercel-lulars amb receptors de superficie
coneguts com a neuroligines. La seqiiéncia extracel-lular de les neuroligines esta
formada per un unic domini homoleg a l'acetilcolinesterasa. En els vertebrats,
aquests receptors venen codificats per quatre gens que estan altament expressats
en el SNC.

Superfamilia de les immunoglobulines

La superfamilia de les immunoglobulines (IgCAMs; de zmmunglobulin-like cell
adbesion molecnles) és el grup més divers i ancestral de les CAMs (Figura 1.14). Les
IgCAMs poden presentar diferents isoformes transmembrana o ancorades a la
membrana a través dun grup glicosilfosfatidilinosital  (GPI; de
ghycosilphosphatidylinositol) que s’originen per empalmament alternatiu dels gens
(Shapiro 2007). El domini extracel-lular de les IgCAMs pot estar format per
diferents combinacions de moduls tipus immunoglobulina (Ig; de zmmunoglobulin) i
tibronetina I11 (Fnlll; de fzbronectin type I11). El grup de le IgCAMs també es divideix
en diferents subfamilies: les CAMs sinaptiques (SynCAMs; de synaptic cell adbesion
molecules), les contactines, les L1CAM (L1CAM, NrCAM, neurofascines), la
moleécula d’adhesi6 cel lular associada a la sindrome de Down (DSCAM; de Down
syndrome cell adhesion molecule) 1les molecules d’adhesié neuronal NCAM, de Newural
cell adhesion molecule). El grup de les NCAM esta integrat per dues proteines, la
NCAM1 ila NCAM2. Els gens que codifiquen per ambdues proteines sén gens
paralegs generats per la duplicacié del genoma (Makino & McLysaght, 2010).
Aquest origen genétic comu ha resultat en una estructura i unes funcions similars.
NCAMI, identificada I'any 1970, presenta tres isoformes de diferent pes
molecular i expressié: NCAM180 s’expressa en neurones adultes; NCAM140
s’expressen en etapes embrionaries 1 adultes; 1 la NCAM120 s’expressa
majoritariament en cel-lules de la glia. Les interaccions homofiliques i
heterofiliques formades per la molecula activen vies de senyalitzacié que afecten
els nivells de calci 1 la reorganitzacié del citoesquelet (Mehrabian et al., 2016). Les
funcions de la proteina son possibles gracies a multiples interaccions amb
receptors de factors de creixement com el Receptor de factors de creixement
fibroblastic (FGFER; de Fibroblast ~ growth  factor  receptor), receptors de
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neurotransmissors o quinases (Kiselyov et al., 2005; Mehrabian et al., 20106). Part
d’aquestes interaccions es donen a partir de polisialitzacié (PSA; de polysialic acid)
de la proteina durant el procés de modificacié postraduccional. Els nivells de
polisialitzaci6 augmenten durant el desenvolupament embrionari, pero
disminueixen progressivament en etapes postnatals. El grup PSA és critic per a les

funcions de la proteina en neurogenesi, migracié neuronal o el creixement neuritic
(Mehrabian et al., 2016).

MOLECULES D’ADHESIO CEL-LULAR

Domini LNS

Damini ig

Demini Frilf
Damini EGF

EERAAL N,

/@m

Domini tipus
colinesterase

Cadherines protacadherines Integrina o Integrina B SynCAM NCAM NrCAM L1CAM DSCAM Neurexina a Neurexina B Neuroligina
classiques

Figura 1.14. Molécules d’adhesi6 cel-lular.

Les families principals de CAMs expressades en el sistema nervids inclouen les cadherines,
les integtrines, la supetfamilia de les immunoglobulines i les neurexines/neuroligines. Els
diferents membres de cada familia presenten dominis extracel-lulars similars formats per
repeticions de moduls especifics. Cdh: cadherina; EGF: factor de creixement epidermic;
Folll: fibronectina I1I; Ig: immunoglobulina; LNS: /aminin, neurexin, sex-hormone binding
globulin. Font: elaboracié propia a partir de la informaci6 recollida a Moreland & Poulain,
2022.

3.1.2. Funcions

Les CAMs exerceixen un ampli ventall de funcions en el desenvolupament
emrbrionari 1 durant els mecanismes de plasticitat neuronal adulta.

Desenvolupament del sistema nervids

En els inicis del desenvolupament del sistema nervids, durant el procés de
neurogenesi, les CAMs controlen el comportament de les NSCs de la zona
ventricular. I’adhesié proporcionada per les CAMs regula la proliferacié dels
progenitors, I'especificacié del desti cellular, la migracié i la diferenciacié de les
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neurones (Duran et al., 2021). La N-cadherina (0 CDH2) forma part de les unions
adherents entre NECs 1 RGCs que ajuden a mantenir la seva polaritat i a conservar
la integritat de la VZ (Duran et al, 2021). Les perturbacions dels contactes
establerts per les CAMs provoca defectes en la corticogenesi, concretament, en
ratolins en els quals s’ha eliminat I'expressié de la N-cadherina es detecta un
increment en la proliferacié de les RGCs i una major presencia de neurones de les
capes corticals altes (Duran et al., 2021). Les integrines regulen la dinamica de les
NSCs gracies a la integracié dels senyals de la matriu extracel-lular (Morante-
Redolat & Potlan, 2019). Aquestes molecules d’adhesié es troben en el procés
basal de les RGCs on estableixen unions amb la laminina que ajuden ancorar les
cellules a la superficie pial. La disrupcié de les integrines en el cortex en
desenvolupament disminueix el nombre de bRGCs, provoca la desunié de les
cel-lules, 'apopotosi i afecta en generar al procés de neurogenesi (Ferent et al.,
2020; Morante-Redolat & Porlan, 2019). Alguns membres de la familia de les
IgCAMs participen igualment en el control de la neurogenesi embrionaria. Per
exemple, la proteina NCAMI regula la proliferacié dels progenitors neurals i
promou lespecificacié cap al llinatge neuronal (Huang et al., 2020). S’ha descrit
que la sobreexpressié de la isoforma NCAM140 augmenta la proliferacié de les
RGCs 7n vivo (Boutin et al., 2009). En canvi, I’eliminacié selectiva de NCAM1 en
els progenitors neurals disminueix la seva proliferacié i retarda la formacié de les
neurones corticals de projeccié (Huang et al., 2020; Shin et al., 2015).

Un cop formades les cel-lules, les CAMs contribueixen a la correcta migracié de
les neurones fins a la seva posicié final. En les primeres etapes del procés migratiu,
la N-cadherina ajuda a la translocacié somal de les neurones a través de
Pestabliment d’unions homofiliques (Franco et al, 2012). En etapes més
posteriors, participa tant a la migracié radial com a la tangencial. D’una banda,
ajuden a establir les connexions entre neurones 1 fibres radials durant la migracié
de les neurones corticals. D’altra banda, en la migracié tangencial de les
interneurones, les cadherines promouen la motilitat de les cel'lules (Duran et al.,
2021). Un dels punts claus per a la migracié de la neurones és I'establiment de la
polaritat i la conversié de cel'lula MP a BP. La contactina TAG-1 participa en la
transicié de cel'lula MP a BP en les primeres fases de la migracié neuronal. La
disfuncié d’aquesta proteina impossibilita la transicié de MP a BP i provoca errors
en la migraci6 de les neurones (Suter et al., 2020). Les integrines regulen la migracié
de les neurones fent possible 'ancoratge de les fibres de la glia radial a la superficie
pial i mediant les interaccions entre les fibres i les neurones postmitotiques en
migracié (Belvindrah et al., 2007; Ferent et al., 2020; Park & Goda, 2016). En el
cas de les IgCAMs, la L1CAM afavoreix la locomocié de les cel-lules enla IZ i]a
translocacié somal de les neurones corticals (Tonosaki et al., 2014). Les nectines

s6n importants per la progressié de les cel'lules en migracio, ja que permeten
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P'ancoratge del seu procés lider a la MZ (Agustin-Duran et al., 2021). Per ttlim, la
PSA-NCAM regula la migracié tangencial i radial del precursors neurals corticals i

permet la migracié en cadena de les interneurones des de la SVZ al bulb olfactiu
(Angata et al., 2007).

Durant el trajecte migratiu comenca el procés de diferenciaci6 de les cel-lules que
finalitza un cop la neurona ha arribat a la seva posicié final. Diverses CAMs
cooperen al llarg d’aquest procés per faciltiar la correcta formacié dels
compartiments axo-dendtitics. L.’adhesi6 cel'lular ajuda a polaritzar les cel-lules a
partir de 'agrupament de les molécules en diferents complexes de membrana. A
més, les CAMs ofereixen 'enllag entre el domini extracel-lular i el citoesquelet que
permet adaptar les estructures de la cél-lula en resposta a estimuls inductors de la
polaritzacié (Girtner et al,, 2015). Préviament s’ha descrit que la TAG-1 és
necessatia per 'especificaci6 de 'ax6, considerat 'esdeveniment de la polaritzacié
neuronal. La funcié principal de les CAMs, pero, és I'elongacié i guia axonal. Els
contactes establerts per les proteines permeten el creixement, la navegacié, la
fasciculacié i la seleccié de la diana per part dels axons (Moreland & Poulain, 2022).
Les molecules d’adhesié proporcionen la for¢a adhesiva necessaria per a que el
con de creixement avanci a través de les interaccions amb el citoesquelet d’actina
(Moreland & Poulain, 2022; Pollerberg et al., 2013). Les cadherines, les integrines
i les neuroligines estan altament expressades en els cons de creixement on
contribueixen a la deteccié de senyals de I'entorn i a Ielongacié dels axons
(Moreland & Poulain, 2022). La uni6 de les integrines als lligands de la matriu
extracel lular facilita la interaccié indirecta amb el citoesquelet d’actina. D’aquesta
manera, es promou lestabilitazcié dels fil'lopodis i es fa avancar al con de
creixement (Moreland & Poulain, 2022). Les CAMs no només estimulen el
creixement de I'ax6 sind que també en determinen la direccié. Les CAMs capten
de manera directa o indirecta els estimuls atraients o repulsius que dirigeixen la
navegaci axonal (Moreland & Poulain, 2022). A més de promoure el creixement,
les CAMs permeten P'agrupacié d’axons en feixos i la fasciculacié selectiva gracies
a interaccions homofiliques i heterofiliques. Un exemple sén les IgCAMs que
regulen les interaccions homotipiques entre axons (Spead & Poulain, 2020). Les
protocadherines també medien les interaccions trans-axonals necessaries per la
formacié dels feixos d’axons (Moteland & Poulain, 2022). A banda de la seva
funci6 adhesiva, les CAMs poden controlar el creixement axonal a partir de canvis
en I'expressi6 de gens. Aquest és el cas de la NCAMT1 que en interaccionar amb el
receptor FGFR activa la transcripcié genica a través de la via de la MAPK i els
factors CREB i c-Fos (Niethammer et al., 2002). Paral-lelament, les integrines, les
cadherines, les [gCAMs i les neurexines/neuroligines, entre d’altres, promouen la
formacié i maduraci6 de I'arbre dendritic (Dityatev et al., 2004; Muller et al., 2010;
Sytnyk et al., 2017). La proteina DSCAM ¢és necessaria per al creixement dendritic
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i la formaci6 de les ramificacions (Hutchinson et al 2014). Les
neutrexines/neuroligines participen en larboritzacié dendritica promovent
estabilitzaci6 de les estructures (Chen et al., 2010).

Per altim, una de les principals funcions de les CAMs durant el desenvolupament
és la formaci6 de les sinapsis. Les CAMs governen el reconeixement entre les
membranes pre i postsinaptics, Uestabliment inicial de contactes, la construccié
dels compartiments, el refinament i el manteniment de les sinapsis (Agustin-Duran
et al., 2021; Missler et al., 2012; Moreland & Poulain, 2022; Sanes & Zipursky,
2020; Sytnyk et al., 2017). En l'inici del procés, les diferents combinacions de
CAMs en els compartiments sinaptics generen un codi de reconeixement per a
l'aperallament sinaptic i I'especificitat de la connexié. Les cadherines iles IgCAMs
medien les interaccions #ans cel'lulars que possibiliten el reconeixement entre les
membranes pre i postsinaptiques (Moreland & Poulain, 2022; Sanes & Zipursky,
2020; Sytnyk et al., 2017). Un cop formades, la interaccié trans-sinaptica entre les
neurexines i les neuroligines controla diferents propietats de les sinapsis, com per
exemple, la composicié de receptors de neurotransmissors (Sudhof, 2018). Les
integrines també faciliten la formacié de les sinapsis detectant els senyals de la
matriu extracel'lular, per exemple, amb la interaccié amb la trombospondina
(Christopherson et al., 2005). A més, les CAMs regulen el remodelatge dels
compartiments pre i postsinaptics contribuint a la formacié de la zona activa i la
densitat postsinaptica (Missler et al., 2012). Un exemple sén les integrines que
controlen el posicionament de receptors i el citoesquelet (Park & Goda, 2016).
Quan les sinapsis ja han estat construides, les CAMs també regulen la seva
eliminacié o estabilitzacié durant el procés de refinament (Stidhof, 2018; Yamagata
et al,, 2003). D’una banda, I'activacié de les integrines promou I’estabilitzacié dels
contactes sinaptics (Duncan et al., 2021). D’altra banda, les LICAM o NCAM1
regulen el refinament de les espines dendritiques a través de la interaccié amb la
Semaforina 3 (Auger, 2020). Les cadherines també poden regular el refinament o

la maduraci6 de les espines, en aquest cas, a partir de la uni6 a les catenines (Bian
etal., 2015).

Plasticitat sinaptica

En finalitzar ’establiment i el refinament de les sinapsis en les primeres etapes
postnatals, les CAMs vetllen per 'optim manteniment de les connexions 1 sé6n
particips dels fenomens de plasticitat sinaptica durant 'etapa adulta (Dityatev et
al., 2004; Muller et al., 2010; Sytayk et al., 2017). Les CAMs contribueixen a la
restructuraci6 dels compartiments sinaptics en resposta a 'activitat (Missler et al.,
2012). Les cadherines i les IgCAMs participen en la induccié de la LTP 1 regulen
la formacié de noves sinapsis durant els fenomens de plasticitat a llarg termini
(Benson et al., 2000). La N-cadherina estabilitza els canvis estructurals que tenen
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lloc en les espines dendritiques en respota a la LTP i també modula la plasticitat
presinaptica reduint el reciclatge de les vesicules (Missler et al., 2012; Togashi et
al., 2009). La proteina PSA-NCAM és necessaria per a la inducci6 de la LTP i 1a
LTD a I’hipocamp (Muller et al., 2010b; Sytnyk et al., 2017). Canvis en I'expressio
dels membres de la LICAM també alteren el correcte funcionament de la LTP.
Les seves accions estan vehiculades per diferents vies de senyalitzacié en les quals
hi ha la CaMKII, el FGFR, la PKC, Fyn o TktB (Sytnyk et al., 2017).

Neurogenesi adulta

L’interes pel rol de les CAMs en la regulacié de la neurogenesi adulta ha
incrementat exponencialment en els darrers anys. Les CAMs sén elements
estructurals dels ninxols neurogénics que proveeixen suport fisic a les NSCs.
Simultaniament, intervenen en la transmissié dels senyals que regulen la dinamica
de les NSCs adultes (Morante-Redolat & Porlan, 2019). Les NSCs adultes
presenten una elevada expressié de gens que participen en I'establiment d’unions
entre cel'lules i en les interaccions amb la matriu extracel-lular. En la part apical
de les NSCs, hi trobem unions adherents mediades per la N-cadherina que faciliten
I'ancoratge de les cel'lules a la membrana ependimal. En ratolins mutants de la
proteina, s’observa una proliferacié augmentada indicant que la uni6 a les cél-lules
ependimals mediada per la N-cadherina dona suport fisic a les NSCs i regula la
seva quiesencia (Portlan et al., 2014). Les cel-lules de la SVZ també expressen
diferents nivells de receptors de la matriu extracel-lular, com les integrines, en
funcié del seu estat mitotic. Per exemple, les NSCs quiescents (GNSCs; de guiescent
nenral stem cells) expressen baixos nivells de la integrina a681, mentre que les IPCs
mitotiques tenen nivells augmentats (Morizur et al., 2018). Les integrines doncs,
regulen el manteniment de les cel'lules mare i la seva proliferacié a través de les
interaccions amb la matriu extracel-lular (Morante-Redolat & Porlan, 2019). La
interacci6 de les integrines amb el factor TGF@1 podria promoure la proliferacié
de les cellules ila seva diferenciacié a neurones. Membres de les IgCAMs com la
L1CAM o la PSA-NCAM, controlen la proliferacié de les NSCs i la diferenciacié
neuronal de les NSCs adultes (Bian, 2013; Bonfanti & Seki, 2021; Gascon et al.,
2010). En conjunt, les evidencies indiquen que les CAMs contribueixen a la
construcci6é dels ninxols neurogenics i regulen Pestat funcional de les NSCs.
Concretament, les analisis transcriptomiques apunten les CAMs com a importants
reguladors de l'estat de quiesceéncia de les NSCs adultes (Codega et al., 2014;
Llorens-Bobadilla et al., 2015; Morizur et al., 2018).
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3.2 NCAM2

La molécula d’adhesié neuronal 2 (NCAM2) és una glicoproteina de la
superfamilia de les immunoglobulines. Coneguda també com a molécula d’adhesi6
olfactiva (OCAM) o RB8 molécula d’adhesié neuronal (RNCAM), es tracta d’una
proteina de membrana que, juntament amb NCAMI1, completa el grup de les
NCAM. Les dues NCAM sé6n proteines homologues que comparteixen estructura
i part de les seves funcions. Els grans esforcos dedicats a la caracteritzacié de
Pestructura i les funcions de NCAM1 contrasten amb la poca informacié
disponible sobre NCAM2. Tot i aixi, en els darrers anys ha augmentat l'interés per
NCAM2 arran de la seva possible implicacié en patologies com la sindrome de
Down o la malaltia d’Alzheimer. El tema central d’aquesta tesis és el de determinar
les implicacions de la proteina NCAM?2 en la formaci6 del sistema nervids i els

mecanismes de plasticitat neuronal adulta.

3.2.1. Elgen

El gen Neam?2 es troba en el cromosoma 16 en ratolins, a la regié 16C3.3, i conté
aproximadament 450 Kb amb un total de 19 exons. En humans, el gen es troba
en el cromosoma 21, a la regié 21q21.1, presenta aproximadament 550 kb i un
total de 25 exons amb una estructura i organitzacié similars a les del gen muri
(Figura 1.15). Els dominis del gen Neam2 presenten un 45% de similitud amb els
del gen Neam1 indicant un origen filogenetic comu. El gen també s’ha conservat
en altres mamifers i espécies de vertebrats com els peixos zebra. En invertebrats,
en canvi, el que trobem sén gens els ortolegs apCAM 1 Fas2 (Pébusque et al., 1998;
Winther et al., 2012).

El gen Neam?2 s’expressa en diferents teixits pero presenta nivells més elevats en el
cervell dels mamifers (Paoloni-Giacobino et al., 1997). En ratolins, expressid
s’inicia entorn el dia E18 i arribar al seu pic en el dia postnatal 21 (Yoshihara et al.,
1997). La seva expressio es manté durant I’etapa adulta, fet que podria indicar
papers destacats de la proteinatant en el desenvolupament del NS com en la seva
regulacié 1 manteniment en etapes posteriors. Els factors que regulen la expressio
del gen no es coneixen amb detall. Els escassos estudis realitzats en cellules
citocides naturals (en angles natural killer cells) senyalen que I'expressié de Neam?2
pot ser activada pels factors de transcripcié STAT4 1 STATS. També s’ha descrit
la seva activacié per part de citoquines com la IL-2 o I'INF-y de manera
independent a STAT5 (Nelson et al., 2006). A més, la seqiiencia del gen conté llocs
d’unié del factor de transcripcié CTCF, seqiiéncies d’uni6 a elements potenciadors
i punts de cromatina oberta.

71



Un empalmament alternatiu del gen durant la transcripcié dona lloc a dos
transcrits o RNAm: un de 6106 parells de bases i un altre de 4898 (Figura 1.15).
Aquests dos RNAm donaran lloc a dues isoformes de la proteina: la NCAM2.1 i
la NCAM2.2. El transcrit que codifica per la isorforma NCAM?2.1 conté una regié
PEST en la seva seqiiéncia associada amb una alta taxa de renovacié proteica.
Estudis amb ratolins transgenics han suggerit que la presencia de 9 motius ATTTA
en la regié6 3’'UTR no codificant de la isoforma NCAM2.2 fan que tingui menys
estabilitat. La menor estabilitat es tradueix en nivells més baixos d’expressié i un
patr6é més restringit (Alenius & Bohm, 1997, 2003; Winther et al., 2012; Yoshihara
et al.,, 1997) (Figura 1.15).

Gen Ncam2 muri
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Figura 1.15. Localitzacié i estructura del gen NcamZ.

En I'esquema es representa la localitzacié del gen Neam?2 en el cromosoma huma i muri
(panell esquerra). En humans, el gen es troba a la regié 21q21.1 del cromosoma 21 mentre
que en ratolins es troba a la regié C3.3 del cromosoma 16. A la dreta, es mostra ’estructura
d’introns i exons del gen (NeamZ2) i les dues isoformes generades per un procés
d’empalmament alternatiu (Nean2.1 i Neam?2.2). En la literatura, sThan descrit quatre
transcrits diferents corresponents a la isoforma NCAM2.1 que presenta un domini
transmembrana (TM) i un domini citosolic (DC). De la isoforma NCAM2.2, unida a la
membrana per un grup fosfotadilinositol (GPI), s’han detectat dos RNAm. Els * senyalen
les posicions de possibles motius desestabilitzadors ATTTA a la regi6 3’UTR no
codificant. Font: elaboracié propia a partir de la informacio recollida a Yoshibara et al., 1997.
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3.2.1 Laproteina

La traduccié de FRNAm origina dues isoformes amb un pes molecular, estructura
ilocalitzacions diferents (Von Campenhausen et al., 1997). La isoforma NCAM2.1
és una proteina transmembrana de 837 aminoacids mentre que la isoforma
NCAM2.2 és una proteina de 727 aminoacids que s’uneix a la membrana a través
d’un grup GPI (Alenius & Bohm, 2003; Yoshihara et al., 1997).

L’estructura de 'ectodomini és compartida entre les dues isoformes de NCAM?2 i
és similar a la de NCAM1. El domini extracel‘lular esta format per cinc moduls
tipus immunoglobulina (Igl-IgV), seguits per dos dominis fibronectina tipus 111
(Fnlll1-2) (Figura 1.16). Analisis estructurals han revelat algunes caracteristiques
dels enllagos d’unié entre moduls que podtrien tenir implicacions funcionals. Per
exemple, les unions entre els moduls Igs sén lineals, pero entre el modul IgV i el
modul Fnllll es forma una corba. A més, els angles entre els moduls Fnlll1-
FnlIl2, i sobretot, entre els moduls Ig1-Ig2 sén molt flexibles. La part més flexible
correspon amb aquesta darrera frontissa entre Igl-Ig2 a partir de la qual es dona
la dimeritzaci6 de la proteina (Kiselyov et al., 2003; Kulahin et al., 2011; Kulahin
& Walmod, 2010; Winther et al., 2012).

Les diferencies entre les dues isoformes es troben en la part intracel-lular de la
proteina. La proteina NCAM2.1 conté un domini transmembrana i una cua
citoplasmatica a través de la qual pot interaccionar amb proteines del citosol. En
canvi, la isoforma NCAM2.2 es troba unida a la membrana per un grup GPI fet
que fa que tingui una localitzaci6 i funcions diferents a les de NCAM2.1 (Figura
1.16). La isoforma NCAM2.2, gracies al grup GPI, té una major preséncia en les
regions riques en lipids de la membrana, conegudes com a /ipids rafis. La localitzacié
en aquestes regions podria fer que participés en vies de senyalitzacid 1 processos
diferents als de la NCAM2.1 (Davy et al 1999).

La seqiiencia proteica de la proteina pot ser sotmesa a modificacions
postraduccionals. S’ha descrit la fosforil-lacié dels dominis S765, T780 i S786
(Huttlin et al., 2010; Kulahin & Walmod, 2010). També s’ha vist que I'enzim
BACE-1 o el B-amiloide poden induir la seva proteolisi (residus 682 i 701) i
provocar lalliberament de la fraccié extracel'lular (Kim et al, 2021; I
Leshchyns’Ka et al., 2015). Contrariament a NCAMI, fins ara no s’ha descrit la
polisialitzaci6 de la proteina.
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Figura 1.16. Estructura de NCAM2.

L’estructura de NCAM2 esta formada per un domini extracel-lular amb cinc dominis del
tipus immunoglobulina (Igl-IgV) i dos dominis del tipus fibronectina (FnIII1-2). En el cas
de la isoforma NCAM2.1, presenta un domini transmembrana i una cua citoplasmatica. La
isoforma NCAM2.2 s’uneix a la membrana per un grup glicosilfostadidilinositol (GFP).
En el panell dret superior, s’observa la prediccio estructural de la proteina obtinguda I’eina
Alphafold. En el panell dret inferior, es representa la dimeritzacié de la proteina amb els
dominis Igl-Igll que fan possible les #rans interaccions homofiliques. Font: elaboracio
propia a partir de la informaci6 recollida a Kulabin et al, 2011; Yoshibara et al., 1997 i
Alphafold.

3.2.3. Funcions

La proteina NCAM2 va apareixer en escena a finals del segle XX en estudis
realitzats en el bulb olfactiu del ratoli. Des de llavors, el coneixement sobre la
proteina i les seves funcions han crescut rapidament, i avui dia, sabem que
NCAM2 és clau per a la morfogénesi neuronal o establiment de connexions

sinaptiques.
Morfogeénesi neuronal

Les funcions de la proteina han estat extensament estudiades en el bulb olfactiu
(Alenius & Bohm, 2003; Winther et al., 2012; Yoshihara et al., 1997). El bulb
olfactiu processa la informacié de l'olor i esta especialment desenvolupat en els
rosegadors. L’estructura laminar del bulb esta composta per diversos tipus

neuronals entre els quals hi ha les céllules mitrals 1 les cel-lules glomerulars. Les
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capes de Pepiteli olfactiu presenten una expressié diferencial de les isoformes
NCAM2 amb una major presencia de NCAM2.1. Els ratolins &nock out de Neam?2
perden la correcta segregacié d’axons i dendrites en el glomerul olfactiu (Walz et
al., 2000). A més, els explants de 'epiteli olfactiu que expressen NCAM?2 tenen un
major creixement axonal i fasciculacié (Hamlin et al., 2004). En conjunt, la
proteina participa en el creixement i la formacié de ramificacions de les dendrites
que faciliten la seva agregacio; 1 en I'elongacié i fasciculacié selectiva de 'ax6 en
neurones de 'epiteli olfactiu (Alenius & Bohm, 2003; Hamlin et al., 2004; Ichinohe
et al., 2003; Walz et al., 2006; Winther et al., 2012). La regulacié i el manteniment
dels compartiments axodendritics per part de la NCAM2 s’observa també en el
cortex retrospinal (Ichinohe et al., 2003). Addicionalment, la proteina també és
important per a la migracié de les interneurones des de la VZ cap el bulb olfactiu
seguint la corrent migratoria rostral.

En el cortex muri, Pactivacié de NCAM2 augmenta el nombre de fil-lopodis i la
llargada de les neurites per mitja de la modificacié dels nivells de calci
intracel-lulars 1 activacié el complex de la CaMKII (Sheng et al., 2015).

Connectivitat

En capitols anteriors, s’ha constat el paper destacat de les CAMs en la formacié
de les sinapsis i la connectivitat del sistema. La proteina NCAM?2 s’expressa en les
sinapsis on estableix unions trans-homolifiques entre els compartiments pre i
postsinaptics (Ichinohe et al., 2003). Durant la formaci6 de les sinapsis, participa
en el reconeixement de les membranes pre 1 postsinaptiques, i estableix
interaccions transhomoflliques entre els dos compartiments.

En el sistema olfactiu, estudis electrofisiologics no mostren alteracions
significatives en transmissié sinaptica excitatoria, pero sf una reduccié en lactivitat
neuronal sincronica (Borisovska et al., 2011). En canvi, en neurones corticals,
canvis en Pexpressié de NCAM2 alteren la formacié i funcié de les sinapsis. En
neurones amb alts nivells de NCAM?2, un augment en la freqiiencia de pics de calci
en propagacié redueix estabilitat de les espines dendritiques i el nombre de
sinapsis madures (Sheng et al., 2019). L’activacié de NCAM2 modularia el flux de
calci a través dels canals de calci dependents de voltatge de tipus L (Sheng et al.,
2019).

Neurogenesi

Préviament, s’ha detallat com les CAMs soén reconeguts reguladors de la
proliferacié i la diferenciacié de les NSCs en etapes embrionaries i adultes. La
proteina homologa NCAM1 indueix la neurogenesi iz wivo i promou la
diferenciacié dels precursos en el gir dentat (Boutin et al., 2009; Shin et al., 2002).
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Pel que fa a NCAM2, les dades actuals s’han centrat en progenitors de la medul-la
espinal. En els ratolins on s’ha eliminat expressié de NCAM2, els progenitors de
la medul‘lula espinal presenten una major proliferacié i1 taxa de renovacié. El
procés de diferenciacié de les neurones, en canvi, no mostra canvis significatius.
Els efectes de NCAM2 en lactivacié de les NSCs podrien ser vehiculats per
receptors ’EGF de manera indirecta (Deleyrolle et al., 2015). Tot i que no hi ha
estudis especifics sobre la implicacié de NCAM2 en la neurogenesi adulta ala SVZ
ila SGZ, el gen Ncam?2 ha estat detectat en estudis transcriptomics realitzats amb
les diferents poblacions de NSCs (Shin et al., 2015; Morizur et al., 2018).

Estudis de comportament

L animal &nock-ont de la proteina fou generat per estudiar les implicacions de la
NCAM2 en la connectivitat del bulb olfactiu (Walz et al., 2006). Els ratolins
resultants s6n viables 1 no presenten greus alternacions en I'estructura del cortex
probablement degut a efectes compensatoris durant el desenvolupament. Els
estudis de comportament s’han limitat al bulb olfactiu on s’han detectat alteracions
en lactivitat sincronica dels circuits sense canvis en I'activitat electrofisiologica de
les neurones excitadores, i una millorada agudesa olfactiva (Walz et al., 2000). Els
estudis amb el model KO no han recollit informacié sobre regions com el cortex
i ’hipocamp, de manera que s’ha investigat la possible d’altres processos cognitius
relacionats amb aquestes arees com l'aprenentatge, la memoria o la navegacié

espacial.

3.2.4. Lligands

Els lligands que interaccionen amb NCAM2 i fan possible el variat ventall de
funcions de la proteina no es coneixen amb detall. La molécula regula 'adhesié
cel'lular i la transduccié de senyals en gran part gracies a lestabliment
d’interaccions homofiliques en ¢is o #rans, segons si les unions es fan entre proteines
de la mateixa cel'lula o entre cél-lules veines (Kulahin et al., 2011). Tot i que
inicialment s’havia suggerit que la dimeritzacié de la proteina podria ser en els
moduls Igl-Igl per “intercanvi de domini” (en anglés domain swap) (Kim K.
Rasmussen et al., 2008), models estructurals posteriors apunten que la dimeritzacié
és a través dels dominis Ig1-Ig2 de 'ectodomini (Kulahin et al., 2011). La seqiiéncia
d’aquests dominis esta altament conservada 1 els models estructurals mostren una
dimeritzaci6 similar en NCAM1 (Winther et al., 2012). Malgrat la relaci6 genica i
les similituds estructurals, pero, no s’han descrit interaccions heterofiliques entre
elles (Kulahin et al., 2011).

Les unions amb altres proteines o lligands no han estat explorades amb
profunditat. Els pocs estudis que han abordat la qiiestié han descrit interaccions
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directes o indirectes de 'ectodomini de NCAM2 amb la Proteina prionica (Prp; de
Prionic protein) (Kislinger 2000), el peptid B-amiloide, 'enzim BACE-1 (de Befa-site
amyloid precursor cleaving engyme 1) o el FGFR (Keable et al., 2022; Leshchyns’Ka et
al., 2015; Rasmussen et al., 2018). La proteolisi de NCAM2 per la B- secretasa
BACE-1 en el bulb olfactiu allibera el fragment C-terminal de la proteina que conté
el domini intracel lular i part del domini extracel-lular. La interaccié de 'enzim
amb la proteina resulta en la internalitzacié de BACE-1 de manera que NCAM?2
podria estar regulant P'activitat de BACE-1 promovent la seva endocitosi cap a
endosomes positius pel marcador Rab11 (Keable et al,, 2022; Kim et al., 2021).
El B-amiloide també provoca la proteolisi de NCAM2, en aquest cas del domini
extracel-lular. La unié del B-amiloide a I'estructura extracel-lular de la proteina
indueix el trencament de la fraccié extracel-lular, desestabilitzant i disminuint la
presencia de NCAM?2 en les sinapsis. La perdua de NCAM?2 sinaptica comporta la
desestabilitzacio i perdua dels contactes sinaptiques fet que podria estar relacionat
amb la pérdua de sinapsis caracteristica de la malaltia d’Alzheimer (I Leshchyns’Ka
et al., 2015). L’afinitat de NCAM2 pels receptors de factors de creixement de FGF
estaria relacionada amb les seves funcions en la regulacié de la proliferacié de les
cel'lules mare i la diferenciacié neuronal (Deleyrolle et al., 2015; Rasmussen et al.,
2018). La unib especifica de NCAM2 amb el receptor FGFR es dona via el loop
AB del domini FnlII1 i amb un grau menor a través del loop BC del FnllI2. A
nivell funcional, la unié amb el receptor estimula el creixement de les neurites.
Aquesta interaccié és diferent de la que estableix la seva proteina homologa,
NCAMI1, que ho fa a través de les seqiiencies Walker A dels dominis FalIl pero
de manera dependent ’ATP (Rasmussen et al., 2018).

Les unions de la proteina amb altres molécules d’adhesié cel-lular o proteines de
membrana han de ser transduides a I'interior de la cel'lula per desencadenar vies
de senyalitzacié que permetin regular el creixement neuronal o la diferenciacié. Per
exemple, la cua citoplasmatica de NCAM?2.1 promou la formacid, el creixement i

la ramificacié de les neurites a través de Src i regulant els nivells de calci
intracel-lulars (Sheng et al., 2015).

3.2.5. Patologies neurologiques

NCAM2 intervé en un cataleg divers de funcions durant el desenvolupament i
I’edat adulta que es troben en la base de les funcions cognitives de 'organisme.
Estudis genetics 1 moleculars han revelat com canvis en expressié de NCAM2
estan vinculats amb diversos desordres del neurodesenvolupament i malalties
neurodegeneratives. Estudis d’associaci6 del genoma han relacionat el gen Neam2
amb trastorns del desenvolupament com la sindrome de Marden-Walker o
trastorns de Pespectre autista (ASD, d’Autism Spectrum Disorders) (Molloy et al.,
2005; Niederhoffer et al., 2016; Petit et al., 2015; Scholz et al., 2016). Aixi mateix,

77



la seva localitzacié en el cromosoma 21 el converteixen en un dels gens candidat
causant de les alteracions neurologiques de la sindrome de Down (Makino &
McLysaght, 2010; Paoloni-Giacobino et al., 1997). Tot 1 que no es troba en la regié
critica, els efectes en el canvi de dosis deguts a una copia extra del cromosoma 21
podrien afectar al correcte desenvolupament del sistema nervids contribuint el
fenotip de discapacitat intellectual.

L’expressi6 sostinguda de NCAM?2 després del naixement indica que la proteina
també és necessatia pel manteniment del sistema adult. Diversos estudis genétics
han associat el gen Nean2 amb la malaltia d’Alzheimer (Han et al., 2010; Kimura
et al., 2007). A nivell cel'lular, en mostres de teixit de pacients amb la malaltia
d’Alzheimer s’observa una disminucié dels nivells de NCAM2 en les sinapsis
(Leshchyns’Ka et al.,, 2015). La reduccié dels nivells podria ser induida pel B-
amiloide, tal com s’ha comentat. L’eliminacié de NCAM?2 de les sinapsis podria
comprometre la viabilitat de les connexions i ser la responsable de la perdua de
sinapsis observada en les primeres etapes de la demencia (Leshchyns’Ka et al.,
2015; Penzes & VanLeeuwen, 2011; Pham et al., 2010; Scheff & Price, 2003;
Selkoe, 2002).

L’estudi en detall de les funcions de NCAM?2 en el desenvolupament i la plasticitat
neuronal adulta en el cortex i ’hipocamp poden contribuir a augmentar el
coneixement sobre la regulacié d’aquests processos per part de les CAMs, 1 ajudar
a comprendre els mecanismes moleculars subjacents a patologies tant prevalents
com la malaltia d’Alzheimer.
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L’objectiu general del projecte de tesi és determinar les implicacions de la proteina

NCAM2 en el desenvolupament del sistema nervids i en els fenomens de plasticitat

neuronal adulta. L’estudi s’ha centrat en ’analisi de les funcions de NCAM?2 en la

regulacié de la polaritzacié i diferenciacié neuronal; aixi com en els mecanismes

de neurogenesi adulta i plasticitat sinaptica. Per aix0, es van establir els seglients

objectius especifics:

1.

4.

Determinar el paper la proteina NCAM2 en el desenvolupament

neuronal.

1.1.

1.2.

Determinar les funcions de la proteina NCAM?2 en establiment de la
polaritat neuronal i la formacié de I'axé.
Analitzar les implicacions funcionals de les interaccions de NCAM2 en

els mecanismes de polaritat neuronal.

Caracteritzar 'interactoma de NCAM?2 en etapes postnatals.

2.1.

2.2.

Determinar les interaccions de NCAM2 en la regié del cortex i hipocamp
en etapes postnatals per mitja de I'espectometria de masses.
Validar les interaccions funcionalment significatives de NCAM2

revelades per I'analisi proteomic.

Estudiar les funcions de NCAM2 en la regulacié de la neurogenesi
adulta.

3.1.

3.2.

3.3.

Analitzar 'expressié de NCAM2 en les cél-lules implicades en el procés
neurogenic a la zona subgranular de Phipocamp.

Determinar 'efecte del silenciament i la sobreexpressié de NCAM?2 en la
regulaci6 de les RGCs i en la formacié de noves neurones en models 7
vivo.

Estudiar la influéncia de canvis en lexpressi6 de NCAM2 en la
proliferacié i diferenciaci6 de les NSCs 77 vitro.

Analitzar el paper de la proteina NCAM2 en els mecanismes de

plasticitat sinaptica.

4.1.

4.2.

4.3.

Estudiar efecte de la sobreexpressio o el silenciament de NCAM2 en les
espines dendritiques en cultius neuronals d’hipocamp.

Determinar I’efecte de la sobreexpressio i el silenciament de la proteina
en les espines dendritiques de les neurones granulars del gir dentat en
models 7n vivo.

Analitzar les implicacions de NCAM2 en la dinamica i la motilitat de les
espines dendritiques en cultius organotipics d’hipocamp.
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RESUM

La Molécula d’Adhesié Neuronal 2 (NCAM2; de Nexral Cell Adbesion Molecule 2)
esta implicada en el desenvolupament i la plasticitat del sistema olfactiu. Analisis
genetiques han relacionat el gen Nean2 amb desordres del desenvolupament com
la sindrome de Down i I'autisme, tot i aix{ el seu paper en el desenvolupament
cortical és desconegut. En aquest estudi, es mostra com el silenciament de la
proteina compromet I'arquitectura dendritica, produint un fenotip aberrant que es
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caracteritza per la formacié d’arbres dendritics més curts, la retraccié de les
dendrites i I’aparicié6 de nombrosos processos somatics. La sobreexpressio de la
proteina, en canvi, no provoca alteracions marcades en la morfologia de la
neurona. A més, les nostres dades també revelen alteracions en la ramificacio de
I’axé i deficits en la polaritzacié neuronal. Els estudis iz vivo confirmen el fenotip
observat iz vitro 1 revelen el paper de l]a NCAM?2 en la regulacié de la migracié
cortical. Els experiments de protedomica i biologia cel-lular revelen que la NCAM2
exerceix les seves funcions a través de complexes proteics amb les proteines
associades al citoesquelet com la MAP2 | la 14-3-3y i la 14-3-30. Les dades
aportades evidencien que la disminucié de NCAM2 provoca una desestabilitzacio
de la xarxa de microtdbuls i una reducci6 de la intensitat de la MAP2. Els nostres
resultats demostren que la NCAM2 regula la formacié i manteniment de les
dendrites, la polaritzaci6 i la migracié de les neurones a través de la interaccié amb
proteines associades als microtubuls.

Aquest article ha estat publicat a la revista Cerebral Cortex, 18 de maig de 2020.

Parcerisas A, Pujadas L, Ortega-Gascd A, Perell6-Amoréds B, Viais R, Hino K|
Figueiro-Silva J, La Torre A, Trullas R, Sim6 S, Liders J, Soriano E. NCAM2
Regulates Dendritic and Axonal Differentiation through the Cytoskeletal Proteins
MAP2 and 14-3-3. Cereb Cortex. 2020 May 18;30(6):3781-3799. doi:
10.1093/cercor/bhz342. PMID: 32043120; PMCID: PMC7233011.
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Abstract

Neural cell adhesion molecule 2 (NCAM2) is involved in the development and plasticity of the olfactory system. Genetic
data have implicated the NCAM2 gene in neurodevelopmental disorders including Down syndrome and autism, although
its role in cortical development is unknown. Here, we show that while overexpression of NCAM2 in hippocampal neurons
leads to minor alterations, its downregulation severely compromises dendritic architecture, leading to an aberrant
phenotype including shorter dendritic trees, retraction of dendrites, and emergence of numerous somatic neurites. Further,
our data reveal alterations in the axonal tree and deficits in neuronal polarization. In vivo studies confirm the phenotype
and reveal an unexpected role for NCAM2 in cortical migration. Proteomic and cell biology experiments show that NCAM2
molecules exert their functions through a protein complex with the cytoskeletal-associated proteins MAP2 and 14-3-3y and
¢. We provide evidence that NCAM2 depletion results in destabilization of the microtubular network and reduced MAP2
signal. Our results demonstrate a role for NCAM2 in dendritic formation and maintenance, and in neural polarization and
migration, through interaction of NCAM2 with microtubule-associated proteins.

Key words: dendritogenesis, MAP2, microtubules, NCAM2, neuronal differentiation, 14-3-3

Introduction . - .
dendrites, axonal outgrowth, and synaptogenesis, is essential

The precise regulation of neuronal migration and morpho- for correct brain development (Namba et al. 2015). Within these

genesis, including polarization, branching and maturation of different steps, the correct transduction of extracellular and
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membrane bound signaling proteins is essential to stereotyped
cytoskeletal rearrangement and dynamics that ultimately lead
to the sustaining or destabilization of these processes (Dent
et al. 2011; Takano et al. 2015; Kon et al. 2017; Schelski and
Bradke 2017). Among these molecules, cell adhesion molecules
(CAMs) play a fundamental role (Missaire and Hindges 2015;
Sytnyk et al. 2017; Zinn and Ozkan 2017).

The mammalian NCAM family has two members, NCAM1
and NCAM?2 (Pebusque et al. 1998; Makino and McLysaght
2010). The two proteins bear a similar ectodomain with five
immunoglobulin domains and two fibronectin type IIl domains,
the latter responsible for binding with fibroblast growth factor
receptor (FGFR) (Kiselyov et al. 2003; Rasmussen et al. 2018).
NCAM1 has three different isoforms (180, 140, and 120 KDa), and
NCAM?2 has two isoforms: NCAM2.1 bearing transmembrane
and cytoplasmic domains and the shorter NCAM2.2 isoform,
which is GPI-anchored (Alenius and Bohm 1997; Yoshihara et al.
1997).

While NCAM1 has been extensively studied, playing a
fundamental role in neuronal migration, neurite development
and synaptogenesis, and adult plasticity (Jorgensen and Bock
1974; Angata et al. 2007; Muller et al. 2010; Sheng et al. 2013;
Leshchyns’ka and Sytnyk 2016), NCAM2 is known to be widely
expressed in the central nervous system (CNS), although
investigation has been focused on the olfactory system where
it is important for the formation and maintenance of dendritic
and axonal compartmentalization (Alenius and Bohm 1997; von
Campenhausen et al. 1997; Kulahin and Walmod 2010; Winther
etal. 2012). Furthermore, the role of NCAM2 in other CNS regions
remains largely unknown. Only recently, it has been shown
that in the cerebral cortex NCAM2 regulates neurite outgrowth
and synapse formation via Src and local calcium spikes (Sheng
etal. 2015, 2018) and that at later stages it plays a role in synapse
maintenance (Leshchyns’ka et al. 2015).

