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Abstract New subventricular zone (SVZ)-derived neu-
roblasts that migrate via the rostral migratory stream are
continuously added to the olfactory bulb (OB) of the adult
rodent brain. Anosmin-1 (Al) is an extracellular matrix
protein that binds to FGF receptor 1 (FGFR1) to exert its
biological effects. When mutated as in Kallmann syndrome
patients, Al is associated with severe OB morphogenesis
defects leading to anosmia and hypogonadotropic hypo-
gonadism. Here, we show that Al over-expression in adult
mice strongly increases proliferation in the SVZ, mainly
with symmetrical divisions, and produces substantial
morphological changes in the normal SVZ architecture,
where we also report the presence of FGFR1 in almost all
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SVZ cells. Interestingly, for the first time we show FGFR1
expression in the basal body of primary cilia in neural
progenitor cells. Additionally, we have found that A1 over-
expression also enhances neuroblast motility, mainly
through FGFR1 activity. Together, these changes lead to a
selective increase in several GABAergic interneuron pop-
ulations in different OB layers. These specific alterations in
the OB would be sufficient to disrupt the normal processing
of sensory information and consequently alter olfactory
memory. In summary, this work shows that FGFR1-med-
iated Al activity plays a crucial role in the continuous
remodelling of the adult OB
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Introduction

Olfactory perception plays an important role in the rela-
tionship of the majority of vertebrates with the external
world. In the adult rodent brain, the olfactory bulb (OB)
continuously receives newly generated neurons (Alvarez-
Buylla and Lim 2004). These newborn cells reach the OB
following a long migratory pathway called the rostral
migratory stream (RMS). The site of origin of these
migrating neuroblasts is the subventricular zone (SVZ), an
extensive germinal niche adjacent to the walls of the
lateral ventricles. In the SVZ, primary progenitors give
rise to transit-amplifying precursor cells, which expand
the population and in turn differentiate into neuroblasts
and oligodendrocytes (Lois and Alvarez-Buylla 1994;
Doetsch et al. 1999, 2002; Aguirre and Gallo 2004; Menn
et al. 2006). Neurogenesis is modulated by numerous
extrinsic factors, including extracellular matrix (ECM)
molecules, morphogens, growth factors and neurotrans-
mitters (for a detailed review: Ihrie and Alvarez-Buylla
2011).

Extracellular matrix molecules are secreted into the
extracellular space, where they associate with cell surface
receptors and regulate diverse cell functions, such as
migration and differentiation (Shen et al. 2008; Raymond
et al. 2009; Pujadas et al. 2010). Anosmin-1 (Al) is an
ECM protein encoded by the KALI gene in humans
(Franco et al. 1991; Legouis et al. 1991). Al can interact
with other ECM proteins (laminin, fibronectin, and even
Al itself), heparan sulphate proteoglycans and the FGF
receptor 1 (FGFR1), being this latter the most studied to
date (Biilow et al. 2002; Gonzalez-Martinez et al. 2004;
Hu et al. 2004, 2009; Murcia-Belmonte et al. 2010;
Esteban et al. 2013). Mutations in the KALI and FGFRI
genes give rise to Kallmann syndrome (KS), a disease
accompanied by hypogonadotropic hypogonadism and
anosmia, generally caused by a disrupted OB morpho-
genesis (Maestre de San Juan 1856; Kallmann et al. 1944;
Franco et al. 1991; Legouis et al. 1991; Dodé et al. 2003).
The study of Al expression pattern in the postnatal rat
brain reveals a prominent presence of this molecule in the
olfactory system, with high expression levels in OB mitral
cells and interneurons (Clemente et al. 2008). Al pro-
motes the FGFRI1-mediated migration of gonadotropin
releasing hormone-derived neurons and SVZ neuroblasts
(Cariboni et al. 2004; Garcia-Gonzalez et al. 2010).
Additionally, Al intervenes in the migration of oligo-
dendrocyte precursor cells with a FGFR1-mediated effect
(Bribian et al. 2006, 2008; Clemente et al. 2008; Murcia-
Belmonte et al. 2014).

