Cerebral Cortex, 2023, 33, 10931-10948

https://doi.org/10.1093/cercor/bhad340
Advance access publication date 18 September 2023

Original Article

OXFORD

Regulation of young-adult neurogenesis and neuronal
differentiation by neural cell adhesion molecule 2
(NCAM?2)

Alba Ortega-Gascé (9121, Antoni Parcerisas’?:34>1, Keiko Hino®, Vicente Herranz-Pérez?7-8, Fausto Ulloa®?, Alba Elias-Tersa'?,

Miquel Bosch?®, José Manuel Garcia-Verdugo?”’, Sergi Simé®, Lluis Pujadas’2*°* Eduardo Soriano®?*

1Department of Cell Biology, Physiology, and Immunology, Institute of Neurosciences, Universitat de Barcelona (UB), 643 Diagonal Ave., Barcelona 08028, Spain,
2Centro de Investigacién Biomédica en Red Sobre Enfermedades Neurodegenerativas (CIBERNED), CIBER, Instituto de Salud Carlos 111, 4 Sinesio Delgado, Madrid
28031, Spain,

3Department of Biosciences, Faculty of Sciences, Technology and Engineering, University of Vic — Central University of Catalonia (UVic-UCC), 13 Laura St., Vic
08500, Spain,

4Tissue Repair and Regeneration Laboratory (TR2Lab), Institut de Recerca i Innovacié en Ciéncies de la Vida i de la Salut a la Catalunya Central (IRIS-CC), 70 Roda
Rd., Vic 08500, Spain,

SDepartment of Basic Sciences, International University of Catalonia (UIC), S/N Josep Trueta St., Sant Cugat del Vallés 08195, Spain,

6Department of Cell Biology and Human Anatomy, University of California Davis, 1275 Med Science Dr., Davis, CA 95616, USA,

7Laboratory of Comparative Neurobiology, Cavanilles Institute of Biodiversity and Evolutionary Biology, University of Valencia, 7 Catedratic Agustin Escardino
Benlloch St., Valéncia 46010,Spain,

8Predepartamental Unit of Medicine, Faculty of Health Sciences, Jaume I University, S/N Vicent Sos Baynat Ave., Castell6 de la Plana 12006, Spain,

9Department of Experimental Sciences and Methodology, Faculty of Heath Sciences and Wellfare, University of Vic - Central University of Catalonia (UVic-UCC), 7
Sagrada Familia St., Vic 08500, Spain

*Corresponding authors: Eduardo Soriano, Department of Cell Biology, Physiology, and Immunology, Institute of Neurosciences, Universitat de Barcelona (UB), 643
Diagonal Ave., Barcelona 08028, Spain. Email: esoriano@ub.edu; Lluis Pujadas, Department of Experimental Sciences and Methodology, Faculty of Heath Sciences
and Wellfare, University of Vic - Central University of Catalonia (UVic-UCC), 7 Sagrada Familia St., Vic, Catalonia 08500, Spain. Email: lluis.pujadas@uvic.cat

TAlba Ortega-Gasc6 and Antoni Parcerisas contributed equally to this work.

Adult neurogenesis persists in mammals in the neurogenic zones, where newborn neurons are incorporated into preexisting 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 (NCAM2) 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
Ncam2 overexpression in adult mice arrested progenitors in an RGP-like state, affecting the normal course of young-adult neurogenesis.
Furthermore, changes in Ncam2 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 Ncam2 levels in the regulation of RGPs during young-adult neurogenesis in
the hippocampus.

Key words: young-adult neurogenesis; cell adhesion molecules; corticogenesis; neuronal migration; radial glial progenitor cells.

Introduction preexistent circuits. Evidence shows that neurogenesis in the

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 and Jessberger 2021). Adult
neurogenesis recapitulates developmental neurogenesis steps
including proliferation, neuronal fate specification, migration,
differentiation, synaptogenesis, and functional integration into

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 I cells) produce new
neurons through a process involving intermediate progenitors
(type II and type III cells or neuroblasts) (Ming, and li, Song H.
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
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lineage progression (Zhao et al. 2008; Yao et al. 2016; Zhang
and Zhang 2018). Cell adhesion molecules (CAMs) have been
revealed as essential components of these microenvironments
(Bian 2013; Morante 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, vascular cell adhesion molecule 1,
L1 cell adhesion molecule (L1CAM), and neural cell adhesion
molecule 1 (NCAM1) play distinct roles in the neurogenic niches
(Dihné et al. 2003; Bonfanti 2006; Angata et al. 2007; Karpowicz
et al. 2009; Marthiens et al. 2010; Bian 2013; Shin et al. 2015;
Boldrini et al. 2018; Morizur et al. 2018; Morante and Porlan 2019).
Specifically, it has been described that CAMs could be important
regulators of the quiescence/activation balance in progenitor
cells (Morante and Porlan 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 their environment (Urbéan 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 (Urban and
Guillemot 2014; Urban et al. 2019).