Genetic analyses provide evidence that deletions and sin-
gle nucleotide polymorphism in the NCAM2 gene are found
in patients with autism spectrum disorder (Molloy et al. 2005;
Hussman et al. 2011; Scholz et al. 2016) and in disorders linked
to abnormal neurodevelopment (Petit et al. 2015). Moreover,
NCAM?2 has been proposed as a candidate for the intellectual
disability phenotype in Down syndrome since the NCAM2 gene
is located on chromosome 21 (Paoloni-Giacobino et al. 1997;
Winther et al. 2012). Taken together, these data suggest a rela-
tionship of NCAM2 with cortical brain development, although
the molecular and cellular mechanisms involved are poorly
understood.

In this study, we investigated the role of NCAM2 in neuronal
differentiation and morphogenesis using gain- and loss-of-
function approaches to modulate NCAM2 expression both
in vitro and in vivo. We found that NCAM2 depletion has
dramatic effects on neurite development and polarization, with
retraction of dendritic arbors and increased numbers of primary
dendrites with aberrant morphology and dynamics. These
observations were confirmed in vivo, and we were also able to
demonstrate the role of NCAM2 in cortical neuronal migration.
Furthermore, proteomic, biochemical, and functional rescue
experiments provide evidence that NCAM2 exerts the above
functions at least in part by modulating microtubule dynamics
and by interacting with the microtubule-associated protein
MAP2 and some 14-3-3 protein family members. These data
reveal novel functions of NCAM2 protein in neural development
through a previously unknown NCAM?2/cytoskeletal protein
complex.

Materials and Methods

All experimental procedures were carried out following the
guidelines of the Committee for the Care of Research Animals of
the University of Barcelona, in accordance with the directive of
the Council of the European Community (2010/63 y 86/609/EEC)
on animal experimentation. The experimental protocol was
approved by the local University Committee (CEEA-UB, Comite
Etic d’Experimentacié Animal de la Universitat de Barcelona)
and by the Catalan Government (Generalitat de Catalunya,
Departament de Territori I Sostenibilitat).

Animals and Cell Lines

Hippocampal neurons were obtained from E15-17 CD1 mouse
embryos. Brains were dissected in PBS containing 3% glucose,
and hippocampi were excised. After trypsin (GIBCO) and DNAse
(Roche Diagnostics) treatments, hippocampi were dissociated
with gentle sweeping. Cells were counted and seeded onto
poly-D-lysine-coated dishes 10° cells/cm? or 2 x 10* cells/cm? for
low-density cultures. Cells were plated in neurobasal medium
containing 2% B27 supplement (GIBCO), penicillin/streptomycin
(Life technologies), and Glutamax (Life technologies) and
conditioned media from matured glia culture. HEK293T cell lines
were grown in DMEM containing 10% FBS (Life technologies) and
penicillin/streptomycin (Life technologies). All cells were kept at
37°C in a humidified atmosphere containing 5% CO,.

Antibodies and Reagents

The following commercial primary antibodies were used for
immunohistochemistry: anti-GFP (A11122, Invitrogen, 1:2000);
anti-ChFP (ab167453, Abcam, 1:300); anti-MAP2 (MA1406, Sigma,
1:2000); anti-NCAM?2 (AF778, R&D Systems, 1:250); anti-NCAM2.1
(EB06991, Everest, 1:250); anti-Neurofilament (837904 SMI-
312, Biolegend, 1/300); anti-acetylated «-tubulin (T6793, Sigma,
1/50000); anti-detyrosinated «-Tubulin (AB3201, Sigma, 1/200);
and anti-g-III-tubulin (801201, Biolegends, 1/2500). For western
blot (WB), we used anti-NCAM2 (AF778, R&D Systems, 1:500);
anti-actin (MAB1501, Chemicon, 1:5000); anti-GFP (A11122, Invit-
rogen, 1:2000); anti-MAP2 (M9942 clone HM-2, Sigma, 1:1000);
anti-14-3-3 (1657, SantaCruz, 1:2000); and anti-Tau (3-repeat
isoform RD3, 05-803, Sigma, 1:1000). Alexa Fluor fluorescent sec-
ondary antibodies were from Invitrogen. To counterstain nuclei,
the tissue and cells were incubated in 2-(4-amidinophenyl)-1H-
indole-6-carboxamidine (DAPI, D-6564, Sigma, 1:1000). For actin
staining, the cells were incubated in phalloidin-TRICT (P-1951,
Sigma, 1:200). Biotinylated secondary antibodies were from Vec-
tor Labs; streptavidin-biotinylated/HRP complex and ECL were
from GE Healthcare. The HRP-labeled secondary antibodies used
for WB were from DAKO. Diaminobenzidine reagent (DAB) and
Eukitt mounting media were from Sigma-Aldrich. Mowiol was
from Calbiochem. BCA protein assay was from Thermo Fisher.

Plasmids

The target sequences for depletion of both Ncam?2 isoforms were
GCACCTGGACATCGAATAT (ShNcam?2N) and GAAGGTACAGGGA-
AATAAA (ShNcam?2), corresponding to nucleotides 1395-1414
and 2142-2161, respectively, of mouse Ncam2 mRNA. The ShN-
cam?2 sequence was 5'-CGCGTCCCCGAAGGTGCAGGGAAATAA-
ATTCAAGAGATTTATTTCCCTGCACCTTCTTTTTGGAAAT-3; the
ShNcam?2N sequence was 5'-CGCGTCCCCGCACCTGGACATCGA-
ATATTTCAAGAGAATATTCGATGTCCAGGTGCTTTTTGGAAAT-3';
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and the ShCnt sequence was 5-GATCCCCGCAGTGCAATATC-
GGAAACTTCAAGAGAGTTTCCGATATT-GCACTGCTTTT-3. They
were cloned into pLVTHM within the Mlul and Clal sites (Plasmid
#12247, #Addgene).

The cDNA of Ncam?2.2 was amplified with 5-ACTGGAATTC-
GTGGCAGCGGAAGGTTCTC-3" and 5-ACTGTCTAGAAATTCAG-
GGGGAAGGCGAAT-3' from pCR4-TOPO (Mouse Ncam2 cDNA,
ABIN4003230) and cloned into pCDNA3.1 (Addgene) using
EcoRI/Xbal sites, pCNcam2.2. The c-terminal of Ncam2.1 cDNA
was amplified with 5'-ACTGGAATTCGTGGCAGCGGAAGGTTCTC-
3’ and 5-GTGGCTAGAGAAGAAGGTAC-3' from hippocampal
mRNA and cloned into pCNcam2.2 using Pstl/Xbal sites,
pCNcam?2.1.

The cDNA of Ncam?2.1 was amplified with 5'-ACCATGAGCC-
TCCTCCTCTCC-3' and 5-CTGACCAAGGTGCTGAAACT-3'and
cloned into pWPI (Plasmid #12254, Addgene) within Pmel site.
The cDNA of Ncam?2.2 was amplified with 5-ACCATGAGCCTC-
CTCCTCTCC-3 and 5-TCTCTGATCAGGGAGTACCA-3' and
cloned into pWPI (Plasmid #12254, Addgene) within Pmel site.

For the rescue experiment, pCNcam?2.1 and pCNcam?2.2 vec-
tors were amplified using PCR reaction (QuickChange II, Agilent
Technologies); in the first reaction with 5-AGAGAAGAAGGTAC-
AGGGAAACAAGGACCACATTATCTTGGAGC-3' and 5'-AGATCA-
GTGGCTAGAGAAGAAAGTTCAGGGTAACAAGGACCA-3' and the
second reaction with 5-GCTCCAAGATAATGTGGTCCTTGTTT-
CCCTGTACCTTCTTCTCT-3' and 5-GATAATGTGGTCCTTGT
TACCCTGAACTTTCTTCTCTAGCCACTGATCT-3, Mt-NCAM2.1
and Mt-NCAM2.2 were obtained.

CamKIle-mCherry and CamKIIg-mCherry were a generous
gift from Miquel Bosch (IDIBAPS, Institute for Research in
Biomedicine August Pi i Sunyer). MAP2B-GFP and MAP2C-
GFP plasmids were a generous gift from Casper Hoogenraad
(University of Utrecht) (Farah et al. 2005; Gumy et al. 2017).

Neuronal Culture Treatments

Hippocampal cultures were transfected at 3 days in vitro (DIV)
using Lipofectamine 2000 (Life Technologies) according to the
manufacturer’s instructions; cultures were fixed at 7 DIV for
analysis of neuronal morphology. In MT-stabilization experi-
ments, hippocampal cultures were treated at 4 DIV with 3 pM
Taxol (Sigma) or DMSO for 72 h and fixed for analysis of neu-
ronal morphology. In FGFR inhibition experiments, hippocampal
cultures were treated at 4 DIV with 25 pM PD173074 (Sigma) or
DMSO for 72 h and fixed for analysis of neuronal morphology.
To perform live-imaged of EB3-labeled comets, cultures were
transfected at 4 DIV. The HEK293T cells were transfected with
Lipofectamine Plus (Life Technologies) according to the manu-
facturer’s instruction.

Immunoprecipitation Mass Spectrometry
and Western Analysis

Brains were dissected from P12-P15 and P3 mice for the mass
spectrometry experiment and the western blotting, respectively.
Hippocampus and cortex regions were homogenized in iso-
tonic buffer (Tris 10 mM a pH 7.4, KCl 10 mM, MgCl, 1.5 mM,
EGTA 1 mM) and protease inhibitors (Complete, Roche), using a
polytron. Membrane fraction was selected by centrifugation at
15000 rpm for 15 min at 4°C and the supernatant was discarded.
Membrane fraction was homogenized in lysis buffer (Hepes
50 mM pH 7.5, 150 mM NacCl, 1.5 mM MgCl,, 1 mM EGTA, 10%
glycerol, and 1% Triton X-100) in orbital agitation for 45 min.
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The supernatant was selected by centrifugation at 15000 rpm
for 15 min at 4°C.

For the mass spectrometry, the magnetic beads (Dynabeads
Antibody Coupling Kit, Lifetechnologies) were conjugated with
an antibody against Ncam2.1 (EB06991, Everest) or against both
Ncam? isoforms (AF778, R&D Systems) according to the man-
ufacturer’s instructions. Membrane fraction supernatant was
incubated with the magnetic beads o/n at 4°C. After washing
with lysis buffer three times, the proteins were eluted by 30 pL
Urea buffer (urea 8 M, Tris 50 mM a pH 7.5, DTT 60 mM) for 15 min
at room temperature (RT). The samples were processed and
analyzed at the Proteomic facility of UB (CCiTUB, Cientific Parc of
Barcelona). Briefly, the samples were digested with trypsin (2 pg,
PH 8, 32.5°C, o/n). Peptides were separated (HPLC NanoAcquity,
Waters) and detected (Orbitrap Velos, Thermo Scientific), with
resolution of 60 000, ratio 400 m/z, and acquisition 300-1800 m/z.
Protein lists were obtained with FDR <0.01%. String 10.0 was
using for the bioinformatics analysis.

For immunoprecipitation and western blotting, membrane
fraction supernatant was incubated with 2 pg of antibodies
overnight (Anti-NCAM2 [AF778, R&D Systems]; Anti-NCAM2.1
[EB06991, Everest]; Anti-MAP2 [M9942 clone HM-2, Sigma], and
Anti-14-3-3 [1657, SantaCruz]). Protein G-Sepharose beads (GE
Healthcare) were added for 2 h. After washing with lysis buffer,
the proteins were eluted by boiling in 20 pL of loading buffer
(0.5 M Tris-HCI, pH 6.8; 2.15 M g-mercaptoethanol; 10% SDS; 30%
glycerol; and 0.012% bromophenol blue), boiled for 5 min at 95°C,
and processed for WB.

Immunofluorescence Microscopy

Cultured neurons and cell lines were fixed in PBS 4% paraformal-
dehyde (PFA) for 15 min at RT. In the analysis of fluorescence
intensities, neuronal cultures were simultaneously permeabi-
lized and fixed in 4% PFA/4% sucrose/0.25% glutaraldehyde/0.1%
Triton X-100 diluted in PHEM buffer (60 mM Pipes, 25 mM
Hepes pH 7.4, 5 mM EGTA, 1 mM MgCl,) as previously described
(Sanchez-Huertas et al. 2016). Cells were permeabilized with
PBS 0.1% Triton X-100 for 5 min, blocked with 10% serum,
and incubated in 5% serum overnight with primary antibodies.
Images or mosaics for dendritic and axonal parameters (number
of primary dendrites, branching, total length or longest length)
and Sholl analysis were taken with an inverted microscope
AF6000 (Leica Microsystem) equipped with a 20x objective (1344
x 1024 pixel resolution). For analysis of neuronal stainings,
single-plane images of somatodendritic regions were acquired
with an inverted confocal Leica TCS SP5 microscope (Leica)
equipped with a 63x/1.40 Oil objective (1344 x 1024 pixel
resolution).

In Utero Electroporation

In utero microinjection and electroporation were performed
at E14.5 essentially as described (Simo 2010), using timed
pregnant CD-1 mice (Charles River Laboratories). Briefly, DNA
solutions (pCAG-EGFP and a short-hairpin RNA [shRNA] against
the indicated gene) were mixed in 10 mM Tris (pH 8.0) with 0.01%
Fast Green. Needles for injection were pulled from Wiretrol
II glass capillaries (Drummond Scientific) and calibrated for
1 pL injections. Forceps-type electrodes (Nepagene) with 5 mm
pads were used for electroporation (five 50 ms pulses of 45 V at
E14.5). Embryos were collected at E19.5. Brains were dissected
and successful electroporations identified by epifluorescence
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microscopy. Positive brains were fixed in 4% formalin/PBS and
cryoprotected in 30% sucrose/PBS overnight at 4°C. Brains were
frozen in O.C.T. compound before 14-um-thick brain cross-
sections were obtained with a cryostat and placed on slides.
Sections were antigen-retrieved by immersion of the slides
in 0.01 M sodium citrate buffer, pH 6.0, at 95°C for 20 min.
Sections were blocked for 2 h with 10% normal goat serum (NGS),
10 mM glycine, and 0.3% Triton X-100 in PBS at RT. Primary
antibodies (anti-GFP) were incubated overnight at 4°C. Slides
were washed four times for 10 min in 0.1% Triton X-100/PBS.
Secondary antibodies were added for 2 h at RT. Slides were
washed as before and coverslipped with Prolong Gold anti-
fade reagent (Molecular Probes). Most images were obtained
with epifluorescent illumination and 10x objective (Leica 760).
Positions of GFP-positive neurons were recorded from several
sections per embryo. Data were collected from the lateral part
of the anterior neocortex. The cortex was divided into “bins”
as follows: The distance from the pial surface to the bottom of
the SVZ was measured and divided into 10 equal-sized bins.
The percentage of GFP-labeled neurons in each bin for each
embryo was then calculated. The graphs plot the mean and
standard error of % neurons in each bin for the N embryos in a
group. These values were also averaged across the N embryos
in a group. P values are from two-way ANOVA, Bonferroni
comjparison post hoc test.

Western Blot

Mice were sacrificed by decapitation and the brain was quickly
removed from the skull. The brain was dissected into differ-
ent brain regions (hippocampus, cortex [anterior and posterior],
cerebellum, striatum, and olfactory bulb), which were frozen
in liquid nitrogen and stored at —80°C until use. Brains were
homogenized in lysis buffer (Tris base 125 mM and 2% SDS) using
a polytron. Samples were frozen, 5 min in dry ice, and unfrozen,
2 min at 45°C, for three times. Samples were sonicated for 30 s
in 0.5 cycles and 80% of amplitude and centrifuged to remove
insoluble debris. Supernatant was collected and stored at —20°C
until use. For the cell culture, lysates were prepared with lysis
buffer at 95°C and processed as brain samples.

Samples were resolved by SDS-polyacrylamide gels and
transferred onto nitrocellulose membranes. Membranes were
blocked for 1 h at RT in TBST (Tris 10mM [pH 7.4], sodium
chloride 140mM [TBS] with 0.1% Tween 20) containing 5%
nonfat milk. Primary antibodies were incubated for 90 min in
TBST-0.02% azide. After incubation with Horseradish Peroxidase
(HRP)-labeled secondary antibodies for 1 h at RT in TBST, mem-
branes were developed with the ECL system (GE Healthcare).

Histological Staining

Animals were anesthetized and perfused for 20min with PBS
4% PFA. Brains were removed, post-fixed overnight with PBS
4% PFA, cryoprotected with PB-30% sucrose, and frozen. Brains
were sectioned coronally (30pm) and sections were blocked
for 2 h at RT with PBS containing 10% NGS and 0.2% gelatin.
Primary antibody was incubated overnight at 4°C with PBS-5%
NGS. For immunohistofluorescence, sequential incubation was
with a secondary antibody (AlexaFluoro, Invitrogen), and the
sections were mounted (Mowiol, Calbiochem). For immunohis-
tochemistry, sequential incubation with biotinylated secondary
antibody (2 h at RT) and streptavidin-HRP (1:400; 2 h at RT) was
performed in PBS-5% NGS; bound antibodies were visualized

by reaction using DAB and H,0, as peroxidase substrates; the
sections were dehydrated and mounted (Eukitt).

Neuron Time Course and Time-Lapse Microscopy

Hippocampal cultures were plated in gridded glass bottom
dishes (35 mm dish/No. 1.5 gridded coverslip/14 mm glass
diameter, MatteK) and transduced at 3 DIV with shRNAs
and pEGFP-N3, ratio 1:3. Beginning 1 day after transfection,
neurons were imaged every 24 h using an Olympus IX81
microscope equipped with Yokogawa CSU-X1 spinning disc
and a temperature controlled CO; incubation chamber. Image
stacks were acquired with a 60x/1.4 Oil immersion objective and
an iXon EMCCD Andor DU-897 camera, using iQ2 software. At 7
DIV, images were taken at 30-s interval for 30 min. Cultures were
fixed and immunostaining was performed, using the previously
described protocols. Immunofluorescence images were taken
with an Olympus CellR-Xcellence inverted microscope equipped
with a Hamamatsu Orca-ER camera with a 60x/1.42 Oil objective.

Comet Time-Lapse Microscopy

Live imaging of EB3-labeled comets was carried out as previously
described (Sanchez-Huertas et al. 2016). Briefly, hippocampal
cultures were plated in glass bottom dishes (MatTek) transduced
at4 DIV with shRNAs and EB3-Tomato and imaged 48 h later. Live
imaging of EB3 comets and of mitochondria was performed in
the dendrite and/or within the proximal axons of random trans-
fected cells, using an Olympus IX81 microscope equipped with
Yokogawa CSU-X1 spinning disc and a temperature-controlled
CO; incubation chamber. Image stacks were acquired with a
100x/1.4 Oil immersion objective and an iXon EMCCD Andor DU-
897 camera, using iQ2 software. Fluorescent images with a pixel
size of 0.14 pm were taken at 1-s interval for 2.5 min.

Image Analysis

All images were processed and quantified using the Image]J soft-
ware (NIH). Axonal and dendritic EB3 comet analysis was made
using the kymograph macro (Image] software), with lines drawn
on the trajectories of comets. The average fluorescence inten-
sity staining (B-tubulin, acetylated «-tubulin, detyrosinated «-
tubulin, MAP2, and actin) was measured within the somatoden-
dritic area delimited by the GFP signal. Whole axon and den-
drite length were measured using the Neuron] macro (ImageJ
software).

Statistical Analysis

Statistical analysis was carried out using the Prism 5 software.
Two-tailed unpaired t-tests or analysis of variance tests were
performed to compare the experimental groups.

Results
NCAM2 Is Widely Expressed during Brain Development

We first investigated the pattern of NCAM2 expression in
the developing and adult brain. At adult stages, NCAM2.1
and NCAM2.2 isoforms were detected in most of the regions
analyzed by WB, with the expression of NCAM2.1 protein
being higher (Supplementary Fig. 1A). In the developing
cerebral cortex (including hippocampus), the expression of both
isoforms increased progressively, again with higher levels for
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Figure 1. NCAM2 overexpression does not alter dendritic and axonal arborization. (A) Immunostaining detection of NCAM2 and the reporter gene GFP in primary
hippocampal neurons transfected with the overexpression plasmids NCAM2.1 OE and NCAM2.2 OE or the control plasmid. Arrowheads point to neurons transfected
with control and overexpression plasmids. NCAM2-specific signal is increased upon individual overexpression of both isoforms in transfected neurons. (B) Low
magnification of GFP labeling shows the whole dendritic and axonal arborization in transfected neurons. (C) Sholl analysis of the dendritic tree of neurons transfected
with NCAM2 and control vectors does not reveal significant differences between conditions. (D, E) Quantification of dendritic (D) and axonal (E) arborization parameters
(i.e., number of primary dendrites, total dendritic and axonal tree lengths, longest dendrite and axon lengths, and density of branching points in dendrites and
axon) in neurons with NCAM2.1 OE, NCAM2.2 OE, and in control transfection. Only NCAM2.1 overexpression induces a slight decrease of the longest axonal length in
hippocampal neurons. For the analysis of dendritic tree parameters, N =28, N =30, and N = 28 neurons from three independent experiments were analyzed for Control,
NCAM2.1 OE, and NCAM?2.2 OE, respectively. For the analysis of axonal parameters, n=17, n=18, and n= 19 neurons were analyzed, respectively, for Control, NCAM2.1
OE, and NCAM2.2 OE. Data are represented as mean = SEM; *P < 0.05; one-way ANOVA, Tukey’s multiple comparison post hoc test. Scale bars: (A) 20 um; (B) 50 pm.
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the NCAM2.1 isoform (Supplementary Fig. 1B). Immunohisto-
chemistry showed that at early embryonic stages (E14), NCAM2
protein was mainly expressed in the marginal zone, subplate,
and ventricular zone, as well as in some fiber systems. At
perinatal stages, the staining increased and was particularly
high in cortical pyramidal neurons and in several plexiform
layers. From P15 onward, NCAM?2 expression was enriched in the
cortical neuropil (Supplementary Fig. 1C). The pattern of NCAM2
expression was confirmed by in situ hybridization studies (Sup-
plementary Fig. 1D-F). We thus concluded that NCAM2 protein
is widely expressed in both the developing and adult brain.

NCAM?2 Is Required for Proper Neuronal Morphogenesis

To better understand the role of NCAM2 in neuronal differentia-
tion, we altered the expression of ncam2 in hippocampal cultures
by inducing the overexpression of NCAM?2 isoforms during stage
4 of Banker in vitro development (Bentley and Banker 2016). The
increased levels of NCAM2 expression in transfected cells, iden-
tified by the reporter gene GFP, were confirmed by immunolo-
calization (Fig. 1A). We found that the overexpression of both
the NCAM2.1 and NCAM2.2 isoforms did not substantially alter
neuronal polarization or the overall morphology of axons and
dendrites compared to controls (Fig. 1A-C). Indeed, quantifica-
tion of the dendritic and axonal compartments showed similar
numbers of primary dendrites, distribution of branching points,
and total extension of dendritic and axonal arbors in all condi-
tions (Fig. 1D,E). We found only a slight reduction in the length
of the longest axonal branch and a tendency toward change in
axonal branching frequency (Fig. 1E). We thus concluded that the
overexpression of NCAM2 does not result in marked neuronal
morphologic alterations in dendrites or axons.

We next performed knockdown experiments using Ncam2-
specific shRNA (ShNcam2) to silence simultaneously the
expression of both NCAM2.1 and NCAM?2.2 isoforms. We first
corroborated that the designed ShNcam?2 decreased NCAM2.1
and NCAM2.2 protein levels by 81% in transfected cell lines,
while scramble shRNA (ShCnt) did not alter NCAM2 levels
(Supplementary Fig. 2A-D). In neuronal cultures, NCAM2
expression levels were also dramatically reduced by ShNcam?2,
as determined with immunocytochemistry (Fig. 2A). We found
that knockdown of NCAM?2 protein led to dramatic alterations
in the morphology and overall organization of the neuritic tree
of the transfected hippocampal neurons (Fig. 2A,B). The most
prominent alteration in NCAM2-silenced neurons was a marked
increase in the number of primary dendrites with a decrease
in the maximum lengths of individual dendrite tracts arising
from cell somas and an overall reduction in total dendritic tree
length (Fig. 2B); dendritic alterations were supported by Sholl
analysis (Fig. 2B). Similar branching alterations were found in
axons, although the total axonal extension was not altered
(Fig. 2C,D). Also, we found that about 20% of NCAM2-silenced
neurons displayed two or more neurites with the morphological
characteristics of axons (see the example in Fig. 2C, right panel).
In addition to the fact that these processes were of constant, thin
diameter and considerably longer than dendrites, immunocy-
tochemical studies revealed that they were positive for Tau (an
axonal marker) (Supplementary Fig. 3A). Live imaging tracking
experiments (EB3 comets; Supplementary Fig. 3B, see also Fig. 7)
in two neurons demonstrated that a large percentage of their
microtubule-associated comets had an anterograde orientation
(Supplementary Fig. 3B; range 71-100%). Thus, these findings
indicate that these two processes are axonal-like in nature.

Taken together, our results show that NCAM2 protein is
necessary for the correct differentiation and morphogenesis of
the dendritic and axonal compartments and suggest that this
adhesion protein may also be involved in neuronal polarization.

NCAM2.1 and NCAM2.2 Isoforms Cooperate in
Dendrite Development

In order to identify the NCAM2-isoform(s) responsible for the
dendritic and axonal alterations described above, we performed
rescue experiments by coexpressing the ShNcam2 sequence
and ncam2.1- or ncam2.2-harpin-resistant cDNAs (Mt-NCAM2.1
and Mt-NCAM2.2). The specificity of this approach was tested
in cell lines cotransfected with shRNA- and cDNA-expressing
vectors (Fig. 3A). Our results confirmed that ShNcam2 does not
alter the expression of either Mt-NCAM2.1 or Mt-NCAM2.2 as
expected (Fig. 3A). Then, we cotransfected hippocampal cultures
with ShNcam?2 and Mt-NCAM2.1/Mt-NCAM2.2 and analyzed
the morphology of neurons as above. We found that the aberrant
dendritic phenotype induced by the silencing of the ncam2 gene
was moderately rescued by coexpression with the Mt-NCAM2.2
isoform in terms of the number of primary dendrites and the
longest dendrite length (Fig. 3B-D). Cotransfection with the
transmembrane Mt-NCAM2.1 isoform led to a substantial rescue
of the dendritic phenotype, as shown by Sholl analysis and the
quantification of primary dendrites, longest dendritic length,
and dendritic branching (Fig. 3B-D). Both Ncam2 isoforms
cooperate in the NCAM2-deficient phenotype, although the
rescue produced by the NCAM2.1 isoform was stronger.

Finally, to investigate the possible role of FGFR signaling in
the above processes, we performed similar experiments but
including a FGFR inhibitor (PD173074) (Skaper et al. 2000). Our
results show that blocking FGFR signaling does not alter the den-
dritic rescue induced by NCAM2 overexpression (Supplementary
Fig. 4).

NCAM?2 Is Necessary for the Maintenance of the
Dendritic Tree

In the above experiments, hippocampal cultures were trans-
fected at 3 DIV, when cultured neurons already have well-
developed dendrites and axons. In order to determine how
the complex dendritic phenotype described above arises, we
performed time-lapse imaging experiments in which selected
neurons were imaged daily from 4 to 7 DIV. Neurons transfected
with a shRNA exhibited relatively stable dendrites around the
cell body throughout the experiment (Fig. 4A, upper panels). In
contrast, NCAM2-silenced neurons already exhibited dendritic
alterations at 48 h after transfection. ShNcam2-transfected
neurons showed a progressive thinning of primary dendrites,
increased numbers of branching points, and retraction of
some of these (up to 80%), which was simultaneous to
the formation of a large number of new primary neurites
arising from the cell bodies (Fig. 4A, lower panels). These new
dendrites were very thin and highly branched. To substantiate
these findings, we quantified the number of primary den-
drites over time. The data confirm the progressive increase
in primary dendrites per cell body after NCAM2 silencing
(Fig. 4B).

Finally, we also made high-resolution live-imaging videos
(30 min at intervals of 30 s) in 7 DIV transfected neurons in order
to investigate the dynamic characteristics of dendrites/neurites
(Fig. 4C and Supplementary Video 1). Whereas control dendrites
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Figure 2. NCAM2 silencing produces aberrant development of dendritic and axonal arborization of hippocampal neurons in vitro. (A) Immunostaining detection of
NCAM?2 and the reporter gene GFP in neurons transfected with the NCAM2-specific ShRNA (ShNcam?2) or the control vector ShCnt. Arrowheads point to neurons
transfected with ShCnt and ShNcam?2 plasmids. NCAM2-specific signal is reduced upon silencing of NCAM2 in transfected neurons. GFP labeling reveals numerous
short neurites arising from ShNncam2-transfected neurons (right panels). (B) Sholl analysis and quantification of different arborization parameters of dendritic trees
in neurons transfected with ShNcam? and ShCnt show a drastic alteration of dendritic trees upon NCAM2 silencing. N =32 and N =32 neurons from three independent
experiments were analyzed for ShCnt and ShNcam?2, respectively. (C) Low magnifications of GFP-labeled ShNcam2- and ShCnt-transfected neurons showing the whole
axonal and dendritic trees. Arrows points to axons as determined by morphological parameters; note, in the right panel, an example of a NCAM2-silenced neuron
displaying three axons. (D) Quantification of axonal arborization parameters show alterations in longest axon extension and axonal branching in NCAM2-silenced
neurons. N =36 and N =37 neurons from three independent experiments were analyzed for ShCnt and ShNcam?2, respectively. Data are represented as mean + SEM;
*P <0.05, **P < 0.01, ***P < 0.001; Student’s t-test. Scale bars: (A) 50 pm; (B) 50 pm; (D) 50 pm.


Alba Ortega Gascó


3788 | Cerebral Cortex, 2020, Vol. 30, No. 6

A C

Sholl analysis

’L’} ’\/"‘/
V‘Q @'\/ § @'\/’» O@ @’\:‘/ QV‘Q -
F& & FTE&FE &
N @ F§F §EE & & $ shent
Shent + + - - -+ + - - Shint a ShNcam2
ShNcam2 - - + + - - - 4+ 4+ ShNcam2 £ ShNcam2+Mt-NCAM2.1
% ShNcam2+Mt-NCAM2.2
o
NCAM2.1 » s S8 8 e M <ncam22 3
Actin » [0 - —— E R e e Actin g
GFP = I - (] 50 100 150 200 250
um
Sshent ShNcam2 [J shent B shNcam2
Primary dendrites Longest dendritic length
15 150-
] e o ook :
5 = 10 ‘| 10
2 [
£ 3
3
€ 5 50.
— o 0
& o ; g
-
! & & & &
o & o & &
s N\ N\ N N
S
-
&
2 Total dendritic tree length Dendritic branching
1000- 25
L] ao] 2 PN g
©
600 2 4
£ g
~ = 400 £ 10
o 2
= 200 S 05
< S
o
Z. ¥ 0 0.0-
b5 e & & &
& \@ & &
L —_— N N N N

Figure 3. Both NCAM2.1 and NCAM2.2 contribute to correct dendritic tree development of hippocampal neurons in vitro. (A) HEK293 cells were cotransfected with
different constructs to test the efficiency of ShNcam2 silencing vector and the resistance of mutated NCAM2 forms (Mt-NCAM2.1 and Mt-NCAM2.2) designed for rescue
experiments. WB detection of NCAM2 in protein extracts showed that ShNcam? efficiently targets overexpression of NCAM2.1 and NCAM2.2 isoforms while mutated
forms are resistant. WB detection of actin was used as loading control; WB detection of GFP was used to detect expression of the reporter gene. (B) Representative images
of GFP immunostaining in neurons transfected with ShCnt, ShNcam2, ShNcam2 + Mt-NCAM2.1, and ShNcam2 + Mt-NCAM2.2 vectors suggesting partial recovery upon
overexpression of resistant forms of NCAM?2. Sholl analysis (C) and quantification of dendritic tree parameters (D) in neurons corresponding to the rescue experiments.
Rescue experiments with NCAM2.1 isoform rescue most of the alterations in dendritic arborization. NCAM2.2 isoform only partially rescues the number of primary
dendrites and the longest dendritic length. N=44, N=36, N=42, and N =37 neurons from three independent experiments were analyzed, respectively, for ShCnt,
ShNcam2, ShNcam2 + Mt-NCAM2.1, and ShNcam2 + Mt-NCAM?2.2. Data are represented as mean =+ SEM; *P <0.05, ***P <0.001; one-way ANOVA, Tukey’s multiple
comparison post hoc test. Scale bar: 50 pm.

were highly dynamic, especially at their tips displaying highly
motile growth cones, NCAM2-silenced neurons did not display
typical growth cones at their endings but elongation characteris-
tic of motility, exhibiting continuous cycles of advancement and

NCAM2 Regulates Neuronal Migration and Dendritic
Development In Vivo

The above results show that NCAM2 protein is essential for

retraction (Supplementary Video 1). These data, together with
the above experiments, suggest that NCAM2 silencing leads to a
disruption of dendritic growth cones and a retraction of already
formed dendrites, which is concomitant with the formation of a
large number of new primary neurites arising from the cell body.
These data suggest that NCAM2 is necessary not only for the
development of the dendritic tree but also for its maintenance
once it has been formed.

the correct neuronal development of the axonal and dendritic
compartments in in vitro experiments. In order to determine
the effect of NCAM2 protein depletion in these processes in
vivo, we performed in utero electroporation experiments. Mouse
embryos were electroporated at E14 with either ShNcam2
or control vectors and analyzed at PO and P5 using GFP as
reporter gene. First, we analyzed the radial distribution of
E14-electroporated neurons. At PO, most of the E14-generated
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Figure 4. Depletion of NCAM2 in cultured neurons produces dendritic retraction. (A) Time-course imaging of dendritic morphology in vitro from 4 DIV to 7 DIV upon
transfection of neurons at 3 DIV with ShCnt (a-d) or ShNcam? (e-h). Repeated imaging of living neurons was performed upon transfection by detecting the reporter
gene GFP. ShNcam? transfection induced an increased number of dendrites in retraction (black arrowheads) and a reduction of growing dendrites (blue arrowheads)
and dendrites bearing growth cones (red arrowheads). Axons in the figure are labeled with an asterisk. (B) Quantification shows a steady increase in the number of
primary dendrites in NCAM2-depleted neurons. N = 14 and N = 15. Neurons from three independent experiments were analyzed, respectively, for ShCnt and ShNcam2.
(C) Time-lapse imaging was performed at 7 DIV and selected dendritic terminals are shown in higher magnification from the squares marked in (d) and (h), from
ShCnt and ShNcam? neurons, respectively. Images were taken every 30 s for 30 min (complete sequence of images in Supplementary Video 1). Data are represented
as mean + SEM; ***P < 0.001; two-way ANOVA, Bonferroni comparison post hoc test. Scale bars: (A) 10 pm; (C) 5 pm.

control neurons were present in the upper portion of the cortical
plate, as expected. El4-generated NCAM2-silenced neurons
displayed a wider distribution in the cortical plate at PO, with
additional neurons located in the lower layers of the cortical
plate (BINs 7-8) (Fig. 5A,B). At P5, E14-born control neurons were
correctly positioned in the lower part of layers II-III. NCAM2-
silenced neurons showed a wider distribution in layers II-
Il persisting as in PO, which was especially evident in the
lower aspect of layers II-III (Fig. 5C,D). We next examined the
morphology of E14-GFP-labeled neurons. Already at PO, most
electroporated neurons displayed a typical immature pyramidal
neuron shape, with a main apical dendrite directed at the
marginal zone. In contrast, many NCAM2-silenced neurons did
not have a clear apical dendrite and displayed many primary
dendrites, often offering a stellate-like morphology (Fig. 5E).
Indeed, this aberrant phenotype was more evident at P5 when
control neurons displayed a typical pyramidal shape (including
a prominent apical dendrite, triangular cell body shapes, and
a few basal dendrites), whereas NCAM2-silenced neurons

lacked a clear main apical dendrite and displayed numerous
primary dendrites arising from any position in the cell body
(thereby again displaying a stellate-like morphology) (Fig. 5F,G).
Quantification of the number of primary dendrites and of their
orientation confirmed these aberrant phenotypes at P5 (Fig. 5G).
These results indicated that the NCAM?2 protein is necessary for
correct cortical migration and for the appropriate development
of dendritic trees in vivo in cortical pyramidal neurons.

NCAM2 Is Not Required for Adult Dendritic
Maintenance

NCAM?2 protein is also highly expressed in the adult brain (Sup-
plementary Fig. 1A). To determine whether the NCAM?2 is also
required for the maintenance of adult dendritic cortical architec-
ture, we performed lentiviral injections of ShNcam2 constructs
coexpressing GFP in CA1 hippocampal neurons and in granule
cells of adult mice; animals were analyzed 4 weeks after injec-
tions. Lentiviral ShNcam?2 effectiveness on endogenous ncam2
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Figure 5. NCAM?2 regulates neuronal migration and dendritic tree formation in vivo. (A) Representative images of GFP-electroporated neurons in cortical sections for
PO mice, which were electroporated with the ShNcam2 and ShCnt vectors at E14. Distribution of cells within cortical layers was determined in sections counterstained
with DAPI. (B) Quantification of neuronal distribution at PO of transfected cells within cortical layers was determined by dividing cortical thickness in 10 Bins. ShNcam2-
transfected cells are distributed differently from ShCnt cells and occupy lower BIN levels. Data are presented as the ratio of neurons with somas located in each BIN; N =7
and N =7, animals electroporated with ShCnt and ShNcam2 constructs; ***P < 0.001; two-way ANOVA, Bonferroni comparison post hoc test. (C) Representative images
from the reporter gene GFP immunodetection in cortical sections for P5 mice, which were electroporated with the ShNcam2 and ShCnt vectors at E15. (D) Quantification
of neuronal distribution at P5 confirmed differences between control and NCAM2-silenced neurons, with the latter occupying lower positions in cortical layer also in
PS5. Data are presented as the ratio of neurons with somas located in each Bin; N=3 and N =2, animals electroporated with ShCnt and ShNcam2 constructs; *P < 0.05;
two-way ANOVA, Bonferroni comparison post hoc test. (E) Higher magnification of representative images from electroporated neurons at PO during neuronal migration.
Neurons with NCAM2 silencing show increased stellate phenotype. (F) Higher magnification of representative images from transfected neurons at P5. Neurons with
NCAM?2 silencing show stellate phenotype into dendrites arising from all sides of cell body (arrowheads). (G) Neurons electroporated with ShNcam?2 construct show
increased numbers of primary dendrites with an increased amount of lateral primary dendrites. N=122 and N =87 neurons were analyzed to determine number of
primary dendrites in ShCnt and ShNcam?2, respectively. Dendrite distribution, N =41 and N =44 neurons were analyzed to determine distribution of primary dendrites
in ShCnt and ShNcam?2, respectively. ***P < 0.001; Student’s t-test. CP, cortical plate; IZ, intermediate zone; LP, leading process; MZ, marginal zone; SVZ, subventricular
zone; TP, tailing process; I-VI, cortical layers. Scale bars: (A, D) 200 um; (C) 10 pm; (F) 15 pm.

was corroborated in primary neuronal cultures showing a high cells displayed a typical morphology including a prominent
reduction in both NCAM2.1 and NCAM2.2 protein levels, while apical dendrite with horizontal dendrites and a prominent
control ShCnt lentivirus did not affect them (Supplementary apical dendritic tuft, as well as many basal dendrites directed

Fig. 2E). Both in control and NCAM2-silenced neurons, pyramidal toward the ventricular surface. Branching alterations and abnor-
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mally retracted dendritic morphology were not observed in
NCAM2-silenced pyramidal neurons (Supplementary Fig. 5).
These results indicate that, unlike in developing neurons,
the NCAM2 protein is not necessary for the maintenance of
dendritic tree morphology in adult neurons already integrated
in circuitry.

NCAM2 Silencing Generates Alterations in Microtubule
Polymerization and Cytoskeleton Proteins

Because dendritic and axonal stability largely depend on
cytoskeletal components, we next explored whether knockdown
of NCAM2 alters cytoskeletal composition/distribution in
neurons. As a first step, we analyzed the distribution of
several cytoskeletal proteins in NCAM2-silenced neurons by
immunofluorescence, focusing on the dendritic compartment.
Whereas the distribution and immunofluorescence signal for
actin, Tau, or neurofilaments were not affected by NCAM2
depletion (Supplementary Fig. 6). These studies also showed
that the short dendrites arising from NCAM2-silenced neurons
were neurofilament- and Tau-negative (Supplementary Fig. 6).
We found a decrease in the immunofluorescence intensity
signal for tubulin, acetylated tubulin (AcTub), and detyrosinated
tubulin (DetyrTub) in the somatodendritic region of ShNcam2-
transfected neurons (Supplementary Fig. 7A,B). Moreover,
acetylated tubulin immunofluorescence signal was reduced in
the axon (Supplementary Fig. 7C).

Next, we investigated the distribution of MAP2 protein, a
dendritic microtubule-associated protein. MAP2 immunofluo-
rescence signals were dramatically reduced in NCAM2-silenced
neurons and virtually absent in distal dendritic segments
(Fig. 6A,B). A similar decrease was found in live imaging tracked
neurons in retracting dendrites in NCAM2 knocked down at
3 DIV, once early dendrites had been formed (Fig. 6C). These
findings show that the depletion of NCAM2 leads to a marked
decrease in MAP2 protein in both emerging and already formed
dendrites (Fig. 6).

Because tubulin acetylation and detyrosination are post-
translational modifications typically found on more stable
microtubules, the above results suggest that NCAM2 may control
stability of the microtubule network, resulting in a decreased
stability upon NCAM2 knockdown. To determine whether
microtubule destabilization mediates NCAM2 silencing-induced
dendritic alterations, we performed experiments using taxol to
stabilize microtubules and reduce catastrophe rates (Witte et al.
2008). We found that with taxol treatment the NCAM2-silenced
hippocampal neurons exhibited robust MAP2 staining similar
to that in control neurons (Fig. 7A), indicating that microtubule
stabilization can rescue the silencing phenotype. Quantification
of the number of primary dendrites confirmed that treatment
with taxol partially recovered the aberrant dendritic phenotype
in NCAM2-silenced neurons (Fig. 7B). These findings indicate
that the dendritic alterations in NCAM2-silenced cells are at
least in part mediated by destabilization of the microtubule
network.

Next, we performed microtubule polymerization assays,
using the recombinant EB3-tomato protein as a marker
for growing microtubule plus ends in time-lapse imaging
(Sanchez-Huertas et al. 2016). ShCnt and ShNcam?2 were
transfected at 4 DIV, and 2 days later, EB3-comet number,
trajectories, and velocity in dendritic tracts were tracked and
represented in kymographs (Fig. 7C). We found that NCAM2
silencing did not significantly alter the average speed and mixed
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orientation of the comets, although it induced a significantly
reduced density of comets and slightly modulated the speed of
retrograde comets. (Fig. 7D). We also explored the dynamics of
growing microtubule plus ends in axons, in which microtubules
have an almost exclusively anterograde orientation (Fig. 7E).
We found reduced comet density and increased average length
(Fig. 7F). Together, our data show that NCAM2 regulates the
stability of the microtubule network and suggest that NCAM2
depletion has a destabilizing effect, resulting in a reduced
number of dendritic microtubules.

NCAM2 Interacts with 14-3-3, CaMKII, and MAP2, and
These Interactions Are Essential for Proper Dendrite
Development

Having proved that dendritic alterations caused by NCAM?2
knockdown involve changes in the stability of the microtubule
network, we sought to identify the putative molecular mediators
of this process. We addressed this aim with a proteomic
approach by immunoprecipitating NCAM2-associated proteins
and performing a subsequent mass spectrometry analysis.
Briefly, P10-12 cortical extracts were enriched in cell membranes
and immunoprecipitated with anti-NCAM2 antibodies. Bound
proteins were identified using mass spectrometry, with a total
of 103 proteins found, out of which 54 were identified by two
or more different peptide sequences. Among these, potential
NCAM? interactors included six proteins annotated in four
different gene ontology (GO) terms linked to cytoskeleton (i.e.,
MAP2, YWHAE [14-3-3¢], CALM1, DINLL1, TUBB4A, and CAMKIIB
proteins, which are annotated in the following GO terms: cell
projection [GO:0042995], cytoskeleton [GO:0005856], cytoskeletal
part [GO:0044430], and microtubule cytoskeleton [GO:0015630]).
Microtubule-associated protein 2 (MAP2) was the main NCAM2
interactor, since it was detected by 24 different single peptides
corresponding to both MAP2B and MAP2C isoforms (20 specific
peptides for MAP2B and 4 peptides with shared sequences
between both isoforms) (Supplementary Fig. 8). We identi-
fied peptides corresponding to 14-3-3¢ (6 specific peptide
sequences), 14-3-3y (4 specific peptide sequences), and 14-3-3 &
(1 peptide sequences), as well as two additional peptides with
shared sequences between the three isoforms (Supplementary
Fig. 8). Additionally, we also identified CaMKIle and CaMKIIA
isoforms, with six and five specific peptides for each isoform
respectively, as well as six shared peptides between the two
isoforms (Supplementary Fig. 8). To validate these putative
interactions, we performed reverse coimmunoprecipitation
assays for MAP2 and 14-3-3 proteins. WBs revealed that
immunoprecipitation of protein extracts from P3 forebrains
with NCAM2 antibodies yielded MAP2B, MAP2C, and 14-3-3
bands identified with specific antibodies (Fig. 8A,B). Reverse
immunoprecipitation with MAP2 and 14-3-3 antibodies led to
the identification of weak bands compatible with the MW of the
NCAM2.1 isoform (Supplementary Fig. 8). These data indicate
that NCAM2 molecules interact with the pool of cytoskeletal
proteins (e.g., MAP2 and 14-3-3).