Most studies on Al functions in the central nervous
system (CNS) were based on different gain- and loss-of-
function approaches in diverse experimental models
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(Biilow et al. 2002; Rugarli et al. 2002; Andrenacci et al.
2006; Yanicostas et al. 2009). Despite its highly conserved
sequence across species, including some rodents (i.e., the
guinea pig and the squirrel) the orthologue in mice and rats
has not been found yet. In consequence, a mouse model is
still unavailable and hampers a deeper understanding of Al
functions in rodents. As clearly indicated by the literature
on Al and KS, Al functions affect multiple cell types and
systems (Soussi-Yanicostas et al. 2002; Cariboni et al.
2004; Bribian et al. 2006; Gianola et al. 2009; Garcia-
Gonzalez et al. 2010; Murcia-Belmonte et al. 2010; Cle-
mente et al. 2011; Esteban et al. 2013). Based on functional
results obtained in transgenic mice over-expressing the
human KALI cDNA, in this study, we investigated the role
of Al in adult SVZ neurogenesis and migration to the OB.
In Al over-expressing mice, we discovered increased
proliferation rates in the SVZ that, together with enhanced
neuroblast motility, led to alterations in the density of
specific OB interneuron populations. Moreover, Al over-
expression caused changes in the SVZ morphology, espe-
cially in FGFR1-expressing cells. The phenotype observed
highlights the importance of the complex A1-FGFRI to
key biological processes such as neurogenesis and cell
migration.

Materials and methods

Generation of transgenic mice over-expressing
anosmin-1

The human KALI cDNA was used to generate a transgenic
mouse line that over-expresses Al under the control of the
human B-actin promoter carried by the pBAP vector
(Gunning et al. 1987), kindly provided by Dr. Lino Tes-
sarollo (NCI, Frederick, MD 21702, USA), followed by an
IRES sequence and the EGFP ¢cDNA as a reporter. The
EGFP facilitated detection in mice by Western blot. DNA
injection and generation of founders was carried out at the
Unidad de Generacion de Organismos Modificados Gen-
éticamente, Servicio de Experimentacion Animal de la
Universidad de Salamanca, Spain. Genotyping PCR strat-
egies were performed on tail genomic DNA using the
following primers:

hKalexonl1: 5-GGTGACTGTCCAACCAATACG-3;
hKalexon12: 5-GGAAGGCAGAATCTGGGACTG-3;
EGFP15: 5GCGACGTAAACGGCCACAAG-3;
EGFP23: 5-CGGTCACGAACTCCAGCAGG-3'.

The expression pattern of GFP in the transgenic line was
examined by GFP Western blotting. All the experiments
using animals were in accordance with Spanish (RD
53/2013) and European Communities Council Directive
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(2013/63/UE) regulation and they were approved by the
animal review board at the Hospital Nacional de Para-
pléjicos (registered as SAPAOQO1).

Histological procedures

C57BL/6 wild-type (+/4) and Al over-expressing trans-
genic 10-12 week-old mice were deeply anaesthetised,
then intracardially perfused with 4 % paraformaldehyde
(PFA) in 0.1 M, pH 7.4 phosphate buffer (PB), postfixed in
the same fixative for 4 h and washed in PB three times.
Brains were cryoprotected in 30 % (w/v) sucrose in PB and
frozen by immersion in pre-cooled isopentane. Coronal (20
or 70 um thick) or sagittal sections (60 pm thick) were
obtained with a cryostat (Leica) or microtome (Leica) and
stored at —20 °C until used. After several washes in PB,
sections were blocked in PBS with 5 % normal donkey or
goat serum (Vector Laboratories) and permeabilised in
PBS with 0.2 or 0.5 % Triton X-100 for 1 h at room
temperature (RT). The following primary antibodies were
used: rabbit anti-Olig2 (1:200; Millipore AB9610), rabbit
anti-parvalbumin (PV; 1:1,000; Swant PV235), rabbit anti-
calretinin (CR; 1:5,000; Swant 7699/3H), rabbit anti-cal-
bindin (CB; 1:15,000; Swant CB-38a), sheep anti-tyrosine
hydroxylase (TH; 1:1,000; Millipore AB1542), mouse anti-
Mashl (courtesy of Dr. Vicario-Abejon), mouse anti-NeuN
(1:100; Millipore MAB377), rat anti-BrdU (1:200; Acris
SM1667PS), rabbit anti-phospho Histone H3 (PH3; 1:200;
Abcam ab5176), rabbit anti-cleaved caspase-3 (1:1,000;
RD MABS35), rabbit anti-FGFR1 (1:200; Cell Signalling),
mouse anti-nestin (1:500; BD 556309), goat anti-vimentin
(1:500; Santa Cruz sc-7557), goat anti-doublecortin (DCX;
1:200; Santa Cruz sc-8066), mouse anti-[ III tubulin (clone
Tujl; 1:1,000; Millipore MAB5564) and rabbit anti-GFAP
(1:500, DAKO Z0334).