The mammalian neural cell adhesion molecule (NCAM)
family is composed of 2 members, NCAM1 and neural cell
adhesion molecule 2 (NCAM2), sharing a similar structure of 5
immunoglobulin domains and 2 fibronectin type III domains,
but presenting different expression patterns, posttranscriptional
modifications, and molecular interactions (Pébusque et al. 1998;
Makino and McLysaght 2010; Parcerisas et al. 2021a). 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? has 2 different isoforms: NCAM2.1,
a transmembrane protein with a cytoplasmatic domain, and
NCAM?2.2, which is glycosylphosphatidylinositol anchored (Von
Campenhausen et al. 1997; Alenius and Bohm 2003). In the
central nervous system, the functions of NCAM?2 have been
mainly linked to the regulation of axonal and dendritic formation
and compartmentalization in the olfactory system (Alenius and
Bohm 2003; Kulahin and Walmod 2010; Winther et al. 2012;
Parcerisas et al. 2021a). It has also been related to the control
of neural polarization, neurite outgrowth, dendrite development,
and synapse formation and maintenance in the cortex (Cx)
and hippocampus (Hp) through a complex panel of interactors
(Leshchyns’Ka et al. 2015; Sheng et al. 2015; Parcerisas et al. 2020;
Parcerisas et al. 2021b). Ncam?2 has been associated with different
pathologies including Down Syndrome (DS), autism spectrum
disorder, and Alzheimer’s disease (AD). Regarding neurogenesis,
Ncam2 expression has been detected in single-cell ribonucleic
acid sequencing (RNAseq) studies that characterized the genetic
profiles of quiescent NSCs and their immediate progeny (Shin
et al. 2015; Morizur et al. 2018). However, the role of NCAM? in
RGP biology during neurogenesis remains unknown.

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 NCAM?2 in the abovementioned processes, we used different
biological and genetic approaches including in vivo hippocampal
injection of viruses, in utero electroporation, and in vitro culture
of NSCs. Together, our results indicate that correct NCAM?2 levels
are crucial for proper young-adult neurogenesis and also have a

relevantrole during cortical development. Moreover, our data sug-
gest that NCAM2 participates in the fine regulation of quiescency
in hippocampal RGPs, an observation that could help explain the
mechanisms underlying some pathologies linked to NCAM2 such
as DS, where there is an increased expression of Ncam?2.

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 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).

Antibodies

The following commercial primary antibodies were used for
immunohistochemistry at the indicated dilution: anti-BrdU
(ab6326, Abcam; 1:500); anti-ChFP (ab167453, Abcam, 1:300);
anti-DCX (A8L1U, Cell Signaling, 1:500); anti-GFP (A11122,
Invitrogen, 1:2,000); anti-GFP (AB2307313, Aves Labs, 1:500);
anti-GFP (ab13970, Abcam; 1:500); anti-GFAP (2033401, DAKO,
1:2,000); anti-Ki67 (ab15580, Abcam; 1:500); anti-MAP2 (MA1406,
Sigma, 1:2,000); 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, 1:1,000); anti-
Sox2 (ab97959, Abcam, 1:500); anti-Sox2 (AF2018, R&D Systems;
1:500), and anti-Tbr2/EOMES (23,345, 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), nor-
mal 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-2‘deoxyuridine (BrdUB52002), 2-(4-
amidinophenyl)-1H-indole-6-carboxamidine (DAPI), diaminoben-
zidine (DAB) reagent, Durcupan ACM expoxy resin (Fluka),
Eukitt, glucose, gold chloride, heparin, methylbutane, osmium
tetroxide, phosphate buffer (PB), propylene oxide, sodium
acetate, and Triton X-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
50 mg/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 horseradish peroxidase (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 NCAM?2.2 overexpression vectors,
the complementary deoxyribonucleic acid (cDNA) of Ncam2.1
and Ncam2.2 was cloned into a pWPI vector (Plasmid #12254,



Addgene) within Pmel site to obtain pWPI-NCAM2.1 and pWPI-
NCAM?2.2 plasmids. The cDNA of Ncam2.1 was amplified from
pCNcam?2.1 with the primers 5'-ACCATGAGCCTCCTCCTCTCC-3’
and 5-CTGACCAAGGTGCTGAAACT-3'. The cDNA of Ncam2.2 was
amplified from pCNcam?2.2 with the primers 5'-ACCATGAGCCTCC
TCCTCTCC-3' and 5'-TCTCTGATCAGGGAGTACCA-3'. The pCN-
CAM?2.1 and pCNCAM?2.2 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
green fluorescent protein (GFP) as a reporter gene.

Production and intrahippocampal injection of
lentivirus

The production and intrahippocampal injection of virus were
performed as previously described (Teixeira et al. 2012; Parcerisas
et al. 2020). Briefly, viral vectors were produced by transient
transfection of HEK293T cells with calcium phosphate. Viral
particles were concentrated by ultracentrifugation, resuspended
in phosphate-buffered saline (PBS), and stored at —80°C until
use. Control (pWPI), Ncam2.1 or Ncam?2.2-overexpressing (pWPI-
Ncam?2.1 or pWPI-Ncam?2.2), 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/60 g) 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 mL 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
12-h light-dark cycle with access to food and water ad libitum.

Histological staining and electron microscopy

Mice were anesthetized with a 10:1 mixture of ketamine/xylazine
(200 L per 60 g of weight) and intracardially perfused for 20 min
with 4% PFA in 0.1 M PBS. The brains were then removed, postfixed
overnight with 4% PFA in PBS, cryoprotected with 30% sucrose
in PBS, and frozen. About 30 mm 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% NHS, 0.3% Triton
X-100, and 0.2% gelatin for 2 h at room temperature (RT); and
incubated overnight at 4°C with PBS containing 5% NHS and the
primary antibodies (dilutions indicated in the Antibodies section).
For immunohistofluorescence, a subsequent incubation with PBS
containing secondary antibodies was carried out. To counterstain
nuclei, tissue and cells were incubated in DAPI (1:1,000), and
the sections were mounted in Mowiol. Images were acquired
with a Spectral Confocal SP2 or SP8 microscope (Leica, Wetzlar,
Germany) or a Carl Zeiss LSM880 confocal microscope (Zeiss, Jena,
Germany) with 10x or 60x objectives and 1,024 x 1,024 pixels
resolution.