We next investigated whether these cytoskeletal proteins
were necessary for the dendritic phenotype seen in NCAM2-
deficient neurons. We cotransfected hippocampal neurons with
the ShNcam2-silencing vector together with CaMKIla, CaMKIIB
14-3-3¢, 14-3-3y, 14-3-3;, MAP2B, or MAP2C overexpressing
cDNA. While silencing of the NCAM2 gene resulted in the
aberrant dendritic phenotype described above, with many
short neurites arising from the cell bodies, cotransfection with
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Figure 6. NCAM2 depletion alters the MAP2 protein levels in neurons with a dendrite retraction process. (A) ShCnt- or ShNcam2-transfected neurons were
immunostained for MAP2 (red) and GFP (green). Quantification of MAP2 staining in GFP-labeled neurons transfected with ShCnt or ShNcam2 (N =27 ShCnt and N=27
ShNcam? neurons). Quantifications indicate a reduction of MAP2 content upon depletion of NCAM2. (B) Higher magnification of a representative dendritic shaft in the
immunostaining of MAP2 marker. A cross-section of each dendrite was selected for quantification (white lines). Plot profile of the section in dendritic shafts depicted.
(C) ShCnt- or ShNcam2-tracked neurons from the live-imaging experiment, Figure 5, were immunostained for GFP (green), MAP2 (red), and ACTIN (blue). The images
confirm a reduction in MAP2 levels in ShNcam2-transfected neurons. Scale bar 10 pm. Magnification images of the ShCnt and ShNcam2 (a-d). Arrow and arrowheads
label the same neurites stained with different antibodies. Scale bar: 5 pm.

either 14-3-3y, 14-3-3¢, or MAP2C encoding cDNAs resulted to control neurons (Fig.8C). Quantitative analyses of the
in a marked rescue of this aberrant phenotype, with neurons number of primary dendrites confirmed these observations
displaying long dendrites and few primary dendrites, similar (Fig. 8D). A partial rescue was found when 14-3-3¢, MAP2B,
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Figure 7. NCAM2 depletion alters tubulin polymerization in dendrites and axons. (A) Immunostaining of MAP2 and GFP in neurons transfected with ShCnt or ShNcam2
from 3 DIV to 7 DIV and treated with Taxol or DMSO from 4 DIV to 7 DIV. The aberrant morphology induced by ShNCam?2 is partially recovered after Taxol treatment.
(B) Quantification of the number of primary dendrites in neurons from three independent experiments with Taxol assay. N=50, N=52, N=48, and N =49 neurons
were analyzed, respectively, for ShCnt+DMSO, ShCnt+Taxol, ShNcam2 + DMSO, and ShNcam?2 + Taxol. (C) Representative kymographs of EB3-fluoresecence from the
time-lapse imaging in 25-um dendritic tracts from neurons cotransfected with recombinant EB3-tomato protein and ShCnt or ShNcam?2 from 4 DIV to 6 DIV. (D)
Quantification of different parameters in tracked EB3-comets from the kymographs depicted in (C) indicates a reduction in density and an increase in length of the
comets upon depletion of NCAM2. N = 25 ShCnt and N = 27 ShNcam2 neurons from two independent experiments. (E) Representative kymographs of EB3-fluoresecence
in 25 pm axonal tracts from neurons cotransfected with recombinant EB3-tomato protein and ShCnt or ShNcam2 from 4 DIV to 6 DIV. (F) Quantification of different
parameters in tracked EB3-comets from kymographs depicted in (E) indicates a reduction in density and an increase in length of the comet upon depletion of NCAM2.
N =30 ShCnt and N =27 ShNcam2 neurons from three independent experiments. *P < 0.05; ***P < 0.001; one-way ANOVA, Tukey’s multiple comparison post hoc test

and Student’s t-test. Scale bars: 10 pm.

and CaMKIIB proteins were overexpressed in NCAM2-silenced
neurons while cotransfection with CaMKIle did not lead
to any significant rescue (Fig.8C,D). We conclude that the
overexpression of the NCAM2-associated cytoskeletal CaMKII,
MAP2, and 14-3-3 protein isoforms is sufficient to rescue the

dendritic phenotype of NCAM?2-deficient neurons. Together
with our previous findings on microtubules, these observations
suggest that NCAM2 in complexes with cytoskeletal-associated
proteins promotes the stability of the microtubule network
in dendrites and that loss of this regulation is responsible
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Figure 8. MAP2, CaMKII, and 14-3-3 isoforms interact with NCAM2 and rescue the NCAM2-silenced phenotype. (A, B) Western blot detection of NCAM2.1 with either MAP2
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*P <0.05, **P < 0.01; ***P < 0.001; two-way ANOVA using Tukey’s comparison post-test. Scale bar: 50 pm.


Alba Ortega Gascó


NCAM2 Regulates Dendritic and Axonal Differentiation Parcerisas et al.

for the dendritic alterations reported upon NCAM?2 depletion
(Fig. 8E).

Discussion

The present study reveals that the NCAM2 gene is essential not
only for dendritic development and morphogenesis but also for
dendritic maintenance. In addition, our data provide evidence
for a role of NCAM2 in neuronal migration, and they point to
microtubule-associated proteins as important components in
NCAM?2 functions.

Whereas the expression and role of the NCAM2 protein
have been extensively studied in the olfactory system (Alenius
and Bohm 1997; Paoloni-Giacobino et al. 1997), to date NCAM2
expression has remained largely unknown in other CNS areas
including the cerebral cortex. Our data show wide expression of
the NCAM2 gene in cortical areas, from E14 onward, present
in both the dendritic and fiber compartments. Moreover,
the NCAM2.1 isoform is more abundant than the truncated
NCAM2.2 isoform, with the latter detectable by WB only
after P10.

Recent studies have shown an interesting role of NCAM2
in the formation and maintenance of excitatory glutamatergic
synapses (Leshchyns’ka et al. 2015; Sheng et al. 2018). Here, we
show that whereas the overexpression of NCAM2 leads to mod-
erate alteration of axonal tree, the downregulation of NCAM2
gene results in dramatic changes in both the dendritic and the
axonal architectures of hippocampal neurons in vitro. Thus,
NCAM2-deficient neurons show decreased, and shorter, den-
dritic and axonal trees, as well as a dramatic increase in short
primary dendrites arising from the cell bodies. To unravel the
cellular process involved in this phenotype, we made time-lapse
video recordings after NCAM2 depletion. These experiments
revealed that upon NCAM2 depletion, already well-developed
dendritic shafts became thinner and retracted, concomitantly to
the emergence of narrower, short neurites arising from the cell
body. Thus, although some of these primary, aberrant neurites
are formed “de novo” (Fig. 4), the fact that most are retracting
dendrites, are faintly stained for MAP2, are Tau-negative, and are
considerably longer than typical filopodial neural extensions (up
to 10 pm) (Qu et al. 2017) leads us to consider them as dendrites.
However, some of the features of these processes resemble the
so-called proto-dendrites (Kahn et al. 2015).

Interestingly, this in vitro phenotype was mimicked in in
vivo experiments, in which NCAM2-deficient cortical pyrami-
dal neurons exhibit a radial phenotype, thinner dendrites, and
the lack of a prominent apical dendrite. We thus conclude
that NCAM2 is necessary for proper dendritic development and
maintenance and for the correct cytoarchitecture of pyramidal
neurons. Interestingly, we were unable to detect changes in
dendritic architecture when the NCAM2 gene was silenced in
adult hippocampal neurons, suggesting that the role of NCAM2
in dendritic formation is developmental stage-dependent. Our
rescue experiments with both the NCAM2.1 and NCAM2.2 iso-
forms indicate that although both are able to partially rescue the
NCAM2-knockdown phenotype, such rescue was more efficient
in NCAM2.1-overexpressing neurons (e.g., Sholl analysis, Fig. 3C
and dendritic tree parameters, Fig. 3D). This is consistent with
the fact that the longest NCAM2.1 form is highly expressed dur-
ing development, whereas the shorter NCAM2.2 isoform appears
to be expressed only after P10. Our data thus suggest that the
endogenous NCAM2.1 isoform is the main protein responsible
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for the described phenotype. We can only speculate about how
the NCAM2.2 isoform, lacking the intracellular domain, may par-
tially rescue the dendritic aberrant phenotype. One possibility
is that the effects of the NCAM2.2 isoform are mediated by
transmembrane interacting proteins, such as the FGF receptor
(Rasmussen et al. 2018), which may activate the specific intra-
cellular signaling cascades. However, although a contribution of
FGFR to NCAM2 functions could not be completely ruled out,
our experiments using FGFR inhibitors suggest that, at least
for dendritic differentiation and morphogenesis, NCAM2 effects
are largely independent of FGFR signaling. Also, and in contrast
to NCAM1 (Soroka et al. 2003, 2010), synergy in cis of coex-
pressed NCAM2.1 and NCAM2.2 isoforms in the same neurons
seems unlikely, due to the rigid structure of the immunoglob-
ulin domains of NCAM2, which may favor trans interactions
(Kulahin et al. 2011; Rasmussen et al. 2018). It has been described
that the domains responsible for NCAM2-NCAM?2 interactions
(immunoglobulin domains) present a rigid structure that may
prevent a potential cis and favor trans interactions (Kulahin et
al. 2011). Thus, the analysis of synergistic effects in cis config-
uration (coexpression within the same cell) is unlikely to be
informative. In contrast, NCAM1 presents a quite more flexible
structure that permits cis interactions (Soroka et al. 2003, 2010).
Nevertheless, our data suggest that NCAM2.1 and NCAM?2.2
isoforms have, at least in part, overlapping functions.

We also describe an unknown role of NCAM2 in cortical
migration; embryonic, cell-autonomous NCAM2 depletion of
cortical precursors results in the mispositioning of cortical
pyramidal neurons, which is likely to be permanent, as neuron
misposition remains at P5, once cortical migration has been
completed (Marin 2013). A direct role of NCAM2 in neuronal
migration is consistent with the expression of the NCAM2
gene in embryonic cortical precursors. However, we cannot
exclude the possibility that the observed migration phenotype
is secondary to the alterations in dendritic orientation, which
may potentially interfere with the function of the leading edge
of migrating neurons (Demyanenko et al. 2004).

Our experiments also suggest a putative role of the NCAM2
gene in neuronal polarization. The determination and differ-
entiation of early neurites in dendrites and axons is a com-
plex process in which many proteins and pathways have been
implicated including TAG-1 or small GTPases (Jossin and Cooper
2011; Caceres et al. 2012; Namba et al. 2014; Shah and Puschel
2014; Takano et al. 2015). Our experiments first reveal that
a small, but substantial, number of NCAM2-depleted neurons
(20%) exhibits two or more axons. Second, NCAM2 depletion
results in the retraction of already formed primary dendrites
and the appearance of newly formed thin neurites with clearly
lacking dendritic markers (MAP2, Fig. 6) or axonal markers (Tau
or neurofilaments, Supplementary Fig. 6). Whereas they display
normal actin abundance, these neurites were extremely motile
and displayed numerous growing and retracting filopodia-like
structures. Although the molecular mechanisms involved in this
process remain to be determined, it is likely that the NCAM2-
dependent stabilization of the microtubule network (see below)
is one of the mechanisms involved.

One of the most relevant findings of the present study
involves the changes in cytoskeletal proteins caused by NCAM2
deficiency. First, we found that NCAM2 depletion led to a
decrease in microtubule markers, including tubulin, as well
as acetylated and detyrosinated tubulin, suggesting a role
of NCAM2 in the stabilization of microtubules. Consistent
with this, our microtubule comet tracking studies reveal that
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NCAM2-deficient dendrites display decreased comet density. In
axons, NCAM2 depletion led to a more severe comet phenotype.
These findings are consistent with the notion that NCAM2
depletion results in destabilization of the microtubule network.
In contrast, the actin network appeared to remain unaltered.
Most importantly, microtubule stabilization by taxol treatment
markedly rescued NCAM2-depletion effects, strongly suggesting
that a compromised microtubule network is underlying the
aberrant dendritic phenotype in NCAM2-deficient neurons.
The intensity of MAP2 staining upon taxol treatment was
markedly increased, suggesting that microtubule stabilization
by taxol may in turn stabilize MAP2 protein in dendrites
(Witte et al. 2008).

Consistent with these data, we show that the depletion of
NCAM2 results in a dramatic reduction in the amount of the den-
dritic protein MAP2, a microtubule-associated protein funda-
mental for dendritic cytoarchitecture and maintenance (Huber
and Matus 1984; Caceres et al. 1992; Harada et al. 2002) and that
MAP2B/C overexpression rescues the NCAM2 phenotype. Fur-
ther, our mass spectrometry and coimmunoprecipitation stud-
ies reveal that NCAM2 protein interacts with MAP2B and MA2C
isoforms and that overexpression of either MAP2B or MAP2C
isoforms almost completely rescues the dendritic phenotype
caused by NCAM2 depletion. As it is likely that only a small pool
of MAP2 protein is actually directly interacting with NCAM2 pro-
tein at the cell membrane, we can only speculate about the pos-
sible mechanisms implicated in the depletion of MAP2 protein
throughout the dendrite and the parallel disorganization of the
dendritic network. In many CAMs, “cortical” membrane-linked
cytoskeletal proteins have a profound effect on the organization
of the remaining cytoskeleton (Maness and Schachner 2007). It
is thus conceivable that the direct interaction of NCAM2 with
the outermost located MAP2 protein is sufficient to control both
the outermost and central microtubular networks (Kapitein and
Hoogenraad 2015; Leshchyns’ka and Sytnyk 2016). Also, micro-
tubule arrays in dendrites were shown to spatially segregate into
bundles based on their post-translational modifications and
their orientation. While it is not known what microtubule prop-
erties are recognized by MAP2, it may selectively associate with a
subset of dendritic microtubules (Tas et al. 2017). In addition, the
effect of NCAM2 could be mediated by specific signaling path-
ways (e.g., 14-3-3, CaMKII or Src) which, when activated close to
the membrane, may regulate the phosphorylation levels of MAP2
throughout the dendrite. Indeed, it is known that CaMKI]I, Src, or
14-3-3 controls the microtubule dynamics via MAP2 phospho-
rylation levels (Sanchez et al. 2000; McVicker et al. 2015; Jansen
et al. 2017; Sheng et al. 2019). Interestingly, the above two possi-
ble mechanisms may in turn regulate MAP2 protein instability.
Finally, it is possible that NCAM2 may regulate gene expression
(in this case MAP2) similarly to what has been observed for other
cell-adhesion molecules. For instance, L1CAM, which directly
interacts with MAP2, has also been described to control the
expression levels of MAP2 (Poplawski et al. 2012).

Although MAP2B and MAP2C have a different expression
pattern during neuronal morphogenesis, both isoforms present
the microtubule-binding domain. This domain is important for
the microtubule bundling, protrusion, and formation and also
binds different signaling proteins that modulate microtubule
organization and stability (Chen et al. 1992; Belanger et al. 2002;
Melkova et al. 2019). Since the lack of the projection domain
in MAP2C does not impede this isoform to rescue the pheno-
type of NCAM2-depletion, we hypothesize that the mechanism
of rescuing the proper number of primary dendrites may be

directly attributable to the microtubule-binding domain and
stabilization of microtubules. However, additional, distinct prop-
erties of MAP2B and MAP2C may contribute to the rescue of
the NCAM2 phenotype. For instance, MAP2B has been shown to
lower microtubule dynamics, leading to increased diameter of
dendrites and consolidated dendritic branches (Belanger et al.
2002; Dehmelt and Halpain 2005). Together, these data suggest
that the NCAM2 protein contributed to the stabilization of den-
dritic microtubules; upon NCAM2 downregulation, MAP2 protein
content decreases concomitantly with the destabilization and
decrease of the dendritic microtubule network.

In addition, our mass spectrometry data and coimmuno-
precipitation experiments reveal interaction of NCAM2 with
other cytoskeletal proteins, such as 14-3-3 &, y, and ¢ isoforms
and the CaMKII « and B isoforms. 14-3-3 proteins form either
heterodimers or homodimers and have been described as inter-
acting with both the microtubule and actin cytoskeletons par-
ticipating in several neuronal developmental processes (Berg
et al. 2003; Sarmiere and Bamburg 2004; Sluchanko and Gusev
2010; Brandwein and Wang 2017). Among other developmen-
tal and plasticity processes, CaMKII protein isoforms are also
known to regulate neuritogenesis (Sogawa et al. 2001; Fink et al.
2003). Similar to overexpression of MAP2 isoforms, the 14-3-3 y
and ¢ isoforms also efficiently rescued dendritic abnormalities
induced by NCAM2 deficiency, and a partial rescue was observed
for the 14-3-3 ¢ and CaMKII g proteins. These data suggest
that NCAM2/MAP2/14-3-3 protein complexes may contribute to
the stability of the microtubule network in dendrites, whose
disruption leads to severe dendritic malformation. Although the
molecular details of this mechanism remain to be investigated,
such regulation may be similar to what has been proposed for
L1CAM, whose depletion results in regulated MAP2 degradation
(Poplawski et al. 2012).

In summary, the present study provides evidence for previ-
ously unknown roles of the NCAM2 proteins in distinct impor-
tant corticogenesis processes, namely dendritic development
and maintenance, neuronal migration, and neuronal polariza-
tion (Fig. 8E). Furthermore, we have uncovered a molecular net-
work (MAP2 and 14-3-3 proteins) by which NCAM2 regulates
the stability of dendritic microtubules. Given the proposed role
of the NCAM2 gene in several neurodevelopmental disorders
including autism, Down syndrome, macro- and microcephaly
(Molloy et al. 2005; Petit et al. 2015; Lin et al. 2016; Scholz et
al. 2016), as well as the contribution of MAP2 and 14-3-3 genes
to autism and developmental epilepsy (Mukaetova-Ladinska et
al. 2004; Xu et al. 2015; Pagan et al. 2017; Westphal et al. 2018),
future analysis of the interplay between NCAM2-organized pro-
tein complexes with the dendritic microtubule cytoskeleton
may improve our understanding of the molecular and cellular
mechanisms involved in these pathologies.
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Supplementary material can be found at Cerebral Cortex online.
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RESUM

La Molecula d’Adhesié Neuronal 2 INCAM2; de Newral Cell Adbesion Molecule 2) és
una proteina de membrana amb un paper important en el desenvolupament
morfologic de les neurones. En el cortex i ’hipocamp, la NCAM?2 és essencial per
la diferenciacié neuronal, el creixement dendritic i axonal, i la formacié de sinapsis.
Tot 1 aixi, els mecanismes a partir dels quals de la NCAM2 vehicula les seves
funcions; aix{ com les proteines amb les quals interacciona durant el
desenvolupament del cervell no es coneixen amb profunditat. En aquest estudi
hem detectat la interaccié de NCAM2 amb més de 100 proteines implicades en
nombrosos processos, que inclouen la morfogénesi neuronal i la sinaptogenesi.
Les interaccions més rellevants amb els neurofilaments, la proteina associada als
microtubuls 2 (MAP2; de Microtubul-associated ~ protein  2), la  quinasa
calci/ calmodulina IT (CaMKIL; de Caleinm/ calmodulin kinase 11), Pactina i Nogo han
estat validades. Una analisi 7 silico de la cua citoplasmatica de la NCAM2.1 ha
revelat diferents motius susceptibles de fosforil-lacié a través dels quals la NCAM2
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es podria unir als seus interactors. Els nostres resultats expandeixen el
coneixement sobre I'interactoma de la NCAM?2 i confirmen el paper destacat de
la proteina en lorganitzacié del citoesquelet, la morfogenesi neuronal i la
sinaptogenesi. Aquestes dades permeten explicar els fenotips observats en
diferents patologies que presenten alteracions en el gen Neam2.

Aquest article ha estat publicat a la revista International Journal of Molecular
Sciences, 9 de juliol de 2021.

Parcerisas, A., Ortega-Gasco, A., Hernaiz-Llorens, M., Odena, M. A., Ulloa, F., de
Oliveira, E., Bosch, M., et al. (2021). New Partners Identified by Mass
Spectrometry Assay Reveal Functions of NCAM2 in Neural Cytoskeleton
Organization. International Journal of Molecular Sciences, 22(14), 7404. MDPI
AG. Retrieved from http://dx.doi.org/10.3390/1jms22147404

116



S International Journal of
Molecular Sciences

Article

New Partners Identified by Mass Spectrometry Assay Reveal
Functions of NCAM2 in Neural Cytoskeleton Organization

Antoni Parcerisas 12310 Alba Ortega-Gasco 1,24, Marc Hernaiz-Llorens
Fausto Ulloa 12, Eliandre de Oliveira 4, Miquel Bosch 3(, Lluis Pujadas 1>

check for

updates
Citation: Parcerisas, A.;
Ortega-Gasco, A.; Hernaiz-Llorens,
M.; Odena, M.A; Ulloa, E; de
Oliveira, E.; Bosch, M.; Pujadas, L.;
Soriano, E. New Partners Identified
by Mass Spectrometry Assay Reveal
Functions of NCAM2 in Neural
Cytoskeleton Organization. Int. J.
Mol. Sci. 2021, 22, 7404. https://
doi.org/10.3390/ijms22147404

Academic Editor: Thomas Fath

Received: 15 June 2021
Accepted: 7 July 2021
Published: 9 July 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1.2(5, Maria Antonia Odena 4,

and Eduardo Soriano 1:2/*

Department of Cell Biology, Physiology and Immunology, University of Barcelona and Institute of
Neurosciences, 08028 Barcelona, Spain; albaortega@ub.edu (A.O.-G.); marchernaiz@gmail.com (M.H.-L.);
fausto.ulloa@ub.edu (F.U.); lluis.pujadas@ub.edu (L.P.)

Centro de Investigacién Biomédica en Red sobre Enfermedades Neurodegenerativas (CIBERNED),

28031 Madrid, Spain

Department of Basic Sciences, Universitat Internacional de Catalunya, 08195 Sant Cugat del Valles, Spain;
miquelbosch@uic.es

Plataforma de Proteomica, Parc Cientific de Barcelona (PCB), 08028 Barcelona, Spain;
maodena@pcb.ub.es (M.A.O.); eoliveira@pcb.ub.es (E.d.O.)

*  Correspondence: aparcerisas@uic.cat (A.P.); esoriano@ub.edu (E.S.)

t AP and A.O.-G. contributed equally.

Abstract: Neuronal cell adhesion molecule 2 (NCAM?2) is a membrane protein with an important
role in the morphological development of neurons. In the cortex and the hippocampus, NCAM?2 is
essential for proper neuronal differentiation, dendritic and axonal outgrowth and synapse forma-
tion. However, little is known about NCAM2 functional mechanisms and its interactive partners
during brain development. Here we used mass spectrometry to study the molecular interactome
of NCAM2 in the second postnatal week of the mouse cerebral cortex. We found that NCAM2
interacts with >100 proteins involved in numerous processes, including neuronal morphogenesis
and synaptogenesis. We validated the most relevant interactors, including Neurofilaments (NEFs),
Microtubule-associated protein 2 (MAP2), Calcium/calmodulin kinase II alpha (CaMKIl«), Actin
and Nogo. An in silico analysis of the cytosolic tail of the NCAM2.1 isoform revealed specific
phosphorylation site motifs with a putative affinity for some of these interactors. Our results expand
the knowledge of NCAM2 interactome and confirm the key role of NCAM2 in cytoskeleton organiza-
tion, neuronal morphogenesis and synaptogenesis. These findings are of interest in explaining the
phenotypes observed in different pathologies with alterations in the NCAM2 gene.

Keywords: NCAM2; mass spectrometry; cytoskeleton; neuronal morphogenesis; MAP2; CaMKIl«;
Neurofilaments; Nogo

1. Introduction

Neuronal differentiation, and the establishment of cell polarity and synaptic connec-
tions, are crucial events for the development of the brain [1,2]. These processes are tightly
regulated by numerous factors, including cytoskeleton proteins, membrane receptors and
elements of the extracellular matrix. Cell Adhesion Molecules (CAMs) are a family of mem-
brane proteins with many functions that transduce extracellular and membrane-bound
signals into cellular events, such as membrane remodeling, cytoskeletal rearrangement and
dynamics, vesicular transport, gene expression and cell survival [3-5].

The immunoglobulin superfamily of cell adhesion molecules (IgSF CAM) includes
more than 50 different members in mammals [6]. IgSF CAMs are characterized by an
extracellular region with one or several immunoglobulin-like (Ig) domains, followed by
fibronectin type III (Fn3) domains. Most IgSF CAMs present a single transmembrane
domain with an intracellular tail, while other members are anchored to the cell membrane
through a glycosylphosphatidylinositol (GPI) anchor [7]. Typically, the extracellular and
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the intracellular domains of IgSF CAMs interact with several proteins, ligands or modifiers,
which determine their important roles during development [5,8,9].

The Neural Cell Adhesion Molecule (NCAM) family has two members, NCAM1
and NCAM2 [10,11]. Both proteins present a similar extracellular structure with five
Ig domains and two Fn3 domains. NCAMI1 has three different isoforms (180, 140 and
120 KDa), whereas NCAM?2 has two isoforms: NCAM2.1 (with a transmembrane domain
and a cytoplasmic tail) and NCAM2.2 (a shorter isoform with no transmembrane domain
but a GPI-anchor motif) [12,13].

A large number of studies have investigated the functions of NCAM1, which play
a fundamental role in both neural development and plasticity [8,14,15]. NCAMI1 inter-
acts with many extracellular ligands and adaptors, such as the Fibroblast Growth Factor
Receptor (FGFR), Prion Protein (PRNP), Homer1, Tyrosine-protein kinase Fyn or Focal
adhesion kinase 1 (FAK) [16-20]. By contrast, NCAM2 is less studied. NCAM2 is widely
expressed in the Central Nervous System (CNS) during brain development. In the olfactory
system NCAM?2 is necessary for the formation and maintenance of dendritic and axonal
compartments [21-26], and in synapse formation and maintenance [26-28]. Genetic studies
suggest that the NCAM2 gene is implicated in the intellectual disability phenotype in Down
syndrome and Autism Spectrum Disorders, as well as in other neurodevelopmental dis-
eases [24,29-32]. In addition, NCAM2 has been involved in synaptic deficits in Alzheimer’s
disease [28]. Although NCAM?2 functions have begun to be clarified [25,26,28], the ex-
tracellular ligands and intracellular adaptors that interact with NCAM2 remain largely
unknown. It has been recently shown that NCAM2 regulates neurite outgrowth through
the kinase Src in the cerebral cortex [26,27], and that it mediates dendritic morphogenesis
via the formation of molecular complexes with Microtubule-associated protein 2 (MAP2)
and 14-3-3 family proteins [25].

To gain insight into NCAM2 functions, here we investigate the interactome of the
NCAM2 protein during postnatal cortical development using proteomic and molecular
approaches. We found more than 100 proteins that interact with NCAM2 using mass
spectrometry. We further validated the more relevant interactions for cytoskeleton organi-
zation (CaMKIIx, NEFs, Actin and MAP2) by means of immunoprecipitation. To better
characterize the NCAM?2 interactome, our proteomic data were analyzed by bioinformatic
tools; we detected significant enrichments in gene ontology terms and in cellular pathways
linked to the cytoskeleton, as well as to other important neural functions. In addition,
we identify putative phosphorylation sites of the NCAM2.1 cytosolic tail using in silico
analysis. These data increase our knowledge about the interactome of the NCAM2 protein
and open new perspectives for the study of NCAM2 functions.

2. Results
2.1. In Silico Analysis of the Cytoplasmic Domains of NCAM2.1

Previous studies showed the importance of the cytoplasmic domains of CAMs, such
as NCAM1 (NCAM140 or NCAM180 isoforms). We thus performed a structural analysis
of the amino acid sequence of the NCAM2.1 cytosolic domain (Figure 1A). The residues
5765, T780 and S786 have already been described as phosphorylation sites [33]. We used
different bioinformatic tools (Scansite 4.0 and Disphos 1.3 analysis, Koch Institute and MIT,
Cambridge, MA, USA) to identify additional phosphorylatable residues. High scores for
5746 and T818, which match the consensus sequences of 14-3-3¢ and CaMKIly, respectively,
were detected with Scansite 4.0. Disphos analysis showed that approximately 70% (12/17)
of the phosphorylatable residues have significant scores to be phosphorylated (serines 7/9,
threonines 4/7 and tyrosine 1/1), as shown in Figure 1B-D. We also detected different
motifs that match the consensus sequences of the kinases Cyclin dependent kinase 5
(CDKS5), Protein kinase C alpha (PRKCA), Casein kinase II (CSNK2) and Glycogen synthase
3 (GSK3), using Scansite. These are kinases known to phosphorylate other CAMs, such
as Cadherins, Epithelial cell adhesion molecule (EpCAM), Integrins or Neuronglia cell
adhesion molecule (NgCAM) [34-39].
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Figure 1. In silico analysis of NCAM2.1 cytoplasmatic domain. (A) Schematic representation of phosphorylation sites
in NCAM2.1 cytoplasmatic tail amino acid sequences. Serine (red), Tyrosine (green) and Threonine (blue) phosposites
are represented. * phosphorylated sites previously described. (B) In silico analysis using Scansite 4.0 to identify motifs
gene interactors (motif gene) that are likely to be phosphorylated by specific protein kinases or binding domains such
as SH2 domains, 14-3-3 domains or PDZ. (C,D) Schematic representation and Table of phosphorylation sites of NCAM2
cytoplasmatic tail with their in silico predicted scores using Disphos. (E) Comparison of NCAM140 (730-752 amino acids)
and NCAM2.1 (719-741 amino acids) sequences, NCAM1 has an intracellular region with palmitoylation modification sites
that contain cysteine-residues which are critical for its localization in lipid rafts and also present in NCAM2.1 cytoplasmatic
domain (#). (F) In silico analysis of NCAM2.1 and NCAM1 with their predicted scores using CSS-Palm software 4.0.
NCAM2.1 contains the same potential palmitoylation sites similarly to NCAM1 with high scores (G) WB of NCAM2.1
from cortical extracts subjected to sucrose gradient. NCAM2.1 co-signals in lipid rafts (lanes 4-5, DRM, Detergent-resistant
membrane, identified by Flotillin and Caveolin), but mainly outside lipids rafts (lanes 612, HF, High Fraction).
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CAMs are known to have different roles depending on their membrane localization in
lipids rafts [40-43], as in the case of NCAM140. Since the NCAM2 molecule is a paralog of
NCAM]1, we decided to compare the intracellular domains of NCAM140 and NCAM2.1.
Although the cytoplasmic domain sequences of both proteins share an homology of 54%
(65/120 amino acids, data not shown), the phosphorylation sites are not found in the
homologous regions. Therefore, we focused on the comparison of the NCAM1 sequences
responsible for lipid raft localization, corresponding to 730-752 amino acids [41], with
their homologous regions in NCAM2.1 (Figure 1E). NCAMI1 has an intracellular region
with palmitoylation modification sites that contains cysteine-residues that are critical for
NCAML1 targeting to lipid rafts. We observed the presence of four similar cysteine residues
in the homologous region of NCAM2.1, suggesting that these conserved residues could be
implicated in lipid raft localization (Figure 1E). Using CSS-Palm 4.0 software (Sun Yat-sen
University, Guangzhou, China), we detected with high scores the same palmitoylation
sites in NCAM2.1 and NCAM]1 (Figure 1F). In order to confirm the NCAM2.1 localization
in lipid rafts, we analyzed the expression of NCAM2.1 by Western blot (WB) in cortical
extracts subjected to sucrose gradient (Figure 1G). We found that NCAM2.1 co-localized
with lipid raft markers (lanes 4-5), but was predominantly expressed outside lipids rafts
(lines 6-12).

2.2. NCAM2 Interactome in Postnatal Cerebral Cortex

We performed protein immunoprecipitation and peptide detection as described [25]
in Figure 2A. The membrane fraction was isolated from the cerebral cortex of postnatal
P12-15 mice (Figure 2B) and NCAM2 was purified by immunoprecipitation with two
different antibodies, one recognizing the cytoplasmic tail of NCAM2.1 (EB06991, Everest,
Oxfordshire, UK), and the other recognizing the extracellular region of both NCAM2 iso-
forms (AF778, R&D Systems, Minneapolis, MN, USA). We used non-conjugated magnetic
beads for control immunoprecipitations. Our data first confirmed the specific interaction
of NCAM2.1 with NCAM2.2 as shown in Figure 2C. Immunoprecipitated proteins were
then eluted and digested for mass spectrometry analysis. The resulting peptides were
identified by LC-MS/MS to obtain putative protein partners (False Discovery Rate < 0.01%)
as represented in Figure 2A and Table S1.

We detected 103 proteins that specifically interact with NCAM2 (Table S1) and 52
of them were identified with two or more different peptides (Table 1). Many of the pep-
tides corresponded to microtubule, intermediate filaments or Actin cytoskeletal proteins
(i.e., Actin, ACTB; Tubulin beta-4A, TUBB4A; Alpha-internexin, INA; Tubulin alpha-1A,
TUBA1A; Tubulin alpha-1C, TUBA1C;Neurofilament light polypeptide, NEFL; Neurofila-
ment medium polypeptide, NEFM; and Tubulin beta-6 chain, TUBB6) and to cytoskeleton-
associated proteins (i.e., Microtubule-associated protein 2, MAP2; Microtubule-associated
protein 1B, MAP1B; F-actin-capping protein beta, CAPZB; and F-actin-capping protein
alpha-2, CAPZA2). Interestingly, the analysis also detected the interaction with motor
proteins (i.e., Dynein light chain 1, DYNLL1; Myosin light polypeptide 6, MYL6; and
Dynein light chain 2, DYNLL2), kinases and adapter proteins (i.e., CaMKII family proteins
and 14-3-3 family proteins), calcium-binding proteins (i.e., CaMKII family proteins, Calu-
menin, CALU; Reticulocalbin-2, RCN2; Calmodulin, CALM1; and Hippocalcin-like protein
1, HPCAL1) and transcription activity regulators (i.e., Elongation factor 1-beta, EEF1B;
Nuclease-sensitive element-binding protein 1, YBX1; Elongation factor 1-delta, EEF1D; and
Eukaryotic translation initiation factor 3 H, EIF3H).
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Figure 2. The interactome of NCAM?2; the mass spectrometry approach. (A) Schematic representation of the mass

spectrometry approach. Brain lysates from P10-12 mice were enriched in membrane proteins and incubated with magnetic

beads, which were previously conjugated with an antibody against NCAM2.1 or against both NCAM2 isoforms. The eluted

proteins were processed for mass spectrometry analysis. A list of 103 proteins that interact with NCAM2 was obtained with
a False Discovery Rate < 0.01%, Table 1. (B) WB detection of NCAM2.1 and NCAM2 proteins in the cytosolic, membrane
and insoluble fractions of the brain lysates used for the mass spectrometry assay. NCAM2.1 isoform is detected in both

fractions, the membrane and the insoluble fraction while NCAM2.2 is specially enriched in the insoluble fraction. Tubulin

was used as a loading control. (C) WB detection of NCAM2 from samples of magnetic beads elution.

Table 1. The interactome of NCAM?2.

Protein (Gene) Ptd Function
. . . actin binding, calmodulin binding, cytoskeletal regulatory,
Microtubule-associated protein 2 (Map2) H microtubule binding and protein kinase binding
. . . structural constituent of cytoskeleton andstructural constituent of
Neurofilament light polypeptide (Nefl) 20 postsynaptic intermediate filament cytoskeleton
. . structural constituent of cytoskeleton and
Actin, cytoplasmic 1 (Actb) 19 structural constituent of postsynaptic actin cytoskeleton
) . . microtubule binding and
Neurofilament medium polypeptide (Nefm) 19 structural constituent of cytoskeleton
Tubulin beta-4A (Tubb4a) 18 structural constituent of cytoskeleton and GTPase activity
. . structural constituent of cytoskeleton, structural constituent of
Alpha-internexin (Ina) 17 . . : . .
postsynaptic actin and intermediate filament cytoskeleton
Tubulin alpha-1A (Tubala) 13 structural constituent of cytoskeleton
Tubulin alpha-1C (Tubalc) 12 structural constituent of cytoskeleton
Actin, alpha cardiac muscle 1 (Actcl) 11 structural constituent of cytoskeleton and myosin binding
Calcium/ calmodulin-dependent protein kinase calmoFluhn-.dependent. protein kmasg activity,
type Il beta (Camk2b) 11 protein serine/threonine kinase activity and
P structural constituent of postsynaptic actin cytoskeleton
Calcium/calmodulin-dependent protein kinase 10 calmodulin-dependent protein kinase activity, glutamate receptor
type I alpha(Camk2a) binding and protein serine/threonine kinase activity
Microtubule-associated protein 1B (Map1b) 9 actin binding, cytoskeletal regulatory protein and binding
Beta-actin-like protein 2 (Actbl2) 8 structural constituent of postsynaptic actin cytoskeleton
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Table 1. Cont.

Protein (Gene) Ptd Function
F-actin-capping protein beta (Capzb) 8 actin binding and beta-tubulin binding
14-3-3 protein zeta/delta (Ywhaz) recognition of a phosphoserine or phosphothreonine motif
Tubulin beta-6 chain (Tubb6) 7 structural constituent of cytoskeleton
Calcium/calmodulin-dependent protein kinase 6 calmodulir.\-dep.endent pro.tein 1.<inase ac.ti\fity and
type II delta (Camk2d) protein serine/threonine kinase activity
Calcium/calmodulin-dependent protein kinase 6 calmodulin-dependent protein kinase activity and
type I gamma (Camk2g) protein serine/threonine kinase activity
Enhancer of rudimentary homolog (Erh) 5 Cell cycle
Thioredoxin-dependent peroxide reductase 5 cysteine-type endopeptidase inhibitor activity involved in apoptotic
(Prdx3) process
protein quality control system (folding proteins and degredation),
Heat shock cognate 71 kDa protein (Hspa8) 5 co-chaperone, signaling receptor binding and ubiquitin protein ligase
binding
F-actin-capping protein alpha-2 (Capza2) 4 actin filament binding
Calumenin (Calu) 4 calcium ion binding and enzyme inhibitor activity
Heat shock factor-binding protein 1 (Hsbp1) 3 transcription corepressor activity
Granains G ; poupeane il yekine i
Reticulocalbin-2 (Ren2) 3 calcium ion binding
Hongaion o Lhea Gty 3 s nucoide change s sty
14-3-3 protein epsilon (Ywhae) 3 recognition of a phosphoserine or phosphothreonine motif
Hemoglobin beta-1 (Hbb-b1) 3 oxygen carrier activity
Nuclease-sensitive ((e\lz)rzi;l t-binding protein 1 3 DNA-binding transcription activator, transcription factor binding
Elongation factor 1-delta (Eefld) 3 activating transcription fafcat;)tl; lr)iarl?iivni%;nd translation elongation
Dynein light chain 1, cytoplasmic (Dynll1) 2 motor activity and scaffold protein binding
Myosin light polypeptide 6 (Myl6) 2 motor activity and actin-dependent ATPase activity
Barrier-to-autointegration factor (Banf1) 2 DNA binding and enzyme binding
Dynein light chain 2, cytoplasmic (Dynll2) 2 motor activity and scaffold protein binding
60S acidic ribosomal protein P2 (Rplp2) 2 structural constituent of ribosome
Complement component 1 Q (Clgbp) 5 complement compfl)[?;eglggnb;r;g‘i/r;%;nRNA binding and
Inter-alpha-trypsin inhibitor heavy chain H3 (Itih3) 2 binding protein between hyaluronan and other matrix protein
Reticulon-4 (Rtn4) 2 cadherin binding and neurite growth regulatory factor
Ig kappa chain V-III region PC 2413 (Kv3a5) 1 adaptive immune response
Ataxin-10 (Atxn10) 1 neuritogenesis
Protein LSM12 homolog (Lsm12) 1 interactor/competitor of ATXN2
Eukaryotic translation initiation factor 3 H (Eif3h) 1 translation initiation factor activity
Annexin A2 (Anxa2) 1 calcium-dependent phospholipid and cytoskeletal protein binding
Calmodulin (Calm1) 1 calcium-dependent protein and protein kinase binding
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Table 1. Cont.

Protein (Gene) Ptd Function
FAST kinase dorgi;—lfgg)taining protein 2 1 protein kinase activity
Haptoglobin (Hp) 1 hemoglobin binding
Hippocalcin-like protein 1 (Hpcall) 1 calcium ion binding
Ras-related protein Rab-33A (Rab33a) 1 GTPase activity
Ubiquitin-protein ligase E3B (Ube3b) 1 ubiquitin conjugating enzyme activity

Proteins identified by LC-MS/MS in the NCAM2-immunoprecipitated cerebral cortex of postnatal mice samples obtained with a False
Discovery Rate < 0.01% and detected with two or more peptides. The table shows the proteins, the number of different peptides (Ptd)
found from each protein and the function of the proteins.

A total number of 16 proteins were detected with both NCAM?2 antibodies, and
20 proteins were detected in both independent experiments (Table 1 and Table S2). More-
over, seven out of these 20 proteins were also detected with both antibodies (ACTB,
TUBA1A, HSPAS, HSBP1, GRN and DYNLLI1). Specifically, Actin (ACTB), Heat shock
cognate 71 kDa protein (HSPA8) and Granulin (GRN) proteins were identified in all the
replicates and with all antibodies, confirming the strong reliability of these detected inter-
actions (Table 1 and Table S2). Additionally, mass spectrometry analysis showed different
protein coverage among the detected NCAM2 interactors (Table 1 and Table S2).

2.3. NCAM2 Interacts with Cytoskeleton and Cytoskeleton-Associated Proteins

Mass spectrometry analysis identified some proteins with high robustness. These
proteins are MAP2, Neurofilaments, and CaMKIL MAP2 is the protein with the largest
number of peptides detected in the present analysis. We already described the interaction
of MAP2 with NCAM2 (Figure 3A,B), as well as the interaction of NCAM2 with 14-3-3
family proteins (Figure 3C,D).

We previously reported that NCAM2 regulates microtubule polymerization and sta-
bility [25]. The present data show that NCAM2 additionally interacts with different key
cytoskeletal components. The cytoskeleton proteins ACTB, TUBA1A and ACTC1 were
detected in different replicates. We confirmed the NCAM2-Actin interaction by immuno-
precipitation, IP, using specific antibodies for NCAM2 (Figure S1). Besides the interaction
with Actin filaments, our results detected the interaction of NCAM?2 with CAPZA and
CAPZB, Actin-interacting proteins forming a heterodimer that binds to the barbed-ends of
Actin filaments, which block their polymerization and depolymerization [44,45]. CAPZ
proteins play a relevant role in growth cone dynamics, dendritic spine development and
synapse formation [46,47].

A large number of peptides corresponding to NEFL and NEFM were identified in
the different experiments. Neurofilaments are important for the radial growth and the
stability of axons and enable effective and high-velocity nerve conduction [48,49]. The
NCAM2-NEFs interactions were validated by IP and WB (Figure 3E).

The CaMKII family of proteins was also identified with different peptides. CaMKIIx
and CaMKIIP play crucial roles in neuronal morphogenesis and plasticity [1,50,51]. Previ-
ous results showed the functional relation between NCAM2 and CaMKII, important for
neurite branching and filopodia formation [26]. Here, our results show a direct interaction
between these proteins, validated by IP and WB as shown in Figure 3F.

We detected Reticulon 4 (Nogo) with more than one peptide when the NCAM2.1 iso-
form was immunoprecipitated. The Nogo-NCAM2.1 interaction was additionally assessed
by immunoprecipitation of Nogo and NCAM2 detection by WB (Figure 3G). Nogo proteins
are important for neuron migration and neurite outgrowth and branching [52].
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Figure 3. NCAM2 interacts with MAP2, 14-3-3, NFs, CaMKII and Nogo. (A) WB detection of NCAM2.1 in different
co-immunoprecipitation experiments with MAP2 (A), 14-3-3 (C), NEFs (E), CaMKII (F) or NEFs (G). Detection of MAP2 (B)
or 14-3-3 (D) in different co-immunoprecipitation experiments with NCAM2.1 from P10-15 mouse cortex and hippocampal
protein extracts. Immunoprecipitation using MAP2 (A), 14-3-3 (C), NEFs (E) or CaMKII (F) or Nogo (G) antibodies confirmed
the presence of NCAM2.1 protein in the WBs after detection with NCAM2.1 or NCAM2 antibodies (G). Immunoprecipitation

using NCAM2.1 antibodies confirmed the presence of MAP2 (B) and 14-3-3 (D).