For immunohistochemistry, the peroxidase method with
biotinylated secondary antibodies (all of them 1:200;
Vector Laboratories) with the standard ABC Elite reagent
(Vector Laboratories), 0.0125 % DAB (diaminobenzidine;
Sigma-Aldrich) as chromogen and 0.003 % H,0, in 0.1 M
Tris—HCI, pH 7.6 was performed. Nickel ammonium sul-
phate was added to the solution in some cases to increase
the contrast. Tissue from animals of the same age was
developed with DAB in the same staining tank and the
same reaction time was applied to all the samples in the
tank. Counterstained cell profiles were visualised with
Nissl and toluidine blue.

For immunofluorescence, Alexa 488, Alexa 594, Alexa
647 (1:1,000, Invitrogen) secondary antibodies were used.
Cells were stained with Hoechst 33342 to visualise nuclei
(10 pg/mL; Sigma-Aldrich). Fluorescent sections were
mounted on slides with Fluoromount G (SouthernBiotech)
and a coverslip. Images were captured with a confocal

microscope TCS SP5 (Leica) or TCS resonant scanner
(Leica) as appropriate.

BrdU injections

Adult animals (P60; wild-type n = 5; Al over-expressing
mice n = 3) received four injections of BrdU intraperito-
neally every 2 h in 1 day (50 mg/kg body weight, 10 mg/
mL; Sigma-Aldrich). For all experimental groups, mice were
killed 20 days after the last injection and then brains were
collected and processed for histology, as described above.

Stereological quantifications

The use of the stereological approach produced data con-
taining consistent cell counts with variances within each
sample and across sampling sites that were in a statistically
acceptable range. Using stereology to comprehensively
analyse brain regions of interest eliminates bias selecting
sites to evaluate and chance differences (Peterson 1999).

Volume estimation

The total volume of the OB and each of its layers were
estimated (n = 10 wild-type and n = 6 A1 over-express-
ing mice) using the NewCAST Grid software and the
principle of Cavalieri (1966).

Cell counting

Unbiased estimations of the density of NeuN (n = 6 mice/
group), CR (n = 6/group), CB (n = 8/group), TH (n = 3/
group), and PV (n = 3/group) immunopositive cells were
performed using an optical dissector unbiased sample
design (Gundersen et al. 1988). Stereological analysis was
performed with an Olympus BXS51 microscope with a
calibrated motorised stage controller that allows precise
control of x-, y- and z-axes linked to the New CAST
software. Each corresponding layer (granule, GR; external
plexiform, EPL; glomerular, GL) was outlined using a 2x
objective on each of the toluidine blue stained coronal
sections (70 um thick). Series of six sections of OB, reg-
ularly spaced at intervals of 420 pm and covering the entire
OB, were used for cell counting. From a random start
position, a counting frame was overimposed on the image
and neurons were sampled using a 100x objective. Im-
munopositive cells were included when the soma came into
focus and did not touch the exclusion lines of the counting
frame. A sampling frame size of 1,204.7 pm? was used and
each one was spaced every 352.18 or 248.03 um along the
x and y axis from each other, depending on the region
shape. The dissector z-step was 15 pm and a guard zone of
4 pum at both the upper and the lower surface of the section
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was used. A minimum of 200 cells were sampled according
to the rules of the optical dissector method.