For immunohistochemistry, after the incubation with primary
antibodies, a sequential incubation was carried out with biotiny-
lated secondary antibodies and 5% NGS in PBS (2h at RT) and then
with streptavidin-biotinylated HRP complex (1:400) and 5% NGSin
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PBS (2 h atRT). 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 an Olympus Bx61 microscope (Olympus, Shinjuku
City, Tokyo, Japan).

For electron microscopy experiments, brain sections were cry-
oprotected in 25% sucrose and freeze-thawed (3x) in methylbu-
tane. The sections were then washed in 0.1 M 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 sec-
ondary antibody (1:50) goat anti-chicken immunoglobulin G gold
in blocking solution for 24 h at RT. The sections were then washed
in PB containing 2% sodium acetate. Silver enhancement was per-
formed 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 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. Ultrathin
sections (60-70 nm) were obtained from selected semi-thin sec-
tions. Photomicrographs were obtained using a FEI Tecnai G?
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, deoxyribonucleic acid (DNA) solu-
tions were mixed in 10 mM Tris (pH 8.0) with 0.01% Fast Green.
Needles for injection were pulled from Wiretrol 1I glass capil-
laries (Drummond Scientific) and calibrated for 1-uL injections.
Forceps-type electrodes (Nepagene) with 5-mm pads were used
for electroporation (5 50-ms pulses of 45 V at E14.5). Brains were
collected at either E19.5-postnatal day (P) O or at P5, dissected,
and those with successful electroporations were identified by
epifluorescence microscopy. GFP- or cherry fluorescent protein
(ChFP)-positive brains were fixed in 4% formalin in PBS and cry-
oprotected with 30% sucrose in PBS overnight at 4°C. Brains
were frozen in O.C.T compound before 14-um-thick brain cross-
sections were obtained with cryostat and placed on slides. Sec-
tions 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 4 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
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coverslipped with Prolong Gold anti-fade reagent. Images were
obtained with epifluorescent illumination and a 10x objective
with Leica760 (Leica, Wetzlar, Germany) and AF6000 microscopes
(Leica, Wetzlar, Germany). Data were collected from the lateral
part of the anterior neocortex. For quantification of neurons in
bin10, the Cx 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.

NSC culture

NSCs were isolated from the Hp of 7-8 postnatal day (P7-P8) mice
following the modified protocol described by Walker and Kem-
permann 2014. Briefly, the Hp was dissected in PBS. After trypsin
and DNasel treatments, the tissue was dissociated with a gentle
sweeping motion. Cells were counted and cultured as neuro-
spheres or adherent monolayers in Neurobasal medium contain-
ing 2% B-27 supplement, 100 U/mL penicillin/streptomycin and
1X GlutaMAX, 20 ng/mL epidermal growth factor (EGF), 20 ng/mL
basic fibroblast growth factor (bFGF), and 2 mg/mL heparin. Cells
were incubated at 37°C with a 5% CO, atmosphere and subcul-
tured every 2-3 days.

Neurosphere growth analysis

For the analysis of neurosphere growth, SGZ-derived neuro-
spheres were dissociated with trypsin and infected at passage 2
with lentiviruses containing either pWPI, pWPI-NCAM2.1, pWPI-
NCAM?2.2, ShNCAM?2, or ShCnt. Successfully infected, GFP-positive
cells were selected by flow cytometry (BD FACSAria Fusion,
San Jose, California, USA), plated in nonadherent 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 FL N 4x objective.
ScanR Acquisition Software version 2.3.0.5 was used to automat-
ically image 20 adjacent fields per well (5 x4 grid) acquiring a
z-stack 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. The frequency distribution according
to their area was analyzed for the different conditions (Control,
NCAM?2.1 or NCAM?2.2-overexpressing and NCAM2-silencing).

BrdU proliferation assay

NSCs isolated from the Hp of 7-8 postnatal day (P7-P8) mice
were counted and plated in coverslips treated with poly-D-lysine
(10 png/mL, Sigma) and laminin (5 pg/mL, Sigma). Cells were
infected with viruses (pWPI, pWPI-NCAM2.1, pWPI-NCAM2.2,
ShCnt, and ShNCAM?2) and maintained in neurobasal medium
containing 2% B-27 supplement, 100 U/mL penicillin/strepto-
mycin and 1X GlutaMAX, 20 ng/mL EGF, 20 ng/mL bFGF, and
2 pg/mL heparin. After 3 days of infection, cells were incubated
with 10 uM BrdU during 4 h at 37°C. Treated cells were fixed
in 4% PFA for 15 min at RT. For the detection of BrdU, DNA
hydrolysis was performed prior to the immunostaining. Samples
were sequentially incubated with HCl 1 M and 1 M borate buffer.
After permeabilization with PBS 0.1% Triton X-100 for 5 min,
cell cultures were blocked with 10% NHS and incubated in 5%
serum with anti-GFP and anti-BrdU primary antibodies for 2 h at

RT. Cells were incubated with secondary antibodies (Alexa Fluor,
Invitrogen) and DAPI and finally mounted (Mowiol, Calbiochem).
Images were acquired with Leica Thunder DMi8 (Leica) and Carl
Zeiss LSMB80 (Zeiss) microscopes at 20x, 25x, and 40x with a
resolution of 1,024 x 1,024. The results are presented as the ratio
of change of NCAM?2-silenced cultures compared to controls.