Finally, Heat shock cognate 71 kDa protein and Granulin were detected in all con-
ditions. HSPAS is a member of the chaperon family and participates together with
HSC70 in protein folding and degradation, stress response and chaperone-mediated
autophagy [53,54]. GRN is a secreted growth factor involved in different neurological

functions.

2.4. Bioinformatic Analysis of the NCAM2 Interactome

A bioinformatic analysis was performed with the 52 proteins detected with two or
more peptides using String 11.0 (Elixir, Hinxton, Cambridgeshire, UK). [55].
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2.4.1. Bit Map

To visualize the proteomic results, we obtained a high quality graphic of NCAM2
interactions in bitmap format, showing a significant increased number of edges: 93 edges
with our pull versus 22 expected in random condition (Figure 4). This significant increase
shows that NCAM?2 interacts with different protein complex previously described.
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Figure 4. NCAM2 protein interaction network. Bitmap representation of the NCAM?2 interaction network. The network
edges mean the evidence of interactions between the proteins of Table 1, proteins detected with two or more peptides in the

mass spectrometry assay. Our bitmap shows a significant increased number of edges, 93 edges with our pull versus 22
expected in random condition.

2.4.2. Gene Ontology Terms

We next performed Gene Ontology (GO) and pathway enrichment analyses. We
found a significant enrichment for Biological Process (Table 2 and Table S3); Molecular
Function (Table 2 and Table S4); and Cellular Components GO terms (Table 2 and Table S5).
Focusing on Biological Process GO terms, our results show that the partners of NCAM2
are significantly enriched in 118 biological process terms (Table 2 and Table S3), including
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cell differentiation and neuronal morphogenesis. Moreover, NCAM? interactors are signifi-
cantly enriched in GO terms linked to cytoskeleton, corroborating the above findings. We
also found terms related to the organization and localization of plasma membrane proteins.

Table 2. Gene Ontology (GO) terms enriched for Biological Process, Molecular Function and Cellular Components in the

NCAM?2 interactors.
GOs Enrichment for Biological Process
GO Term Description Proteins
CO:0030030 cell projection organization Actb,Atxn10,Camk2a,Camk2b,Capzb,Dynll1,Dynll2, Map1b,

Map2,Nefl, Nefm,Rtn4,Tubb4a

Actb,Actcl,Capzb,Ina,Map1lb,Map2,Nefl, Nefm,Tubala,

GO:0007010 cytoskeleton organization Tublc,Tubb4a, Tubb6

. . Dynll1,Dynll2, Map1b,Map2,Nefl,Nefm,Tubala,Tubalc,
GO:0007017 microtubule-based process Tubb4a Tubbé
GO:0060052 neuroﬁlamen‘t cy.toskeleton Ina,Nefl,Nefm

organization

. regulation of cell morphogenesis
GO:0010769 involved in differentiation Clgbp,Camk2b,Map1b,Map2,Nefl, Nefm,Rtn4

. Actb,Atxn10,Camk2a,Camk2b,Camk2d,Camk2g,Capzb,Grn,
GO:0007399 nervous system development Ina,Map1b,Map2,Nefl, Nefm,Rtnd, Ywhae,Ywhag
GO:0010970 transport along microtubule Dynll1,Dynll2, Map1b,Nefl,Nefm
GO:0031175 neuron projection development Actb,Atxn10,Camk2a,Capzb,Map1b,Map2,Nefl, Nefm,Rtn4

. . Actb,Atxn10,Camk2a,Camk2b,Capzb,Grn,Map1b,Map2,
GO:0048699 generation of neurons Nefl, Nefm Rtnd, Ywhae, Ywhag
GO:0006414 translational elongation Eef1b2,Eefld,Rplp2
GO:0050770 regulation of axonogenesis Map1b,Map2,Nefl, Nefm,Rtn4
GO:0061564 axon development Actb,Maplb,Map2,Nefl,Nefm,Rtn4
GO:0045664 regulation of neuron differentiation Camk?2b,Grn,Map1b,Map2,Nefl Nefm, Rtn4,Ywhag
GO:0010975 regulation of neuron projection Camk2b,Grn,Map1b,Map2,Nefl,Nefm,Rtnd

development
GOs enrichment for Molecular Function

GO Term Description Proteins

GO:0005200 structural constituent of Actb,Nefl, Tubala, Tubalc, Tubb4a, Tubb6
cytoskeleton
CO:0005198 structural molecule activity Actb,Ina,Myl6,Nefl,Nefm,Rplp2,Tubala,Tubalc, Tubb4a,
Tubb6
GO:0004683 calmodulin-dependent protein Camk2a,Camk2b,Camk2d,Camk2g
kinase activity

. . Actb,Actcl,Anxa2,Camk2d,Capza2,Capzb,Dynll1,Dynll2,
GO:0008092 cytoskeletal protein binding Map1b,Map2,Ywhag
CO:0005519 cytoskeletal r.egl.ﬂatory protein Map1b,Map2

binding

GO:0044325 ion channel binding Calm1,Camk2d,Ywhae,Ywhaz
GO:0003924 GTPase activity Rab33a,Tubala,Tubalc, Tubb4a, Tubb6
GO:0005509 calcium ion binding Anxa2,Calm1,Calu,Hpcall Myl6,Ren2, Tubb4a
GO:0097110 scaffold protein binding Dynll1,Dynll2,Ywhae
GO:0003746 translation elongation factor activity Eeflb2,Eefld
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Table 2. Cont.

GOs enrichment for Cellular Component

GO Term Description Proteins
Actb,Actbl2,Actcl,Calm1,Camk2b,Capza2,Capzb,Dynll1,
GO:0005856 cytoskeleton Dynll2,Hsbp1,Hspa8,Ina,Map1b,Map2,Myl6,Nefl,Nefm,
Tubala,Tubalc, Tubb4a, Tubb6,Ywhae

. . . Actcl,Capzb,Dynll1,Dynll2,Hspa8,Ina,Map1b,Map2,Nefl,
GO:0099513 polymeric cytoskeletal fiber Nefm, Tubala Tubalc Tubbda, Tubb6

‘ . . Actb,Camk2a,Camk2b,Camk2g,Hspa8,Map1lb,Map2,Nefm,
GO:0014069 postsynaptic density Rind, Ywhaz

: L Actb,Atxn10,Calm1,Camk2a,Camk2b,Camk2d,Camk2g,
GO:0043005 heuron projection Capzb,Dynll1,Hspa8, Map1b,Map2,Nefl,Nefm,Rtnd, Tubb4a, Ybx1,Ywhae

. Actb,Calm1,Camk2a,Camk2d,Dynll1,Hspa8,Map1lb,Map2,
GO:0030424 axon Nefl,Nefm,Rtn4, Tubb4a,Ywhae

. Actb,Camk2a,Camk2b,Camk2g,Capzb,Hspa8, Maplb,Map2,
GO:0098794 postsynapse Nefm Rind Ywhaz
GO:0005874 microtubule Dynll1,Dynll2,Hspa8, Map1lb,Map2,Tubala,Tubalc, Tubb4a, Tubb6

. Actb,Camk2a,Camk2b,Camk2d,Camk2g,Capzb,Grn,Hspa8,
GO:0045202 Synapse Map1lb,Map2,Nefm,Rtn4,Ywhaz
GO:0005883 neurofilament Ina,Nefl Nefm

. . Calm1,Camk2b,Dynll1,Dynll2,Hspa8, Map1lb,Map2,Tubala,
GO:0015630 microtubule cytoskeleton Tubalc, Tubbda, Tubb6, Ywhae
GO:0030426 growth cone Calm1,Map1b,Map2,Nefl,Rtn4,Ywhae
GO:0016529 sarcoplasmic reticulum Calu,Camk2b,Camk2d,Camk2g
GO:0030425 dendrite Atxn10,Camk2a,Camk2b,Capzb,Hspa8, Map1lb,Map2,Rtn4,

Ybx1
GO:0150034 distal axon Calm1,Hspa8,Map1b,Map2,Nefl,Rtn4,Ywhae
GO:0015629 actin cytoskeleton Actb,Actcl,Capza2,Capzb,Dynll2, Map2,Myl6
CO:0005853 eukaryotic translation elongation Eeflb2,Eefld
factor 1 complex

GO:0099524 postsynaptic cytosol Camk2a,Hspa8
GO:0005882 intermediate filament Hspa8,Ina,Nefl,Nefm
GO:0008290 F-actin capping protein complex Capza2,Capzb
GO:0044294 dendritic growth cone Map2,Rtn4
GO:0043194 axon initial segment Camk2d,Map2

List of the most relevant GOs involved in brain development, neuronal differentiation and synaptic formation. GOs enriched for Biological
Process, Molecular Function and Cellular Components in NCAM2 interactome. The table shows the GO term identifier, the term description
and the list of proteins detected in the mass spectrometry for each specific GO term.

Regarding Molecular Function, presented in Table 2 and Table S4, NCAM2-related
proteins are associated with cytoskeleton functions including structural constituents of cy-
toskeleton (GO:0005200), cytoskeletal protein binding (GO:0008092), cytoskeletal regulatory
protein binding (GO:0005519), scaffold protein binding (GO:0097110) and Actin binding
(GO:0003779), as well as with translation processes: translation elongation factor activity
(GO:0003746), translation factor activity and RNA binding (GO:0008135GO:0003723).

Furthermore, NCAM2 protein interactors are enriched in 78 significant cellular com-
ponents, as shown in Table 2 and Table S5. Again, NCAM2 partners are classified as
cytoskeleton cellular components, cellular components involved in neuronal morphogene-
sis and maintenance, and synaptogenesis and synaptic maintenance processes.
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2.4.3. Pathways Analysis

The results of the Kyoto Encyclopedia of Genes and Genomes (KEGGS) pathways
enrichment analysis (Table 3 and Table S6), and the Reactome pathway enrichment analysis
(Table 3 and Table S7) are also displayed. Our data show an enrichment in 71 different
pathways, including pathways related to calcium and neurotransmitter receptors, cell cycle
regulation and to Rho GTPases (Table 3 and Table S7).

Table 3. Kyoto Encyclopedia of Genes and Genomes (KEGGS) and The Reactome pathways enriched in NCAM2 interactome.

KEGGs Enrichment
KEGG Term Description Proteins

mmu04722 Neurotrophin signaling pathway Calm1,Camk2a,Camk2b,Camk2d,Camk2g,Ywhae

mmu04720 Long-term potentiation Calm1,Camk2a,Camk2b,Camk2d,Camk2g

mmu04012 ErbB signaling pathway Camk2a,Camk2b,Camk2d,Camk2g

mmu04540 Gap junction Tubala,Tubalc, Tubb4a, Tubb6

mmu04020 Calcium signaling pathway Calm1,Camk2a,Camk2b,Camk2d,Camk2g

mmu04024 cAMP signaling pathway Calm1,Camk2a,Camk2b,Camk2d,Camk2g

mmu04360 Axon guidance Camk2a,Camk2b,Camk2d,Camk2g

Reactome pathways enriched
Reactome Term Description Proteins
: Actb,Calm1,Dynll1,Dynli2, Myl6,Tubala,Tubalc, Tubb4a,
MMU-195258 RHO GTPase Effectors Tubb6, Ywhae,Ywhag, Ywhaz
MMU-442729 CREB phosphorylation through the Calm1,Camk2a,Camk2b,Camk2d,Camk2g,Nefl
activation of CaMKII
MMU-442982 Ras activation upon Ca2+ influx Calm1,Camk2a,Camk2b,Camk2d,Camk2g,Nefl
through NMDA receptor ! ! ! ! &
. Actb,Capza2,Capzb,Dynll1,Dynll2,Rab33a,Tubala,Tubalc,

MMU-199991 Membrane Trafficking Tubbda, Tubb6, Ywhae, Ywhag, Ywhaz
MMU-438066 Unblocking of NMDA receptors, Camk2a,Camk2b,Camk2d,Camk2g Nefl

glutamate binding and activation

MMU-5576892

Phase 0-rapid depolarization

Calm1,Camk2a,Camk2b,Camk2d,Camk2g

MMU-190828 Gap junction trafficking Actb,Tubala,Tubalc, Tubb4a, Tubb6
Microtubule-dependent trafficking of
MMU-190840 connexons from Golgi to the plasma Tubala,Tubalc, Tubb4a,Tubb6
membrane
MMU-399719 Trafficking of AMPA receptors Camk2a,Camk2b,Camk2d,Camk2g
MMU-5673001 RAF/MAP kinase cascade Actb,Calm1,Camk2a,Camk2b,Camk2d,Camk2g,Nefl
MMU-1640170 Cell Cycle Dynll1,Dynll2,Tubala,Tubalc, Tubb4a,Tubb6,Ywhae,

Ywhag,Ywhaz

MMU-5620912

Anchoring of the basal body to the
plasma membrane

Dynll1,Tubala, Tubb4a,Ywhae,Ywhag

List of the most relevant KEGGs and Reactome pathways enriched in NCAM?2 interactome. The table presents the KEGGs or the Reactome
pathways identifier, the term description and the list of proteins detected in the mass spectrometry for each specific item.

Taken together, our results suggest that NCAM2 plays a significant role in the organi-
zation of the cytoskeleton and it is involved in calcium signaling and membrane dynamics.
These processes are essential for the proper neuronal morphogenesis, synapse formation
and neuronal network maintenance.

3. Discussion

In the present study, we explored the interactome of NCAM?2 and revealed a sig-
nificant role of this protein in the organization and dynamics of the cytoskeleton. The
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mass spectrometry approach showed that NCAM2 interacts with key cytoskeleton compo-
nents and with a large number of other intracellular proteins. These observations point to
NCAM2 functions as crucial for different cytoskeleton-related functions, including neu-
ronal differentiation and maintenance, and synaptogenesis. In addition, our data suggest
that NCAM2 may act as a putative receptor for GRN. Our results reveal that NCAM2
interacts with more than 100 proteins in murine cortical samples at two weeks of postnatal
development. Since 56% of the identified proteins with two or more peptides were also
detected in different experimental conditions, we believe that the method employed here
is robust and the resulting data consistent. Nonetheless, it is important to mention that
the extraction protocol used in this assay led to an enrichment of the NCAM2.1 isoform
compared with NCAM2.2. This is due to the fact that NCAM2.1 is present in the soluble
fractions, while NCAM2.2 is more frequently found in lipid rafts (the insoluble fraction),
which makes it more difficult to purify.

The results obtained in this work also contribute to a better characterization of NCAM2
protein functions. As previously described, NCAM2.1 bears a transmembrane domain and
an intracellular cue, while NCAM2.2 lacks the transmembrane domain and binds to the
membrane by a GPI anchor [21,23]. Those differences are important for the localization and
possible functions of the isoforms. Our study suggests that the transmembrane isoform,
NCAM2.1, could also be found in lipid rafts. The in silico analysis of the amino acid
sequence of NCAM2.1 shows similarities in some cysteine residues with NCAM140. The
cysteine residues adjacent to the transmembrane domain in NCAM140 are palmitoylation
modification sites and are important for targeting the protein to lipid rafts [41,42,56]. Lipid
raft localization is crucial for cellular signaling and for the interactions of cell adhesion
molecules with other ligands, which, in turn, activate different pathways [41]. The localiza-
tion of NCAM2.1 in lipid rafts, suggested by the analysis of the amino acidic sequence, was
confirmed by the detection of this isoform in lipid rafts. Moreover, the in silico analysis of
the NCAM2.1 sequence shows a high percentage of putative residues that are likely to be
phosphorylated, some of them coincident with previously described phospho-sites, which
could be relevant to better understand NCAM?2 functions [33].

Recent studies have determined the importance of NCAM2 in neuronal polarization,
cell morphogenesis and in the formation and maintenance of excitatory glutamatergic
synapses [25,27,28]. NCAM2 has been reported to induce local calcium spikes through the
activation of Src, and to regulate microtubule stability through the formation of a protein
complex with MAP2 and 14-3-3 [25]. Here, we reveal the interaction of NCAM?2 with a
number of other proteins, including cytoskeleton components and cytoskeleton-associated
proteins, kinases, translation factors, growth factors and other intracellular components.
Regarding the interactions with the cytoskeleton, our data indicate that NCAM2 interacts
with Actin and NEFs. The interactions of NCAM2 with Actin and NF200 were validated
using immunoprecipitation. Consistent with these results, a reduction of NCAM2-altered
Actin cytoskeleton produced an aberrant growth cone mobility in NCAM2-deficient neu-
rons [25]. NCAM?2 also interacts with proteins that modulate cytoskeleton function and
dynamics, or motor proteins, including MAP2, MAP1B, CAPZA, CAPZB, DYNLL1 and
DYNLL2. These proteins are necessary for processes, such as neuronal survival, growth
cone extension, axon elongation, autophagy or synapses maintenance. The bioinformatic
analysis confirmed the strong relationship between NCAM?2 and the cytoskeleton by show-
ing a significant enrichment in terms and pathways related to cytoskeleton organization
and dynamics [57-61].

Alterations in cytoskeleton dynamics are found in some pathologies, such as Autism
Spectrum Disorders (ASD) or other neurodevelopmental diseases, including
lissencephaly [62-64]. For example, the dynamics of Actin polarization is impaired in
cells from ASD patients [62]. Consistent with these observations, genetic analyses showed
that deletions and single nucleotide polymorphism in NCAM2 gene are detected in ASD
patients. Our results suggest that alterations of NCAM2 may cause destabilization or
modification of the cytoskeleton, thereby affecting neurodevelopment.
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In this study, we detected several NCAM2-interacting proteins that turn out to be
linked to synaptogenesis and synaptic plasticity processes. The most relevant ones
are CaMKII, HSPAS, MAP1B, CAPZ and elongation factors, such as EEF1B, EEF1D,
EIF3H and EIF3F. NCAM2 is highly expressed in the adult brain and highly localized
to synapses [28,65]. We detected a strong interaction of NCAM?2 with CaMKII in our pro-
teomic analysis. Previous studies have shown that NCAM2 can activate CaMKII [26].
CaMKII is a well-known regulator of neuronal differentiation, synaptogenesis and synaptic
plasticity [66].

We detected an interaction of NCAM2 with HSPA8. HSPAS is a member of the
chaperons’ family and participates together with HSC70 in protein folding and degra-
dation. HSC70 accumulates in presynaptic buttons and catalyzes the release of Clathrin
from Clathrin-coated synaptic vesicles, an event that is necessary for the synaptic vesicle-
recycling pathway [67,68]. Other key cytoskeleton proteins found to interact with NCAM2
are MAP1B and CAPZ. Both have an important role in synaptogenesis and synaptic plas-
ticity [46,69]. CAPZ is a capping protein that stabilizes Actin fibers [70] located in the
postsynaptic density [71]. Neuronal activity induces its accumulation in the spines, facil-
itating the remodeling of these postsynaptic structures [72]. The loss of a subunit from
the CAPZ complex led to alterations in dendritic spine formation and to defects in the
specification of the presynaptic and postsynaptic structures [73].

14-3-3 proteins are involved in the regulation of Cofilin phosphorylation and the
stabilization of Actin filaments. The knock-out of 14-3-3 protein in murine models results
in a reduction of the dendritic tree complexity and the number of spines. In addition,
animals deficient in 14-3-3 proteins bear behavior problems linked to major susceptibility
to develop schizophrenia [74-76].

Another novel finding from our mass spectrometry assay is the interaction of NCAM2
with local protein synthesis components, which is a crucial mechanism for synaptic plastic-
ity and other neuronal functions [77]. We detected different proteins involved in translation,
such as EEF1B, EEF1D, EIF3H and EIF3F. Overall, our data suggest that NCAM2 plays a
key function in the process of synaptogenesis and in the maintenance of synapses and plas-
ticity in adult stages. Amyloid-beta increases NCAM2 cleavage and reduces its function in
synapses, which could explain the synaptic loss observed in early stages of Alzheimer’s
disease [28].

Finally, GRN has been shown to participate in neurite outgrowth and branching, axon
growth and synapses formation and maintenance. Furthermore, mutations in the GRN
gene have been linked to frontotemporal dementia [78-84] and it has been proposed as a po-
tential target for the treatment of those dementias. One of the proposed receptors for GRN
is Sortilin 1 (SORT1) [85], but the induction of neurite outgrowth is not regulated by this
receptor, which indicates that another receptor is involved in the process. Our proteomic
results suggest that NCAM2 could act as a GRN receptor during neuronal differentiation.

In summary, the present study provides a detailed view of the interactome of NCAM2,
and offers additional information about NCAM2 localization and structure. The observed
interactions of NCAM2 with cytoskeleton proteins, growth factors and other intracellular
components increase our knowledge about this cell adhesion molecule and contribute to
explain its functions during brain development and synaptic plasticity. More analyses and
studies will be necessary in order to understand the complexity of the NCAM2 interactome
in other developmental periods or brain regions. The present work adds substantially to
our understanding of NCAM2 and lays the groundwork for a better characterization of
NCAM?2 functions in the central nervous system during development and adult stages, as
well as the implications of this protein in neuronal diseases.

4. Materials and Methods

All experimental procedures were carried out following the guidelines of the Commit-
tee for the Care of Research Animals of the University of Barcelona, in accordance with the
directive of the Council of the European Community (2010/63 y 86/609/EEC) on animal
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experimentation. The experimental protocol was approved by the local University Com-
mittee (CEEA-UB, Comite Etic d’Experimentacié Animal de la Universitat de Barcelona)
and by the Catalan Government (Generalitat de Catalunya, Departament de Territori i
Sostenibilitat).

4.1. Antibodies

The following commercial primary antibodies were: anti-14-3-3 (1657, SantaCruz, Dal-
las, TX, USA); anti-Actin (MAB1501, Chemicon International-Fischer Scientific, Waltham,
MA, USA); anti-CaMKIIx (M1-048, ThermoFisher Scientific, Waltham, MA, USA); anti-
Caveolin (ab2910, Abcam, Cambridge, UK); anti-Clathrin (610500, BD Biosciences, Franklin
Lakes, NJ, USA), anti-Flotillin (610820, BD Biosciences, Franklin Lakes, NJ, USA), anti-
MAP2 (M9942 clone HM-2, Sigma-Aldrich, Sant Louis, MO, USA); anti-NCAM2 (AF778,
R&D Systems, Minneapolis, MN, USA)); anti-NCAM2.1 (EB06991, Everest, Oxfordshire,
UK); anti-NF200 (N4142, Sigma-Aldrich, Sant Louis, MO, USA) and anti-Nogo (11027,
Santa Cruz, Dallas, TX, USA).

4.2. Mass Spectrometry Assay

Protein immunoprecipitation and analysis were performed as described [25]. Briefly,
hippocampus and cortex regions were dissected and homogenized in an isotonic buffer
(Tris 10 mM a pH 7,4, KC1 10 mM, MgCl2 1.5 mM, EGTA 1 mM) with protease inhibitors
(Complete, Roche, Basel, Switzerland), using a Polytron. The supernatant with the cytosolic
fraction was discarded and the membrane fraction was homogenized in a lysis buffer
(Hepes 50 mM pH 7.5, 150 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 10% glycerol, and 1%
Triton X-100) in orbital agitation. Samples were centrifugated at 15,000 rpm for 15 min at
4 °C and the supernatant was selected.

For the mass spectrometry assay, magnetic beads (Dyneabeads Antibody Coupling Kit,
Life Technologies, Carlsbad, CA, USA) were conjugated with an antibody against NCAM2
(AF778, R&D Systems, Minneapolis, MN, USA) or with an antibody against NCAM2.1
(EB06991, Everest, Oxfordshire, UK), according to the manufacturer’s instructions. The
supernatant containing the membrane fraction previously obtained, was incubated with
the conjugated magnetic beads o/n at 4 °C. After washing with the lysis buffer 3 times,
proteins were eluted with 30 uL of a Urea buffer (urea 8 M, Tris 50 mM a pH 7.5, DTT
60 mM) during 15 min at room temperature. The samples were processed and analyzed
at the Proteomic facility of PCB (Proteomics unit, Parc Cientific de Barcelona, Barcelona,
Spain). Samples were digested with trypsin (2 ug, pH 8, 32.5 °C, o/n). The resulting
peptides were separated by nanoUPLC (NanoAcquity, Waters, Milford, MA, USA) and
detected with Orbitrap Velos (Thermo Fisher Scientific, Waltham, MA, USA). The detection
was performed with a resolution of 60,000, a ratio 400 1/z and an acquisition of 300-
1800 m/z. Protein lists were obtained with an FDR < 0.01%. String 11.0 (Elixir, Hinxton,
Cambridgeshire, UK) was used for the bioinformatics analysis. The most abundant detected
protein was NCAM?2 and it was not included in the list.

4.3. Immunoprecipitation for Western Blotting

The membrane fraction obtained as previously described, was incubated with 2 ug of
the selected antibodies overnight (anti-NCAM2.1, anti-NCAM2, anti-MAP2, anti-14-3-3,
anti-NF200, anti-CaMKIl and anti-Actin). To precipitate the proteins, protein G-Sepharose
beads (17-0618-01, GE Healthcare, Chicago, IL, USA) were added and samples were
incubated for 2 h in orbital agitation. After washing with the lysis buffer, proteins were
eluted with 20 uL of loading buffer (0.5 M Tris-HCI (pH 6.8), 2.15 M 3-mercaptoethanol, 10%
SDS, 30% glycerol, and 0.012% bromophenol blue) during 5 min at 95 °C and processed for
Western blot. Samples were separated on 10% SDS-PAGE and transferred to nitrocellulose
membranes (1620112; Bio-Rad, Hercules, CA, USA). Filters were blocked in a 5% dry
milk-supplemented 0.1% Tween 20 PBS prior to immunoreaction and immunoblotted
with antibodies against 14-3-3 (1:2000), Actin (1:5000), Map2 (1:1000), NCAM2 (1:500)
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and NCAM2.1 (1:1000). The membranes were incubated with HRP-labeled secondary
antibodies (DAKO, Santa Clara, CA, USA) for 1 h at RT in TBST and developed with the
ECL system (GE Healthcare, Chicago, IL, USA).

4.4. Sucrose Gradient for Lipid Raft Isolation

The cortex from CD1 mice were used for lipid raft isolation. Two cortices were
homogenized in 3 mL of MES (2-morpholino ethanesulfonic acid)-buffered saline (34 mM,
pH 6.5 and 0.15 mM NaCl) plus 1% Triton X-100 supplemented with Complete Protease
Inhibitor Cocktail (11697498001; Basel, Switzerland). Sucrose was then added to achieve
a final concentration of 40%. A 5-30% linear sucrose gradient was layered on top and
centrifuged at 39,000 rpm for 16 h at 4 °C in a Beckman SwTi rotor. A total of 12 fractions,
1mL each, were collected from the top and analyzed by Western blot, as previously
described, using the following antibodies: NCAM2 (1:1000), Caveolin (1:5000), Flotillin
(1:3000) and Clathrin (1:5000).

4.5. Bioinformatic Analysis

Genomes and proteomes were downloaded from the National Institutes of Health
(NIH, Bethesda, MD, USA), Nation al Center for Biotechnology Information (NCBI,
Bethesda, MD, USA) and UniProt database (Geneva, Switzerland). Proteins identified by
two or more peptides obtained with FDR <0.01% were analyzed with String 11.0 [55]. The
bit map was elaborated using basic settings. Network edges represent evidence interac-
tions at medium confidence of the score (0.4). The whole genome of mice was assumed
for the statistical background in the functional enrichment (Gene Ontology terms, Kyoto
Encyclopedia of Genes and Genomes pathways and Reactome pathways). Genomes and
proteomes were downloaded from the National Institutes of Health (NIH).

To identify NCAM2.1 phosphorylatable domains, the amino acid sequence of the
NCAM2.1 cytoplasmatic domain (UniProtKB-035136, NCAM2_MOUSE, 719-837 amino
acids) was analyzed using ScanSite 4.0 at low stringency [86,87] and DISPHOS (DISorder-
enhanced PHOSphorylation predictor) [88].

To compare the NCAM2.1 and NCAM140 cytoplasmic domains, amino acid sequences
of NCAM2.1 (UniProtKB-035136, NCAM2_MOUSE, 719-837 amino acids) and NCAM140
(UniProtKB-0O35136, NCAM1_MOUSE, 730-810 and 1076-1115 amino acids) were analyzed
with BLAST software (NIH) and CSS-Palm software 4.0.

4.6. Statistical Analysis

Statistical analysis was carried out using the GraphPad Prism 5 software (San Diego,
CA, USA).
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RESUM

La neurogenesi adulta persisteix en mamifers en les zones neurogeniques on les
noves neurones sén incorporades en els circuits preexistents per preservar i
millorar els processos d’aprenentatge i memoria. Les Molecules d’Adhesié
Cel'lular (CAM; de Cell Adhesion Molecules) sén elements estructurals rellevants dels
ninxols neurogeénics que participen en la transduccié de senyals i regulen la
supervivencia, la divisi6 i la diferenciacié dels progenitors de la glia radial (RGPs;
de Radial Glial Progenitors). En aquest estudi analitzem les funcions de la Molecula
d’Adhesi6é Neuronal 2 NCAM?2; de Iangles Newural Cell Adbesion Molecule 2) en la
regulacié de les RGPs durant la neurogenesi adulta i la corticogénesi. Hem
caracteritzat la preséncia de NCAM2 en els principals tipus cel-lulars que
participen en la neurogenesi en el gir dentat, detectant diferents nivells de NCAM2
a mesura que els RGPs progressen per formar noves neurones. Els resultats
mostren que la sobreexpressié de Neam2 en els ratolins adults joves arresta els
progenitors en un estat de RGP, afectant al curs normal dels esdeveniments. A
més, canvis en els nivells de Neaz2 durant la corticogenesi resulten en deficits
migratoris transitoris, pero no afecten a la supervivencia ni proliferacié de les
RGPs suggerint papers diferencials de NCAM2 en els estadis adult i embrionari.
Les nostres dades reforcen la rellevancia de les CAMs en el procés neurogenic
revelant un paper significant dels nivells de Nea2 en la regulacié de la neurogenesi
adulta en hipocamp.
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ABSTRACT

Adult neurogenesis persists in mammals in the neurogenic zones, where newborn
neurons are incorporated into pre-existing circuits to preserve and improve
learning and memory tasks. Relevant structural elements of the neurogenic niches
include the family of cell adhesion molecules (CAMs), which participate in signal
transduction and regulate the survival, division, and differentiation of radial glial
progenitors (RGPs). Here we analyzed the functions of Neural Cell Adhesion
Molecule 2 (NCAM?2) in the regulation of RGPs in adult neurogenesis and during
corticogenesis. We characterized the presence of NCAM2 across the main cell
types of the neurogenic process in the dentate gyrus, revealing different levels of
NCAM2 amid the progression of RGPs and the formation of neurons. We showed
that Neam2 overexpression in adult mice arrested progenitors in an RGP-like state,
affecting the normal course of young adult neurogenesis. Furthermore, changes in
Neam? levels during corticogenesis led to transient migratory deficits but did not
affect the survival and proliferation of RGPs, suggesting a differential role of
NCAM2 in adult and embryonic stages. Our data reinforce the relevance of CAMs
in the neurogenic process by revealing a significant role of Neam2 levels in the

regulation of RGPs during young adult neurogenesis in the hippocampus.

Keywords: young adult neurogenesis, cell adhesion molecules, corticogenesis,

neuronal migration, radial glial progenitor cells.
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INTRODUCTION

In mammals, active neurogenesis is preserved during adulthood by radial glial
progenitors (RGPs), which remain in specific niches in the subventricular zone
(SVZ) of the lateral ventricles and in the subgranular zone (SGZ) of the
hippocampal dentate gyrus (DG) (Altman and Das 1965; Gongalves et al. 2016;
Gage 2019; Ghosh 2019; Kumar et al. 2019; Denoth-Lippuner and Jessberger
2021). Adult neurogenesis recapitulates developmental neurogenesis steps
including proliferation, neuronal fate specification, migration, differentiation,
synaptogenesis, and functional integration into pre-existent circuits. Evidence
shows that neurogenesis in the adult brain plays an important role in memory and
learning processes (Zhao et al. 2008; Bergmann et al. 2015; Kumar et al. 2019).
When activated, the RGPs (type 1) produce new neurons through a process
involving intermediate progenitors (type 11 and type I1I cells or neuroblasts) (Ming

and Song 2011; Kempermann et al. 2015; Gage 2019).

RGPs are located in specialized microenvironments, or neurogenic niches, where
they are subjected to multiple signaling pathways that control their maintenance,
proliferation, and lineage progression (Yao et al. 2016; Zhang & Sheng et al. 2015;
Zhang, 2018; Zhao et al. 2008). Cell adhesion molecules (CAMs) have been
revealed as essential components of these microenvironments (Bian 2013;
Morante-Redolat and Porlan 2019). CAMs not only sustain the structure of the
niche but also provide a link between the extracellular and the intracellular
compartments of RGPs by participating in signal transduction. Different CAMs
such as Cadherins/Protocadherins, VCAM1, L1CAM, and NCAM!1 have distinct
roles in the neurogenic niches (Angata et al. 2007; Bian 2013; Boldrini et al. 2018;
Bonfanti 2006; Dihné et al. 2003; Karpowicz et al. 2009; Marthiens et al. 2010;
Morante-Redolat and Porlan 2019; Morizur et al. 2018; Shin et al. 2015).
Specifically, it has been described that CAMs could be important regulators of the
quiescence/activation balance in progenitor cells (Morante-Redolat and Potlan
2019). Adult RGPs are mostly found in a quiescent state, a mitotic-dormant phase

in which cells display low metabolic activity but high sensitivity to signals from
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their environment (Urban et al., 2019). The quiescence of RGPs is actively
maintained through several mechanisms, and the regulation of the transition from
quiescence to activation is crucial to preserve the pool of RGPs throughout life

(Utban and Guillemot 2014; Urban et al. 2019).

The mammalian Neural Cell Adhesion Molecule (NCAM) family is composed of
two members, NCAM1 and NCAM2, sharing a similar structure of 5
immunoglobulin domains and 2 fibronectin type 1II domains, but presenting
different expression patterns, post-transcriptional modifications, and molecular
interactions (Pébusque et al. 1998; Makino and McLysaght 2010; Parcerisas et al.
2021). NCAM1 is important for neuronal migration, neurite development,
synaptogenesis, and it also regulates embryonic and adult neural stem cells (NSCs)
during neurogenesis (Kiselyov et al. 2003; Bonfanti 2006; Angata et al. 2007,
Boutin et al. 2009; Francavilla et al. 2009). NCAM?2 has two different isoforms:
NCAM2.1, a transmembrane protein with a cytoplasmatic domain, and
NCAM2.2, which is GPI anchored (Von Campenhausen et al. 1997; Alenius and
Bohm 2003). In the central nervous system (CNS), the functions of NCAM2 have
been mainly linked to the regulation of axonal and dendritic formation and
compartmentalization in in the olfactory system (Alenius and Bohm 2003; Kulahin
and Walmod 2010; Parcerisas et al. 2021; Winther et al. 2012). It has also been
related to the control of neural polarization, neurite outgrowth, dendrite
development, and synapse formation and maintenance in the cortex and
hippocampus through a complex panel of interactors (Leshchyns’Ka et al. 2015;
Parcerisas et al. 2020; Sheng et al. 2015; Parcerisas et al. 2021). Neam2 has been
associated with different pathologies including Down Syndrome (DS), autism
spectrum disorder, and Alzheimer’s disease (AD). Regarding neurogenesis, Neanz2
expression has been detected in single-cell RNA sequencing (RN Aseq) studies that
characterized the genetic profiles of quiescent NSCs (qQNSCs) and their immediate
progeny (Shin et al. 2015; Morizur et al. 2018). However, the role of NCAM2 in

RGP biology during neurogenesis remains unknown.
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In the present study, we characterized NCAM?2 distribution in the young adult
hippocampal neurogenic niche and analyzed its role in the regulation of RGP
biology during corticogenesis and in adulthood. To gain further insight into the
importance of NCAM2 in the abovementioned processes, we used different
biological and genetic approaches including iz vive hippocampal injection of virus,
in utero electroporation, and 7 vitro culture of neural stem cells (NSCs). Together,
our results indicate that correct NCAM2 levels are crucial for proper young adult
neurogenesis and also have a relevant role during cortical development. Moreover,
our data suggest that NCAM2 participates in the fine regulation of quiescency in
hippocampal RGPs, an observation that could help explain mechanisms
underlying some pathologies linked to NCAM2 such as DS, where there is an

increased expression of Neanz2.

145



MATERIALS AND METHODS

All experimental procedures were carried out following the guidelines of the
Committee for the Care of Research Animals of the University of Barcelona, in
accordance with the directive of the Council of the European Community
(2010/63 and 86/609/EEC) on animal experimentation. The expetimental
protocol was approved by the local University Committee (CEEA-UB, Comite
Etic d’Experimentacié Animal de la Universitat de Barcelona) and by the Catalan

Government (Generalitat de Catalunya, Departament de Territori i Sostenibilitat).
Antibodies

The following commercial primary antibodies  were used  for
immunohistochemistry at the dilution indicated: anti-ChFP (ab167453, Abcam,
1:300); anti-BrdU (ab6326, Abcam; 1:500) anti-DCX (A8L1U, Cell Signaling,
1:500); anti-GFP (A11122, Invitrogen, 1:2000); anti-GFP (AB2307313, Aves Labs;
1:500), anti-GFP (ab13970, Abcam; 1:500), anti-GFAP (2033401, DAKO,
1:2000); anti-Ki67 (ab15580, Abcam,1:500); anti-MAP2 (MA14006, Sigma, 1:2000);
anti-NCAM2 (AF778, R&D Systems, 1:750); anti-NCAM2.1 (EB06991, Everest,
1:500) anti-Nestin (MAB353, Chemicon, 1:100); anti-NeuN (MAB377, Merck,
1:1000); anti-Sox2 (ab97959, Abcam, 1:500); anti-Sox2 (AF2018, R&D Systems;
1:500) and anti-Tbr2/EOMES (23345, Abcam, 1:100). Alexa Fluor conjugated
fluorescent secondary antibodies were from Invitrogen. Biotinylated secondary
antibodies were from Vector Labs. Gold conjugated secondary antibodies were

from UltraSmall (Electron Microscopy Sciences).

Reagents

B-27 supplement, EGF, glutaMAX, normal horse serum (NHS), normal goat
serum (NGS), penicillin/streptomycin and trypsin were from Life Technologies.
bFGF was from R&D Systems. DNasel was from Roche diagnostic. Neurobasal
medium was from Thermo Fisher Scientific. 5-Bromo-‘deoxyuridine (BrdU,
B52002), 2-(4-amidinophenyl)-1H-indole-6-carboxamidine (DAPI),
diaminobenzidine (DAB) reagent, Durcupan ACM expoxy resin (Fluka), Eukitt,
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glucose, gold chloride, heparin, methylbutane, osmium tetroxide, phosphate
buffer, propylene oxide, sodium acetate and TritonX-100 were from Sigma-
Aldrich. Calcium chloride, hydroxide peroxide, paraformaldehyde (PFA), sodium
thiosulfate and Tris were from PanReact Applichem. Mowiol 4-48 mounting
medium and sodium citrate were from Merck. Sucrose was from VWR Chemicals.
Ketolar (ketamine hydrochlotide 50mg/ml) was Ritcher Pharma and Rompun
(2% xylazine-thiazine hydrochloride) from Bayer. O.C.T was from Tissue-Tek.
Prolong Gold anti-fade reagent was from Molecular Probes. Streptavidin-
biotynilated HRP was from GE Healthcare. For the electron microscopy analysis,
aurion R-gent Silver enhancer kit, cold-water fish-skin gelation and glutaraldehyde
were from Electron Microscopy Sciences; bovine serum albumin-C was from

Aurion.

Plasmids

To generate NCAM2.1 and NCAM2.2 overexpression vectors, the cDNA of
Neam2.1 and Neam2.2 wete cloned into pWPI vector (Plasmid #12254, Addgene)
within Pmel site to obtain pWPI-Ncam2.1 and pWPI-Ncam2.2 plasmids. The
cDNA of Neam2.1 was amplified from pCNcam2.1 with the primers 5-
ACCATGAGCCTCCTCCTCTCC-3’ and 5-CTGACCAAGGTGCTGAAACT-
3’. The cDNA of Neam2.2 was amplified from pCNcam2.2 with the primers 5-
ACCATGAGCCTCCTCCTCTCC-3’ and 5-TCTCTGATCAGGGAGTACCA-
3. The pCNcam2.1, and pCNcam2.2 plasmids used were previously reported in
Parcerisas et al. 2020. For ShRNA vectors, ShCnt (control vector) and ShNCAM?2
(NCAM2-silencing vector), constructs were obtained as described in Parcerisas et

al. 2020. All vectors contain GFP as a reporter gene.
Production and intrahippocampal injection of lentivirus

The production and intrahippocampal injection of virus were performed as
previously described (Parcerisas et al., 2020; Teixeira et al., 2012). Briefly, viral
vectors were produced by transient transfection of HEK293T cells with calcium
phosphate. Viral particles were concentrated by ultracentrifugation, resuspended

in PBS, and stored at -80°C until use. Control (pWPI), Ncam2.1 or Ncam2.2-
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overexpressing  (pWPI-Ncam2.1 or pWPI-Ncam2.2) and Ncam2-silencing
(ShNCAM?2) viruses were used to infect progenitor cells. GFP was used to identify

infected cells.

For intrahippocampal injections, male wild type C57 8-week-old mice were
intraperitoneally anesthetized with a 1:10 ketamine/xylazine solution (100 ul/60g)
and placed on a heating blanket. They were positioned in a Kopf stereotaxic frame
and a midline scalp incision was made. The scalp was retracted reflected with
hemostats to expose the skull, and bilateral burr holes were drilled. The
coordinates used for the injections (in mm from Bregma and mm depth below the
skull) were: anteroposterior -2.0, mediolateral + 1.6, and dorsoventral -2.2. Viruses
were then injected (1.5 pl of viral stock solution per site) into the left and right
DG over 20 min using a 5 ul Hamilton syringe. The syringe was left in place for
an additional 5 min. Mice were housed in groups (2-6 mice per cage) and kept on

a 12h light-dark s with access to food and water ad libitum.
Histological staining and electron microscopy

Mice were anaesthetized with a of 10:1 mixture of ketamine/xylazine (200 pl per
60g of weight) and intracardially perfused for 20 min with 4% paraformaldehyde
(PFA) in 0.1 M phosphate-buffered saline (PBS). The brains were then removed,
post-fixed overnight with 4% PFA in PBS, cryoprotected with 30% sucrose in
PBS, and frozen. 30-um coronal sections of the brains were obtained with a
cryostat, and immunohistofluorescence or immunohistochemistry —were
performed on free-floating sections. Samples were blocked with PBS containing
10% normal horse serum (NHS), 0.3% TritonX-100 and 0.2% gelatin 2h at room
temperature (RT); and incubated overnight at 4°C with PBS containing 5% NHS
and the primary antibodies (dilutions indicated in the Antibodies and reagents
section). For immunohistofluorescence, a subsequent incubation with PBS
containing secondary antibodies was carried out. To counterstain nuclei, tissue and
cells were incubated in DAPI (1:1000) and the sections were mounted in Mowiol.

Images were acquired with a Spectral Confocal SP2 or SP8 microscope (Leica,
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Wetzlar, Germany) or a Carl Zeiss LSM880 confocal microscope (Zeiss, Jena,

Germany) with 10x or 60x objectives and 1024x1024 pixels resolution.

For immunohistochemistry, after the incubation with primary antibodies a
sequential incubation was carried out with biotinylated secondary antibodies and
5% normal goat serum (NGS) in PBS (2 h at RT) and then with streptavidin-
biotinylated HRP complex (1:400) and 5% NGS in PBS (2 h at RT). Bound
antibodies were visualized by reaction using DAB and hydrogen peroxide as
peroxidase substrates, after which the sections were dehydrated and mounted in
Eukitt. Images were acquired at 20x or 63x with an AF6000 microscope (Leica,
Wetzlar, Germany) and Olympus Bx61 microscope (Olympus, Shinjuku City,
Tokyo, Japan).

For electron microscopy experiments, brain sections were cryoprotected in 25%
sucrose and freeze-thawed (3X) in methylbutane. The sections were then washed
in 0.1 M phosphate buffer (PB; pH 7.4), blocked in 0.3% bovine serum albumin-
C (BSA) in PB, and incubated with a primary chicken anti-GFP antibody in
blocking solution for 72 h at 4°C. The sections were washed in PB, blocked in PB
containing 0.5% BSA and 0.1% cold-water fish-skin gelatin for 1 h at RT, and
subsequently incubated with a colloidal gold-conjugated secondary antibody (1:50)
goat anti-chicken IgG gold in blocking solution for 24 h at RT. The sections were
then washed in PB containing 2% sodium acetate. Silver enhancement was
performed following the manufacturer's directions, and the sections were washed
again in 2% sodium acetate in PB. To stabilize the silver particles, the samples
were immersed in 0.05% gold chloride for 10 min at 4°C, washed in sodium
thiosulfate, washed in PB, and then postfixed in 2% glutaraldehyde in PB for 30
min. The sections were incubated in 1% osmium tetroxide and 7% glucose in PB
and then washed in deionized water. Subsequently, sections were partially
dehydrated in 70% ethanol and incubated in 2% uranyl acetate in 70% ethanol in
the dark for 2.5 h at 4°C. Brain slices were further dehydrated in 96% and 100%
ethanol followed by propylene oxide and infiltrated overnight in Durcupan ACM

epoxy resin. The following day, fresh resin was added, and the samples were cured
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for 72 h at 70°C. Following resin hardening, 1.5-um semi-thin sections were
selected under light microscopy based on their immunolabeling and detached from
the glass slides by repeatedly freezing and thawing in liquid nitrogen. 60—70-nm
ultra-thin  sections were obtained from selected semi-thin sections.
Photomicrographs were obtained using a FEI Tecnai G2 Spirit transmission
electron microscope (FEI Europe, Eindhoven, Netherlands) using a Morada

digital camera (Olympus Soft Image Solutions GmbH, Miinster, Germany).