BrdU™ cell density in the whole OB was similarly esti-
mated in parasagittal sections 60 pum thick using the optical
dissector method (sampling frame size 1,204.7 umz, frame
step 352.18 um, dissector z-step 15 pm) to evaluate the
relative number of cells that reached the OB from the SVZ
20 days after the injections, assuming that the vast majority
of them are newborn neurons (Petreanu and Alvarez-Buylla
2002).

Other cell counting

To evaluate densities of cleaved caspase-3", PH3" and
PH3"/DCX™" cells within each region of interest, a blind
method of counting cells within standardised regions of
SVZ (n = 3 mice/group) was adopted. For all the counts,
four 40x z-stack images obtained dorso-ventrally on a
confocal SP5 resonant microscope (Leica) were examined
in five representative antero-posterior sections (20 pum
thick) in each brain. In addition, the relative number of
mitral cells was estimated following the same standardised
system.

Cell cultures
Chemotaxis assays

SVZs of PO mice were dissected and then dissociated in
DMEM (Invitrogen) containing 0.025 % Trypsin (at 37 °C,
for 30 min), and 0.05 % DNAse was added for 5 min.
Trypsin was blocked by adding 10 % foetal bovine serum
(FBS) and the cells were collected by centrifugation
(150xg; 5 min). In each Boyden chamber (8 um pore,
12 mm diameter; Corning Costar Corp.) 40,000 cells were
seeded in the upper compartment in culture medium
composed by DMEM-F12 (Invitrogen) complemented with
5 % FBS, 5 % horse serum (HS) and 1 % v/v P-S (Invit-
rogen), whilst in the lower compartment culture medium
was supplemented for the different experimental groups as
follows: (a) CHO-CT concentrated ECM extract or
(b) CHO-A1 concentrated ECM extract. These CHO lines,
CHO wild-type control cells (CHO-CT) and CHO cells
expressing the C-terminal HA-tagged full-length anosmin-
1 (see above CHO-A1), were used to prepare ECM protein
extracts following a modified protocol described before
(Soussi-Yanicostas et al. 1996). Briefly, cells were washed
once with calcium/magnesium-free Hank’s Balanced Salt
Solution and then incubated with gentle rocking for 30 min
at 4 °C in 1 mL per culture dish (10 cm in diameter) of
20 mM phosphate buffer pH 7.4, containing 350 mM NaCl
and complete EDTA-free protease inhibitor (Roche). ECM
proteins released into the buffer were concentrated ten
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times using Amicon Ultra-4 Ultracel-30k (Millipore).
Additionally, SVZ-derived cells were treated during the
experiment with the FGFR-specific inhibitor SU5042
(10 uM; Calbiochem-Merck) where indicated, and the rest
of the cultures were exposed to an equal volume of the
vehicle DMSO (Sigma-Aldrich). After 20 h, cultures were
fixed with 4 % PFA (for 10 min, at RT) and the presence of
neuroblasts in the lower chamber was evaluated using Tujl
Ab (1:1,000, Millipore MAB5564), whilst nuclei were
stained with Hoechst 33342 (10 pg/mL; Sigma-Aldrich).
Appropriate fluorescence-labelled secondary antibodies
were used in each case. After immunostaining, the Boyden
filters were examined with an In Cell 1000 Analyzer
(software In Cell 1000 Analyzer; GE-HealthCare) and 16
microphotographs from each membrane were taken ran-
domly in 4 independent experiments per genotype. To
quantify chemotropism, the number of transmigrated neu-
roblasts per field was counted using the software In Cell
1000 Analyzer Workstation (GE-HealthCare). The data
were expressed as percentage of migrating neuroblasts
relative to control conditions & SEM, considered as 100 %
(Garcia-Gonzalez et al. 2010; Murcia-Belmonte et al.
2010; Esteban et al. 2013).