NSCs differentiation

For the analysis of NSCs differentiation, neurospheres were
dissociated at passage 3 and plated in adherent coverslips treated
with poly-D-lysine (10 mg/mL) and laminin (5 mg/mL). Cells were
infected with control (pWPI or ShCnt), NCAM2.1 and NCAM2.2-
overexpressing (pWPI-NCAM2.1, pWPI-NCAM?2.2), and NCAM2-
silencing (ShNCAM2) viruses and maintained in neurobasal
medium containing 2% B27 supplement, penicillin/streptomycin,
and GlutaMAX, without growth factors, at 37°C and 5% CO, for
5 days. The differentiated cultures were fixed in 4% PFA for 15 min
at RT.

Cell cultures were permeabilized with PBS 0.1% Triton X-100 for
5 min, blocked with 10% NHS, and incubated in 5% serum with
anti-GFP and anti-MAP2 primary antibodies for 2 h at RT. Cells
were incubated with secondary antibodies (Alexa Fluor, Invitro-
gen) and DAPI and finally mounted (Mowiol, Calbiochem). Images
were acquired by epifluorescence (Olympus Bx61, Olympus and
Leica Thunder DMi8, Leica) and confocal microscopes (Carl Zeiss
LSMB880, Zeiss) microscopy at 20x, 25x, and 40x with a resolution
of 1,024 x 1,024.

Statistical analysis

Statistical analysis was carried out using GraphPad Prism 8 soft-
ware (San Diego, CA, USA). For the characterization of the cells
infected with GFP-encoding lentiviruses, we calculate the percent-
age of GFP/Sox2/glial fibrillary acidic protein (GFAP) triple posi-
tive and GFP/doublecortin (DCX) or GFP/neuronal nuclei double
positive cells. Additionally, we quantified the proportion of Ki67-
positive cells among the GFP/Sry-related HMG box transcription
factor (Sox2)/GFAP population. For the GFP/Sox2/GFAP triple pos-
itive condition, data were also normalized for a better compari-
son 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 analysis of
variance (ANOVA) was used. Post hoc comparisons were per-
formed by Tukey'’s test. Statistical significance between groups in
distribution of cells during corticogenesis was assessed by 2-way
ANOVA followed by Bonferroni’s post hoc comparison test. For the
analysis of NSCs in vitro, differences between control and overex-
pressing conditions were assessed by one-way ANOVA with post
hoc comparisons performed by Tukey’'s or Kruskal-Wallis test.
To determine differences between control and NCAM2-silenced
cultures, we used a t-Student test.

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 immunoflu-
orescence. 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 toiden-
tify type I progenitors, while T-box brain protein 2 was selected to



label type II proliferative progenitors (Kempermann et al. 2015). In
addition, we detected type III progenitors (neuroblasts) or imma-
ture neurons with antibodies against DCX, and mature neurons
with NeuN labeling.

As NCAM?2 is a membrane protein, the overall pattern of
NCAM? staining clearly delineated the cell bodies and dendrites
of neurons. Confocal microscopy analysis revealed strong NCAM2
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 and B; Supplementary
Fig. 1A and B). Contrariwise, images suggested lower levels of
NCAM?2 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 (NCAM? is a
membrane-bound protein while Tbr2 is a nuclear factor) (Fig. 1C;
Supplementary Fig. 1C). Among the DCX-positive cell population,
we found several phenotypes with differences in NCAM2 staining.
Although some DCX-positive cells displayed faint or undetectable
NCAM? signal, other cells presented higher levels of the protein
(Supplementary Figs. 2A and 3A). Lastly, mature granule cells
(GCs) that expressed NeuN also presented NCAM?2 labeling, as
expected (Supplementary Figs. 2B and 3B).

Therefore, the distribution pattern of NCAM?2 in the DG of the
Hp suggests a differential expression across the neurogenic lin-
eage: Although both type I progenitors (RGPs) and mature neurons
present noticeable NCAM? staining, the intermediate type II-11I
progenitors may have decreased NCAM?2 levels.

NCAM2 modulates adult neurogenesis in the DG

To study the potential role of NCAM2 in adult neurogenesis,
we modulated the levels of NCAM?2 protein in the hippocampal
neurogenic region. We stereotaxically injected the DG of 8-week-
old mice with GFP-containing Ncam2.1-overexpressing (pWPI-
NCAM2.1), Ncam?2.2-overexpressing (pWPI-NCAM2.2), Ncam2-
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 GCs (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 Ncam2-silencing viruses, indicating
that the downregulation of Ncam2 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 Ncam?2.1- or Ncam2.2-overexpressing viruses
did not exhibit the typical morphology of maturing GCs but an
RGP-like phenotype (i.e. triangular cell bodies located in the inner
granule layer (GL) with a single, short radial process spanning
the GL 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 irregular soma and short
processes oriented tangentially, or with a rounded soma and a
short apical dendrite oriented toward the molecular layer) or
immature GCs. Enrichment in cells with a RGP-like phenotype
was apparently more prominent upon Ncam2.2 than Ncam2.1
overexpression.