In utero electroporation

In utero microinjection and electroporation were performed at embryonic day
(E)14.5 as previously described (Sim6 et al. 2010; Parcerisas et al. 2020), using
timed pregnant CD-1 mice (Charles River Laboratories). Briefly, DNA solutions
were mixed in 10 mM Tris (pH 8.0) with 0.01% Fast Green. Needles for injection
were pulled from Wiretrol II glass capillaries (Drummond Scientific) and
calibrated for 1 ul injections. Forceps-type electrodes (Nepagene) with 5-mm pads
were used for electroporation (five 50-ms pulses of 45 V at E14.5). Brains were
collected at either E19.5—postnatal day (P)0 or at P5, dissected, and those with
successful electroporations were identified by epifluorescence microscopy. GFP-
positive brains were fixed in 4% formalin in PBS and cryoprotected with 30%
sucrose in PBS overnight at 4°C. Brains were frozen in O.C.T compound before
14-pm-thick brain cross-sections were obtained with cryostat and placed on slides.
Sections were antigen-retrieved by immersion of the slides in 0.01 M sodium
citrate buffer, pH 6.0 at 95°C for 20 min. Sections were blocked with 10% NGS,
10 mM glycine, and 0.3% Triton X-100 in PBS for 2 h at RT. Primary antibodies
(anti-GFP and anti-ChFP) were incubated overnight at 4°C. Slides were washed
four times for 10 min in 0.1% Triton X-100 in PBS. Secondary antibodies were
added for 2 h at RT, and the slides were washed as before and coverslipped with
Prolong Gold anti-fade reagent. Images were obtained with epifluorescent
llumination and a 10X objective with Leica760 (Leica, Wetzlar, Germany)and
AF6000 microscopes (Leica, Wetzlar, Germany); and with Carl Zeiss LSM880

confocal microscope (Zeiss, Jena, Germany) with 10x objectives and 1024x1024
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pixels resolution. Data were collected from the lateral part of the anterior
neocortex. For quantification of neurons in bin10, the cortex was divided into bins
as follows: the distance from the bottom of the SVZ to the pial surface was
measured and divided into 10 equally sized bins. The position of GFP- or ChFP-
positive neurons was analyzed in 3-5 sections per embryo. The percentage of GFP-
or ChFP-labeled neurons in each bin relative to the total number of GFP- or

ChFP-labeled neurons across the 10 bins was then calculated for each section.
Neural stem cell culture

NSCs were derived from 7-8 postnatal day (P7-P8) mice following the modified
protocol described by Walker and Kempermann 2014. Briefly, the hippocampus
were dissected in PBS and the tissue dissociated with a gentle sweeping motion
after trypsin and DNase I treatments. Cells were counted and plated in coverslips
treated with poly-D-lysine (10 pg/ml, Sigma) and laminin (5 pg/ml, Sigma). Cells
were infected with viruses (pWPI, pWPI-NCAM2.1, pWPI- NCAM2.2) and
maintained in Neurobasal medium containing 2% B-27 supplement, 100U/mL
penicillin/streptomycin and 1X GlutaMAX, 20 ng/mL epidermal growth factor
(EGF), 20 ng/mL basic fibroblast growth factor (bFGF) and 2 pg/mL heparin.

After 3 days of infection, cells were incubated with 10 pM BrdU during 4h at 37°C.

For NSCs differentiation, cells were counted, plated in non-adherent plates and
grown as neurospheres in Neurobasal medium containing 2% B27 supplement
(GIBCO), penicillin/streptomycin (Life technologies) and GlutaMAX (Life
technologies), 20 ng/mL EGF, 20 ng/mL bFGF and 2 ug/mlL heparin. Cells were
maintained at 37°C with 5% CO2 and subcultured every 2-3 days. After 3 passages,
neurospheres were dissociated and plated in adherent coverslips. Cells were
infected with viruses (pWPIL, pWPI-NCAM2.1, pWPI- NCAM2.2, ShCnt and
ShNCAM?2) and maintained in Neurobasal medium containing 2% B27
supplement, penicillin/streptomycin and Glutamax, without growth factors, at

37°C and 5% CO?2 for 5 days.
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Immunocitofluorescence

Cultured cells were fixed in 4% PFA for 15 min at room temperature. For the
detection of BrdU, DNA hydrolysis was performed prior to the immunostaining.
Samples were sequentially incubated with HCl 1M and 1M borate buffer. Cell
cultures were permeabilized with PBS 0.1% Triton X-100 for 5 min, blocked with
10% normal horse serum (NHS) and incubated in 5% serum with anti-GFP and
anti-BrdU primary antibodies for 2 h at room temperature. Cells were incubated
with secondary antibodies (Alexa Fluor, Invitrogen) and DAPI and finally
mounted (Mowiol, Calbiochem). For the analysis of cell differentiation, samples
were incubated with anti-GIFP and anti-MAP2 primary antibodies. Images were
acquired by epifluorescence (E1000, Nikon and Olympus Bx61, Olympus, DMi8
Leica Thunder) and confocal microscopes (Leica and Carl Zeiss LSM880, Zeiss)
microscopy at 20x, 25x and 40x with a resolution of 1024x1024.

Statistical analysis

Statistical analysis was carried out using GraphPad Prism 8 software (San Diego,
CA, USA). For the characterization of the cells infected with GFP-encoding
lentiviruses, we calculate the percentage of GFP/Sox2/GFAP triple positive,
GFP/DCX or GFP/NeuN double positive cells. Additionally, we quantified the
proportion of  GFP/Sox2/GFAP/Ki67 positive cells among the
GFP/Sox2/GFAP population. For the GFP/Sox2/GFAP triple positive
condition, data was also normalized for a better comparison by considering as
100% the values found for the first time point (3d). To determine differences
between groups in the adult neurogenesis characterization experiments, one-way
ANOVA was used. Post-hoc comparisons were performed by Tukey’s test.
Statistical significance between groups in distribution of cells during corticogenesis
was assessed by two-way ANOVA followed by Bonferroni’s post-hoc compatison
test. For the analysis of NSCs in vitro, differences between control and
overexpressing conditions were assessed by one-way ANOVA with Post-hoc
comparisons performed by Tukey’s test. We also used Student’s t-test to determine

statistical significance between ShCnt and ShNCAM2 groups.
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RESULTS

Differential expression pattern of NCAM2 in the DG

Since CAMs are important structural elements of the neurogenic niches, we first
characterized the distribution of NCAM?2 in the different cell populations of the
DG of P45 mice by immunofluorescence. DG RGPs express different markers
while undergoing several morphological and electrophysiological changes through
the neurogenic process that finally gives rise to mature neurons. We used
GFAP/Sox2 (double labeling) or Nestin as markers to identify type I progenitors,
while Thr2 was selected to label type 11 proliferative progenitors (Kempermann et
al., 2015). In addition, we detected type 111 progenitors (neuroblasts) or immature

neurons with antibodies against DCX, and mature neurons with NeuN labeling.

As NCAM2 is a membrane protein, the overall pattern of NCAM?2 staining clearly
delineated the cell bodies and dendrites of neurons. Confocal microscopy analysis
revealed strong NCAM?2 signal in GFAP/Sox2-positive cells and in Nestin-
positive cells with the typical morphology of type I progenitors (i.e., triangular cell
bodies located in the SGZ and a single apical process extending into the molecular
layer) (Fig. 1A-C; Supplementary Fig. 1A-B). Contrariwise, images suggested
lower levels of NCAM2 levels in Tbr2-positive cells, although it is difficult to
determine the presence of both NCAM2 and Tbr2 in the same cell due to the
different localization of each protein (NCAM2 is a membrane-bound protein
while Tbr2 is a nuclear factor) (Fig. 1D; Supplementary Fig. 1C). Among the
DCX-positive cell population, we found several phenotypes with differences in
NCAM2 staining. While some DCX-positive cells displayed faint or undetectable
NCAM2 signal, other cells presented higher levels of the protein (Supplementary
Fig. 2A-3A). Lastly, mature granule cells that expressed NeulN also presented
NCAM2 labeling, as expected (Supplementary Fig. 2B-3B).
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Figure 1. Distribution of NCAM2 in the hippocampal progenitor cells.

A) Immunohistochemical characterization of NCAM?2 distribution in Sox2/GFAP-
positive progenitor cells in the mouse hippocampal DG. B) NCAM2 immunostaining in
Sox2/GFAP-positive progenitor cells in P45 mouse DG. Arrowheads indicate
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NCAM2/Sox2/GFAP ttiple positive cells with anti-NCAM2.1 antibody (Evetest). B)
NCAM2 immunostaining in Nestin-positive cells in the SGZ of P45 mouse brain.
Arrowheads indicate NCAM2/Nestin-positive cells. C) Double immunostaining of
NCAM2 and Tbr2 at P45. Arrowheads indicate Tbr2-positive cells that present low
NCAM2 signal. ML: molecular layer; GL: granule layer; H: hilus. Scale bar: A) 50 um, B,
C) 20 pm.

Therefore, the distribution pattern of NCAM?2 in the DG of the hippocampus
suggests a differential expression across the neurogenic lineage: while both type 1
progenitors (RGPs) and mature neurons present noticeable NCAM?2 staining, the

intermediate type II-1II progenitors may have decreased NCAM?2 levels.

NCAM2 modulates adult neurogenesis in the hippocampus

To study the potential role of NCAM2 in adult neurogenesis, we modulated the
levels of NCAM2 protein in the hippocampal neurogenic region. We
stereotaxically injected the DG of 8-week-old mice with GFP-containing Neam2.1-
overexpressing (pWPI-NCAM2.1), Neam2.2-overexpressing (pWPI-NCAM?2.2),
Neam2-silencing (ShNCAM?2), or control lentiviruses (pWPI or ShCnt), which
bear preferential infectivity on progenitor cells and neuroblasts (Consiglio et al.
2004; Jandial et al. 2008). We analyzed the transduced DGs 4 weeks after surgery.
Mice injected with control viruses exhibited infected cells with a characteristic
morphology of dentate granule cells (i.e., round soma in the granular layer, and
apical dendrites ramifying in the molecular layer and covered with dendritic spines)
(Fig.2A, top left panel). Similar results were found in mice injected with Neam2-
silencing viruses, indicating that the downregulation of N2 does not
substantially alter the formation or maturation of adult-born neurons in the DG.
(Fig. 2A, top right panel). Conversely, we found that many cells infected with
either Neam2.1- or Neam2.2-overexpressing viruses did not exhibit the typical
morphology of maturing granule cells but an RGP-like phenotype (i.e., triangular
cell bodies located in the inner granule layer with a single, short radial process
spanning the granule layer and ramifying profusely in the inner molecular layer)
(Fig. 2A, bottom panels). Some of the cells infected with the overexpression

viruses, however, resembled type II progenitors or neuroblasts (i.e., cells with an
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irregular soma and short processes oriented tangentially, or with a rounded soma

and a short apical dendrite oriented towards the molecular layer) or immature

granule cells. Enrichment in cells with a RGP-like phenotype was apparently more

prominent upon Neam2.2 than Neam2.1 overexpression.

[ Control

ShNCAM2

[ NCAM:

2.1 OE

Figure 2. NcamZ2 overexpression
modulates adult neurogenesis in
the hippocampus.

A) Representative images of GFP-
positive cells in the DG of mice
injected with control, ShNcam?2, or
Neam2-overexpressing viruses
(Neam2.1 or Neam2.2) 4 weeks after
injection. Control- and ShNcam?2-
infected cells showed a granule cell
morphology, while an RGP-like
phenotype was observed in many
cells infected with Neam2.1- or
Neam2.2-overexpressing viruses. B)
GFP immunogold electron
microscopy images of mice infected
with control, Necam2.1-, ot Neam?2.2-
overexpressing viruses and sacrificed
4 weeks post-surgery. Control
condition images show densely GFP-
labeled granule cells and RGPs
(NSCs). In Neam2.1- and Neam?2.2-
overexpressing  conditions,  the
number of labeled granule cells was
dramatically decreased. Nevertheless,
GFP-labeled RGPs located in the
SGZ wete still noticeable. ML:
molecular layer; GL: granule layer; H:
hilus; GC: granule cell; RGP: radial
glial progenitor; OE: overexpressing.
Scale bar: A) 50 pm, B-D) 2 um.
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To further characterize the phenotype of NeamZ-overexpressing cells, we
performed an ultrastructural analysis of the infected cells by GFP immunogold
staining and electron microscopy imaging (Fig. 2B). Confirming the above results,
most control virus-infected cells at the injection site corresponded to dentate
granule cells which were densely arranged in the granule layer (Fig. 2B). These
cells showed a typical round soma, most of it occupied by the nucleus, which
displayed chromatin aggregates. The cytoplasm comprised a thin space with few
long cisternae of endoplasmic reticulum and abundant free ribosomes.
Nevertheless, we also observed a few control virus-infected cells in the SGZ that
resembled RGPs and type 1l progenitors and neuroblasts (Fig. 2B). In contrast,
Neam2.1- and Neam?2.2-overexpressing cells were detected mainly in the SGZ (Fig.
2B). These GFP-labeled cells in the SGZ exhibited a large cell body with a major
radial process that penetrated the granule layer and extended thin lateral processes
among granule neurons. They presented round or triangular nucleus, irregular
contour, and intermediate filaments in their electron-lucent cytoplasm (Fig. 2B).
These ultrastructural features are characteristic of RGPs (Seri et al. 2004). On the
other hand, type 1I cells and neuroblasts were also identified among Neam2.1- and
Neam2.2-overexpressing cells that exhibited a smooth contour, dark and scant
cytoplasm, abundant polyribosomes, and a less well-developed endoplasmic
reticulum than that of granule cells (Fig. 2B). These results support that Ncam2
overexpression could lead to an arrest of infected cells in an RGP/type 1II

progenitor state.

Cell-autonomous overexpression of Ncam?2 retains adult-born DG cells in

an RGP-like phenotype

To better understand the sequence of events triggered by the expression of Neam2
isoforms, mice injected with control and Neam2-overexpressing viruses were
sacrificed at different time points: 3 days, 1 week, 2 weeks, and 4 weeks post-

injection (Fig. 3A).

157



1 week 2 weeks i 4 weeks
Virus injection Fixation Fixation i Fixation
/%\ T
* \

[ /51, =¥
| X/\d & % ]

\ 06 3/

Virus injectian -
[ 3 days ] [ 1 week ][ 2 weeks ][ 4 weeks ] [ 4 weeks (63x) |

E
k-~
S
]
-
N
=
3
z
w
S
N
o
S
3
2

Figure 3. Time course analysis of the NCAM2 effect on adult neurogenesis.

A) Schematic representation of the experimental approach in parallel with the adult
hippocampal neurogenesis process. Eight-week-old mice were injected in the DG area
with control, Neam2.1- or Neam2.2-overexpressing lentiviruses with GFP as a reporter
gene, and sacrificed at the indicated time points after surgery. B) Exemplary images of the
DG at 3 days, 1 week, 2 weeks, and 4 weeks after injection of control or Neam2-
overexpressing viruses. Higher-magnification images of representative cells revealed the
presence of infected cells with an RGP-like morphology in the animals injected with Nean2
overexpressing viruses. ML: molecular layer; GL: granule layer; H: hilus; OE:
overexpressing. Scale bar: 50 um.

Although the infection was not strictly restricted to progenitor cells, as expected,
the majority of the infected cells in all the experimental conditions exhibited an
RGP morphology at 3 days post-injection (Consiglio et al. 2004; Jandial et al. 2008)
(Fig. 3B, Supplementary Fig. 4). When analyzing later time points, most cells
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infected with control viruses showed a morphology typical of immature granule
cells at 1 week post-injection, which progressed towards a more mature
morphology by 2- and 4 weeks post-injection. In contrast, the morphology of
Neam2.1- or Neam?2.2-overexpressing cells remained constant over time, with most
of the infected cells exhibiting an RGP-like cell morphology, while others showed

intermediate progenitor- ot neuroblast-like phenotypes (Fig. 3B).

The phenotype of cells infected with the viral vectors was additionally
characterized by evaluating the expression of specific cell markers at the different
time points analyzed. A GFP/Sox2/GFAP triple immunostaining was used to
determine the proportion of RGPs within the pool of infected (GFP-positive) cells
(Fig. 4A-B). At 3 days post-injection, most infected cells in all experimental
conditions were GFP/Sox2/GFAP-triple positive (Supplementary Fig. 4).
When analyzing the progression of GFP/Sox2/GFAP-triple positive progenitors
in the control condition, we observed a statistically significant, progressive
reduction in the number of progenitors over time (Fig. 4C-D). In contrast, in the
animals infected with Neaw2.1- or Neam2.2-overexpressing viruses, we noticed a
much less marked decrease in the proportion of those progenitors over time, thus
suggesting an arrest of the cells in the progenitor stage (Fig. 4C-D). We confirmed
that most Neam2.1- and Neam2.2-overexpressing cells morphologically
characterized as neuronal progenitor cells did express the neuronal progenitor
markers GFAP and Sox2 at 1 week post-injection (Fig. 4A,C). Additionally,
quantifications revealed a maintenance of high proportion of GFP/Sox2/GFAP-
triple positive cells at 2 weeks and 4 weeks in both Neam2.1 and Neam2.2
overexpression groups, with a more pronounced effect in the case of the Ncam2.2

isoform (Fig. 4B-D).
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Figure 4. Immunohistochemical characterization of NcamZ-overexpressing
progenitor cells.

A) Immunostaining with GFP (marker for infected cells) and the RGP markers GFAP and
Sox2 in hippocampal sections of mice sacrificed 1 week after injection of control or
Neam2.1- ot Neam2.2-overexpressing lentiviruses. B) Same immunostaining and lentivirus
conditions as in A) in mice sacrificed at 4 weeks post-injection. C-D) Time-course
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quantification of the percentage of GFP//GFAP-positive cells in mice injected with
control, Neam2.1-, or Neam?2.2-overexpressing viruses at 3 days, 1 week, 2 weeks, and 4
weeks post-injection. N=3-5 animals per group, 5-10 sections per animal, 2050 cells per
animal. Data are presented as mean £ SEM; dots represent mean values for individual
animals; ANOVA, Tukey’s comparison post-hoc test; * P<0.05, ** P<0.01, *** P<0.001,
ik P<0.0001. Arrowheads label GFP/Sox2/GFAP-positive cells. ML: molecular layer;
GL: granule layer; H: hilus; OE: overexpressing; d, day; w, week. Scale bar: A, B) 20 um.

The analysis of the impact of Ncam?2 overexpression in the neurogenesis process
was complemented by quantifying the number of DCX-positive cells at 2- and 4
weeks post-injection (Fig. 5A). According to the expected progression of
neurogenic events, in the control condition we observed a marked reduction in
the percentage of DCX-positive cells between weeks 2 and 4 post-injection (Fig.
5C). Such decline was not detected when ecither Neam2.1 or Neam2.2 were
overexpressed, in which case we found a persisting number of DCX-positive cells
from 2 to 4 weeks post-injection. Finally, the number of NeuN-positive, mature
neurons at 4 weeks post-injection was also analyzed (Fig. 5B). In agreement with
the results presented above, we found a trend towards reduced percentages of
NeuN-positive neurons in the Nean2 overexpression conditions at 4 weeks post-
injection, which reached statistical significance in the Nea2.2 isoform compared

to controls (Fig. 5D).

This time-course analysis suggests that the observations at 4 weeks post-injection
in Neam2 overexpression conditions are not attributable to a dedifferentiation of
immature neurons into progenitor-like cells, but rather to a temporary arrest of
SGZ cells in an RGP-like phenotype that leads to a delay in the formation of new

neurons.
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Figure 5. Immunohistochemical characterization of NcamZ-overexpressing
neurons.

A) Immunostaining with GFP (marker for infected cells) and DCX as a marker for
neuroblasts (type 11 progenitors) and immature neurons in DG sections of mice sacrificed
4 weeks after injection of control or Neam2.1- or Neam?2.2-overexpressing lentiviruses. B)
Immunostaining with GFP (marker for infected cells) with NeuN as marker for mature
neurons in DG sections of the same mice and conditions as in A). C) Quantification of
the petcentage of GFP/DCX-positive cells in mice injected with control, Neam2.1-, ot
Neam?2.2-overexpressing viruses at 2 weeks and 4 weeks post-injection. N=3—4 animals per
group, 56 sections per animal (>50 cells per animal in the control and 15-30 cells per
animal in the Neam2-overexpressing conditions). D) Quantification of the percentage of
GFP/NeuN-positive cells in animals injected with control, Neamw2.1-, ot Neam?2.2-
overexpressing viruses at 4 weeks post-injection. N=4 animals per group, 5 sections per
animal (>50 cells per animal). Data are presented as mean £ SEM; dots represent mean
values for individual animals; differences between experimental groups: ANOVA, Tukey’s
comparison post-hoc test; *P<0.05, ** P<0.01, *** P<0.001. Arrowheads indicate DCX- or
NeuN-positive, GFP-positive cells; arrows indicate NeuN-negative, GFP-positive cells.
GL: granule layer; H: hilus; OE: overexpressing; w, week. Scale bar: A, B) 20 um.
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The overexpression of NCAM?2 decreases RGPs proliferation

To determine the proliferative capacity of infected progenitor cells, we evaluated
the expression of the Ki67 marker in the GFP/Sox2/GFAP population in samples
from animals sacrificed at 3 days and 4 weeks post-injection (Fig. 6 A, B). As
anticipated, no statistically significant differences were observed in the percentage
of Ki67-positive progenitors between control and Neaw2.1- or Neam?2.2-
overexpressing groups at 3 days after injection (Fig. 6C). However, at 4 weeks
after injection, the overexpression of NCAM?2 resulted in lower percentages of
Ki67+ cells among the GFP/Sox2/GFAP population of progenitor cells (Fig.
6D). This reduction was significant when the isoform NCAM2.2 was upregulated
(Fig. 6D). These findings suggest that the overexpression of NCAM2 has an

inhibitory effect on the proliferation of NSC progenitors.

NcamZ2 overexpression does not arrest embryonic RGPs in neurogenic

arecas

Since our results point out to an important role of NCAM2 in the regulation of
adult RGPs and because NCAMT1 is involved in both adult and embryonic
neurogenesis, we next sought to study the potential role of NCAM2 during
embryonic cortical development. We performed i wutero  electroporation
experiments using isoform-specific overexpressing vectors that contained GFP or
ChFP as reporter genes. Embryos were electroporated at E14.5 and brains were
analyzed at PO and P5. In the neocortex, the progression of RGPs into subsequent
cell types during the neurogenic process is paralleled by their migration to upper
layers. Therefore, to understand whether progenitors were arrested at any point,
we evaluated the distribution of electroporated E15-born neurons across cortical
layers. Interestingly, at PO, we found a non-significant increase of cells located in
neurogenic areas (subventricular zone [VZ] and intermediate zone [IZ]) in cortices

electroporated with the two Neaz2 isoforms alone or in combination (Fig. 7A).
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Figure 6. Analysis of Ki-67 expression in the GFP/Sox2/GFAP positive cells.

A) Immunostaining with GFP (matker for infected cells), the RGP markers GFAP and
Sox2 and the proliferative marker Ki-67 in hippocampal sections of mice sacrificed 3 days
after injection of control or Neam2.1- or Neam2.2-overexpressing lentiviruses. B)
Percentage of Ki-67/GFP/Sox2/GFAP positive cells among the GFP/Sox2/GFAP
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progenitors in mice injected with control, NeamZ2.1-, or Neam2.2-overexpressing viruses at
3 days post-injection. N=3 animals per group, 5-10 sections per animal, 20-50 cells per
animal. C) Same immunostaining and lentivirus conditions as in A) in mice sacrificed at 4
weeks post-injection. D) Petrcentage of Ki-67/GFP/Sox2/GFAP positive cells among the
GFP/Sox2/GFAP progenitors in mice injected with control, Neam2.1-, ot Ncam?2.2-
overexpressing viruses at 4 weeks post-injection. N=3 animals per group, 5-10 sections
per animal, 20-50 cells per animal. Data are presented as mean = SEM; dots represent
mean values for individual animals; ANOVA, Tukey’s comparison post-hoc test; * P<0.05,
ok P<0.01, ** P<0.001, * P<0.0001. Arrowheads label Ki-67/GFP/Sox2/GFAP-
positive cells. Arrowheads label GFP/Sox2/GFAP-positive, Ki-67-negative cells. ML:
molecular layer; GL: granule layer; H: hilus; OE: overexpressing; d, day; w, week. Scale bar:
A, B) 20 pm.

In addition, we observed alterations in the migration of neurons when modulating
Neam?2 expression (Fig. 7B). Our previous study (Parcerisas et al., 2020) showed
that both Neam2 isoforms are expressed in the developing cortex, and that their
expression is necessary for correct neuronal migration, since Nean2 knock-down
leads to neuronal mispositioning. In the present analysis, at PO, most E15-born
control neurons were located in the upper portion of the cortical plate and
displayed a typical immature pyramidal neuron shape, with a main apical dendrite
directed towards the marginal zone (Fig. 7B-7C). In the case of E15-born
Neam2.2-overexpressing neurons, we observed an altered distribution with a
significant reduction of neurons in the uppermost portion of the cortical plate (bin
10) compared with the control condition (Fig. 7B-C). E15-born Neam2.1-
overexpressing neurons showed a tendency to also be located below bin 10 as
compared with control neurons (Fig. 7B-C-). A synergistic effect was found when
embryos were electroporated with both isoforms (Neam2.1+Neam2.2)
simultaneously (Fig. 7B-C). In addition, and in contrast with Neaw2 depletion

(Parcerisas et al. 2020), Neam2 overexpression apparently does not disrupt normal

dendritic arborization at PO (Fig. 7F).

In contrast, at P5, E15-born neurons displayed a similar distribution in control
and Neam2-overexpressing conditions, with most neurons being located in the
lower part of layers II-III (Fig. 7D-E). Overall, we found that Nean2.7 and
Neam?2.2 overexpression, alone or in combination, did not result in an arrest of

cortical progenitor cells in the VZ at any of the stages analyzed. Our results suggest
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that, in contrast to the situation in the adult hippocampus, Neaw2.1 and Neam2.2
overexpression in cortical progenitors leads to transient migratory deficits, but not

to their arrest in progenitor-like phenotypes in the VZ.
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Figure 7. Ncam?2 overexpression does not arrest embryonic RGPs but affects
neuronal migration.

A) Representative images of E15-born GIP-positive electroporated neurons in cortical
sections from PO mice. Neurons were electroporated with control, Neam2.1 and Neam2.2-
overexpressing vectors or a combination of overexpression vectors for both isoforms
(Neam2.1+Neam?2.2). B) The distribution of transfected cells across cortical layers at PO
was analyzed by dividing the distance from the SVZ to the pial surface in 10 bins. Data are
presented as the ratio of electroporated neurons with somas located in each bin.
Overexpression of Neam2.2 and simultaneous overexpression of both isoforms
(Neam2.1+Neam?2.2) induced a reduced proportion of cells in the uppermost bin. N=5-8
animals electroporated with control or overexpression constructs, 3-4 sections per animal;
k- P<0.001; two-way ANOVA with Bonferroni comparison post-hoc test. C)
Representative images of E15-born GFP-positive electroporated neurons in cortical
sections from P5 mice. Neurons were electroporated with control or a combination of
overexpression vectors for both isoforms (Nean2.1+Ncam2.2). D) The distribution of
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transfected cells across cortical layers was analyzed at P5 in 10 bins, and data are presented
as in A). No differences in neuronal distribution were found between control and
NCAM2-overexpressing conditions at P5. N=06 animals electroporated with the
constructs, 3-4 sections per animal; two-way ANOVA with Bonferroni comparison post-
hoc test. D) Higher magnification of representative images of transfected neurons at PO.
Neurons showed normal pyramidal neuronal morphology. CP, cortical plate; 17,
intermediate zone; MZ, marginal zone; SVZ, subventricular zone; I-VI, cortical layers I—
VI; WM, white matter. Scale bars: A, D) 50 pm; E) 10 pm.

Silencing of NcamZ2 impairs NSCs proliferation in vitro

The implications of NCAM2 in young adult neurogenesis were further
investigated iz vitro. We first analyzed the proliferation of NSCs grown as and
infected with control, ShNCAM2, Ncam2.1-overexpressing, ot Neam2.2-
overexpressing viruses (Supplementary Fig. 5). As NCAM?2 is a cell adhesion
molecule, it is challenging to discern whether the effects on the growth of the
neurospheres are due to altered proliferation rates or changes in cell adhesion. To
overcome these limitations, we analyzed the proliferation of NSCs in adherent
cultures derived from the hippocampus of P6—7 mice. Cells were plated in
PDL/laminin coated plates in medium supplemented with EGF and bFGF and
infected with viruses containing either control, SANCAM?2, Neam2.1-overexpressing,
or NeamZ2.2-overexpressing vectors, all of them co-expressing GFP as a reporter
gene. When cells reached confluency, we assessed their proliferative capacity using
a BrdU incorporation assay. NSCs were incubated with 10 um BrdU during 4h at
37°C (Fig. 8 A.1). The analysis of BrdU/GPF positive cells showed an increased
percentage of BrdU positive cells when the expression of NCAM2 is
downregulated. Those findings suggest that NCAM2 could regulate the
proliferation of NSCs iz vitro (Fig. 8 B-C).

NCAMZ2.1 overexpression alters the differentiation process

The above 7n vivo and in vitro studies suggest that NCAM2 expression arrests
infected progenitors into a RGP phenotype and reduces proliferation. To confirm
that NCAM2 may control neuronal differentiation, NSC grown as neurospheres

were dissociated and plated in PDL/laminin coated plates after passage 3.
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Figure 8. Effect of NCAM2 in the proliferation and differentiation of NSCs in vitro.
A) Scheme showing the protocol for the obtention of post-natal mouse NSCs from the
neurogenic niches. A.1) Progenitor cells were isolated, plated in adherent coverslips and
infected with control, Neam2-overexpressing and Neam2-silencing viruses. The
proliferation of infected cells was determined by a BrdU incorporation assay. A.2) In
parallel, isolated cells were grown as neurospheres and dissociated after 3 passages.
Neurospheres were dissociated, plated in adherent coverslips and maintained 5 days in
differentiation conditions before fixation. B) Representative images of adherent cultures
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infected with ShCnt or ShANCAM2 viruses, after BrdU incubation, immunostained with
GFP and BrdU markers. C) Quantification of GFP/BrdU positive cells in control ot
Neam2-silencing conditions. D) Representative images of adherent cultures infected with
control, NeamZ2.1- ot NeamZ2.2-overexpressing, ShCnt and ShANCAM2 viruses after 5 days
upon differentiation conditions immunostained with MAP2 neuronal marker. E)
Quantification of GFP/MAP?2 positive cells control or Neam2-overexpressing cell cultures.
Data presented as mean + SEM; one-way ANOVA, Tukey’s comparison post-hoc test,
P=0.06. F) Quantification of GFP/MAP2 positive cells in the control or Neam2-silenced
viruses conditions. Data presented as mean = SEM; t-Student, P=0.06. Arrowheads label
MAP2 positive GFP cells, arrows label MAP2 negative GFP cells. Data presented as mean
+ SEM; t-Student. A) 20 um.

Cells were infected with control, Neam2-overexpressing or Neam2-silencing viruses
and cultured in adherent conditions for 3 days before removal of the bEFGF and
EGF growth factors. Cultures were then maintained for 5 additional days to allow
cell differentiation (Fig. 8A.2). Interestingly, we observed MAP2/GFP positive
cells in the Neam2-overexpressing conditions (Fig. 8D), indicating that NCAM2
does not totally block the differentiation of progenitor cells to neurons. However,
quantitative analyses revealed a lower percentage of MAP2/GFP cells in SGZ
Neam2.1-overexpressing cells, compared to controls (Fig. 8E). Although being
statistically non-significant, the same tendency is observed when NCAM2.2 is
overexpressed in the SGZ. We did not detect differences in the number of MAP2
positive cells when NCAM?2 was silenced (Fig. 8 D-F).

The in witro data reinforce the 7 vivo evidences suggesting a contribution of
NCAM?2 in regulation of adult neurogenesis. Together, the data presented here
suggest that fine regulation of NCAM?2 expression levels is relevant, with
overexpression leading to retention of progenitor cells in undifferentiated stages.
Transitory depletion of NCAM2 expression could favor proliferation and

differentiation of adult progenitors into maturing neurons.
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DISCUSSION

The present work provides a deeper understanding on the functions of NCAM2
during embryonic development and adult neurogenesis. Our results suggest that
NCAM2 levels regulate the RGP-to-immature neuron transition in the adult DG.
In contrast, our data indicate that physiological levels of NCAM2 are not necessary

for cortical neurogenesis, but transiently relevant for cortical migration.

Neurogenic niches are crucial for regulating adult RGP properties, as they convey
the different physiological stimuli that induce the activation of gqRGPs and regulate
their division, survival, and differentiation. Recently, CAMs have been revealed as
important elements in the cytoarchitecture and signalling of the neurogenic
reservoirs (Kokovay et al. 2012; Bian 2013; Porlan et al. 2014; Morizur et al. 2018).
In the present study, we characterized the distribution of the NCAM2 molecule in
the hippocampal SGZ niche. By immunodetecting NCAM2 in the SGZ
populations, we revealed differential levels of NCAM2 among the main actors in
the neurogenic process. The observed pattern of NCAM?2 suggests high Neam2
expression in type I progenitors and low levels in intermediate progenitors (Fig.
9). The levels of NCAM2 seem to undergo a progressive increase in the newborn
DCX-positive, maturing neurons until reaching high levels in NeuN-positive
neurons as NCAM2 becomes necessary to participate in dendrite development,
axon formation, and synaptogenesis (Alenius and Bohm 2003; Kulahin and
Walmod 2010; Winther et al. 2012; Parcerisas et al. 2020) (Fig. 9). The NCAM2
distribution pattern is supported by previous single-cell RNA data (Shin et al. 2015;
Morizur et al. 2018). The genetic profiles of RGPs and their progeny show an
enrichment in Neam2 expression in qRGPs, and a decrease in Neam2 expression
during the activation of RGPs and their transition to intermediate progenitors
(Supplementary Fig. 6) (Codega et al. 2014; Shin et al. 2015; Morizur et al. 2018;
Xie et al. 2020).
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Figure 9. Model of RGP regulation by NcamZ2 expression levels in the
hippocampus.

Schematic representation of the proposed model for NSC regulation by Nea2 expression.
RGPs (type I cells) are GFAP/Sox2/Nestin positive and are maintained in a quiescent
state in the SGZ of the DG. Upon activation, RGPs generate Tbr2-positive proliferating
intermediate progenitors (type II cells). In turn, these transit-amplifying progenitors
produce neuroblasts (type 111 cells) that express DCX and differentiate into NeuN-positive
granule cells. Newborn neurons mature and become functional neurons of the
hippocampal circuits through a process regulated by different intrinsic and extrinsic
factors, such as growth factors. We postulate that the levels of CAMs such as NCAM2
protein are crucial for the regulation of RGPs quiescence, the activation of their
proliferation, and for the proper neuronal differentiation and maturation in later stages
(Shin et al. 2015; Morizur et al. 2018; Parcerisas et al. 2020).

Our data show how changes in NCAM2 levels modify the normal course of the
neurogenic events. Despite using VSV g pseudotyped lentivirus that preferentially
infect progenitor cells for the gene transduction (Consiglio et al., 2004; Jandial et
al., 2008), the resulting infection was not strictly restricted to progenitor cells,
specially in the control conditions. The different number of cells infected by
control and overexpressing viruses could be explained by the increased vector size

of the NCAM2 overexpressing plasmids that affect vector production and
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transduction efficiency (Canté-Barrett et al., 2016; M et al., 2001; Sweeney & Vink,
2021). For this reason, we analysed differences in percentages and not in total
number of infected cells. The majority of the infected cells at the starting point are
progenitors in all the conditions and the impact of NCAM2 overexpression on the
modulation of adult neurogenesis is clear. Infecting progenitor cells of the
hippocampal SGZ with Neam2-overexpressing lentiviruses seems to arrest these
cells in an RGP-like phenotype and delay the formation of new granule cells, as
we characterized by morphological, immunohistochemical, and ultrastructural
analyses. Nonetheless, inducing Nean2 depletion in this hippocampal neurogenic
zone did not lead to an increase in the number of newly produced neurons. The
underlying cause for this inconsistency might lie on technical limitations that
hinders from infecting a uniform and comparable number of cells across
conditions, hence precluding a quantitative analysis of the total population of
newborn neurons. In order to overcome these limitations, we further investigated
the effect of NCAM2 /# vitro using a BrdU incorpartion assay in NSCs adherent
cultures. We observed that Neam2 downregulation in progenitor cells in vitro
significantly increases the proliferation of NSCs. The effects of NCAM?2 in the
proliferation of NSCs in vitro have been previously observed in progenitor cells
that form the spinal cord (Deleyrolle et al. 2015), which supports the data obtained

in the present study.

Diverse underlying mechanisms could explain the effects of Ncam2
overexpression in the neurogenic process. The upregulation of NCAM?2 levels
could affect the survival of the newborn cells, induce the dedifferentiation of
developing neurons, or alter the differentiation of the newborn neurons. However,
considering the distribution pattern of NCAM?2 and the time-course analysis of
the events (Codega et al. 2014; Morizur et al. 2018; Xie et al. 2020), we propose
that a fine regulation of Neam? expression levels would be necessary for
maintaining RGP quiescence and activating their proliferation. Previous data show
the relevance of CAMs in the regulation of stem cell quiescence/activation balance
(Codega et al. 2014; Porlan et al. 2014; Shin et al. 2015; Morizur et al. 2018; Xie et
al. 2020). Our interpretation is that high levels of NCAM2 may partially arrest cells
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in a quiescent state, while the downregulation of Neaz2 may allow RGPs to exit
quiescence and enter the cell cycle to proliferate and differentiate (Fig. 8). A
temporary retention of cells in the progenitor stages would lead to a delay in the
cascade of neurogenic events, thus postponing the generation and maturation of
granule cells; however, other explanations may also contribute to the phenotype
observed (e.g., changes in cell survival or differentiation to other cell types).
Further research is needed to understand the molecular mechanisms by which
NCAM2 regulates RGP quiescence, cell proliferation, and differentiation in
adulthood. However, one hypothesis is that NCAM2 could interact with growth
factor receptors such as the epidermal growth factor receptor (EGFR) or the
fibroblast growth factor receptor (FGFR). Growth factors are important
regulators of the activation and proliferation of qRGPs (Aguirre et al. 2010; Urban
et al. 2019); and it has been described that FGFR and EGFR receptors interact
with NCAM?2, as well as with others CAMs (L1CAM or NCAM1) (Kulahin et al.
2008; Francavilla et al. 2009; Deleyrolle et al. 2015; Rasmussen et al. 2018).
Another possibility is that NCAM2 expression could cause cytoskeletal
rearrangements, which are known to influence the neurogenic process

(Compagnucci et al. 2016; Parcerisas et al. 2020; Parcerisaset al. 2021).

Interestingly, the effect of Neam2 overexpression in the regulation of adult RGPs
was not observed in embryonic cortical progenitors. When modulating the
expression of Neam2 in embryonic RGPs, we did not find a retention of progenitor
cells in the VZ but a transiently altered neuronal distribution, suggesting a delay in
the migration of progenitors during cortical development. In spite of the
embryonic origin of adult RGPs, adult and embryonic progenitors are subject to a
distinct regulation (Urban and Guillemot 2014; Berg et al. 2018; Daniel Berg et al.
2019). While embryonic RGPs have a high proliferative rate, necessary for the
rapid growth of neural tissues (Urban et al. 2019; Urban 2014), adult RGPs are
mostly found in a quiescent state to avoid the exhaustion of the stem cell pool
(Urban et al. 2019). Therefore, the functions of NCAM2 in regulating stem cell
quiescence seem to be more critic during adulthood than in development. In

contrast, NCAM?2 seems to be necessary for the regulation of cortical migration.
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Our previous results also showed that the downregulation of Neaz2 leads to an
alteration of cortical migration, which results in mislocalization of layer II-III-
fated neurons and altered morphology (Parcerisas et al. 2020). Neuronal migration
is a key process in corticogenesis, the disruption of which is associated to many
diseases including autism spectrum disorder and schizophrenia (Hussman et al.
2011; Petit et al. 2015; Scholz et al. 2016). The mechanisms underlying the effects
of NCAM2 on neuronal migration are not known. However, an interaction has
been described between NCAM2 and microtubule-associated proteins, such as
MAP1B, which also participate in the regulation of neuronal migration (Gonzalez-
Billault et al. 2005; Kawauchi and Hoshino 2008; Parcerisas et al. 2020; Parcerisas,

Ortega-gasco, et al. 2021).

Relevance of NCAM2-dependent regulation of hippocampal neurogenesis on
learning abilities has not been explored so far. Modulation of neurogenesis by
running or exposure to enriched environment would be of great interest to be
studied in animal models with up- or down-regulation of the gene and will upgrade

the interest of NCAM?2 as an adult-plasticity modulatory molecule.

In light of all this evidence, NCAM2 could be related to the neurogenic deficits
described in some models of pathologies such as AD, schizophrenia, or epilepsy.
In particular, the trisomy of chromosome 21, which causes DS, leads to a gene-
dosage effect that results in an increased expression of Nean2 gene (Kahlem et al.
2004; Palmer et al. 2021). Our data correlate with the neurogenic alterations
proposed in DS mouse models that display a reduced proliferation of progenitor
cells and a lower number of differentiated neurons (Lorenzi and Reeves 2006;
Hewitt et al. 2010; Belichenko and Kleschevnikov 2011; Lépez-Hidalgo et al.
2016). In the present study, we show that the overexpression of Neam2 produces
an arrest of the cells in an RGP state and a reduction in newly formed neurons,
suggesting a correlation with the neurogenic deficits described in DS mouse
models. The potential relevance of these results obtained in murine model findings
for human diseases remains uncertain due to the ongoing controversy surrounding

adult neurogenesis in humans and the technical challenges associated with its
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investigation (Paredes et al. 2018; Sorrells et al. 2018, 2021; Gage 2019; Moreno-
Jiménez et al. 2019, 2021; Duque et al. 2022).

Neurogenic niches are complex microenvironments where RGPs receive and
interact with multiple signals. CAMs are key elements for the transduction of the
signals and the regulation of stem cell behaviour. Our work provides evidence for
a remarkable function of NCAM2 in the regulation of RGPs during young adult
neurogenesis. Furthermore, we reveal the importance of Neam?2 expression in
regulating neuronal migration and differentiation during corticogenesis in the
embryonic development. Overall, the present study not only contributes to a
better understanding of the implications of NCAM2 during neuronal development
and adult plasticity, but also opens new research lines to explore the molecular

basis of DS pathogenesis.

175



CONFLICT OF INTEREST

The authors declare no competing financial interests.

AUTHORS CONTRIBUTION

E.S., L.P., A.P. and A.O-G. conceived and designed the study. A.O-G. and A.P.
performed most of the experiments and analyzed data. K.H. and S.S. designed and
performed the 7z atero electroporation experiments. V.H-P. and J.M.G-
V. designed, conducted and analyzed the electron microscopy experiments. F.U.
supervised the characterization of RGPs. A.E-T and M.B participated in some
experiments. A.O-G., AP, V.H.-P,, LP., and ES. wrote the manuscript.

All authors read and revised the manuscript.

FUNDING

This work was supported by grants from the Spanish Ministry of Science,
Innovation and Universities to V.H-P. (PCI2018-093062) to E.S and L.P.
(PID2019-106764RB-C21/ AEI/ 10.13039/501100011033) and to A.O.-G (BES-
2017-080570).; from the Spanish Ministry of health (ISCIII-CIBERNED) and
from the Secretariat of Universities and Research of the Department of Economy
and Knowledge of the Generalitat de Catalunya to A.P; from the Valencian
Council for Innovation, Universities, Science and Digital Society
(PROMETEO/2019/075) to J.M.G-V; and from the National Institute of Health
(NIH) (ROINS109176) to S.S.