Culture of SVZ explants and video time-lapse (VTL)
tracking for migration

Brains were dissected out from newborn PO mice. Coronal
sections of 350 um in thickness were obtained with a tissue
chopper (Mclllwain) and the SVZ was carefully dissected
with microneedles. Explants were embedded in rat tail
collagen (1:1) as described previously (Garcia-Gonzilez
et al. 2010), and they were cultured at 37 °C in 5 % CO,
and at 95 % humidity for 3 days in vitro (3 DIV) in
DMEM-F12 (1:1; Invitrogen) medium complemented with
5 % FBS, 5 % HS and 1 % v/v P-S, without any supple-
mentary cue to test the intrinsic motility of neuroblasts for
each animal group (wild-type and Al). After 3 DIV,
explants were fixed with 4 % PFA before immunolabelling
with Tujl (1:1,000, Millipore MAB5564), DCX (1:200,
Santa Cruz sc-8066), GFAP (1:500, Dako Z0334) or Olig2
(1:200, Millipore AB9610). Nuclei were stained with
Hoechst 33342 (10 pg/mL; Sigma-Aldrich). Surfaces
occupied by migrating cells and explants were estimated
using the ImageJ software (National Institutes of Health).
Four independent experiments were performed for each
condition and 59 and 64 explants from wild-type and Al
over-expressing mice, respectively, were evaluated.
Images for the VTL tracking were taken every 20 min
over the first 48 h of the experiment, using phase-contrast
microscopy (Olympus IX81), digitalised and analysed using
image-processing software (Cell-R, Olympus and ImagelJ).
The total migrated distance was calculated as the sum of all
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the partial trajectories travelled by a cell every 20 min;
when the migrated distance was zero, it was defined as a
stop. The migration speed was also calculated. Two inde-
pendent cell tracking experiments were carried out and 12
explants were analysed per condition and experiment.
Finally, 277 and 386 cells from wild-type and transgenic
mice, respectively, were studied for quantifications.

Dissociated cell cultures for cell proliferation and lineage
analysis

SVZ cultures were prepared from the lateral and dorsal
wall of the adult SVZ of young adult (8-12 weeks) wild-
type or Al over-expressing mice. Briefly, the tissue was
enzymatically dissociated in 0.7 mg/mL hyaluronic acid
(Sigma-Aldrich) and 1.33 mg/mL trypsin (Sigma-Aldrich)
in Hanks’ Balanced Salt Solution (HBSS; Invitrogen)
with 2 mM glucose at 37 °C for 30 min. Dissociation
was stopped by adding an equal volume of ice-cold
medium consisting of 4 % bovine serum albumin (BSA;
Sigma-Aldrich) in Earle’s Balanced Salt Solution (EBSS;
Invitrogen), buffered with 20 mM HEPES (Invitrogen).
Cells were then centrifuged at 270x g for 5 min, re-sus-
pended in ice-cold medium consisting of 0.9 M sucrose
(Sigma-Aldrich) in 0.5x HBSS, and centrifuged for
10 min at 650xg. The cell pellet was re-suspended in
2 mL ice-cold medium consisting of 4 % BSA in EBSS
buffered with 2 mM HEPES, and the cell suspension was
placed on top of 12 mL of the same medium and cen-
trifuged for 7 min at 300xg. The cell pellet was finally
re-suspended in DMEM/F12 (Invitrogen) supplemented
with B27 (Invitrogen), 2 mM glutamine (Sigma-Aldrich),
100 units/mL penicillin (Invitrogen), 100 pg/mL strepto-
mycin (Invitrogen), buffered with 8 mM HEPES, and
cells were plated on poly-L-lysine (Sigma-Aldrich) coated
coverslips at a density of 200-300 cells per mm?.

After 6 DIV cultures were fixed in 4 % PFA in PBS for
15 min at room temperature and processed for antibody
staining. Antibodies used were: mouse IgG2b anti-BIII
tubulin (Sigma-Aldrich; 1:1,000), mouse IgG1 anti-GFAP
(Sigma-Aldrich; 1:500). Secondary antibodies were chosen
according to the primary antibodies and were coupled to
Alexa488 or FITC, Cy3, Alexa647, Cy5 or biotinylated
secondary antibodies and nuclei were counterstained with
DAPI (Sigma-Aldrich).