To further characterize the phenotype of Ncam2-overexpressing
cells, we performed an ultrastructural analysis of the infected
cells by GFP immunogold staining and electron microscopy
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imaging (Fig. 2B). Confirming the above results, most control
virus-infected cells at the injection site corresponded to dentate
GCs which were densely arranged in the GL (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 II progenitors and neuroblasts (Fig. 2B). In contrast,
Ncam2.1- and Ncam?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
GL 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 II cells and neuroblasts
were also identified among Ncam?2.1- and Ncam2.2-overexpressing
cells that exhibited a smooth contour, dark and scant cytoplasm,
abundant polyribosomes, and a less well-developed endoplasmic
reticulum than that of GCs (Fig. 2B). These results support that
Ncam?2 overexpression could lead to an arrest of infected cells in
an RGP/type II progenitor state.

Cell-autonomous overexpression of Ncam2
retains adult-born DG cells in an RGP-like
phenotype

To better understand the sequence of events triggered by the
expression of Ncam2 isoforms, mice injected with control and
Ncam2-overexpressing viruses were sacrificed at different time
points: 3 days, 1 week, 2 weeks, and 4 weeks postinjection (Fig. 3A).
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
postinjection (Consiglio et al. 2004; Jandial et al. 2008) (Fig. 3B,
Supplementary Fig. 4). When analyzing later time points, most
cells infected with control viruses showed a morphology typical of
immature GCs at 1 week post-injection, which progressed toward
a more mature morphology by 2- and 4 weeks postinjection. In
contrast, the morphology of Ncam2.1- or Ncam?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- or 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 and B). At 3 days postinjection, 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 and
D). In contrast, in the animals infected with Ncam2.1- or Ncam2.2-
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 and D).
In contrast, in the animals infected with Ncam2.1- or Ncam?2.2-
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 and D).
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Fig. 1. Distribution of NCAM2 in the hippocampal progenitor cells. A and B) Immunohistochemical characterization of NCAM?2 distribution in Sox2/GFAP-
positive progenitor cells in P45 mouse DG. Arrowheads indicate NCAM2/Sox2/GFAP triple positive cells with anti-NCAM2.1 antibody (Everest, EB06991)
B). C) NCAM2 immunostaining in nestin-positive cells in the SGZ of P45 mouse brain. Arrowheads indicate NCAM2/nestin-positive cells. D) Double
immunostaining of NCAM2 and Tbr2 at P45. Arrows indicate Tbr2-positive cells that present low NCAM?2 signal. ML: molecular layer; GL: granule layer;
H: hilus. Scale bars: A) 50 um, B), C) 20 pm.

We confirmed that most Ncam2.1- and Ncam2.2-overexpressing revealed a maintenance of high proportion of GFP/Sox2/GFAP-
cells morphologically characterized as neuronal progenitor cells triple positive cells at 2 weeks and 4 weeks in both Ncam2.1 and
did express the neuronal progenitor markers GFAP and Sox2 at Ncam2.2 overexpression groups, with a more pronounced effect
1 week post-injection (Fig. 4A and C). Additionally, quantifications in the case of the Ncam2.2 isoform (Fig. 4B-D).



[ Control | [

Fig. 2. Ncam2 overexpression modulates adult neurogenesis in the Hp.
A) Representative images of GFP-positive cells in the DG of mice injected
with control, SANCAM2, or Ncam2-overexpressing viruses (Ncam2.1 or
Ncam?2.2) 4 weeks after injection. Control and ShNCAM?2-infected cells
showed a GC morphology, while an RGP-like phenotype was observed
in many cells infected with Ncam2.1- or Ncam2.2-overexpressing viruses.
B) GFP immunogold electron microscopy images of mice infected with
control, Ncam2.1-, or Ncam?2.2-overexpressing viruses and sacrificed
4 weeks postsurgery. Control condition images show densely GFP-labeled
GCs and RGPs (NSCs). In Ncam2.1- and Ncam2.2-overexpressing condi-
tions, the number of labeled GCs was dramatically decreased. Never-
theless, GFP-labeled RGPs located in the SGZ were still noticeable. ML:
molecular layer; GL: granule layer; H: hilus; GC: granule cell; RGP: radial
glial progenitor; OE: overexpressing. Scale bars: A) 50 um, B) 2 um.
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The analysis of the impact of Ncam2 overexpression in
neurogenesis was complemented by quantifying the number of
DCX-positive cells at 2- and 4 weeks post-injection (Fig. SA).
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
postinjection (Fig. 5C). Such decline was not detected when either
Ncam2.1 or Ncam?2.2 were overexpressed, in which case we found
a persisting number of DCX-positive cells from 2 to 4 weeks
postinjection. 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
toward reduced percentages of NeuN-positive neurons in the
Ncam2 overexpression conditions at 4 weeks post-injection, which
reached statistical significance in the Ncam?2.2 isoform compared
to controls (Fig. 5D).

This time-course analysis suggests that the observations at
4 weeks post-injection in Ncam?2 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.

The overexpression of NCAM2 decreases RGPs
proliferation

To determine the proliferative capacity of the infected progen-
itor cells, we evaluated the expression of the Ki67 marker in
the GFP/Sox2/GFAP-positive cell population in animals sacrificed
at 3 days and 4 weeks postinjection (Fig. 6A and B). As antic-
ipated, no statistically significant differences were observed in
the percentage of Ki67-positive progenitors between control and
Ncam2.1- or Ncam?2.2-overexpressing groups at 3 days after injec-
tion (Fig. 6C). However, at 4 weeks after injection, the overex-
pression of NCAM?2 resulted in lower percentages of Ki67+ cells
among the GFP/Sox2/GFAP-positive cells (Fig. 6D). This reduc-
tion was significant when the isoform NCAM2.2 was upregu-
lated (Fig. 6D). These findings suggest that the overexpression
of NCAM2 has an inhibitory effect on the proliferation of NSC
progenitors.