ACKNOWLEDGEMENTS

We thank A. Lladé and S. Tosi (microscopy facility of the IRB-Barcelona) for FIJI
macro design and technical assistance in ScanR acquisition; L. Bardia (microscopy
facility of the IRB-Barcelona) for support and technical assistance; E. Coll and M.
Calvo (microscopy facilities of the University of Barcelona) for technical
assistance; M. Pérez (Universitat Internacional de Catalunya) for technical support
in viral production; the members of the Department of Cell Biology, Physiology

and Immunology (University of Barcelona), in particular J. Correas for cryostat

176



support and E. Verdaguer for valuable support; and members of the Soriano lab

for experimental help and comments.

177



ABBREVIATIONS

AD

ANOVA

bFGF

BrdU

BSA

CAM

cDNA

Ce

ChFP

CNS

CP

Cx

DAB

DAPI

DCX

DIV

DG

DNA

DS

EGF

EGFR

Alzheimer’s disease

Analysis of variance

Basic fibroblast growth factor
5-Bromo-‘deoxyuridine
Bovine serum albumine

Cell adhesion molecule
Complementary deoxyribonucleic acid
Cerebellum

Cherry fluorescent protein
Central nervous system
Cortical plate

Cortex

Diaminobenzidine
2-(4-amidinophenyl)-1H -indole-6-carboxamidine
Doublecortin

Days in vitro

Dentate gyrus
Deoxyribonucleic acid

Down syndrome

Embryonic day

Epidermal growth factor

Epidermal growth factor receptor

178



FACS
FGFR
GC
GFAP
GFP
GL

GPI

Hp
HRP
G

17
L1CAM
MAP1B
MAP2
ML

MZ
NCAM1
NCAM2
NeuN
NGS
NHS

NSC

Fluorescence-activated cell sorting
Fibroblast growth factor receptor
Granule cell

Glial fibrillary acidic protein
Green fluorescent protein
Granule layer
Glycosylphosphatidylinositol
Hilus

Hippocampus

Horseradish peroxidase
Immunoglobulin G

Intermediate zone

L1 cell adhesion molecule
Microtubule-associated protein 1B
Microtubule-associated protein 2
Molecular layer

Marginal zone

Neural cell adhesion molecule 1
Neural cell adhesion molecule 2
Neuronal nuclei

Normal goat serum

Normal horse serum

Neural stem cell

179



Ob

PB

PBS
PFA
gqNSCs
qRGP
RGP
RNAseq
RT
SEM
SGZ
Sox2

Str

Svz
Thr2
TPM
VCAM1
vz
WM

I-VI

Olfactory bulb

Postnatal day

Phosphate buffer

Phosphate buffer saline
Paraformaldehyde

Quiescent neural stem cell
Quiescent radial glial progenitor
Radial glial progenitor
Ribonucleic acid sequencing
Room temperature

Scanning electron microscope

Subgranular zone

Sry-related HMG box transcription factor

Striatum

Subventricular zone

T-box brain protein 2
Transcripts per million

Vascular cell adhesion molecule 1
Ventricular zone

White matter

Cortical layers I-VI

180



REFERENCES

Aguirre A, Rubio ME, Gallo V. 2010. Notch and EGFR pathway interaction

regulates neural stem cell number and self-renewal. Nature. 467:323-327.

Alenius M, Bohm S. 2003. Differential function of RNCAM isoforms in precise

target selection of olfactory sensory neurons. Development. 130:917-927.

Altman ], Das GD. 1965. Post-natal origin of microneurones in the rat brain.

Nature. 207:953-956.

Angata K, Huckaby V, Ranscht B, Terskikh A, Marth JD, Fukuda M. 2007.
Polysialic Acid-Directed Migration and Differentiation of Neural Precursors

Are Essential for Mouse Brain Development. Mol Cell Biol. 27:6659-6668.

Belichenko P V., Kleschevnikov AM. 2011. Deficiency of Adult Neurogenesis in
the Ts65Dn Mouse Model of Down Syndrome. Genet Etiol Down Syndkr.

Berg DA, Bond AM, Ming G, Song H. 2018. Radial glial cells in the adult dentate
gyrus: what are they and where do they come from? F1000Research. 7.

Bergmann O, Spalding KL, Frisén J. 2015. Adult neurogenesis in humans. Cold
Spring Harb Perspect Med. 5.

Bian S. 2013. Cell Adhesion Molecules in Neural Stem Cell and Stem Cell- Based
Therapy for Neural Disorders. In: Neural Stem Cells - New Perspectives.
InTech.

Boldrini M, Fulmore CA, Tartt AN, Simeon LR, Pavlova I, Poposka V, Rosoklija
GB, Stankov A, Arango V, Dwork AJ, Hen R, Mann JJ. 2018. Human
Hippocampal Neurogenesis Persists throughout Aging. Cell Stem Cell.
22:589-599.¢5.

Bonfanti L. 2006. PSA-NCAM in mammalian structural plasticity and

neurogenesis. Prog Neurobiol.

181



Boutin C, Schmitz B, Cremer H, Diestel S. 2009. NCAM expression induces

neurogenesis in vivo. Eur | Neurosci. 30:1209—1218.

Codega P, Silva-Vargas V, Paul A, Maldonado-Soto AR, Del.eo AM, Pastrana E,
Doetsch F. 2014. Prospective Identification and Purification of Quiescent

Adult Neural Stem Cells from Their In Vivo Niche. Neuron. 82:545-559.

Compagnucci C, Piemonte F, Sferra A, Piermarini E, Bertini E. 2016. The

cytoskeletal arrangements necessary to neurogenesis. Oncotarget. 7:19414.

Consiglio A, Gritti A, Dolcetta D, Follenzi A, Bordignon C, Gage FH, Vescovi
AL, Naldini L. 2004. Robust in vivo gene transfer into adult mammalian

neural stem cells by lentiviral vectors. Proc Natl Acad Sci. 101:14835-14840.

Daniel Berg AA, Su Y, Jimenez-Cyrus D, Ming G-L, Song H, Bond
Correspondence AM, Berg DA, Patel A, Huang N, Morizet D, Lee S, Shah
R, Rojas Ringeling F, Jain R, Epstein JA, Wu Q-F, Canzar S, Bond AM. 2019.
A Common Embryonic Origin of Stem Cells Drives Developmental and
Adult Neurogenesis Article A Common Embryonic Origin of Stem Cells
Drives Developmental and Adult Neurogenesis. Cell. 177:654—668.

Deleyrolle L, Sabourin JC, Rothhut B, Fujita H, Guichet PO, Teigell M, Ripoll C,
Chauvet N, Perrin F, Mamaeva D, Noda T, Mori K, Yoshihara Y, Hugnot
JP. 2015. OCAM regulates embryonic spinal cord stem cell proliferation by
modulating ErbB2 receptor. PLoS One. 10:¢0122337.

Denoth-Lippuner A, Jessberger S. 2021. Formation and integration of new

neurons in the adult hippocampus. Nat Rev Neurosci. 1-14.

Dihné M, Bernreuther C, Sibbe M, Paulus W, Schachner M. 2003. A new role for
the cell adhesion molecule L1 in neural precursor cell proliferation,
differentiation, and transmitter-specific subtype generation. | Neurosci.

23:6638—6650.

182



Duque A, Arellano JI, Rakic P. 2022. An assessment of the existence of adult
neurogenesis in humans and value of its rodent models for neuropsychiatric

diseases. Mol Psychiatry. 27:377.

Francavilla C, Cattaneo P, Berezin V, Bock E, Ami D, De Marco A, Christofori
G, Cavallaro U. 2009. The binding of NCAM to FGFR1 induces a specific
cellular response mediated by receptor trafficking. J Cell Biol. 187:1101—
1116.

Gage FH. 2019. Adult neurogenesis in mammals. Science (80- ). 364.

Ghosh HS. 2019. Adult Neurogenesis and the Promise of Adult Neural Stem
Cells. ] Exp Neurosci.

Gongalves JT, Schafer ST, Gage FH. 2016. Adult Neurogenesis in the
Hippocampus: From Stem Cells to Behavior. Cell. 167: 897-114.

Gonzalez-Billault C, Del Rio JA, Urefia JM, Jiménez-Mateos EM, Barallobre MJ,
Pascual M, Pujadas L, Simé S, Torre A La, Gavin R, Wandosell F, Soriano
E, Avila J. 2005. A role of MAP1B in Reelin-dependent Neuronal Migration.
Cereb Cortex. 15:1134-1145.

Hewitt CA, Ling KH, Merson TD, Simpson KM, Ritchie ME, King SL, Pritchard
MA, Smyth GK, Thomas T, Scott HS, Voss AK. 2010. Gene Network
Disruptions and Neurogenesis Defects in the Adult Ts1Cje Mouse Model of
Down Syndrome. PLoS One. 5:¢11561.

Hussman JP, Chung RH, Griswold AJ, Jaworski JM, Salyakina D, Ma D, Konidari
I, Whitehead PL, Vance JM, Martin ER, Cuccaro ML, Gilbert JR, Haines JL,
Pericak-Vance MA. 2011. A noise-reduction GWAS analysis implicates
altered regulation of neurite outgrowth and guidance in autism. Mol Autism.

2.

Jandial R, Singec I, Ames CP, Snyder EY. 2008. Genetic Modification of Neural
Stem Cells. www.moleculartherapy.org vol. 16:450—-457.

183



Kahlem P, Sultan M, Herwig R, Steinfath M, Balzereit D, Eppens B, Saran NG,
Pletcher MT, South ST, Stetten G, Lehrach H, Reeves RH, Yaspo ML. 2004.
Transcript Level Alterations Reflect Gene Dosage Effects Across Multiple

Tissues in a Mouse Model of Down Syndrome. Genome Res. 14:1258.

Karpowicz P, Willaime-Morawek S, Balenci L, Deveale B, Inoue T, Van Der Kooy

D. 2009. E-Cadherin regulates neural stem cell self-renewal. ] Neurosci.

29:3885-3896.

Kawauchi T, Hoshino M. 2008. Molecular Pathways Regulating Cytoskeletal
Organization and Morphological Changes in Migrating Neurons. Dev
Neurosci. 30:36—46.

Kempermann G, Song H, Gage FH. 2015. Neurogenesis in the Adult
Hippocampus.

Kiselyov V V., Skladchikova G, Hinsby AM, Jensen PH, Kulahin N, Soroka V,
Pedersen N, Tsetlin V, Poulsen FM, Berezin V, Bock E. 2003. Structural
basis for a direct interaction between FGFR1 and NCAM and evidence for

a regulatory role of ATP. Structure. 11:691-701.

Kokovay E, Wang Y, Kusek G, Wurster R, Lederman P, Lowry N, Shen Q,
Temple S. 2012. VCAM1 is essential to maintain the structure of the SVZ
niche and acts as an environmental sensor to regulate SVZ lineage

progression. Cell Stem Cell. 11:220-230.

Kulahin N, Li S, Hinsby A, Kiselyov V, Berezin V, Bock E. 2008. Fibronectin type
IIT (FN3) modules of the neuronal cell adhesion molecule L1 interact directly
with the fibroblast growth factor (FGF) receptor. Mol Cell Neurosci.
37:528-536.

Kulahin N, Walmod PS. 2010. The neural cell adhesion molecule
NCAM2/OCAM/RNCAM, a close relative to NCAM. Adv Exp Med Biol.
663:403-420.

184



Kumar A, Pareek V, Faiq MA, Ghosh SK, Kumari C. 2019. ADULT
NEUROGENESIS IN HUMANS: A Review of Basic Concepts, History,

Current Research, and Clinical Implications. Innov Clin Neurosci. 16:30.

Leshchyns’Ka I, Liew H., Shepherd C, Halliday G., Stevens C., Ke YD, Ittner LM,
Sytnyk V. 2015. AB-dependent reduction of NCAM2-mediated synaptic

adhesion contributes to synapse loss in Alzheimer’s disease. Nat Commun.

6:88306.

Loépez-Hidalgo R, Ballestin R, Vega |, Blasco-Ibafez JM, Crespo C, Gilabert-Juan
J, Nacher J, Varea E. 2016. Hypocellularity in the murine model for down

syndrome Ts65Dn is not affected by adult neurogenesis. Front Neurosci.

10:75.

Lorenzi HA, Reeves RH. 2006. Hippocampal hypocellularity in the Ts65Dn

mouse originates early in development. Brain Res. 1104:153-159.

Makino T, McLysaght A. 2010. Ohnologs in the human genome are dosage
balanced and frequently associated with disease. Proc Natl Acad Sci U S A.
107:9270-9274.

Marthiens V, Kazanis I, Moss L, Long K, Ffrench-Constant C. 2010. Adhesion
molecules in the stem cell niche - More than just staying in shape? | Cell

Sci.123: 1613-1622.

Ming G 1i, Song H. 2011. Adult Neurogenesis in the Mammalian Brain: Significant
Answers and Significant Questions. Neuron.70: 687-702.

Morante-Redolat JM, Porlan E. 2019. Neural stem cell regulation by adhesion

molecules within the subependymal niche. Front Cell Dev Biol.7:102.

Moreno-Jiménez EP, Flor-Garcia M, Terreros-Roncal J, Rabano A, Cafini F,
Pallas-Bazarra N, Avila J, Llorens-Martin M. 2019. Adult hippocampal

neurogenesis is abundant in neurologically healthy subjects and drops

sharply in patients with Alzheimer’s disease. Nat Med 2019 254. 25:554-560.

185



Moreno-Jiménez EP, Terreros-Roncal |, Flor-Garcia M, Rabano A, Llorens-
Martin M. 2021. Evidences for Adult Hippocampal Neurogenesis in
Humans. ] Neurosci. 41:2541-2553.

Morizur L, Chicheportiche A, Gauthier LR, Daynac M, Boussin FD, Mouthon
MA. 2018. Distinct Molecular Signatures of Quiescent and Activated Adult
Neural Stem Cells Reveal Specific Interactions with Their

Microenvironment. Stem Cell Reports. 11:565-577.

Palmer CR, Liu CS, Romanow W], Lee MH, Chun J. 2021. Altered cell and RNA
isoform diversity in aging down syndrome brains. Proc Natl Acad Sci U S A.

118: €2114326118. .

Parcerisas A, Ortega-Gasco A, Pujadas L, Soriano E. 2021. The Hidden Side of
NCAM Family: NCAM2, a Key Cytoskeleton Organization Molecule
Regulating Multiple Neural Functions. Int ] Mol Sci 2021, Vol 22, Page
10021. 22:10021.

Parcerisas A, Ortega-Gascod A, Hernaizllorens M, Odena MA, Ulloa F, de Oliveira
E, Bosch M, Pujadas L, Soriano E. 2021. New partners identified by mass
spectrometry assay reveal functions of NCAM2 in neural cytoskeleton

organization. Int ] Mol Sci. 22.

Parcerisas A, Pujadas L, Ortega-Gascod A, Perellé-Amorés B, Viais R, Hino K,
Figueiro-Silva ], La Torre A, Trullas R, Simé S, Liders ], Soriano E. 2020.
NCAM2 Regulates Dendritic and Axonal Differentiation through the
Cytoskeletal Proteins MAP2 and 14-3-3. Cereb Cortex. 30:3781-3799.

Paredes MF, Sorrells SF, Cebrian-Silla A, Sandoval K, Qi D, Kelley KW, James
D, Mayer S, Chang ], Auguste KI, Chang EF, Gutierrez Martin AJ,
Kriegstein AR, Mathern GW, Oldham MC, Huang EJ, Garcia-Verdugo JM,
Yang Z, Alvarez-Buylla A. 2018. Does Adult Neurogenesis Persist in the
HumanHippocampus? Cell Stem Cell. 23:780.

186



Pébusque MJ, Coulier F, Birnbaum D, Pontarotti P. 1998. Ancient large-scale
genome duplications: Phylogenetic and linkage analyses shed light on
chordate genome evolution. Mol Biol Evol. 15:1145-1159.

Petit F, Plessis G, Decamp M, Cuisset JM, Blyth M, Pendlebury M, Andrieux J.
2015. 21921 deletion involving NCAM?2: Report of 3 cases with
neurodevelopmental disorders. Eur ] Med Genet. 58:44—46.

Potlan E, Marti-Prado B, Morante-Redolat JM, Consiglio A, Delgado AC, Kypta
R, Lépez-Otin C, Kirstein M, Farifias 1. 2014. MT5-MMP regulates adult
neural stem cell functional quiescence through the cleavage of N-cadherin.

Nat Cell Biol 2014 167. 16:629-638.

Rasmussen KK, Falkesgaard MH, Winther M, Roed NK, Quistgaard CL, Teisen
MN, Edslev SM, Petersen DL, Aljubouri A, Christensen C, Thulstrup PW,
Lo Leggio L, Teilum K, Walmod PS. 2018. NCAM?2 Fibronectin type-111
domains form a rigid structure that binds and activates the Fibroblast

Growth Factor Receptor. Sci Rep. 8:1-13.

Scholz C, Steinemann D, Milzer M, Roy M, Arslan-Kirchner M, Illig T, Schmidtke
J, Stuhrmann M. 2016. NCAM2 deletion in a boy with macrocephaly and

autism: Cause, association or predisposition? Eur | Med Genet. 59:493-498.

Seri B, Gatcia-Verdugo JM, Collado-Morente L, McEwen BS, Alvarez-Buylla A.
2004. Cell types, lineage, and architecture of the germinal zone in the adult

dentate gyrus. ] Comp Neurol. 478:359-378.

Sheng L, Leshchyns’Ka I, Sytnyk V. 2015. Neural cell adhesion molecule 2
promotes the formation of filopodia and neurite branching by inducing

submembrane increases in Ca2+ levels. | Neurosci. 35:1739-1752.

Shin |, Berg DA, Zhu Y, Shin JY, Song ], Bonaguidi MA, Enikolopov G, Nauen
DW, Christian KM, Ming GL, Song H. 2015. Single-Cell RNA-Seq with
Waterfall Reveals Molecular Cascades underlying Adult Neurogenesis. Cell
Stem Cell. 17:360-372.

187



Simé S, Jossin Y, Cooper JA. 2010. Cullin 5 regulates cortical layering by
modulating the speed and duration of Dab1-dependent neuronal migration.
J Neurosci. 30:5668-5676.

Sorrells SF, Paredes MF, Cebrian-Silla A, Sandoval K, Qi D, Kelley KW, James
D, Mayer S, Chang |, Auguste KI, Chang EF, Gutierrez AJ, Kriegstein AR,
Mathern GW, Oldham MC, Huang EJ, Garcia-Verdugo JM, Yang Z,
Alvarez-Buylla A. 2018. Human hippocampal neurogenesis drops sharply in
children to undetectable levels in adults. Nat 2018 5557696. 555:377-381.

Sorrells SF, Paredes MF, Zhang Z, Kang G, Pastor-Alonso O, Biagiotti S, Page
CE, Sandova K, Knox A, Connolly A, Huang EJ, Garcia-Verdugo JM,
Oldham MC, Yang Z, Alvarez-Buylla A. 2021. Positive Controls in Adults
and Children Support That Very Few, If Any, New Neurons Are Born in
the Adult Human Hippocampus. ] Neurosci. 41:2554-2565.

Teixeira CM, Kron MM, Masachs N, Zhang H, Lagace DC, Martinez A, Reillo I,
Duan X, Bosch C, Pujadas L, Brunso L, Song H, Eisch AJ, Borrell V, Howell
BW, Parent JM, Soriano E. 2012. Cell-autonomous inactivation of the reelin

pathway impairs adult neurogenesis in the hippocampus. ] Neurosci.

32:12051-12065.

Urban N, Blomfield IM, Guillemot F. 2019. Quiescence of Adult Mammalian
Neural Stem Cells: A Highly Regulated Rest. Neuron. 104: 834-848.

Urban N, Guillemot F. 2014. Neurogenesis in the embryonic and adult brain: same

regulators, different roles. Front Cell Neurosci. 0:396.

Von Campenhausen H, Yoshihara Y, Mori K. 1997. OCAM reveals segregated
mitral/tufted cell pathways in developing accessotry olfactory bulb.

Neuroreport. 8:2607-2612.

Walker TL, Kempermann G. 2014. One mouse, two cultures: isolation and culture
of adult neural stem cells from the two neurogenic zones of individual mice.

J Vis Exp. 51225,

188



Winther M, Berezin V, Walmod PS. 2012. NCAM2/OCAM/RNCAM: Cell
adhesion molecule with a role in neuronal compartmentalization. Int J

Biochem Cell Biol.

Xie XP, Laks DR, Sun D, Poran A, Laughney AM, Wang Z, Sam |, Belenguer G,
Farifias I, Elemento O, Zhou X, Parada LF. 2020. High-resolution mouse
subventricular zone stem-cell niche transcriptome reveals features of lineage,

anatomy, and aging. Proc Natl Acad Sci U S A. 117:31448-31458.

Yao B, Christian KM, He C, Jin P, Ming GL, Song H. 2016. Epigenetic

mechanisms in neurogenesis. Nat Rev Neurosci. 17:537-549.

Zhang L, Zhang X. 2018. Factors Regulating Neurogenesis in the Adult Dentate
Gyrus. In: The Hippocampus - Plasticity and Functions. InTech.

Zhao C, Deng W, Gage FH. 2008. Mechanisms and Functional Implications of
Adult Neurogenesis. Cell. 132: 645-660.

189



Supplementary Information

SUPPLEMENTARY MATERIALS AND METHODS

Neurosphere culture

Neurosphere cultures were derived from 7-8 postnatal day (P7-P8) mice
following the modified protocol described by Walker and Kempermann 2014.
Briefly, the hippocampus were dissected in PBS. After trypsin and DNase I
treatments, the tissue was dissociated with a gentle sweeping motion. Cells were
counted and plated in non-adherent 24-well plates in Neurobasal medium
containing 2% B-27 supplement, 100U/ml penicillin/streptomycin and 1X
GlutaMAX, 20 ng/mL epidermal growth factor (EGF), 20 ng/mL basic fibroblast
growth factor (bFGF) and 2 [ | g/mL hepatin. Cells were incubated at 37°C with a
5% CO2 atmosphere and subcultured every 2—3 days.

For the analysis of neurosphere growth, SGZ-derived neurospheres were
dissociated with trypsin and infected at passage 2 with lentiviruses containing
either pWPI, pWPI-NCAM2.1, pWPI-NCAM2.2, ShNCAM2, or ShCnt.
Successfully infected, GFP-positive cells were selected by flow cytometry (BD
FACSAria Fusion, San Jose, California, USA), plated in non-adherent 24-well
plates, and the resulting neurospheres analyzed during 5 consecutive days. High-
content image acquisition was performed with an automated wide-field Olympus
IX81 microscope (Olympus Life Science Europe, Waltham, MA) and an UPlan
FLL N 4X objective. ScanR Acquisition Software version 2.3.0.5 was used to
automatically image 20 adjacent fields per well (5 X 4 grid) acquiring a z-stacks for
each field (8 z-planes with a z-step of 200 nm). A 10% overlap was set to enable
automatic image stitching. Neurosphere area was obtained with a set of 3 custom-
made macros in Fiji to project each z-stack, stitch these projections, and calculate

the area of each neurosphere.
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The differences between conditions at day 3 were assessed by one-way ANOVA.
Post-hoc comparisons were performed by Kruskal-Wallis test. The frequency
distribution according to their area was analyze for the different conditions

(Control, NCAM2.1 or NCAM2.2-overexpressing and NCAM2-silencing).
Genetic profile representation

The transcriptomic profiles of Neam2 and representative transcription factors were
obtained from the supplementary data published in Shin et al (Shin et al., 2015)
(Table S6. Single-cell gene expression table according to the pseudotime
progression). By single-cell RNAseq, Shin et al.,, 2015 revealed the levels of
expression of different genes during the “pseudotime” progression. In the
mentioned article, "pseudotime” refers to the continuous progress from a
quiescent neural stem cell (QNSC) state to the activation and transition to an
intermediate progenitor state. We represented the values of single-cell gene
expression levels during “pseudotime” progression using second order polynomial

standard curves.
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SUPPLEMENTARY FIGURES
A

NCAMZ ] [ NCAM2+Sox2+GFAP+DAPI ]

NCAM2 [ NCAM2+Nestin+DAPI
C
NCAM2 [ NCAM2+Tbr2+DAPI

NCAM2 negative control

Supplementary Figure 1. NCAM2 signal in the hippocampal progenitor cells.
Immunohistochemical characterization of NCAM2 distribution in hippocampal
progenitors using the antibody against both NCAM2 isoforms (R&D Systems, AF778). A)
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NCAM2 distribution in Sox2/GFAP-positive progenitor cells in P45 mouse DG.
Arrowheads indicate NCAM2/Sox2/GFAP triple positive cells. B) NCAM2
immunostaining in Nestin-positive cells in the SGZ of P45 mouse brain. Arrowheads
indicate NCAM2/Nestin-positive cells. C) Double immunostaining of NCAM2 and Tbr2
at P45. Arrowheads indicate Tbr2-positive cells that present low NCAM2 signal. D)
Negative control of NCAM2 staining performed without primary antibodies. ML:
molecular layer; GL: granule layer; H: hilus. Scale bar: A) 50 pm, B, C) 20 um.
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NCAM2+DCX+DAPI

[ NCAM2 ] [ NeuN ] [ NCAM2+NeuN+DAPI

Supplementary Figure 2. Distribution of NCAM in hippocampal DCX and NeulN
positive cells.

A) Negative control of NCAM2 staining in the hippocampus performed without primary
antibodies. B and C) Immunohistochemical characterization of NCAM2 distribution in
DCX-positive (B) and NeuN (C) positive cells in the hippocampus of P45 mice with the
antibody against NCAM2.1 (Everest, EB06991). Arrows indicate DCX-positive/NCAM2-
negative cells. Arrowheads indicate DCX-positive/ NCAM2-positive cells. ML: moleculat
layer; GL: granule layer; H: hilus. Scale bar: A, B) 20 pm.
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NCAM2+DCX+DAPI

NCAM2+DCX

NCAM2+DCX

NCAM2+NeuN+DAPI

Supplementary Figure 3. NCAM2 expression in DCX and NeuNN positive cells.

A) Immunohistochemical characterization of NCAM?2 distribution in DCX-positive cells
in P45 mice hippocampus with the antibody against NCAM2 (R&D Systems, AF778). A.1)
Higher magnification showing DCX-positive/NCAM2-negative cells. A.2) Higher
magnification showing DCX-positive/NCAM2-positive cells. Arrows indicate DCX-
positive/NCAM2-negative cells. Arrowheads indicate DCX-positive/NCAM2-positive
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cells . B) NCAM2 immunostaining in NeuN-positive cells in the hippocampus of P45
mice with the antibody against NCAM2 (R&D Systems, AF778). The bottom panel shows
a higher magnification of the area indicated in the top panel. ML: molecular layer; GL:
granule layer; H: hilus. Scale bar: A, B) 20 um; high-magnification images: 10 pm.

GFP/Sox2/GFAP cell progression
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Supplementary Figure 4. Time-course quantification of the percentage of
GFP/Sox2/GFAP-positive cells in the DG.

Graph showing non-normalized percentages of GFP/Sox2/GFAP-positive cells in mice
injected with control, Neam2.1-, or Neam?2.2-overexpressing viruses at 3 days, 1 week, 2
weeks, and 4 weeks post-injection. N=3-5 animals per group, 5-10 sections per animal.
Data are presented as mean £ SEM; dots represent mean values for individual animals (5—
10 slices per animal, 20-50 cells per animal); ANOVA, Tukey’s comparison post-hoc test; *
P<0.05, ** P<0.01, **** P<0.0001. OE: overexpressing; d, day; w, week.

196



NSCs CULTURE
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Supplementary Figure 5. Analysis of NCAM2 effects on the proliferation of NSCs
grown as neurospheres.

A) Diagram showing the protocol for the obtention of postnatal mouse neurospheres from
the neurogenic niches. Progenitor cells were isolated, grown as neurospheres and infected
with control, Neam2-overexpressing, ShCnt or SANCAM2 viruses. Infected cells were
selected by flow cytometry and plated in non-adherent plates. The area of infected
neurospheres was analysed by Scan-R microscopy for 5 consecutive days. B)
Representative images of control, ShANCAM2, or NCAM2 overexpressing neurospheres
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after 3 days 7 vitro. C) Quantification of the time-course progress for the area of
neurospheres for 5 consecutive days after sorting of infected cells. N= 100-300
neurospheres per condition, 2 independent experiment. D) Comparison of the area of
neurospheres at 3 days 7z vitro in the overexpressing conditions. Graphs represent the mean
and median values of the distribution. N= 100-300 neurospheres per condition, 2
independent experiment. E) Comparison of the area of neurospheres at 3 days 7 vitro
between ShCnt and ShNCAM2 conditions. Graphs represent the mean and median values
of the distribution. N= 100-300 neurospheres per condition, 2 independent experiment.
E) Histograms of control, NCAM2.1 OE, NCAM2.2 OE and ShNCAM2 neurospheres
at 3 days after FACS selection. Scale bar: B) 100 um.
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Supplementary Figure 6. Expression profiles of Ncam2 and representative
transcription factors.

Gene expression profile of Ncam?2 along the “pseudotime” progression (left) compared to
that of representative transcription factors that are downregulated during the activation of
qNSCs and their transition to intermediate progenitors (right). Raw data were obtained
from Shin et al (Shin et al., 2015) and represented as second order polynomial standard
curves in blue. TPM, Transcripts per million.
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“Las neuronas son células de formas delicadas y

elegantes, las misteriosas mariposas del alma, cuyo
batir de alas quién sabe si esclarecera algin dia el

secreto de la vida mental

Santiago Ramén y Cajal
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RESUM

La memoria i Paprenentatge son codificats en el Sistema Nervios Central (SNC;
de Central nervous system) a través de modificacions persistents dels circuits
neuronals. Aquests canvis depenents d’activitat modifiquen la densitat i la
dinamica de les espines dendritiques, els compartiments postsinaptiques on tenen
lloc la majoria de les sinapsis glutamatergiques. En aquest estudi, s’investiga el
paper de la Molécula d’Adhesié Neuronal 2 (NCAM2; de Neural Cell Adhesion
Molecule 2) en la regulacié de la sinaptogenesi adulta 1 la plasticitat sinaptica. A
través d’una combinaci6é d’aproximacions # vivo 1 in vitro s’ha determinat 'impacte
de la proteina NCAM?2 en la densitat de les espines dendritiques. A més, s’han
caracteritzat els efectes dels canvis d’expressi6 de NCAM?2 en I'area 1 la motilitat
de les espines en cultius organotipics d’hipocamp. Els nostres resultats han revelat
que la regulacié a la baixa de NCAM2 disminueix drasticament el nombre
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d’espines dendritiques en el gir dentat d’animals de vuit setmanes infectats amb
virus de silenciament de NCAM2. Aquesta reduccié també s’observa en cultius de
21 dies #n vitro de neurones d’hipocamp. Contrariament, no s’observen diferéncies
significatives en la densitat de les espines dendritiques quan es sobreexpressa la
proteina NCAM2. Paral-lelament, es va determinar com els canvis en expressié
de NCAM?2 alteren l'area de les espines de neurones en cultius organotipics
d’hipocamp. El silenciament de NCAM2 provoca una constriccié de les espine,
mentre que la sobreexpressié de la isoforma transmembrana, NCAM2.1,
augmenta la seva mida. NCAM?2 ha estat relacionada amb diferents patologies que
es caracteritzen per alteracions en les espines dendritiques com s6n I'autisme, la
sindrome de Down, Pesquizofrénia o la malaltia d’Alzheimer. Per tot aixo, els
nostres resultats poden ajudar a comprendre les alteracions sinaptiques que es

donen en aquestes patologies i permetre identificar els mecanismes moleculars

desencadenats per NCAM?2.
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ABSTRACT

Memory and learning are encoded in the Central Nervous System (CNS) through
persistent modifications in neuronal circuits. These activity-dependent changes
modify the density and dynamics of dendritic spines, the postsynaptic
compartments where the majority of glutamatergic synapses take place. In the
present study, we investigated the role of the Neural Cell Adhesion Molecule 2
(NCAM?2) in the regulation of adult synaptogenesis and synaptic plasticity. We
used a combination of 7z vive and 7n vitro experiments to determine the impact of
NCAM2 in the density of dendritic spines. Moreover, we analyze the area and
motility of spines using organotypic cultures and 7 vivo confocal imaging. Our
results revealed that the downregulation of NCAM?2 drastically affects the number
of dendritic spines in the dentate gyrus of 8-week old mice infected with Nean2-
silencing viruses. This reduction in the density of spines was corroborated in
hippocampal neuronal cultures. Conversely, no significant differences in spine
density were observed when NCAM2 was overexpressed. In addition, we
observed that changes in NCAM2 expression altered the area of dendritic spines
from organotypic cultures. While NCAM2 depletion resulted in dendritic spine
shrinkage, the overexpression of the transmembrane isoform, NCAM?2.1, led to
an enlargement of the spines. NCAM2 has been associated with pathologies
characterized by dendritic spine dysfunctions such as Autism Spectrum Disorder
(ASD), Down syndrome (DS), schizophrenia or Alzheimer’s disease (AD).
Therefore, our findings provide insights into the synaptic changes associated with

these diseases and shed light on the molecular mechanisms triggered by NCAM2.

Keywords: cell adhesion molecules, dendritic spines, hippocampus, synaptic

plasticity, synaptogenesis.
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INTRODUCTION

Long term plasticity events requite the reorganization of presynaptic and
postsynaptic compartments (Citri & Malenka, 2007; Kilinc, 2018; Magee &
Grienberger, 2020). While presynaptic plasticity is fundamentally based on
variations in the release of neurotransmitters, postsynaptic changes involve
modifications in dendritic spines (Yang & Calakos, 2013). Dendritic spines are
protrusions of the dendritic plasma membrane that serve as primaty sites for the
majority of excitatory synapses (Runge et al., 2020). The morphology of these
structures is highly variable and allows their classification in different subtypes:
filopodia, stubby thin and mushroom (Yuste et al., 2004). Changes in the spine
density, morphology and dynamics correlate with long term plasticity events.
These modifications rely on the reorganization of a highly dynamic network of
actin, one of main components of the spine structure. The structural and
molecular organization of spines is characterized by a complex and electrodense
network of proteins grouped in the postsynaptic density (PSD) (Rochefort &
Konnerth, 2012). The PSD accommodates neurotransmitter receptors, ion
channels, scaffolding proteins, cytoskeleton or cell adhesion molecules that are
necessary for the correct functioning of synapses. Consequently, dendritic spines
dysfunction has been linked to several diseases including neurodevelopmental
(Forrest et al., 2018; Runge et al., 2020), psychiatric (Forrest et al.,, 2018) and
neurodegenerative disorders (Dorostkar et al., 2015; Herms & Dorostkar, 2016;
Reza-Zaldivar et al., 2020). In particular, the shrinkage of dendritic spines and the
loss of synapses is correlated with the cognitive decline observed in Alzheimer’s
disease patients (Dorostkar et al., 2015; Reza-Zaldivar et al., 2020; Subramanian et
al., 2020).

Cell Adhesion Molecules (CAMs) play an important role in the architecture of
synapses, displaying both homophilic and heterophilic interactions across the
synaptic cleft. Recent evidence suggest that CAMs not only contribute to cell
adhesion and molecular assembly, but also are relevant for the synaptic signal

transduction providing a link between the environment and cytosolic effectors
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such as the cytoskeleton (Dityatev et al. 2004; Dalva et al. 2007). Proteins of the
immunoglobulin superfamily adhesion molecules such as LICAM1 or NCAM1
have been described as essential regulators of synapse formation and plasticity
(Chazeau et al.,, 2015; Dalva et al., 2007; Sytnyk et al., 2017; Togashi et al., 2009).
The NCAM family is composed by two homologous members: NCAM1 and
NCAM2. It has been well stablished that NCAMT1 contributes to synaptogenesis
and plasticity by regulating the stability and composition of dendritic spines
(Togashi et al., 2009). However, the functions of NCAM2 remains largely

unexplored.

The Neural Cell Adhesion Molecule 2 (NCAM?2), also known as OCAM or
RNCAM, is codified by the gene Neam2 located in the chromosome 16 in mice
and chromosome 21 in humans. The alternative splicing of the gene produces two
different isoforms: NCAM2.1 and NCAM2.2 (Alenius & Bohm, 2003; Von
Campenhausen et al., 1997). Both isoforms establish homophilic trans interactions
with the extracellular domain composed by five immunoglobulin (Ig1-Ig5) and
two fibronectin type III modules (Fnlll1-2) (Kulahin et al., 2011; Rasmussen et
al., 2018; Yoshihara et al., 1997). While NCAM2.1 isoform has a unique
transmembrane domain and a cytoplasmatic cue that mediates the interaction with
the cytoskeleton; NCAM2.2 is bound to the membrane by a
glycophosphatidylinositol (GPI) anchor (Parcerisas et al., 2021; Winther et al,,
2012; Yoshihara et al, 1997). The functions of the protein have been fully
characterized in the olfactory bulb where it is important for the formation of the
axo-dendritic compartments (Alenius & Bohm, 2003; Kulahin & Walmod, 2010;
Winther et al., 2012). In the cortex and the hippocampus, NCAM?2 participates in
neuronal polarization, neurite outgrow and adult neurogenesis through the
interaction with different extracellular and cytosolic partners (Leshchyns’Ka et al.
2015; Sheng et al. 2015; Parcerisas et al. 2020, 2021; Ortega-Gasco et al.,
unpubished data). Alterations in NeamZ2 gene have been related with different
neurodevelopmental and neurodegenerative diseases underscoring its functional
role in the development and maintenance of the nervous system. Molecular and

genetic studies revealed that dysregulation of NCAM2 expression could be
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involved in some pathologies such as Autism Spectrum Disorders (ASD), Down
syndrome (DS) and Alzheimer’s disease (AD) (Kimura et al., 2007; Leshchyns’Ka
et al., 2015; Molloy et al., 2005; Paoloni-Giacobino et al., 1997; Petit et al., 2015;
Scholz et al., 2016; Winther et al., 2012).

The aim of the present study is to further explore the functions of NCAM?2 in the
regulation of synaptogenesis and adult postsynaptic plasticity mediated by
dendritic spines in the hippocampus. To do so, we used a combination of 7 vivo
intrahippocampal viral injections, neuronal cultures and organotypic systems to
analyze the effects of the overexpression and downregulation of Nean2 on the
density, morphology and dynamics of dendritic spines. Our results indicate that
NCAM2 contributes to synapse formation and stability; and that physiological
levels of NCAM2 are necessary for synapse maintenance in the adult nervous

system.
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MATERIALS AND METHODS
Animals

All experimental procedures were carried out following the guidelines of the
Committee for the Care of Research Animals of the University of Barcelona, in
accordance with the directive of the Council of the European Community
(2010/63 and 86/609/EEC) on animal experimentation. The expetimental
protocol was approved by the local University Committee (CEEA-UB, Comite
Etic d’Experimentacié Animal de la Universitat de Barcelona) and by the Catalan

Government (Generalitat de Catalunya, Departament de Territori i Sostenibilitat).
Antibodies

The following commercial primary antibodies were used for
immunohistochemistry and immunocitofluorescence: anti-GFP  (4745-1051,
BioRad); anti-GFP (A11122, Invitrogen); anti-Synapsin 1/2 (106 004, Synaptic
Systems), anti-PSD-95 (MerckMillipore, MAB1598). Alexa Fluor conjugated
fluorescent secondary antibodies were from Invitrogen. Biotinylated secondary

antibodies were from Vector Labs.
Reagents

B-27 supplement, EGF, GlutaMAX, normal horse serum (NHS), normal goat
serum (NGS), penicillin/streptomycin and trypsin were from Life Technologies.
DNasel was from Roche diagnostic. Neurobasal medium was from Thermo
Fisher Scientific. 2-(4-amidinophenyl)-1H-indole-6-carboxamidine (DAPI),
diaminobenzidine (DAB) reagent, phosphate buffer and TritonX-100 were from
Sigma-Aldrich. Calcium chloride, hydroxide peroxide, paraformaldehyde (PFA),
sodium thiosulfate and Tris were from PanReact Applichem. Mowiol 4-48
mounting medium and sodium citrate were from Merck. Sucrose was from VWR
Chemicals. Ketolar (ketamine hydrochloride 50mg/ml) was from Ritcher Pharma
and Rompun (2% xylazine-thiazine hydrochloride) from Bayer. Streptavidin-

biotynilated HRP was from GE Healthcare.
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DNA constructs

For the obtention of viral vectors, the cDNA of Ncam2.1 was amplified with 5'-
ACCATGAGCCTCCTCCTCTCC-3' and 5-CTGACCAAGGTGCTGAAACT-
3'and cloned into pWPI (Plasmid #12254, Addgene) within Pmel site. The cDNA
of Ncam2.2 was amplified with 5-ACCATGAGCCTCCTCCTCTCC-3' and 5-
TCTCTGATCAGGGAGTACCA-3" and cloned into pWPI (Plasmid #12254,
Addgene) within Pmel site. The target sequence for depletion of both murine
NCAM2 isoforms was GAAGGTACAGGGAAATAAA (ShNCAM2),
corresponding to nucleotides 1395-1414 and 2142-2161, respectively, of mouse
Neam2 mRNA. The ShNCAM2 sequence was 5'-
CGCGTCCCCGAAGGTGCAGGGAAATAAATTCAAGAGATTTATTTCC

CTGCACCTTCTTTTTGGAAAT -3 and the ShCnt sequence was 5'-
GATCCCCGCAGTGCAATATCGGAAACTTCAAGAGAGTTTCCGATAT

TGCACTGCTTTT -3". They were cloned into pLVIHM within the Mlul and
Clal sites (Plasmid #12247, Addgene).

To obtain NCAM2 overexpressing vectors for the biolistic transduction of
organotypic cultures, the c¢cDNA of NCAM2.1 was amplified with 5'-
ACTGGAATTCGTGGCAGCGGAAGGTTCTC-3' and 5-GTGGCT
AGAGAAGAAGGT AC-3' from hippocampal mRNA and cloned into
pcDNA3.1 backbone vector using Pstl/Xbal sites, pPCNAM2.1. The cDNA of
NCAM2.2  was amplified  with 5  ACTGGAATTCGTGGCA
GCGGAAGGTTCTC-3' and 5“"ACTGTCTAGAAATTCAGGGGGA
AGGCGAAT-3' from pCR4-TOPO (Mouse Neam2 cDNA, ABIN4003230) and
cloned into pCDNA3.1 (Addgene) using EcoRI/Xbal sites, pPCNCAM2.2. For the
silencing vectors, the target sequences for depletion of both rat NCAM?2 isoforms
was  5-AGCTTCCCCGAAGGTGCAGGGAAATAAATTCAAGAGATTTA
TTTCCCTGCACCTTCTTTTTGGAAA-3 (ShNCAM2), corresponding to
nucleotides 1395-1414 and 2142-2161, respectively, of rat Neam2 mRNA. The
ShCnt sequence was 5- AGCTTCCCCGCAGTGCAATATCGGAAACTTCA
AGAGAGTTTCCGATATTGCACTGCTTTTTGGAAA- 3'. They were cloned
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into pLVTHM within the Mlul and Clal sites (Plasmid #12247, #Addgene).

DsRed2 plasmid was used to label transfected neurons.
Viral production

The production of viral vectors used in the 7z vivo and in vitro approaches was
performed according to previously described protocols (Parcerisas et al., 2020;
Teixeira et al., 2012). Briefly, HEK293T cells were transfected with control (pWPI
and ShCnt), Neam2.1- or Neam?2.2- overexpressing (pWPI-NCAM2.1 or pWPI-
NCAM2.2) and Neam2-silencing (ShNCAM?2) vectors with calcium phosphate. All
the plasmids contain GFP as a reporter gene to identify infected cells. The viral
particles were concentrated by ultracentrifugation, resuspended in phosphate-

buffered saline (PBS) and stored at -80°C until further use.
Intrahippocampal injections

To perform the intrahippocampal injections, C57 wild type male mice at 8 weeks
of age were anesthetized with a 1:10 ketamine/xylazine solution (100 ul/60g) via
intraperitoneal injection and placed on a heated blanket. The mice were secured in
a Kopf stereotaxic frame and a midline scalp incision was made. After retracting
the scalp with hemostats to expose the skull, bilateral burr holes were drilled. The
injections were performed at the dentate gyrus (DG) of the mice at the following
cootrdinates (in mm from Bregma and mm depth below the skull): anteropostetior
-2.0, mediolateral + 1.6, and dorsoventral -2.2. A total of 1.5 pul of viral stock
solution was injected into the left and right DG over a period of 20 minutes using
a 5 ul Hamilton syringe. The syringe was kept in place for an additional 5 minutes.
The mice were group-housed (2-6 mice per cage) and maintained on a 12-hour

light-dark cycle with ad libitum access to food and water.
Immunofluorescence labelling of mouse tissue

Mice were intracardially perfused with 4% PFA in 0.1 M PBS after anaesthesia
with a 10:1 mixture of ketamine/xylazine (200 ul per 60g of weight). The brains

were removed, post-fixed overnight with 4% PFA in PBS, cryoprotected with 30%
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sucrose in PBS, and frozen. Free-floating 30-um coronal sections were obtained
using a cryostat and an immunohistochemistry against GFP was performed to
detect infected cells with control, Neam2 overexpressing or Neam2-silencing
viruses. The tissue was blocked with PBS containing 10% NHS, 0.3% Triton X-
100, and 0.2% gelatin for 2 hours at room temperature and incubated overnight at
4°C with primary anti-GFP (1:1000) antibodies. A sequential incubation was
carried out with biotinylated secondary antibodies (1:200) and 5% NGS in PBS,
followed by the application of streptavidin-biotinylated HRP complex (1:400) and
5% NGS in PBS. Bound antibodies were visualized using 0.03% DAB and 0.01%
hydrogen peroxide as peroxidase substrates, after which the sections were
dehydrated and mounted in Eukitt. Images were acquired at 10x, 20x and 100x

using Olympus Bx61 microscope (Olympus, Shinjuku City, Tokyo, Japan).
Analysis of dendritic spines in vivo

Dendritic spines density of granular neurons from animals injected with Neam2
modulatory viruses was analysed by a manual counting method. To quantify the
density of dendritic spines, dendrites located in the inner and outer molecular
layers (IML and OML) of the dentate gyrus were selected. In detail, the density
calculations were made from 20 pm fragments found in the IML at a distance of
35 um from the granule layer and 5 um from the main dendritic axis; and a second

region of 20 pm located 15 pm away the stratum lacunosum.