Ncam2 overexpression does not arrest embryonic
RGPs in neurogenic areas

Since our results point out to an important role of NCAM?2 in
the regulation of adult RGPs and because NCAM1 is involved
in both adult and embryonic neurogenesis (Angata et al. 2007;
Boutin et al. 2009), we next sought to study the potential role of
NCAM?2 during embryonic cortical development. We performed in
utero electroporation experiments using isoform-specific overex-
pressing vectors that contained GFP or ChFP as reporter genes.
Embryos were electroporated at E14.5, coinciding with the onset
of NCAM2 expression, 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 electropo-
rated E15-born neurons across cortical layers. Interestingly, at PO,
we found a nonsignificant increase of cells located in neurogenic
areas (subventricular zone and intermediate zone) in cortices
electroporated with the 2 Ncam2 isoforms alone or in combination
(Fig. 7A). In addition, we observed alterations in the migration
of neurons when modulating Ncam?2 expression (Fig. 7A). Our
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Fig. 3. Time-course analysis of the NCAM?2 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, Ncam2.1,- or Ncam2.2-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 Ncam2-overexpressing viruses. Higher magnification images of representative cells revealed the
presence of infected cells with an RGP-like morphology in the animals injected with Ncam2-overexpressing viruses. ML: molecular layer; GL: granule

layer; H: hilus; OE: overexpressing. Scale bar: 50 pm.

previous study (Parcerisas et al. 2020) showed that both Ncam2 iso-
forms are expressed in the developing Cx, and that their expres-
sion is necessary for correct neuronal migration, since Ncam?2
knockdown leads to neuronal mispositioning. In the present anal-
ysis, at PO, most E15-born control neurons were located in the
upper portion of the cortical plate (CP) and displayed a typical
immature pyramidal neuron shape, with a main apical dendrite
directed toward the marginal zone (MZ) (Fig. 7A and B).

In the case of E15-born Ncam?2.2-overexpressing neurons, we
observed an altered distribution with a significant reduction of
neurons in the uppermost portion of the CP (bin 10) compared
with the control condition (Fig. 7A and B). E15-born Ncam2.1-
overexpressing neurons showed a tendency to also be located
below bin 10 as compared with control neurons (Fig. 7A-C). A
synergistic effect was found when embryos were electroporated
with both isoforms (Ncam2.1+ Ncam2.2) simultaneously (Fig. 7A
and B). In addition, and in contrast with Ncam2 depletion

(Parcerisas et al. 2020), Ncam2 overexpression apparently does
not disrupt normal dendritic arborization at PO (Fig. 7E).

Conversely, at P5, E15-born neurons displayed a similar distri-
bution in control and Ncam2-overexpressing conditions, with most
neurons being located in the lower part of layers II-III (Fig. 7C and
D). Overall, we found that Ncam2.1 and Ncam2.2 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 that, in contrast to the situation in the adult
Hp, Ncam2.1 and Ncam?2.2 overexpression in cortical progenitors
leads to transient migratory deficits, but not to their arrest in
progenitor-like phenotypes in the VZ.

NCAM2 overexpression impairs NSCs
differentiation in vitro

The implications of NCAM2 in young-adult neurogenesis were
further investigated in vitro. We first analyzed the proliferation
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Fig. 4. Immunohistochemical characterization of Ncam2-overexpressing progenitor cells. A) Immunostaining with GFP (marker for infected cells) and
the RGP markers GFAP and Sox2 hippocampal sections of mice sacrificed 1 week after injection of control or Ncam2.1- or Ncam2.2-overexpressing
lentiviruses. B) Same immunostaining and lentivirus conditions as in A) in mice sacrificed at 4 weeks postinjection. C-D) Time-course quantification of
the normalized percentage of GFP/Sox2/GFAP-positive cells in mice injected with control, Necam2.1-, or Ncam2.2-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, 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, **P <0.01, ***P < 0.001, ****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 bars: A, B) 20 um.

of NSCs grown as neurospheres and infected with control, ShN-
CAM2, Ncam?2.1-overexpressing, or Ncam?2.2-overexpressing viruses
(Supplementary Fig. 5). As NCAM? is a CAM, it is challenging to
discern whether the effects on the area of the neurospheres are

due to altered proliferative rates or changes in cell adhesion. To
overcome these limitations, we analyzed the proliferation of NSCs
in adherent cultures derived from the Hp of P6-7 mice. Cells were
infected with control or SANCAM?2 co-expressing GFP as a reporter
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Fig. 5. Immunohistochemical characterization of Ncam2-overexpressing neurons. A) Immunostaining with GFP (marker for infected cells) and DCX as a
marker for neuroblasts (type III progenitors) and immature neurons in DG sections of mice sacrificed 4 weeks after injection of control or Ncam2.1- or
Ncam2.2-overexpressing lentiviruses. B) Immunostaining with GFP (marker for infected cells) and NeuN as marker for mature neurons in DG sections
of the same mice and conditions as in A). C) Quantification of the percentage of GFP/DCX-positive cells in mice injected with control, Ncam2.1-, or
Ncam?2.2-overexpressing viruses at 2 weeks and 4 weeks post-injection. N =3-4 animals per group, 5-6 sections per animal (>50 cells per animal in the
control and 15-30 cells per animal in the Ncam2-overexpressing conditions). D) Quantification of the percentage of GFP/NeuN-positive cells in animals
injected with control, Ncam2.1-, or Ncam?2.2-overexpressing viruses at 4 weeks postinjection. 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 bars: A, B) 20 um.

gene. When cells reached confluency, we assessed their prolifer-
ative capacity using a BrdU incorporation assay. The analysis of
BrdU/GPF positive cells showed an increased percentage of BrdU-
positive cells when the expression of NCAM?2 is downregulated
(Supplementary Fig. 6). Those findings suggest that NCAM2 could
regulate the proliferation of NSCs in vitro.