Neuronal cultures

The hippocampus of E15-E17 CD-1 mouse embryos were dissected in PBS
containing 3% glucose. The tissue was dissociated with gentle swiping after trypsin
and DNAse treatments. Cells were counted and infected with control, Nea2.7-
or Neam2.2 overexpressing and Neam2-silencing viruses before seeding onto poly-
D-lysine coated dishes at 105 cells/cm?2 Cells were maintained in Neurobasal
medium containing 2% B27, penicillin/streptomycin, GlutaMAX and conditioned
media from matured glia culture in a humidified atmosphere with 5% CO2 during

18-21 days.
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Immunofluorescence of cultured neurones

For the immunofluorescence staining of hippocampal cultures, cells were fixed
with 4% PFA in PBS for 15 min at 4°C. Samples were washed with PBS and
permeabilized with PBS 0.1% Triton X-100 for 15 min. After permeabilization,
cells were blocked with 10% NHS and primary antibodies against GFP (1:300),
NCAM2.1 (1:250) and the synaptic proteins PSD-95 (1:100) and Synapsin (1:100)
were applied for 1:30 h at room temperature. Cells were incubated with secondary
antibodies (A488, A568, A647 at 1:500) and DAPI (1:500) to counterstain the

nuclei. Finally, coverslips were mounted with Mowiol.
Analysis of dendritic spines in hippocampal cultures

Images of the dendritic spines were acquired by confocal microscopy Carl Zeiss
LSM880 confocal microscope (Zeiss, Jena, Germany). Stacks of 10 slices were
imaged every 0.22 pm, with a pinhole value of one airy unit (Al) under a 63x
objective at a 1584x1584 resolution. The number GFP/PSD-95/Synapsin triple
positive spines in segments of 20-30 um was quantified by Image] (version 1.53t

National Institute of Health, USA).
Organotypic cultures

Hippocampal organotypic slices were obtained from postnatal day 6 to 7 rats as
previously described (Bosch et al., 2014). Briefly, the hippocampus of the rats were
dissected using a solution containing 25 mM KCI, 260 mM NaHCOs;, 10 mM
NaH,POy4 and 110 mM glucose. Slices of 400 um were prepared and placed in
transwells with medium MEM supplemented with 20% NHS, 27 mM D-glucose,
6mM NaHCOj3, 2 mM CaClz, 2 mM MgSOy4, 30 mM HEPES, 25% ascorbic acid
and insulin. Organotypic cultures were maintained at 37°C in a humidified
atmosphere with 5% CO2 and medium renovation was conducted every 2-3 days.
After 7 days in culture, slices were biolistacally transfected with a combination of
plasmids: RFP expressing vector (DsRed2) together with control (pcDNA3.1 or
ShCnt), Neam2.1- and Neam2.2-overexpressing (pcNCAM2.1 and pcNCAM2.2) or
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Neam2-silencing (ShANCAM?2) vectors in a 3:1 proportion. DsRed2 was used as a

reporter gene to localize transfected neurons.
Image acquisition and analysis

Imaging was carried out with a confocal microscopy Leica SP8 (Leica, Wetzlar,
Germany) at 63x and a resolution of 1024x1024 with z stack of 0.45 pm, zoom 2
and pinhole 1.2 Al. Cultures were maintained in artificial cerebrospinal solution
(ACSF) with 2 mM CaCl2 and 2 mM MgSO4 during the acquisition. Images of
the apical dendrites of CA1 pyramidal neurones were acquired every 2 minutes
during a total of 30 minutes to evaluate the spines dynamics. The results were
analysed to determine the density, area and motility of dendritic spines. To
quantify the density, the number of dendrites were counted at t=2 min using
Image] software (version 1.46t, National Institutes of Health, USA). The area was
evaluated by the selection of the individual spines at t=2 min, the application of a
threshold and the measurement of the area with Image]. The motility of spines
was evaluated with the macro EstimateDynamicsDiff designed by Sebéstien Tosi
(IRB microscope facility, IRB Barcelona) that analysed the relative position of the
spine considering the fraction of image occupied by pixels between different time

intervals.
Statistical analysis

Statistical analysis was performed using GraphPad Prism 8 software (San Diego,
CA, USA). In all the experimental approaches, statistical differences between
control and Neam2 silencing groups was assessed by t-Student test. To determine
differences between control, Neam2.1- and Neam2.2-overexpressing conditions,
one-way ANOVA was performed followed by Tukey’s post-hoc comparison test.

The number of samples used in every experiment is described in the figure legends.
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RESULTS

NCAM?2 downregulation reduces the density of dendritic spines in

hippocampal cultures

To investigate the effects of Neam2 expression in the formation and maintenance
of dendritic spines, we obtained hippocampal neuronal cultures from mouse
embryos of 15-17 embryonic days (E15-E17). Cells were infected with control
(pWPI and ShCnt), Neam2.1 and Neam2.2-overexpressing (pWPI-NCAM2.1 and
pWPI-NCAM?2.2) or Neam2-silencing (ShNCAM2) viruses when plating. We
allowed the polarization, differentiation and maturation of cultures during 21 days
in vitro (D1V) (Fig. 1A). First, we analyse the expression of NCAM2 in the synapses
and assessed the colocalization of the protein with presynaptic (Synapsin) and
postsynaptic (PSD-95) markers in control-infected cells (Fig. 1B). The results
shown a high level of colocalization between NCAM2 and PSD-95 (Pearson
coefficient of 0.65), and between NCAM2 and Synapsin (Pearson coefficient of
0.66), demonstrating the presence of NCAM?2 in the synaptic compartments (Fig.
1B). Next, to figure out the implications of an altered expression of NCAM?2 in
the postsynaptic compartment, we analysed the density of functional dendritic
spines in cultures infected with Neaz2 modulatory viruses. We quantified the
density of spines that were positive for GFP (as a reporter gene for the infection),
Synapsin and PSD-95. In the case of the overexpression, we found no significant
differences in the density of dendritic spines between control and NCAM2.1 or
NCAM2.2 overexpressing neurons (Fig. 2 C, D). Interestingly, our results reveal
a marked decrease in the number of functional dendritic spines in cells where

NCAM2 was silenced compared to controls (Fig. 2 E, F).
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SYNAPTIC PLASTICITY IN VITRO
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Figure 1. NcamZ-silencing reduces dendritic spine density in hippocampal
neuronal cultures.

A) Scheme showing the protocol for the obtention of hippocampal cultures from mouse
embryos (E18). Cells were infected with control (pWPI or ShCnt), Neam2.1 or Neam?2.2-
overexpressing (PWPI-NCAM2.1 and pWPI-NCAM2.2) or Neam2-silencing (ShNCAM2)
viruses before plating. Infected cultures were fixed at 21 DIV and the number of dendritic
spines was quantified in GFP-positive cells. B) High magnification images of dendrites co-
labelled with antibodies against NCAM2 and the synaptic proteins PSD-95 or Synapsin in
control-infected cultures. Arrowheads label spines with colocalization between NCAM2
and PSD-95 or NCAM2 and Synapsin. C) Immunostainings of dendrites from neurons
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infected with control or Neam2-overexpressing viruses. Arrowheads label
GFP/Synapsin/PSD-95 triple positive synapses. D) Quantifications of the density of
dendritic spines in control or Neam2-overexpressing conditions. E) Immunostainings of
dendrites from neurons infected with control or Nean2-silencing viruses. Arrowheads label
GFP/Synapsin/PSD-95 triple positive synapses. F) Quantifications of the density of
dendritic spines in control or Neam2-silencing conditions. N= 3 independent experiments,
10-15 neurons per condition. Data are presented as mean £ SEM; dots represent mean
values for individual experiments. t-Student test (Neaz2-overexpressing); *P<0.05. One-
way ANOVA; with Tukey’s comparison post-hoc test (Neam2-overexpressing); P>0.05.
Scale bar: 5 um.

In vivo reduction of NCAM2 expression results in a decline in dendritic

spine density

We used an 4 wvivo model to further investigate the effects of Neam2
downregulation observed in hippocampal cultures. We modulate the expression
of Neam?2 in the DG of 8-week old mice. Mice were stereotaxically injected with
control (ShCnt) and NeamZ-silencing viruses (ShNCAM2) containing GFP as a
reporter gene and sacrificed 4 weeks after injection to determine the effects of the
downregulation of the gene in the formation of dendritic spines (Fig. 1A). The
density of spines was quantified in the outer and inner molecular layers (OML and
IML) of the DG, which receives inputs from the entorhinal cortex and the
commissural/associational pathways. The results showed a significant decrease in
the density of dendritic spines in the OML (reduction of 30%) in neurons where
NCAM2 was downregulated compare to controls (Fig. 1 B, D). When analysing
the dendrites located in the IML, the same tendency was observed although not
reaching significance (Fig. 1. B, C). Together with the 7z vitro experiments, these
results suggest relevant functions of the protein in the regulation of dendritic

spines dynamics.
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Figure 2. NCAM?2 silencing decreases dendritic spine density in the dentate gyrus.
A) Schematic representation of the experimental approach. The DG of 8-week-old mice
was injected with control (ShCnt) or NeamZ2-silencing (ShNCAM?2) viruses with GFP as a
reporter gene, and the samples analyzed 4 weeks after injection. B) Representative images
of the DG at 10x and 20x (left and middle panels) and 100x magnifications of IML and
OML dendrites (right panels). C) Quantifications of the density of dendritic spines in
OML and IML dendrites of mice infected with control or NeamZ2-silencing viruses. N=3
animals per group, 5-10 sections per animal, 5 dendrites per section. Data are presented as
mean * SEM; dots represent mean values for individual experiments. t-Student test; **
P<0.01. Arrowheads label dendritic spines. Scale bar: dentate gyrus and suprapyramidal
layer 100 p, IML and OML 20 pm. GL: granule layer; H: hilus; IML: inner molecular layer;
ML: molecular layer, OML: outer molecular layer.
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NCAM2 levels control the size of dendritic spines in organotypic cultures

To visualize the remodelling of dendritic spines 7 sit# and the possible alterations
in their motility caused by changes in the levels of NCAM2, we prepared
organotypic cultures from the hippocampus of P6-P7 rats. The hippocampal slices
were biolistically transfected with a combination of plasmids including DsRed2 (as
a reporter gene) together with control (pcDNA3.1 or ShNcam2), Neam?2
overexpressing (pcNCAM2.1 or pcNCAM2.2) or Neam? silencing (ShNCAM2)
vectors in a proportion of 3:1. Images from the CA1 of the transfected neurons,
5-7 days after transfection, were acquired at real time in intervals of 2 min for a
total of 30 min (Fig. 3A). During acquisition, cultures were maintained in ACSF
solution with in 2mM CaCl, and 2mM MgSOy reproducing the physiological
conditions. First, we quantified the density of spines in the organotypic cultures at
the initial time point (t=2 min) to determine if more temporally restricted changes
in the expression of Neam?2 affected the number of spines in postnatal cultures.
We observed disparate tendencies, a higher density of spines in NeamZ2.1-
overexpressing neurons and a lower density in ShANCAM2 transfected neurons,
that did not reach significance (Fig. 3 B-D). However, when analysing the area of
the spines in the different cultures, we found a significant increase in the area of
NCAM2.1 overexpressing spines. This increment was not observed when neurons
overexpressed the GPl-anchored isoform NCAM2.2 (Fig. 3. B, E-F).
Conversely, we found that NCAM2 silencing led to a significant reduction in the

area of spines compatred to the controls (Fig. 3. B, E-F).
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ORGANOTYPIC CULTURES
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Figure 3. Modulation of dendritic spine area by NCAM2 expression in organotypic
cultures.

A) Schematic representation of the preparation, transfection and analysis of organotypic
cultures. Hippocampal slices were obtained from P6-P7 rats and biolistically transfected
with the following combinations of plasmids: DsRed2/pcDNA3.1,
DsRed2/pcNCAM2.1, DsRed2/pcNCAM?2.2, DsRed2/ShCnt and DsRed2/ShNCAM2.
Transfected neurons from the CA1 were analyzed by real time confocal microscopy to
determine the density, area and motility of the spines. B) Representative images of
dendrites transfected with control (pcDNA3.1 or ShCnt), Neam2.1- and Neam?2.2-
overexpressing vectors (pcNCAM2.1 or pcNCAM2.2) and Neam?2 silencing vector
(ShANCAM?2). C-D) Quantifications of the density of dendritic spines in control and
Neam2-overexpressing (C) or Neam2-silencing (D) conditions. E-F) Graphs showing the
mean area of dendritic spines in control and Neam2-overexpressing (E) or Neam2-silencing
(F) conditions. N= 4 independent experiments, 5-10 dendrites per condition. Data are
presented as mean = SEM; dots represent mean values for individual experiments. t-
Student test or One-way ANOVA with Tukey’s comparison post-hoc test; *P<0.05, **
P<0.01. Blue arrowheads label dendritic spines with an increased area compared to
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controls. Purple arrowheads label dendritic spines with a decreased area compared to
controls. Scale bar: 5 um.

To gain insight into the events triggered by NCAM2 overexpression or silencing,
we investigated how changes in the levels of the protein affected the motility of
spines under physiological conditions. The motility was determined using the
macro EstimateDynamicDiff that evaluates the relative position of dendritic spines
over time quantifying the variations in the occupied pixels of the image.
Specifically, we quantified the differences detected between intervals of 2 min and
6 min. The results showed no significant differences between control and Neaz2-
overexpressing or between control and Neam2-silencing conditions at the different
time intervals analysed (Fig. 4 A-E). However, the neurons transfected with the
pc-NCAM2.1 or SANCAM2 vectors tend to display a higher motility at 2 min
(Fig. 4 A-C) and 6 min (Fig. 4 A, D-E) time intervals.

Taken together, the results obtained when analysing organotypic cultures suggest
that alterations in Neam2 expression could affect the dynamics of dendritic spines

leading to modifications in the area of the postsynaptic compartments.
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Figure 4. Effect of NCAM2 in dendritic spine dynamics.

A) Time course showing the changes in dendritic spines from dendrites of neurons
transfected with control (pcDNA3.1 or ShCnt), Neam2.1 ot Neam?2.2-overexpressing and
ShNCAM2 vectors in intervals of two minutes. B-C) Estimation of dendritic spine motility
in control and Neam2-overexpressing conditions according to the changes in relative
position of spines in time intervals of two minutes (C) or six minutes (D). D-E)
Estimation of dendritic spine motility in control and Neaz2-silencing conditions according
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to the changes in relative position of spines in time intervals of two (D) or six (C) minutes.
Arrowheads label dendritic spines that changed over time. N= 4 independent experiments,
5-10 dendrites per condition.Data are presented as mean £ SEM; dots represent mean
values for individual experiments. t-Student test (Neam2-silencing) or One-way ANOVA
(Neam2-overexpressing); Tukey’s comparison post-hoc test; P>0.05. Scale bar: 5 um.
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DISCUSSION

CAMs are key structural elements of the synaptic compartments necessary for
synaptic function and plasticity during development and adulthood (Studhof,
2018). In the present study, we demonstrate that NCAM2 modulates dendritic
spine formation and maintenance in the DG granule cells and in the pyramidal

hippocampal neurons.

NCAM2 expression starts during the development and achieves maximum levels
around the postnatal day 21 (P21) (Parcerisas et al., 2020). This expression profile
correlates with the process of synapse formation that takes place in late
developmental and postnatal stages (Stidhof, 2018). The levels of the protein are
sustained in the adulthood suggesting additional functions of the protein in the
maintenance and plasticity of the connections. Our results showing the
localization of NCAM2 in the presynaptic and postsynaptic compartments further
supports the relevance of NCAM2 in synapse biology and reinforce previous data
reporting the presence of NCAM?2 in glutamatergic synapses to participate in

glutamate receptor positioning (Leshchyns’Ka et al., 2015).

Considering the expression and localization of NCAM2, as well as the
involvement of other members of the Ig superfamily in synapse formation and
plasticity, our main objective was to investigate the potential implications of
NCAM2 in the modulation of postsynaptic plasticity, with a particular focus in the
regulation of dendritic spines. Long-term downregulation of Neawz2 in vitro and in
vivo has trevealed that NCAM2 distruption affects the formation and/or
maintenance of dendritic spines decreasing its density. Furthermore, the silencing
of the protein in organotypic cultures resulted in a dendritic spine shrinkage.
Interestingly, more temporally restricted depletion of the protein does not
significantly decrease the number of spines but causes dendritic shrinkage. The
lack of NCAM2 in the postsynaptic compartment could cause the disassembly of
glutamatergic spines (Leshchyns’Ka et al., 2015) impacting the correct functioning

of the synapse. Contrariwise, the alterations provoked by sustained overexpression

223



of NCAM2 are less relevant. Our results revealed no significant changes in the
number of spines when NCAM2 was overexpressed but an increase of its area.
The effect of NCAM2 overexpression in the area of spines was limited to
NCAM2.1, the transmembrane isoform with a cytoplasmatic cue that directly
interacts with intracellular effectors (Parcerisas et al., 2021). Interestingly, in
cortical neurons the overexpression of NCAM2 also causes a decrease in the
maturation of synapses by increasing the instability of dendritic protrusions (Sheng
et al., 2019). The alterations in dendritic spines size when NCAM2 levels are
modified were not translated into significant variations in the motility of spines
under physiological conditions and short time intervals in the organotypic slices.
This could indicate that the remodeling mechanisms of spines activated by changes
in NCAM2 require longer time intervals to be detected. Anyhow, the proposed
role for NCAM?2 in the maintenance of postsynaptic structures is compatible to
that of other adhesion molecules. Several CAMs have also been related to the
regulation of spine numbers and morphology including L1ICAM (Murphy et al.,
2023), CD44 (Roszkowska et al., 2016) or Cadherins (Togashi et al., 2002). The
homologous NCAMI1 is also implicated in the performance of dendritic spines

(Leshchyns’ka & Sytnyk, 2016; Shapiro et al., 2007; Sytayk et al., 2017).

The mechanisms underlying the synaptic changes mediated by NCAM?2 are still
not fully understood. CAMs not only contribute to the construction of the
synaptic structure but also participate in signal transduction, becoming essential
components for ensuring proper synaptic activity (Missler et al., 2012; Stidhof,
2018). Different cell adhesion molecules are localized in the synaptic junctions
where they organize the composition and function of the synaptic transmission
machinery (Hale et al., 2023; Roszkowska et al., 2016). The extracellular domain
of the molecules establishes trans-interactions between the synaptic membranes
that allows the initial contacts between synaptic compartments and the formation
of synapses. Additionally, clustering of synaptic adhesion molecules is necessary
for synaptic stabilization and maintenance. The depletion of the synaptic
molecules led to insufficient levels of adhesion that disrupt synapse organization

and decreases the number of dendritic spines (Hale et al.,, 2023). Indeed, the
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proteolytic cleavage of NCAM2 induced by the B-amyloid causes synapses loss
(Leshchyns’Ka et al.,, 2015). Other examples include deletions in Neuroligins
(NLGNS) or Neurexins (NRXNS) (Chen et al., 2017; Zhang et al., 2018) that
impede the proper organization and performance of synapses. Members of the Ig
superfamily such as LICAM, NrCAM or NCAM1 regulate the stabilization of
synapses through different mechanisms counting the indirect reorganization of the

actin cytoskeleton (Duncan et al., 2021).

Extracellular signals transduced by CAMs could also modify the biology of
dendritic spines through the activation of different signaling pathways that
converge in the reorganization of the spine cytoskeleton. In previous work, we
characterized the interactions of NCAM2 with proteins involved in the regulation
of synapses including s cytoskeleton proteins, actin, actin binding proteins or
signaling molecules such as CaMKII or 14-3-3 (Parcerisas et al., 2021). It has been
described that NCAM2 could promote increments in the levels of calcium through
the activation of L-type voltage dependent calcium channels (VDCCs). These type
of channels located along the axons and dendrites of mature neurons participate
in the regulation of spine morphology (Sheng et al.,, 2013). Calcium influx via
VCDCC controls the CaMKIl complex, which is crucial for the modulation of
synapse formation and dendritic spines plasticity. An increase in the levels of
intracellular calcium activate the CaMKII which causes the remodeling of the actin
cytoskeleton and the restructuration of the spine through different signaling
pathways (Okamoto et al., 2009). Therefore, the modifications in dendritic spines
caused by NCAM2 could be vehiculated by direct or indirect modifications of the
actin cytoskeleton. Finally, CAMs could also regulate dendritic-spine dependent
plasticity through modifications in the neurotransmitter release or the induction
of transcriptional and translational changes. Indeed, we previously revealed the
interaction of NCAM2 with elongation factors that could participate in the local

protein synthesis necessary for synaptic plasticity (Parcerisas et al., 2021).

The functional significance of the observed alterations in dendritic spines caused

by NCAM2 needs to be further investigated. Electrophysiological studies
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conducted on knock-ont NCAM2 mice in the olfactory system showed no
alterations in the excitatory synaptic input in mitral/tufted cells but a reduced
synchrony in neural activity (Borisovska et al., 2011). In cortical neurons, no
additional electrophysiological and behavioral studies have been conducted in the
cortex or the hippocampus of those animals. However, the dendritic spines
dysfunction present in different neurodevelopmental and neurodegenerative
diseases associated with Nean2 suggest possible cognitive impairments caused by
the discussed modifications. Patients with ASD present an altered dendritic spines
density together with changes in dendritic spines morphology while patients with
DS and schizophrenia display reduced number of spines (Phillips & Pozzo-miller,
2016). The aberrant dendritic phenotypes could be explained by defective pruning
mechanisms in which CAMs such as NCAM1 or LICAM are implicated (Sytnyk
et al., 2017; Varbanov & Dityatev, 2017). Moreover, genome-wide association
studies have proposed Neaw2 as a risk gene in AD, a neurodegenerative disorder
characterized by the loss of synapses. Analysis of the expression of NCAM?2 in
mouse models of the disease and human samples revealed reduced levels of
NCAM2 in the synaptic compartments that could be explained by the proteolysis
of the protein induced by the B-amyloid. The depletion of the synaptic NCAM2
could led to the disassembly of synapses turning NCAM2 into a candidate
molecule responsible for the characteristic synaptic loss of the disease

(Leshchyns’Ka et al., 2015),

Taken together, our findings strongly indicate that maintaining appropriate levels
of NCAM2 is necessary for synapse formation and maintenance in the adulthood.
We demonstrate that the downregulation of NCAM2 leads to a reduction in
dendritic spines numbers both 7 vivo and in hippocampal cultures, as well as affect
the area of spines in organotypic cultures. These results significantly enhance the
understanding of the role of NCAM?2 in synaptic properties and provide valuable
insights to better comprehend the molecular mechanisms underlying pathologies

with synaptic affectations.
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ABBREVIATIONS

AD
ANOVA
ASD
CAM
CaMKII
cDNA
CNS
DAB
DAPI
DIV
DG
DNA
DS

E

EGF
GC
GFP
GL

GPI

Hp
HRP
IgG
LICAM
ML
NCAM1
NCAM2
NrCAM
NGS

Alzheimer’s disease

Analysis of variance

Autism Spectrum Disorder

Cell adhesion molecule
Calcium/Calmodulin kinase I1
Complementary deoxyribonucleic acid
Central nervous system
Diaminobenzidine
2-(4-amidinophenyl)-1H -indole-6-carboxamidine
Days in vitro

Dentate gyrus

Deoxyribonucleic acid

Down syndrome

Embryonic day

Epidermal growth factor
Granule cell

Green fluorescent protein
Granule layer
Glycosylphosphatidylinositol
Hilus

Hippocampus

Horseradish peroxidase
Immunoglobulin G

L1 cell adhesion molecule
Molecular layer

Neural cell adhesion molecule 1
Neural cell adhesion molecule 2
Neuronal cell adhesion molecule

Normal goat serum
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NHS
NSC
Ob

PB

PBS
PFA

RT
SynCAM

Normal horse serum
Neural stem cell
Olfactory bulb
Postnatal day
Phosphate buffer
Phosphate buffer saline
Paraformaldehyde
Room temperature

Synaptic cell adhesion molecule
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Les CAMs conformen un grup funcionalment i estructuralment divers de
proteines necessaries per al desenvolupament i el manteniment de I'enorme
complexitat del sistema nervids. Les diferents families que integren les CAMs
participen en funcions que van des de la regulacié de les NSCs i la formaci6 de
neurones, a la seva diferenciacié, maduracié i integracié funcional en els circuits
preexistents (Benson et al., 2000; Missler, 2003; Yamagata et al., 2003) (Bian 2013;
Porlan 2014; Sudhof; Missler). Aixi doncs, els programes d’expressié temporal i
espacial de les CAMs permeten la construccié i la conservacié d’un sistema
extraordinariament intricat, en el qual milers de neurones es troben
interconnectades de manera especifica per sostenir I'estructura i la funcié del
sistema.

En el cas de NCAM?2, descoberta originalment en el bulb olfactiu, les
investigacions s’han centrat en estudiar la seva funcié en aquesta regié deixant
palesa la seva rellevancia fisiologica (Alenius i Bohm, 1997; Paoloni-Giacobino et
al,, 1997; Von Campenhausen et al., 1997). Al bulb olfactiu en desenvolupament,
la proteina és expressada per neurones olfactives sensorials i cel'lules mitrals en
les quals controla la correcta formacié dels compartiments axo-dendritics, la
fasciculaci6 selectiva dels axons i el correcte establiment de contactes amb les seves
dianes. En definitiva, NCAM2 en el desenvolupament col-labora en 'organitzacié
regional del bulb necessaria per a la formacié de les connexions entre el bulb i
Pepiteli olfactiu (Treloar et al., 1999).

Els estudis que analitzen la funcié de NCAM?2 fora de la regi olfactiva, pero, sén
més limitats. S’ha descrit que podtia participar en la formacié de neurites 1 sinapsis
en neurones corticals, aixi com, en la regulacié de la proliferacié dels progenitors
neuronals de la medul-la espinal. Tot i aixi, les seves implicacions en els processos
caracteristicament regulats per les CAMs en el cortex i 'hipocamp havien estat poc
explorats. Els objectius d’aquesta tesi s’han centrat, conseqiientment, en analitzar
les implicacions funcionals de NCAM2 en processos clau del desenvolupament
neuronal i la plasticitat adulta. Els resultats han desvelat la rellevancia de la proteina
en la diferenciacié i migracié de les neurones corticals durant la formaci6 del
sistema nervios. Alhora, hem pogut observar que la proteina es necessaria per al
manteniment i la plasticitat del sistema nervids adult regulant les NSCs adultes
durant el procés de neurogenesi i la plasticitat sinaptica associada a les espines
dendritiques.
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Capitol 1. NCAM2 en el desenvolupament neuronal

Els resultats obtinguts en aquesta tesi mostren un paper destacat de la proteina en
diferents processos del desenvolupament neuronal com la migracié i la
diferenciaci6 de les neurones.

1.1. La proteina NCAM2 en la regulacié de les NSCs embrionaries

Les NSCs resideixen en zones neurogeniques que regulen el seu manteniment,
divisi6 i diferenciacié a través de la integracié de multiples senyals intrinsecs i
extrinsecs. Durant el desenvolupament embrionari, la zona neurogenica principal
és la VZ en la qual hi trobem una poblacié heterogenia de progenitors neurals
(Agirman et al.,, 2017). Entre els components de la VZ hi ha les CAMs, molecules
que integren i transmeten els senyals de l'entorn a les NSCs a través de
Pestabliment d’interaccions homofiliques o heterofiliques (Morante-Redolat i
Porlan 2019; Bjornsson et al., 2015). Les interaccions mediades per les CAMs entre
cel'lules 0 amb la matriu extracel lular regulen el comportament de les NSCs. De
fet, canvis en 'expressié de CAMs com les cadherines o les integrines, provoquen
la perdua de la polaritat de les NSCs, la disrupcié del ninxol neurogenic i canvis en
les taxes de proliferaci6 dels progenitors (Agustin-Duran et al., 2021; Ferent et al.,
2020; Morante-Redolat & Porlan, 2019). Membres de la familia de les IgCAMs
entre els quals hi ha la LICAM o la NCAM1 també son importants per a la
regulaci6é de la proliferacié de les NSCs i la seva diferenciacié neuronal (Bian,
2013). Per aquest motiu, vam voler determinar la implicacié de la proteina
NCAM?2 en la formacié del cortex.

L’expressio de la proteina NCAM?2 en els progenitors neurals va ser modificada
per mitja d’electroporacions 7z utero el dia 14.5 del desenvolupament embrionari
dels ratolins. Els resultats presentats no mostren grans canvis en la laminacié del
cortex suggerint funcions discretes de la proteina en la regulacié dels progenitors
embrionaris. IL’expressi6 de la proteina s’inicia entorn el dia 14 del
desenvolupament embrionari (E14) dels ratolins, principalment a la MZ, a la SP i
a la VZ. Aquest patré d’expressié en el temps i espai suggereix un paper més
destacat de la proteina en l’establiment de la polaritzaci6 i la migracié de les
neurones que en la regulacié de la proliferacié dels progenitors. L’inici del procés
neurogenic en ratolins té lloc entorn el dia 9.5 quan les NECs inicien les primeres
rondes de divisi6 (Agirman et al., 2017). La transici6 cap a RGCs té lloc entorn el
dia 12 de manera que en les primeres etapes de la proliferacié de les NECs 1 RGCs
no hi ha nivells detectables de la proteina NCAM2. Aquests fets podrien indicar
que NCAM2 no és necessaria per la regulacié de la divisié de els NSCs en les
etapes inicials. Si es centra l'atencié en etapes neurogeniques postetiors, la
modificacié dels nivells de NCAM2 tampoc sembla tenir un impacte determinant
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en la producci6 de neurones. Els canvis en I'expressio de la proteina en el dia 14.5
del desenvolupament embrionari per mitja d’electroporacions iz utero no afecten
drasticament la generacié de noves neurones ni la laminalcié del cortex, quan
s’analitza el teixit en el moment del naixement i cinc dies després. Tot 1 aix{, podria
ser que els canvis desencadenats per la sobreexpressié o silenciament de la proteina
en la regulaci6 dels progenitors fossin més subtils i transitoris, de manera que no
puguin ser detectats en etapes postnatals. Per tal de descartar aquesta hipotesi, els
resultats es podrien complementar amb futurs estudis en els quals s’analitzés la
poblaci6 de cel-lules electroporades a temps més curts després del tractament. A
més, seria interessant analitzar marcadors de capes corticals com CUX1 o CTIP2
per determinar possibles vairacions en les poblacions de neurones generades.

Malgrat no detectar canvis importants en el nombre de neurones, les
electroporacions 7z utero van revelar implicacions apreciables de la proteina en
altres processos del desenvolupament neuronal com la migraci6 i la diferenciacio.

1.2. NCAM2 en el control de la migracié neuronal

Del procés de migracié en depén I'apropiada laminacié del cortex i la connectivitat
de les neurones. Per aquest motiu, la migraci6 esta regulada per multiples factors
que asseguren el correcte posicionament de les cél-lules i possibiliten la correcta
confecci6 i funcié dels circuits corticals. Durant el trajecte, les neurones naveguen
a través d’entorns intricats en els quals hi troben diferents tipus cel-lulars. Les
interaccions entre les neurones en migracié i les cel'lules de entorn com les
cél-lules de Cajal-Retzius permeten assolir amb éxit la destinaci6 final. Es per aixo,
que les CAMs tenen un pes important en la migracié neuronal ja que faciliten les
interaccions entre cél-lules i amb la matriu extracel-lular (Agustin-Duran et al.,
2021; Martinez-Garay, 2020; Moreland & Poulain, 2022). De fet, poden regular
diferents etapes del procés: la desuni6 de les neurones de la VZ, la transicié de MP
a BP, ladhesi6 a les fibres de la glia radial que faciliten la locomocié o la
translocacié somal terminal (Martinez-Garay, 2020).

Els estudis realitzats per avaluar Iefecte concret de NCAM2 en la migracid
neuronal mostren com el silenciament de la proteina afecta la correcta migracié de
les neurones corticals. Per tal d’investigar-ho, es van realitzar electroporacions 7
utero en embrions d’E14.5. La tecnica permet modificar expressié genica amb una
elevada precisi6 espacial i temporal. D’aquesta manera podem silenciar el gen quan
s’inicia la seva expressié durant les etapes de migracié i diferenciacié corticals. El
resultat d’aquest silenciament és un mal posicionament de les cel-lules amb una
major proporcié d’elles en les capes 11 1 IIT del cortex. En analitzar la vessant
contraria, la sobreexpressio de la proteina també produeix déficits migratoris, pero

de menor impacte. Una major expressi6 de NCAM2 produeix un retard en la
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migraci6 de les neurones que en el dia del naixement es troben en capes inferiors
a les esperades. Aquest retard, pero, es resol en els primers dies postnatals. El
conjunt de les dades apunten a la regulaci6 de la migracié per part de NCAM?2, tot
1 que, no podem establir amb certesa quina part del procés es troba afectada. La
proteina NCAM?2 podtia controlar establiment inicial de la polaritat, la locomocié
a través de les fibres de la glia radial o la translocacié somal. Altres CAMs com les
cadherines o membres de la superfamilia de les Ig com L1, CHL1 o NCAM1
controlen els processos esmentats (Schmid i Maness 2009; Martinez-Garay 2020).
Per exemple, la proteina NCAMI1 a través de les modificacions de polisialitzacié
(PSA; de polysialic acid) regula la migracié. En concret, NCAM1 crea un entorn
permissiu que afavoreix el moviment de les cel-lules durant la migraci6 rostral al
bulb olfactiu i afecta la migracié tangencial i radial en el cortex (Angata et al., 2007).
La perdua d’adhesié provocada pel silenciament de NCAM2 podria afectar les
unions amb les fibres de la glia radial i altres cel-lules de suport, dificultant la
locomocié i la translocacié somal de les neurones, i fent que quedin posicionades
en capes inferiors. En les neurones corticals silenciades, perd, no només es va
detectar una alteracié en el posicionament, sind que, també, es va observar una
morfologia alterada. Les cél-lules on NCAM2 havia estat silenciada no presentaven
la clara dendrita apical caracteristica de les neurones piramidals. En canvi,
presentaven multiples dendrites sorgides del soma neuronal. Aquest fenotip
aberrant podria indicar errors en la transici6 de cel-lula MP a BP o problemes en
la diferenciacié neuronal. Alteracions en aquests processos també provoquen
disrupcions en la migracié de les neurones i podrien explicar el mal posicionament
de les cel'lules en el cortex. TAG-1 és una molecula d’adhesié important per
Pespecificacié de 'axé in vivo sense la qual no és possible ni la transicié de cél-lula
MP a BP ni la migracié neuronal. Es interessant comentar que TAG-1 és una
proteina ancorada a la membrana a través d’un grup GPI, igual que NCAM2.2. El
grup GPI afavoreix la localitzacié de les proteines en zones de la membrana
plasmatica riques en lipids conegudes amb el terme anglés de /pids rafts. La proteina
TAG-1 realitza les seves funcions a partir de vies de senyalitzaci6 especifiques de
les regions dels /ipids rafts en les quals hi participa la molecula Src (Kasahara et al.
2000, 2002). La N-cadhetina també contribueix a la transcié entre MP-BP,
concretament, els contactes entre les noves neurones iles RGCs mediats per la N-
cadherina contribueixen a ’especificaci6 dels processos lider i cua. I’especificacié
és possible gracies a I'activacié de les vies de senyalitzacié de Rho 1 Racl i canvis
en el citoesquelet (Martinez-Garay, 2020). Podria ser, doncs, que NCAM2 regulés
la formacié dels processos lider i cua modificant el citoesquelet. Un cop les
cel'lules estan polatitzades, s’inicia el seu moviment a través de les RGCs. NCAM2
podria regular la locomocié de les cel-lules i la translocacié somal. Les cadherines
faciliten la uni6 inicial de les cel'lules amb les fibres de la glia radial, i tant
cadherines com integrines fan possible la interacci6 entre neurones i fibres durant
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el trajecte de migracié (Martinez-Garay 2020, Duncan 2021). En aquest procés de
locomocié, una dels complexs més rellevants és el format per LIS1/NDELI. La
isoforma 14-3-3% interacciona amb NDEL1 fent possible la formacié del complex
LIS1/NDEL1 i afavorint la interaccié de LIS1 amb la dineina. En neurones en
migracio, la dineina citoplasmatica i LIST promouen el moviment saltatori nuclear
cap al centrosoma a partir de la interaccié amb els microtdbuls (Toyo-oka et al.,
2003). En Panalisi proteomica hem detectat la interaccié de NCAM2 amb diferents
isoformes de la 14-3-3, aixi doncs, NCAM2 també podria ser important pel
moviment saltatori i la locomoci6 depenent de les fibres de la glia radial. I.’absencia
de la proteina podria dificultar la unié entre neurones i fibres, obstaculitzant la
progressié de les neurones. Una ultima possibilitat és que NCAM2 pariticipi
juntament amb NOGO en la regulacié de la motilitat, controlant les interaccions
repulsives entre les cél-lules (Schwab, 2010).

En la condicié sobreexpressant, no es van observar canvis morfologics en les
neurones, de manera que és poc problable que els errors en la migracié siguin
causats per alteracions en el procés de diferenciaci6. El retard en el posicionament
de les cel'lules podria ser explicat per un increment en l'adhesi6é cel-lular.
L’expressi6 de les molecules d’adhesié ha de disminuir inicialment per permetre la
desunié de les neurones de les zones neurogeniques. En el cas de la N-cadherina
s’observa una disminucié dels nivells en les noves neurones que permet el
trencament de les unions adherents ila desunié de les cél-lules de la VZ (Martinez-
Garay, 2020). Un augment de la proteina en la superficie cellular podria provocar
una major retencié de les cel-lules en les zones proliferatives 1 endarrerir el procés
de migracio.

1.3. Efecte de NCAM2 en la diferenciacié neuronal

Les electroporacions ## utero van desvelar un efecte important de la proteina en la
morfogenesi neuronal. El fenotip dendritic aberrant de les neurones corticals va
ser analitzat en profunditat amb cultius neuronals per comprovar fins a quin punt
NCAM2 afecta la polaritzacié i la diferenciacié d’axons i dendrites. En cultius
neuronals d’hipocamp, la regulacié a la baixa de les dues isoformes de NCAM2
entre els estadis tres i quatre de Banker (Bentley & Banker, 2016) provoca canvis
drastics en la morfologia neuronal. L’eliminaci6 de la proteina en el moment clau
de 'establiment de polaritat i la identitat d’axons i dendritse, fa que les neurones
presentin un arbre dendritic aberrant amb multiples neurites immadures que
s’estenen des del soma. A més, els axons de les neurones silenciades tenen una
menor longitud, més ramificacions, i fins i tot, en alguns casos es detecta la
presencia de més d’un ax6. Les mdltiples neurites tenen una alta motilitat amb
nombroses estructures tipus fil'lopodi en creixement i retracci6é. L’analisi de
marcadors tipics de dendrita o ax6 mostra que aquestes prolongacions son
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negatives per MAP2, tau o marcadors de neurofilaments. Les seves caracteristiques
estructurals i moleculars encaixen amb la definicié de proto-dendrites (Kahn et al.,

2015).

La diferenciacié neuronal és un procés dirigit per la deteccié de senyals
extracel-lulars ila conversié d’aquests en canvis en el citoesquelet de la cel-lula que
permetin 'elongacié de dendrites i axons. Precisament per aquesta rad, és un
fenomen altament regulat per les CAMs que actuen d’enllag directe entre els
dominis extracel'lular i intracel-lular. El silenciament de NCAM1 en cultius
corticals produeix un fenotip similar al de NCAM2 amb una reducci6 significativa
en la longitud d’axons i dendrites (Frese et al., 2017; Pollerberg et al., 2013).
Aquests efectes en el creixement de les neurites i la polaritzacié podrien ser deguts
al fet que NCAM1 estimula la polaritzacié i1 el desenvolupament de Iarbre
dendritic promovent el creixement dels filaments d’actina en el con de creixement
(Frese et al., 2017). Altres CAMs com la N-cadherina o la TAG-1 també regulen
la polaritzacié i diferenciacié tant 7 vivo, controlant la transicié de MP a BP, com
in vitro Namba et al., 2015; Takano et al., 2019). Concretament, si es suprimeix la
N-cadherina de les neurones es desbarata la formacié del procés lider (Girtner et
al.,, 2012).

Per comprendre millor els mecanismes moleculars que poden vehicular I'accié de
NCAM2 sobre la morfogenesi de les neurones, vam realitzar una analisi de
proteomica per descobrir quines sén les proteines que interaccionen amb
NCAM2. Iestudi realitzat va mostrar la interaccié de NCAM2 amb desenes de
proteines importants per la morfogénesi neuronal, entre les quals destaquen els
components del citoesquelet d’actina, tubulina i neurofilaments. També, es va
revelar la interacci6 de NCAM2 amb proteines reguladores del citoesquelet, entre
les quals hi ha proteines associades als microtibuls (MAP1B o MAP2) i proteines
“capping’ de Pactina (CAPZA i CAPZB). Aquestes interaccions podtien ajudar a
explicar els fenotips dendritics aberrants observats en les neurones amb
silenciament de NCAMZ2. D’una banda, la interaccié directa o indirecta amb
Pactina podria indicar que NCAM2 regula la formacié dels compartiments
dendritics a través del control de la polimeritzacié/despolimetitzacié de I'actina.
Draltra banda, NCAM2 podria controlar Pestabilitat dels microtibuls. Les nostres
dates corroboren que la disminucié dels nivells de NCAM2 modifica el
comportament dels microtibuls. Les neurites aberrants en les quals s’ha silenciat
Pexpressi6 de NCAM?2 presenten un menor senyal de tubulina, tubulina acetilada
1 tubulina detirosinada, aixi com menors nivells de MAP2. Una possible explicacié
és que NCAM2 reguli estabilitzacié dels microtibuls a partir de la interaccié amb
MAP2B i MAP2C (Chen et al., 1992; Bélanger et al., 2002; Melkova, 2019). El
silenciament de la proteina podria provocar una desestabilitzaci6 del citoesquelet
de tubulina que comporti problemes en la formacié de les dendrites i, sobretot, en
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I’enlongaci6 i ramificacio de I’axd, ja que els axons presenten uns microtibuls més
estables. En aquesta direccid, es va observar que lestabilitzacié dels microtabuls
amb taxol podia rescatar el fenotip aberrant. Aixi doncs, el contacte de NCAM2
amb les proteines MAP2B i MAP2C aprop de la membrana podria induir canvis
en la citoesquelet exterior que fossin transmesos al citoesquelet central i acabessin
afectant al conjunt de lestructura (Kapitein & Hoogenraad, 2015; Iryna
Leshchyns’Ka & Sytnyk, 2016). Una altra possibilitat és que NCAM2 reguli de
manera indirecta la unié de MAP2 als microtubuls. En qualsevol dels casos, el que
s’ha observat és que la sobreexpressio de MAP2B i MAP2C és suficient per
rescatar el fenotip dendritic aberrant. Cal apuntar també que la interaccié amb
MAP1B, una proteina important per al control de les ramificacions de I’axé, podria
contribuir als canvis en la formacié de I'axé induits per NCAM2 (Halpain i
Dehmelt 20006).

Si ens fixem en la sobreexpressid, en el nostre model experimental no observem
canvis significatius en els compartiments neuronals deguts a un augment de la
proteina. Tot 1 aixi, altres grups han observat que, 'agrupament de NCAM?2 a la
membrana promou la formacié de fil-lopodis i les ramificacions de les dendrites
induint un augment en el flux de calci depenent dels VDCCs que activa la CaMKII
i la quinasa Src (L. Sheng et al., 2015). La interaccié de la NCAM2 amb les
isoformes o 1 § de la CaMKII també fou detectada en Iestudi proteomic. Durant
el procés de polaritzacié, I'activacié de la CaMKII regula P'activitat de la cofilina a
través de RhoA (Lin i Redmond 2009; Namba et al. 2015). D’aquesta manera, la
CaMKII pot regular la formacié de les dendrites i participar en els mecanismes de
refinament. Aixi doncs, per mitja de la interaccié amb la CaMKII, NCAM?2 podria
participar en la regulacié de la cofilina i controlar la despolimeritzacié del
citoesquelet d’actina. La sobreexpressié de la isoforma de la CaMKII, en cultius
on s’ha silenciat NCAM2, pot rescatar parcialment les alteracions morfologiques
provocades per leliminacié de NCAM2. Aquesta observacié suggereix que la
proteina podria regular el creixement neuritic en part per mitja de la CaMKII, o

bé, regular la transicié de creixement a retraccié de les dendrites controlada per la
CaMKII@ (Puram et al., 2011).

Un altre possible mecanisme molecular d’accié de NCAM?2 és la via de la proteina
bastida 14-3-3. NCAM?2 interacciona amb les isoformes 14-3-3(,14-3-3¢ 1 14-3-3y
que poden participar en les principals vies de senyalitzacié de control de la
polaritzaci6 de les cel-lules. Per exemple, les isoformes de la 14-3-3 poden regular
la ubiqitinitzacié i la degradacié de la catenina que participa en 'activacié de la
familia de Rho GTPases, afectant indirectament la fosforil-lacié de LIMK1 i la
Cofilina i, per tant, la dinamica del citoesquelet d’actina (Cornell & Toyo-oka,
2017). També, s’ha descrit que pot interaccionar i regular les proteines associades
als microtibuls com la MAP2. La sobreexpressio de la proteina 14-3-3 és suficient
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per recuperar la correcta morfologia neuronal en les cél-lules on NCAM2 ha estat
eliminada.

Els mecanismes moleculars descrits poden ser activats per la isoforma NCAM?2.1
que té un domini intracel-lular amb el qual pot contactar amb molecules
citosoliques. En canvi, la isoforma NCAM2.2 que s’uneix a la membrana per un
grup GPI hauria d’utilitzar altres vies. S’ha descrit que la proteina homologa
NCAMI1 pot interaccionar amb altres proteines de membrana o receptors, com el
FGFR, i regular el creixement de les neurites a través de P'activaci6 de la via de
Ras-MAPK (Kim Krighaar Rasmussen et al., 2018). En NCAM1, la interaccié amb
FGFR controla el trafic intracel-lular del receptor i estimula aix{ la migracié i la
morfogenesi neuronal (Chernyshova et al., 2011; Francavilla et al., 2009). En les
nostres condicions experimentals, els efectes de NCAM?2 en el creixement neuritic
serien independents de FGFR. També, és poc probable un efecte sinergic per accié
de la interaccié entre les dues isoformes de NCAM?2 en la mateixa cél-lula, degut
a Pestructura rigida dels dominis d’Ig que afavoreixen les interaccions #rans enfront
de les ¢s (Kulahin et al., 2011; Kim Krighaar Rasmussen et al., 2018). Aix{ doncs,
tot i que podrien existir altres possibilitats, com la senyalitzacié a través de les vies
especifiques dels /ipid rafts, sembla que I'accié sobre la morfogeénesi neuronal seria
principalment vehiculada per la isoforma NCAM2.1.

Per dltim, en els darrers anys han augmentat les evidéncies que mostren com les
CAMs poden exercir les seves funcions a través de la regulacié de 'expressio
genica. Diferents estudis han descrit com el silenciament d’algunes CAMs modifica
Pexpressié de multiples gens entre ratolins control i ratolins &nock-out de proteines
CAM especifiques. Per exemple, la proteina L1CAM controla els nivells
d’expressi6 de MAP2 de manera que el silenciament de LICAM disminueix els
nivells de MAP2 (Poplawsky et al. 2012). NCAM1 regula canvis en activitat i
Pexpressié de factors activadors i repressors de la transcripcié (Kozlova et al.,
2020). Alhora, poden modificar la traducci6 de proteines i Uestructura i distribucié
d’organuls implicats en la sintesi proteica (Kozlova et al., 2020). Per tal
d’aprofundir en els mecanismes moleculars de NCAM?2, seria interessant investigar
els canvis en la regulacié genica deguts a alteracions en 'expressié de NCAM2, per
exemple, en el ratoli £nock-out de la proteina.
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Figura 4.1. Efecte de NCAM2 en el desenvolupament neuronal

Representacié esquematica de les implicacions de NCAM?2 en el procés de diferenciacié i
migraci6 in vivo (panell superior) i en el procés de polaritzacié in vitro (panell inferior). In
vivo, el silenciament de la proteina altera la morfologia de les neurones corticals i la seva
migracié cortical. In vitro, el silenciament de NCAM2 produeix un fenotip dendritic
aberrant amb neurones amb multiples neurites MAP2 negatives. Els axons de les neurones
també sén més curts, més ramificats i en alguns casos s’observen 2 o més estructures amb
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les caracteristiques morfologiques de I’ax6. Aquestes alteracions poden ser degudes a la
interacci6 directa o indirecta de NCAM2 amb les proteines del citoesquelet. DIV: dies 7
vitro; IPC: progenitor intermedi; MZ: zona marginal; NEC: cél-lula neurepitelial; RGC:
cel'lula de la glia radial; SP: subplaca; SVZ: zona subventricular; VZ: zona ventricular.
Font: elaboraci6 propia.
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Capitol 2. NCAM2 en la regulacio de la plasticitat sinaptica

Un cop finalitza la construccié del sistema nervids i I'establiment de milions de
interconnexions especifiques entre neurones, s’inicien diferents programes
d’expressio en el temps i 'espai de CAMs que contribueixen al manteniment i

plasticitat de les connexions neuronals (Shapiro et al., 2007).

2.1. NCAM2 en els compartiments sinaptics

Les CAMs sén reconegudes reguladores de la formacié de les sinapsis durant el
desenvolupament embrionari i de la seva preservacié i remodelatge en Ietapa
adulta (Missler et al., 2012; Sudhof, 2018, 2021). El domini extracel-lular de les
CAM permet la interaccié entre els compartiments pre i postsinaptics donant lloc
a una forta adhesié molecular. Els dominis extracel-lulars de les CAMs mostren
una estructura formada per unitats repetides dels mateixos moduls que tenen com
a objectiu augmentar el nombre de possibles interaccions, ajudar a creuar la
fenedura sinaptica i dotar d’estabilitat mecanica a les unions. En els membres de
la familia de les IgCAMs les repeticions es donen en els moduls del tipus Ig i Fn.
La proteina NCAM?2 presenta cinc moduls Ig a través dels quals es formen unions
trans entre cél-lules veines. Concretament, les molécules NCAM2 dimeritzen a
través dels dominis Igl-Igll establint interaccions reciproques amb una distancia
intercel-lular d’aproximadament 20 nm que correspon amb la distancia observada
en les sinapsis quimiques (Hormuzdi et al.,, 2004; Kulahin et al., 2011; Siidhof,
2021). En aquest estudi s’ha pogut detectar la colocalitzacié de la proteina amb
marcadors dels compartiments presinaptics (Sinapsina) i postsinaptics (PSD-95)
corroborant dades préviament descrites (I Leshchyns’Ka et al., 2015). De fet,
Pexpressié de la proteina NCAM?2 s’inicia entorn el dia 14 del desenvolupament i
assoleix nivells maxims d’expressié entorn el dia 21 després del naixement. Les
sinapsis es formen principalment durant les etapes tardanes del desenvolupament
ien els primers estadis postnatals (Stidhof, 2021). Un cop formades, el refinament
de les connexions té lloc durant 'adolescéncia, tot i que els fenomens de formacié
1 eliminacié de sinapsis continuen, en menor grau, al llarg de tota la vida. Aix{
doncs, el patrd d’expressié temporal de Neam2 coincideix amb la finestra temporal
en la qual maduren les neurones i es formen les connexions sinaptiques. En etapa
adulta, el manteniment de les sinapsis i la seva remodelaci6 en resposta a 'activitat
també estan regulats per molecules d’adhesié. El fet que els nivells de NCAM?2 es
mantinguin estables durant aquesta etapa, i no disminueixin després del naixement,
indiquen un paper destacat també en la regulaci6 de les sinapsis madures.
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2.2. Les implicacions de NCAM2 en sinaptogenesi

En cultius neuronals d’hipocamp envellits, s’ha investigat el paper de la proteina
en la formaci6 i el manteniment dels contactes sinaptics. Els nostres resultats
mostren com el silenciament de NCAM?2 disminueix contundentment les sinapsis
funcionals. La sobreexpressio de les dues isoformes del gen, en canvi, no modifica
el nombre de sinapsis. Tot i que no podem determinar el mecanisme d’acci6 de la
proteina, les dades recollides suggereixen la implicacié de NCAM?2 en la formacié
1 manteniment de les connexions sinaptiques. La formacié de les sinapsis inclou
una seqiiénca d’esdeveniments que s’inicien amb el reconeixement de la diana i la
interaccio entre les membranes pre i postsinaptiques; i finalitza amb P'estabilitzacié
o l’eliminacié dels contactes. L.es CAMs funcionen de manera coordinada i no
jerarquitzada per assolir una optima connectivitat (Lim et al., 2022). La preseéncia
de NCAM2 en el con de creixement i les estructures postsinaptiques podria
contribuir al reconeixement entre les membranes, com s’ha observat en altres
IgCAMs (Moreland & Poulain, 2022; Sanes & Zipursky, 2020). Les cadherines,
integrines o IgCAMs del con de creixement fan possible el reconeixement de la
diana (Moreland & Poulain, 2022; Missler et al., 2012). De fet, els estudis previs
en polaritzaci6 mostren com la proteina afecta la dinamica dels cons de
creixement. Aixi doncs, el silenciament de la proteina podria afectar al
reconeixement de la diana i dificultar la formacié inicial dels contactes. Les
alteracions en la dinamica del con degudes a I'acci6 de proteines com MAP1 en les
neurones silenciades podrien dificultar la navegaci6 de I’ax6 fins a la diana. A més,
NCAM2 també interacciona amb CAPZ, una proteina reguladora del citoesquelet
d’actina que és important per a la regulacié del con de creixement (Davis et al.,
2009; Sinnar et al., 2014). El menor nombre de proteines NCAM?2 a la superficie
de la cel'lula també podria dificultar la formacié d’unions adhesives entre els
compartiments sinaptics. Un cop formats els primers contactes, les CAMs com les
neutexines/neuroligines sén importants per al manteniment de les estructures i les
propietats dels compartiments sinaptics (Stidhof, 2018). NCAM2 també podria
estar involucrada en lorganitzacié de les sinapsis modificant I'alliberament de
neurotransmissors o el transport dels receptors (Missler et al., 2012). La implicacié
en aquests processos regularia I’establiment de connexions de manera que el
silenciament evitaria que es formessin les sinapsis.

Alternativament o complementariament, NCAM2 podtia controlar la maduraci6 i
el refinament dels contactes com ho fan les cadherines, contactines, L1ICAM o
NCAMI1 (Duncan et al., 2021; Sanes & Zipursky, 2020; Sytnyk et al., 2006; Togashi
et al,, 2002). Les molecules de la familia de la L1CAM promouen lestabilitat de les
sinapsis a partir de les anquirines. Els components de la matriu extracel-lular com
'acid hialuronic o els condroitin sulfats també participen en estabilitzacié dels

250



contactes mediada per LICAM 1 la NCAM1 (Duncan et al., 2021). El col'lapse i
refinament de les espines induit per algunes IgCAMs, la CH1 i la NrCAM, és
depenent de la Semaforina 3 (Duncan et al., 2021). La perdua de LICAM o algun
dels seus efectors citosolics impedeix la correcta eliminacié de les sinapsis inactives
i provoca un augment de les espines dendritiques i les sinapsis excitatories. Les
integrines també contribueixen al refinament de les sinapsis a través del
remodelatge del citoesquelet d’actina (Duncan et al., 2021), de fet, la seva
inactivacié promou l’estabilitzacié de les espines. Els contactes mediats per la
proteina NCAM2 podrien contribuir a estabilitzar les espines dendritiques a través
de modificacions del citoesquelet d’actina. El silenciament de la proteina podria
afectar Pestabilitat de les connexions i afavorir la seva eliminacié durant el
refinament.

Per acabar de caracteritzar la rellevancia de NCAM?2 en la formacié de les sinapsis,
es podrien realitzar assajos com el de la reconstitucié de la GFP a través dels
compartiments sinaptics. Aquesta técnica permetria evaluar si la interaccié entre
molecules NCAM?2 és necessaria per a la formacio6 de les sinapsis (Feinberg et al.,
2008). A més, els estudis realitzats 7 vitro es podrien completar amb ’analisi de la
densitat de connexions sinaptiques en diferents temps, concretament, a diferents
dies postnatals. L’aven¢ de les tecniques d’imatge actuals fins i tot permetria poder
caracteritzar la formacié de les connexions en viu en animals amb una expressio
alterada de la proteina. A més, analisis proteomiques dels compartiments sinaptics
ajudarien a determinar la presencia de NCAM2 en aquestes regions i visualitzar les
proteines amb les quals interacciona de manera més especifica.

2.3 NCAM2 en la regulacio la plasticitat sinaptica

Durant I’etapa adulta, després del procés de maduracié i refinament de les sinapsis
que té lloc en la infancia i adolescéncia, es manté la regulacié de les connexions.
Els mecanismes de plasticitat sinaptica permeten modificar les forces de les
connexions sinaptiques en resposta a l'activitat, ajudant als circuits a adaptar-se als
canvis de 'entorn. També s’ha descrit que en aquesta etapa continua la formacié 1
Ieliminaci6 de sinapsis, tot i que en percentatges molt menors (Sidhof, 2021). El
remodelatge dels compartiments sinaptics en resposta a 'activitat esta dirigit i
controlat per les CAMs. Els estudis realitzats en 'ambit de la plasticitat sinaptica
han mostrat que el silenciament de NCAM2 en les neurones granulars del gir
dentat de ratolins adults afecta la densitat d’espines dendritiques (Figura 4.2).
Aquests fets podrien ser deguts a problemes en la formacié de les sinapsis en les
neurones generades de novo en el gir, durant la neurogénesi adulta, per mitja dels
mecanismes previament comentats. L’explicacié més probable, pero, és que
NCAM2 reguli la plasticitat sinaptica de les espines durant I'etapa adulta. Les
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CAMs exerceixen un ampli ventall de funcions durant els esdeveniments de LTP
1 LTP. Les cadherines i membres de la superfamilia de les Igs NCAM1 i L1ICAM)
participen en la induccié de la LTP. A més, les CAMs poden modificar
alliberament de neurotransmissors en resposta a la LTP (Missler et al., 2012),
modificar les propietats dels receptors de neurotransmissors o bé canviar la mida
de la zona activa i la densitat postsinaptica (Benson et al., 2000). En molts casos,
les CAMs actuen regulant la densitat, la mida 1 la morfologia de les espines
dendritiques (Missler et al., 2012; Sudhof, 2018). Aquests canvis sén possibles
gracies a les interaccions de les CAMs amb proteines de la densitat postsinaptica i
el citoesquelet d’actina que promouen la reestructuracié de les espines
dendritiques.

Per tal d’analitzar amb més detall com els canvis d’expressi6 de NCAM?2 afecten
ala dinamica de les espines dendritiques de les dendrites de la CA1, es van realitzar
técniques d’imatge en viu amb cultius organotipics d’hipocamp. Els cultius
organotipics sén transfectats biolisticament modificant 'expressi6 del gen durant
set dies. En aquest interval més curt de temps, no vam observar canvis significatius
en la densitat d’espines dendritiques en les neurones on es va silenciar o
sobreexpressar NCAM2. En canvi, si que vam poder percebre canvis en 'area
d’aquestes espines. El silenciament de la proteina provoca una constriccié en Iarea
de les espines. Contrariament, la sobreexpressié de la isoforma NCAM2.1 provoca
el engruiximent. Aquests canvis en intervals curts de temps es podrien traduir en
canvis en la densitat d’espines si es prolongués la modificacié de I'expressio del
gen. Per exemple, en el cas del silenciament, la constriccié de les espines podria
ser un pas previ a la seva pérdua, tal com s’observa en cultius neuronals i en models
in vivo quan el silenciament es manté durant periodes més prolongats. Una major
expressio de la proteina en la membrana de les cel-lules pot contribuir a estabilitzar
els contactes i engrandir ’area de 'espina dendritica (Figura 4.2). En relacié amb
la mobilitat de I'espina, malgrat no hi diferencies signifitives entre condicions, en
les nostres condicions experimentals vam poder detectar que tant el silenciament
com la sobreexpressié de la isoforma NCAM?2.1 tendeixen a augmentar la motilitat
de les espines. Noves aproximacions metodologiques seran necessaries per captar
aquests canvis subtils amb major precisié, perod una motilitat major de les espines
podria explicar els canvis observats en la seva area. A més, cal puntualitzar que,
per motius técnics, els estudis en cultius organotipics han estat realitzats en
dendrites de neurones de la CAl. La disposicié d’aquestes cellules en el cultiu
organotipic permet una millor visualitzacié de les espines en comparacié amb les
neurones del gir dentat. Seria interessant doncs, completar els estudis realitzats i
vivo amb injeccions de virus a la CA1 ila CA3 de P’hipocamp per comprovar que
Pefecte de NCAM2 a les sinapsis no esta restringit només al gir dentat.
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Les funcions reguladores de NCAM2 en les espines dendritiques es podrien donar
a través de diferents mecanismes. El mecanisme d’accié més problable de la
proteina és la interaccié amb elements del citoesquelet. Com hem pogut observar,
NCAM2 interacciona amb el citoesquelet d’actina i amb proteines reguladores del
citoesquelet en etapes postnatals. Fis probable que aquesta interaccié continui en
etapes posteriors i permeti a NCAM2 controlar la dinamica de la xarxa d’actina.
D’aquesta manera, en resposta a lactivitat, NCAM2 podria modificar el
citoesquelet d’actina de manera directa o indirecta, i controlar la morfologia de les
espines. A banda de regular el citoesquelet d’actina, NCAM?2 podyria realitzar les
seves funcions a través de la interacci6 amb proteines com la CaMKII, una
proteina clau en plasticitat sinaptica, amb la qual interaccionen altres CAMs
(Murphy et al., 2023; Sytnyk et al., 2006). A partir de la CaMKII, NCAM?2 podria
modificar el trafic de receptors o 'expressié genica (Yasuda et al., 2022). De fet,
NCAM2 també podria participar en els mecanismes de plasticitat sinaptica
regulant de manera directa la traduccié local de proteines. La traduccié local de
proteines en lespina dendritica és important per poder respondre als
esdeveniments de la plasticitat a llarg termini (Sun et al., 2021). Alguns factors
d’elongacié de la traduccié com I'eEf1A2 poden controlar la plasticitat sinaptica
de les espines (Mendoza et al., 2021). En 'analisi protedomica, hem observat la
interacci6 de NCAM2 amb dos factors d’elongaci6: I'eEF1B i I'eEF1D. Una
hipotesi podria ser que a través d’aquests factors NCAM?2 regulés la traduccio local
1 promogués el remodelatge de les espines. Donat que ’analisi protedmica ha estat
realitzada en el conjunt de cel'lules del cortex i ’hipocamp, podria ser que les
interaccions especifiques de la proteina en els compartiments sinaptics no hagin
estat detectades. Per aixo, per concixer amb més profunditat els mecanismes
d’accié de NCAM2, podria ser interessant 'obtencié de sinaptosomes de les
neurones de ’hipocamp en els quals poder determinar I'interactoma de la proteina
en les sinapsis.

Per dltim, caldria analitzar les implicacions funcionals d’aquests canvis en les
espines. L’objectiu és ampliar el projecte amb l'analisi dels canvis en l'activitat
electrofisologica de les cel'lules en cultiu, provocats per I'augment o disminucié
de Pexpressi6 de NCAM2. A més, en els sistemes organotipics, es podria
visualitzar si la sobreexpressio o el silenciament de NCAM2 modifica els nivells
de calci en resposta a lactivitat. En I'aproximacié iz vivo, hem observat que el
silenciament de la proteina disminueix les espines dendritiques de les neurones
granulars. Aquestes neurones formen part del circuit trisinaptic de ’hipocamp,
I’acci6 del qual és basica en la formacié de la memoria. Les neurones granulars
reben les projeccions provinents del cortex entorrinal i envien els seus axons a la
CA3. Una disminucié en el nombre d’espines de les cel-lules granulars podria
implicar alteracions en la correcta transmissié dels impulsos nerviosos del circuit i
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comportar defectes en la memoria i 'aprenentatge. Aix{ doncs, seria de gran interes
poder realitzar estudis de comportament en ratolins £nock-out de la proteina, o en
ratolins en els quals s’ha silenciat Pexpressio de la mateixa en etapes postetiors, per
poder determinar si hi ha canvis en aquests processos cognitius.
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Capitol 3. El paper de NCAM2 en la neurogénesi adulta

La plasticitat neuronal adulta també engloba la formacié de noves neurones que
té lloc en les zones neurogeniques del sistema nervios.

3.1. El microentorn de les cél-lules mare neuronals adultes

Mentre que les NSCs embrionaries es divideixen rapidament en finestres
temporals curtes per expandir les poblacions cel-lulars 1 formar les estructures del
SNC, les NSCs de l'etapa adulta presenten una baixa taxa de proliferacié que
permet la seva conservacié al llarg dels anys. Aixo fa que la regulacié de les NSCs
embrionaries impliqui actors i mecanismes diferents als de les NSCs adultes
(Fuentealba et al., 2015; Urban & Guillemot, 2014). Un dels trets diferencials més
destacats entre les NSCs embrionaries i les adultes és estat de quiesceéncia en el
qual es troben les ultimes. En els ninxols neurogenics de la SVZ i de la SGZ,
trobem cel'lules mare en un estat quiescent amb el cicle cel-lular arrestat que
s’activen sota determinats estimuls. La regulaci6 de 'estat funcional de les cel-lules
ve determinada en gran part per la zona neurogenica. Els microentorns tenen dues
funcions principals: acomodar la poblaci6é de progenitors, dotant-les dels factors
necessaris pel seu manteniment, i integrar tots els senyals extracel-lulars que
controlen el seu comportament proliferatiu i la diferenciaci6 de la progenie.

En els datrers anys, nombrosos estudis de transcriptomica han analitzat
Pempremta genética i 'expressi6 diferencial de gens en la poblacié de progenitors
de les zones neurogeniques (Chaker et al., 2016; Codega et al., 2014; Daynac et al.,
2013; Fuentealba et al., 2015; Llorens-Bobadilla et al., 2015; Mich et al., 2014;
Kalamakis et al., 2019). Una de les conclusions principals extretes d’aquests estudis
és la visi6 de la poblacié de progenitors com una evoluci6 continua entre diferents
estats de multipotencia, que va des de cel'lules mare profundament dormides a
progenitors intermedis d’alta capacitat proliferativa. Canvis en expressié dels gens
permet fer un seguiment de levolucié i la transformacié de les cél-lules
progenitores al llarg del procés. Les cel'lules mare neuronals quiescents (qQNSCs;
de quiescent Neural stem cells) presenten una major expressié de gens implicats en
I’adhesio6 entre cel-lules, 'adhesio a la matriu extracel-lular, la comunicacio cel:lular
i I'ancoratge al microentorn. Molts d’aquests gens codifiquen per proteines de
membrana CAMs que permeten detectar i integrar els estimuls extracel lulars
(Morante-Redolat & Porlan, 2019). Durant lactivacié de la proliferacié i la
transicié a progenitors intermedis, 'expressié genica varia disminuint expressio
dels gens caracteristics de les cel-lules quiescents tot augmentant 'expressié de
gens proliferatius.
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Figura. 4.2. El paper de NCAM2 en la regulaci6 de la plasticitat neuronal adulta.

Representacié esquematica de les implicacions de NCAM2 en el procés de neurogenesi adulta i
plasticitat sinaptica. El silenciament de la proteina (esquema central), expressada tant en les RGCs
com en les neurones madures, podria augmentar la proliferacié dels IPCs incrementant el nombre
de neurones formades. La reduccié en la densitat d’espines podria ser deguda a una menor
formacié de contactes o bé a la constriccié i pérdua d’espines durant Ietapa adulta. La
sobreexpressié de la proteina (esquema inferior), arresta les RGCs en un estadi de progenitor
neuronal disminuint la formacié de noves neurones. En plasticitat sinaptica, un augment de
Iexpressi6 de NCAM2 pot augmentar la mida de les espines. gNSCs: cél-lula mare neuronal
quiescent; aNSCs: cel'lula mare neuronal activada; IPC: progenitor intermedi. Font: elaboracié

propia.
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Especificament, els perfils genetics de les cel-lules progenitores obtinguts en els
estudis de seqiienciacié de cel'lula tnica revelen un enriquiment en cadherines,
protochaderines, components de la matriu o les molecules NCAM en les gNSCs
(Mortizur et al., 2018; Shin et al., 2015). Una reducci6 dels seus nivells d’expressio
seria necessaria per activar les cel'lules i induir 'entrada en el cicle cel-lular. En el
cas especific de NCAM2, vam poder analitzar les dades recollides en les analisis
transcriptomiques conduiides per Morigur et al., 2018 1 Shin et al., 2015 1 comprovar
que NCAM2 es trobava entre les proteines expressades de manera diferencial en
la poblacié de progenitors. Concretament, les dades senyalaven nivells alts de la
proteina NCAM2 en les cel'lules quiescents que disminueixen a mesura que les
cel-lules s’activen 1 entren en proliferacié. Aquestes signatures moleculars
coincideixen amb els resultats extrets de la immunodetecci6 de NCAM2 en els
actors principals del procés neurogenic del gir dentat. Aixi doncs, la regulacié
especifica dels nivells de sintesi de la proteina seria necessaria per a la correcta
evolucié dels esdeveniments neurogenics. La principal evidencia de la implicacié
de NCAM2 en la regulacié de la neurogenesi adulta sén els canvis observats en el
curs dels esdeveniments neurogenics quan es sobreexpressa la proteina. Mentre
que el silenciament de NCAM2 en les RGPs del gir dentat de ratolins adults no
afecta la formaci6 de noves neurones; la sobreexpressié de NCAM2.1 i NCAM2.2
disminueix el nombre de neurones formades quatre setmanes després de la
modulacié de I'expressié genica. Les dades apunten que la sobreexpressié de la
proteina podria arrestar parcialment les cel-lules en un estat quiescent enrederint
el curs normal dels esdeveniments neurogenics, i disminuint la formacié de noves
neurones. Aquesta hipotesi esta recolzada amb assajos de BrdU in vitro que
mostren com les NSCs adherents en cultius on s’ha silenciat NCAM2 tenen una
major taxa de proliferacié. Tot i aixi, per tal de detallar els possibles efectes de
NCAM2 en la regulaci6 de la quiescencia de les NSCs, es podrien utilitzar cultius
de NSCs. En els datrers anys, s’han posat a punt cultius per modelar la quiescencia
de les NSCs #n vitro. 1’addici6 del factor BMP4 als cultius induiex la quiescencia
dels mateixos, un cop induida la quiescéncia, es podria investigar si el silenciament
de la proteina contribueix a ’activacié i 'entrada al cicle cel-lular de les cel-lules
(Utban et al., 2019).

En la regulaci6 de la quiescencia i la proliferacié de les NSCs hi participen altres
CAMs. La VCAM1 és expressada per les NSCs i controla la seva quiescencia. Si
es bloqueja la seva funcio, es desarticula 'estructura de la zona neurogenica, s’altera
la citoarquitectura de les cel'lules ependimals i augmenta la neurogenesi al bulb
olfactiu (Kokovay et al., 2012; Morante-Redolat & Porlan, 2019). En la mateixa
linia, la N-cadherina participa en les unions entre les NSCs de la SVZ i la seva
proteolisi activa la proliferacié de les NSCs (Porlan et al., 2014). La E-cadherina
també afecta a la capacitat d’autorenovaci6 de les NSCs i el bloqueig de la integrina
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B1 resulta en la disrupci6 de la zona ventricular i en un augment de la proliferacié
dels progenitors intermedis (Kazanis et al., 2010). Part dels estudis realitzats per
avaluar efecte de les CAMs en la neurogenesi adulta han estat realitzats en la SVZ.
Davant dels prometedors resultats obtinguts en el la SGZ s’obre un nou
interrogant sobre el paper de NCAM2 en la regulacié de la SVZ. Des de les etapes
finals del desenvolupament trobem expressié de la proteina en aquesta regid, de
manera que NCAM?2 podria regular la proliferacié dels progenitors de la zona. A
més, s’ha descrit que NCAM2 participa en la migracié de les interneurones de la
SVZ cap al bulb olfactiu a través de la corrent migratoria rostral. Considerant totes
aquestes dades, seria interessant avaluar lefecte del silenciament o la
sobreexpressio de la proteina en els progenitors de la SVZ en la neurogeénesi
adulta.

A més de regular la proliferacié de les NSCs, NCAM2 podria modificar
Pespecificacié del desti cel'lular dels progenitors, alterant la diferenciacié de les
neurones. Les proteines LICAM i NCAM1 promouen la diferenciacié neuronal
dels progenitors durant el procés de neurogenesi adulta. L’analisi del procés de
diferenciaci6 7 vitro amb NSCs cultivades en forma de neuroesfera i diferenciades
en cultius adherents revela un menor percentatge de neurones MAP2 positives
quan NCAM2 és regulada a ’alca. En el cas del silenciament de la proteina, pero,
no s’observen diferéncies en comparacié amb els controls. Malgrat els canvis
observats en el cas de la sobreexpressié podrien segur deguts a la diferenciacié de
les cel'lules cap a altres tipus cel*lulars, Pexplicacié més probable tenint en compte
les dades #n vivo és que NCAM?2 afecti a la proliferacié de les NSCs en cultiu
endarerint la diferenciacié i la maduracio de les neurones formades.

3.2. Els mecanismes moleculars de NCAM2 en la regulacid de la
neurogéenesi adulta

Els mecanismes exactes que vehiculen la regulacié de la quiescéncia i Pactivaci6 de
les RGCs per part de NCAM2 hauran de ser investigats en amb major profunditat,
pero podrien englobar diferents processos. D’entrada, NCAM?2 podria regular la
proliferacié de les RGCs a través del manteniment de Pestructura del ninxol
neurogenic i Padhesi6 de les cel-lules amb 'entorn i les cel-lules veines. Diferents
estimuls extracel-lulars poden regular de manera dinamica I'adhesié en el ninxol
neurogenic. Per exemple, la proteolisi de les CAMs permet reclutar les NSCs
segons demanada i activar la seva proliferacié. Aquest seria el cas de la N-cadherina
que pot ser proteolitzada per 'enzim MT5-MMP fet que provoca 'activacié de la
proliferacié6 de les NSCs de la SVZ tant en condicions fisiologiques com
regeneratives després de lesions (Porlan et al., 2014). La inactivacié de la N-
cadherina no només incrementa la proliferacid, siné que provoca el

desmantellament del ninxol neurogenic. En aquesta linia, s’ha descrit que 'enzim
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BACE-1, regulador de la proliferacié neuronal i la diferenciacié de les cél-lules en
I’hipocamp adult (Chatila et al., 2018), pot induir la proteolisi de NCAM2 (Keable
et al., 2022). La proteolisi de NCAM2 per part de I'enzim promou 'endocitosi de
BACE-1, disminueix els seus nivells en la membrana cel-lular i regula la seva

activitat.

NCAM2 també podria regular la quiescéncia o activacio de les NSCs a partir de la
interaccié amb altres molecules de membrana com els receptors de factors de
creixement. En el cas de la N-cadherina, el receptor EGFR indueix la proteolisi de
la proteina i aixo condueix a una activaci6 de la proliferacié (Klingener et al., 2014).
En les NSCs embrionaries de la medul-la espinal, NCAM?2 controla la proliferacié
de les cel'lules cultivades com a neuroesferes per mitja de 'accié del receptor
d’EGF. Les neuroesferes de ratolins que no expressen la proteina presenten
majors nivells d’EGFR 1 la seva variant fosforil-lada que es tradueixen en una
major taxa de proliferacié de les cél-lules (Deleyrolle et al., 2015). La regulacié del
receptor ’EGF per part d’algunes CAMs es dona per interaccions directes com
en el cas de NCAM1, LICAM o la proteina ortologa en invertebrats Fas2
(Ditlevsen et al., 2008.; Mao i Freeman, 2009; Islam et al., 2012). La interaccié
directe entre NCAM2 i EGFR no ha pogut ser establerta (Deleyrolle et al., 2015),
pero es creu que NCAM2 podria regular la senyalitzacié per EGFR a través de la
degradaci6 del receptor per ubiqiitina lligases (Deleyrolle et al., 2015). En canvi,
en el cas del receptor FGIPR si que s’ha comprovat la interaccié molecular amb
NCAM2 proposant un altre mecanisme per la regulacié de la divisié de les NSCs
(Kim Krighaar Rasmussen et al., 2018). De fet, la seva homologa NCAM1, pot
regular processos com la proliferacié cel'lular i la migracié a través del mateix
receptor (Francavilla et al., 2009). Per poder determinar amb major exactitud els
mecanismes moleculars implicats en I'accié de NCAM?2 podria ser de gran utilitat
analitzar els canvis d’expressié de gens en els progenitors després de modificar
Pexpressio de NCAM2.

Un darrer mecanisme podria ser la regulacié del citoesquelet. La progressié del
cicle cel'lular esta regulada pel citoesquelet. La interaccié de molecules com
NCAM1 amb proteines del citoesquelet d’actina o proteines d’uni6 al citoesquelet
com la profilina afecta la proliferaci6 de les NSCs, modificant la morfologia de les
cel'lules i la formaci6 del fus mitotic (Huang et al., 2020). NCAM?2 interacciona
amb Dactina i proteines d’uni6 a aquesta que podrien afavorir la regulacié de la
proliferacié de les NSCs.
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Capitol 4. NCAM2 en els desordres neurologics

Els apartats anteriors discuteixen la rellevancia de les funcions de NCAM2 en
multiples processos claus per a la formacié i el manteniment de la sofisticada xarxa
de connexions neuronals que fa possible I'execuci6 de tasques basiques i funcions
cognitives superiors. Anomalies en el gen i en 'expressié de NCAM2 poden tenir
un gran impacte en el correcte desenvolupament d’aquests esdeveniments. No
resulta sorprenent, doncs, que la proteina hagi estat relacionada amb diferents
patologies del neurodesenvolupament, desordres neuropsiquiatrics i malalties
neurodegeneratives. Entre les patologies més vinculades amb el gen Neaz2 hi
trobem els trastorns de lespectre autista (ASD; d’Autism spectrum disorder), la
sindrome de Down o la malaltia d’Alzheimer (Kimura et al., 2007; Leshchyns’Ka
et al., 2015; Molloy et al., 2005; Petit et al., 2015; Scholz et al., 2016).

4.1. Trastorns de I’espectre autista

Els ASD sén un grup de desordres del neurodesenvolupament que es caracteritzen
per la combinacié de problemes en les interaccions socials i comportaments
repetitius en els individus que els pateixen (Lord et al., 2018). Entre els més del
100 gens que representen un factor de risc per I'autisme hi trobem Neazz2. Shan
detectat delecions i SNPs en el gen Ncam2 en pacients amb ASD (Hussman et al.,
2011; Molloy et al., 2005; Scholz et al., 2016). Els individus amb ASD presenten
una connectivitat alterada (Bourgeron, 2015). Malgrat hi ha molta variabilitat
fenotipica, en molts casos s’observen modificacions en el nombre i la morfologia
de les espines (Barén-Mendoza et al., 2021). Alguns estudis apunten a un major
nombre d’espines dendritiques (Tang et al, 2014) deguts a defectes en el
refinament de les espines. El mecanisme seria contrari a 'observat en pacients amb
esquizofrenia en els quals un excés d’eliminaci6 de les espines provoca deficits en
la connectivitat de les xarxes (Li et al., 2022). Altres estudis apunten a canvis en la
morfologia de les cél-lules i a una major presencia de dendrites immadures (Barén-
Mendoza et al., 2021). Molts dels gens relacionats amb el trastorn codifiquen per
proteines d’adhesié sinaptiques 1 altres components de les sinapsis. Els nostres
resultats en el camp de la sinaptogenesi i la plasticitat sinaptica mostren com
NCAM2 pot regular la formacié 1 manteniment de les espines, aixi com modificar
la seva area. Les modificacions en el gen Neam?2 associades a I’ASD podrien
provocar canvis conformacionals i funcionals en la proteina que afectessin a la
formaci6, maduracié i estabilitzacié de les espines. Per exemple, es podrien
provocar canvis en la formacié dels contactes entre compartiments sinaptiques
que modifiquessin la naturalesa de 'adhesi6 entre ells i afectessin al refinament de

les espines.

260
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Figura 4.3. Implicaci6 de NCAM2 en els ASD, la sindrome de Down i la malaltia
d’Alzheimer

L’esquema mostra les alteracions en el gen Neam?2 detectades en els ASD, la sindrome de
Down i la malaltia d’Alzheimer (panells esquerra) i els possibles mecanismes d’accié
d’aquesta proteina en el desenvolupament de les malalties (panells drets). ASD: Trastorns
de ’Espectre Autista. Font: elaboracié propia.
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4.2. Sindrome de Down

La sindrome de Down és una malaltia del neurodesenvolupament causada per la
trisomia del cromosoma 21. Els pacients amb sindrome de Down presenten un
retard en el desenvolupament, deficits en 'aprenentatge i problemes de memoria,
entre altres simptomes (Antonarakis et al., 2020; Windsperger i Hoehl, 2021), i s6n
més propensos a desenvolupar desordres com la malaltia d’Alzheimer.

Els mecanismes moleculars radiquen en la trisomia del cromosoma 21 i el canvi
en 'equilibri de dosi provocat per la copia extra d’'un cromosoma (en angles gene-
dosage effect) (Antonarakis et al., 2020). Per aquest motiu, degut a la seva localitzacié
en el cromosoma 21, el gen Neam2 ha estat proposat com un dels gens implicats
en els mecanismes moleculars de la malaltia. Malgrat es troba fora de la regi6
critica, una copia extra del cromosoma 21 provoca nivells més elevats de la
proteina durant el desenvolupament i I’etapa adulta (Scholz et al., 2016). De fet,
algunes de les marques patofisiologiques de la DS com les alteracions sinaptiques
o els defectes en la neurogenesi adulta es correlacionen amb els canvis observats
quan NCAM?2 és sobreexpressada (Lorenzi & Reeves, 2006). En models murins
de la malaltia, s’observa una menor proliferacié dels progenitors adults del gir
dentat 1 una menor formacié de noves neurones. Aquests resultats coincideixen
amb el fenotip observat quan NCAM?2 es sobreexpressada. D’aquesta manera, els
nivells més alts de NCAM?2 deguts a la trisomia del 21 podrien afectar a la regulacié
de les RGCs dels ratolins model de la malaltia, i modificar la seva divisié. A banda,
en els individus amb sindrome de Down també s’observa un creixement aberrant
de les dendrites i errors en la transmissié sinaptica, deguts a un excés d’inhibicié
de la transmissio 1 canvis en la morfologia de les espines. Totes aquestes alteracions
s6n compatibles amb les funcions descobertes de NCAM2. En conseqiiencia,
podria ser interessant determinar expressié 1 les afectacions en els mecanismes
moleculars de NCAM2 en models animals de la sindrome de Down per veure fins
a quin punt la proteina participa en les alteracions neurogeniques del desordre.

4.3. Malaltia d’Alzheimer

La malaltia d’Alzheimer és una de les malalties neurodegeneratives més prevalents
avui dia. Els pacients que la pateixen presenten perdua progressiva de la memoria,
alteracions cognitives, errors en la parla i també problemes en el processament de
la informacié visual, espacial i les tasques executives. Entre els factors de risc de la
malaltia hi ha Iexpressio de diferents gens, entre ells, Nea2. En la poblacié del
Japo, s’han descrit SNPs en el gen Nean2 com a factor de risc per la progressié de
la malaltia (Kimura et al., 2007). En la mateixa linia, estudis d’associaci6é del
genoma (GWAS, de Genome-Wide Asssociation Studies) han trobat una relacié entre
SNPs de Neaw? 1 els nivells del peptid B-amiloide en el liquid cerebrospinal (Han
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et al., 2010). Una de les caracteristiques de les primeres etapes de la malaltia
d’Alzheimer és la pérdua de sinapsis (Subramanian et al., 2020). Els nostres
resultats en el marc de la plasticitat sinaptica mostren com el silenciament de
NCAM2 provoca una constriccié de les espines dendritiques 1 una pérdua de
sinapsis. Aquests resultats concorden amb estudis previs (Leshchyns’Ka et al.,
2015) en els quals es va determinar que el B-amiloide indueix la proteolisi de
NCAM2 dels compartiments sinaptics, fet que comporta una desestabilitzacio6 i
perdua de les connexions. NCAM2 podria, doncs, explicar en part la perdua de
sinapsis vinculada a la malaltia d’Alzheimer i ajudar a comprendre els mecanismes
patologics inicials del trastorn. Les cel-lules humanes pluripotents induides
(hiPSCs; de buman induced pluripotent stem cells) derivades d’individus control i
pacients amb la malaltia podrien ser una eina util per aprofundir en la implicacié
funcional de NCAM2 en la malaltia. De fet, les hiPSCs s’utilitzen per estudiar el
procés de formacié de connexions sinaptiques (Sudhof, 2018) en I’huma.
D’entrada, es podria analitzar I'expressié de NCAM2 en les hiPSCs derivades de
pacients per determinar si presenten canvis o polimorfismes en el gen. A partir
dels cultius, es podria avaluar 'impacte d’aquests canvis en la formacid i el
manteniment de les sinapsis. A més, a través d’eines com CRISPR, es podrien
reparar les alteracions geniques i analitzar si es recupera la correcta funcié

sinaptica.

En conclusio, els descobriments recollits en aquesta tesi posen en valor el paper
de la proteina NCAM2 en processos clau pel correcte desenvolupament del
sistema nervids i la preservacié de les seves funcions al llarg de la vida de
Porganisme. Les dades recollides en aquestes pagines contribueixen a ressaltar el
rol de les molecules d’adhesi6 cel'lular en la construccié de la complexa xarxa
neuronal del cervell. La gran diversitat de CAMs, entre les quals NCAM2 guanya
protagonisme, orquestren multiples processos cel-lulars i dirigeixen complexes
vies de senyalitzacié essencials per al funcionament de processos cognitius tant
rellevants com el pensament, el llenguatge o 'aprenentatge. Aquests processos es
troben afectats en diverses patologies que presenten alteracions en el gen de
Neam2. Aixi doncs, les dades recollides en aquesta tesi podrien contribuir a
entendre els mecanismes de malalties neurologiques com I’Alzheimer i obrir noves
vies d’investigacié que millorin el nostre coneixement sobre elles.
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Les dades recollides en aquesta tesi han permeés concloure:

10.

NCAM2 regula I'establiment de la polaritat neuronal i la formacié dels
compartiments axo-dendsritics. El silenciament de la proteina provoca un
fenotip dendritic aberrant i canvis en la llargada i ramificacié dels axons.

NCAM2 interacciona amb proteines del citoesquelet, proteines associades
al citoesquelet i molécules senyal com la CaMKII o la 14-3-3 que regulen
la morfogenesi i la migracié neuronal.

La sobreexpressio de la CaMKII rescata parcialment el fenotip dendritic
aberrant originat pel silenciament de la proteina NCAM?2.

La proteina NCAM2 presenta una expressié diferencial entre les cel-lules
implicades en el procés de neurogénesi adulta en la SGZ. Mentre que els
progenitors de tipus I i les neurones madures expressen alts nivells de
NCAM2, els progenitors intermedis i les neurones immadures presenten
nivells més reduits.

La sobreexpressié de la proteina NCAM2 manté les cél-lules mare
neuronals en un estat de progenitor i disminueix la formacié de noves
neurones en el gir dentat.

El silenciament de la proteina NCAM2 en cultius de NSCs provoca un
augment de la proliferacié de les NSCs.

La sobreexpressié de la proteina disminueix el percentatge de neurones
MAP2 positives en les cel-lules en diferenciacié. El silenciament no
provoca alteracions en el procés de diferenciaci6 de les neurones.

NCAM2 colocalitza amb marcadors dels compartiments pre i
postsinaptics on regula els fenomens de plasticitat postsinaptica a través
de la dinamica de les espines dendritiques. El silenciament de NCAM2
provoca una disminucié de la densitat d’espines dendritiques in vitro,
mentre que la sobreexpressiéo de la proteina no provoca canvis en el
nombre d’espines.

En models i vivo, el silenciament de la proteina disminueix la densitat
d’espines dendritiques de les neurones granulars del gir dentat.

Les modificacions en els nivells d’expressi6 de NCAM2 en cultius
organotipics afecten a I’area de les espines dendritiques, perd no a la seva
motilitat. El silenciament disminueix I'area de les espines, mentre que la
sobreexpressi6 de la isoforma NCAM2.1 'augmenta.
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