The above in vivo and in vitro studies indicate that NCAM2
expression arrests infected progenitors into a RGP phenotype
and reduces proliferation. To evaluate the effects of NCAM?2 in
neuronal differentiation, NSC grown as neurospheres was disso-
ciated and plated in PDL/laminin coated plates after passage 3.
Cells were infected with control, Ncam2-overexpressing, or Ncam2-
silencing viruses and cultured in adherent conditions for 3 days
before removal of the bFGF and EGF growth factors. Cultures were

then maintained for 5 additional days to allow cell differentiation
(Fig. 8A). Interestingly, we observed GFP/microtubule-associated
protein 2 (MAP2)-positive cells in the Ncam2-overexpressing con-
ditions (Fig. 8B), indicating that NCAM?2 does not totally block the
differentiation of progenitor cells to neurons. However, quantita-
tive analyses revealed a lower percentage of GFP/MAP2 cells in
SGZ NCAM2.1- and NCAM2.2-overexpressing cells, compared to
controls (Fig. 8C). We did not detect differences in the number of
MAP2 positive cells when NCAM2 was silenced (Supplementary
Fig. 6D and E).

The in vitro data reinforce the in vivo evidences suggesting a
contribution of NCAM2 in regulation of young-adult neurogenesis.
Together, the results presented here suggest that fine regulation of
NCAM?2 expression levels is relevant, with overexpression leading
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Fig. 6. Analysis of Ki67 expression in the GFP/Sox2/GFAP positive cells. A) Immunostaining with GFP, GFAP, and Sox2 and the proliferative marker Ki67
in hippocampal sections of mice sacrificed 3 days after injection of control or Ncam2.1- or Ncam2.2-overexpressing lentiviruses. B) Immunostaining
with GFP/GFAP/Sox2 and Ki67 in samples of mice sacrificed at 4 weeks postinjection. C) Percentage of Ki67-positive cells among the GFP/Sox2/GFAP
progenitor population in mice injected with control, Ncam2.1-, or Ncam2.2-overexpressing viruses at 3 days postinjection. N =3 animals per group, 5-10
sections per animal, 20-50 cells per animal. D) Quantifications of Ki67-positive cells among the GFP/Sox2/GFAP progenitors in mice injected with control,
Ncam2.1-, or Ncam2.2-overexpressing viruses at 4 weeks postinjection. 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. Arrowheads label
GFP/Sox2/GFAP/Ki67-positive cells. ML: molecular layer; GL: granule layer; H: hilus; OE: overexpressing; d, day; w, week. Scale bars: A, B) 20 um.



10942 | Cerebral Cortex, 2023, Vol. 33, No. 21

A B

Neuronal distribution PO

_| Conwol__|| Ncam21 ][ Ncam22 ] [ncawzincamz] NCAM2.1 NCAM2.2 NCAM2.1+NCAM2.2
10-:: 10 |*** 10 |***
o [ g o
—
=
8 ] 8 8
P
7 M r 7
B 2
= mG i) mG ws
& £ £ £
g o [ ) o
s o 3 control 5 E Control . [ control
[ NncAM2.1 NCAM2.2 NCAM2.1
. a M B3 \camz2
1}
3-13' 3 3H
|_ 3
2 M b ; 2
B 3
1 i b 1
0.0 012 0:4 0.’6 D:O O:Z 0:4 D:ﬁ 0.0 0.2 0.4 0.6
— Ratio Ratio Ratio
Neuronal Neuronal morphology PO
| Control | [Ncam2.14ncAm2.2| distribution P5 | Corrol |

NCAM2.1 |

DAPI/
Bins

54 3 control
NCAM2.1
B\ camz2

O O =%

00 02 04 06 08
Ratio

Fig. 7. Ncam2 overexpression does not arrest embryonic RGPs but affects neuronal migration. A) Representative images of E15-born GFP-positive
electroporated neurons in cortical sections from PO mice. Neurons were electroporated with control or Ncam2 overexpression vectors alone or in
combination. 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 Ncam2.2 and simultaneous
overexpression of both isoforms (Ncam2.1 +Ncam2.2) 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; ***P <0.001; 2-way ANOVA with Bonferroni comparison post hoc test. C) Representative
images of E15-born GFP-positive electroporated neurons in cortical sections from PS5 mice. Neurons were electroporated with control or a combination
of overexpression vectors for both isoforms (Ncam2.1 4+ Ncam2.2). D) The distribution of transfected cells across cortical layers was analyzed at P5 in
10 bins, and data are presented as in B). No differences in neuronal distribution were found between control and NCAM2-overexpressing conditions
at P5. N=6 animals electroporated with the constructs, 34 sections per animal; 2-way ANOVA with Bonferroni comparison post hoc test. E) Higher
magnification of representative images of transfected neurons at PO. Neurons showed normal pyramidal neuronal morphology. CP, cortical plate; IZ,
intermediate zone; MZ, marginal zone; SVZ, subventricular zone; [-VI, cortical layers I-VI; WM, white matter. Scale bars: A, D) 50 um; E) 10 um.

to retention of progenitor cells in undifferentiated stages. Transi-
tory depletion of NCAM?2 expression could favor proliferation and
differentiation of young-adult progenitors into maturing neurons.

Discussion

The present work provides a deeper understanding on the func-
tions of NCAM?2 during young-adult neurogenesis and embryonic
development in mice. Our results indicate that NCAM?2 levels
regulate the RGP-to-immature neuron transition in the adult DG.
In contrast, our data suggest that physiological levels of NCAM2

are not crucial for cortical neurogenesis, but transiently relevant
for cortical migration.

Neurogenic niches are necessary for the regulation of adult
RGP properties, as they convey the different physiological
stimuli that induce the activation of quiescent radial glial
progenitors (QRGPs) and regulate their division, survival, and
differentiation. Recently, CAMs have been revealed as important
elements in the cytoarchitecture and signaling 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 NCAM?2 molecule in the hippocampal SGZ niche. By
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immunodetecting NCAM?2 in the SGZ populations, we revealed
differential levels of the protein among the main actors in the
neurogenic process. The observed pattern of NCAM2 suggests
high Ncam?2 expression in type I progenitors and low levels in
intermediate progenitors, although alternative methods would
be necessary to corroborate the downregulation of Ncam?2
in those transient amplifying progenitors (Fig.9). Once the
proliferative stage is completed, 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 NCAM?2 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 NCAM?2 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 Ncam2 in gRGPs, and a decrease in
Ncam? levels during the activation of RGPs and their transition
to intermediate progenitors (Supplementary Fig. 7) (Codega et al.
2014; Shin et al. 2015; Morizur et al. 2018; Xie et al. 2020).

Our data show how changes in NCAM?2 levels modify the
normal course of the neurogenic events. The infection of pro-
genitor cells from hippocampal SGZ with Ncam2-overexpressing
lentiviruses seems to arrest these cells in an RGP-like phenotype
and delay the formation of new GCs, as we characterized
by morphological, immunohistochemical, and ultrastructural
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analyses. Despite using VSV g pseudotyped lentivirus that prefer-
entially 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 transduction efficiency (Kumar M et al., 2001;
Canté-Barrett et al., 2016; Sweeney & Vink, 2021). For this reason,
we analyzed differences in percentages and not in total number
of infected cells. Regardless of the variations in the transduction
efficiency, the majority of the infected cells at the starting point
are progenitors in all the conditions, and the impact of NCAM?2
overexpression on the modulation of young-adult neurogenesis is
clear. Conversely, inducing Ncam2 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 the 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.

To overcome these limitations, we further investigated the
effect of NCAM?2 in vitro using a BrdU incorporation assay in NSCs
adherent cultures. We observed that Ncam2 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 upregula-
tion of NCAM2 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 Ncam2 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 arrest cells in a quiescent state, while
the downregulation of Ncam2 may allow RGPs to exit quies-
cence and enter the cell cycle to proliferate and differentiate
(Fig. 9).

A temporary retention of cells in the progenitor stages would
lead to a delay in the cascade of neurogenic events, leading
to increased percentages of DCX immature neurons at 2 and
4 weeks postinjection, and thus postponing the generation and
maturation of GCs 4 weeks after infection. Nonetheless, other
explanations may also contribute to the phenotype observed (e.g.
changes in cell survival or differentiation to other cell types). Fur-
ther 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
NCAM?2 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 NCAM?2 expression could cause cytoskeletal rearrange-
ments, which are known to influence the neurogenic process
(Kronenberg et al. 2010; Parcerisas et al. 2020; Parcerisas et al.
2021b).

Interestingly, the effect of Ncam2 overexpression in the reg-
ulation of adult RGPs was not observed in embryonic cortical
progenitors. When modulating the expression of Ncam?2 in embry-
onic 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 devel-
opment. 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). Although embryonic RGPs have a high proliferative rate,
necessary for the rapid growth of neural tissues (Urban and
Guillemot 2014; Urban et al. 2019), 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 NCAM?2 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. Our previous
results also showed that the downregulation of Ncam?2 leads to an
alteration of cortical migration, which results in mislocalization
of layer II-IlI-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 under-
lying the effects of NCAM?2 on neuronal migration are not known.
However, an interaction has been described between NCAM2 and
microtubule-associated proteins, which also participate in the
regulation of neuronal migration (Gonzalez-Billault et al. 2005;
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Kawauchi and Hoshino 2008; Parcerisas et al. 2020; Parcerisas
et al. 2021a).

The functional relevance of NCAM2-dependent regulation of
hippocampal neurogenesis is still to be explored. Modulation
of neurogenesis by running or exposure to enriched environ-
ment would be of great interest to be studied in animal models
with up- or downregulation of the gene to assess the impact of
NCAM? on learning abilities. Moreover, in light of all this evidence,
NCAM?2 could be related to the neurogenic deficits described
in some murine models of pathologies such as AD, schizophre-
nia, 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 Ncam?2 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 Ncam2 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.

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 behavior. Our work provides evidence for a remarkable
function of NCAM?2 in the regulation of RGPs during young-adult
neurogenesis. Furthermore, we reveal the importance of Ncam?2
expression in regulating neuronal migration and differentiation
during corticogenesis in the embryonic development. Overall,
the present study contributes to a better understanding of the
implications of NCAM2 during neuronal development and adult
plasticity, and opens new research lines to explore the molecular
basis of DS pathogenesis.
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