Video time-lapse microscopy for cell proliferation
and lineage analysis

Time-lapse video microscopy and single-cell tracking
(Ortega et al. 2011) of primary SVZ cultures was per-
formed with a cell observer (Zeiss) at a constant

temperature of 37 °C and 8 % CO,. Phase-contrast ima-
ges were acquired every 5 min for 6-10 days using a 20x
phase-contrast objective (Zeiss), an AxioCam HRm
camera and a Zeiss AxioVision 4.7 software. Neurogenic
nature of the cells generated was confirmed by post-
imaging immunocytochemistry. Single-cell tracking was
performed using a self-written computer program (TTT)
(Rieger et al. 2009).

Dissociated cell cultures for cell proliferation

We analysed BrdU incorporation into SVZ-derived cells
from P1 to P3 pups as described previously (Garcia-
Gonzalez et al. 2010). After 42 h in culture, BrdU (50 uM)
was added to the culture medium for 6 h and then, the culture
medium was refreshed for the last 24 h of the experiment. The
incorporation of BrdU was detected with a BrdU antibody
(1:500; Acris SM1667PS) and BrdU+-cells were classified
with Tujl (1:1,000; Millipore MAB5564), nestin (1:500; BD
556309) and GFAP (1:500; Dako Z0334). Primary antibodies
were detected with Alexa 488, Alexa 594, Alexa 647
(1:1,000, Invitrogen) secondary antibodies and nuclei were
stained with Hoechst 33342 (10 pg/mL; Sigma-Aldrich).
Cells were treated during the experiment with FGFR-specific
inhibitor SU5042 (10 pM; Calbiochem-Merck) where indi-
cated. Control cultures were exposed to an equal volume of
the vehicle DMSO (Sigma).

Quantitative real-time PCR analysis

For RNA purification from brain tissues, animals were
anesthetised and decapitated. Olfactory bulbs from three
animals per genotype were immediately removed, rapidly
frozen in dry ice and stored at —80 °C before processing
with Trizol® (Invitrogen) and retro-transcribed into cDNA
using the High Capacity cDNA Reverse Transcription kit
(Applied Biosystems), as previously described (Garcia-
Gonzidlez et al. 2010). We performed quantitative real-time
PCR (qRT-PCR) assays for KALI, th and gapdh mRNAs
using the corresponding TagMan probes and oligonucleo-
tides (KALI, Hs00608006_m1*, th, Mm00447557_m1*
and mouse Gapdh as endogenous  control,
Mm99999915_g1*). Reactions were developed in an ABI
PRISM® 7900HT Sequence Detection System (Applied
Biosystems) in 96-well plates. Relative quantification was
determined using the comparative Ct method as described
in the ABI PRISM user manual and at least three replicates
per sample were performed. Relative KALI expression was
normalised to the lowest expressing littermate and aver-
aged for Al transgenic mice. Expression results for the
each TagMan probe were calculated normalising to the
wild-type animal.
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Electron microscopy

Three adult mice per genotype (80 days old) were deeply
anaesthetised and perfused transcardially with 0.9 % PBS
followed by 100 mL of Karnovsky’s fixative (2 % PFA,
2.5 % glutaraldehyde) for conventional EM. Brains were
postfixed with the same fixative overnight at 4 °C. Two
hundred micrometer sections were postfixed in 2 %
osmium for 1.5 h, rinsed, dehydrated, and embedded in
Araldite (Sigma-Aldrich). Serial 1.5-um semithin sections
were stained with 1 % toluidine blue and examined under a
light microscope to study the overall organisation of the
SVZ. Finally, ultra-thin sections (60—80 nm) were cut with
a diamond knife, stained with lead citrate (Reynolds
solution) and examined under a FEI Tecnai G2 Spirit
transmission electron microscope (FEI Europe, Eindhoven,
The Netherlands) using a digital camera (Morada, Olympus
Soft Image Solutions GmbH). Adjustment of brightness
and contrast of the pictures, if needed, was performed with
Adobe Photoshop CS (Adobe Systems).

Whole-mount dissection,
immunostaining and microscopy

After cervical dislocation of P80 mice, hemispheres were
freshly extracted and separated in L15 at 4 °C. The hip-
pocampus and septum were removed from the caudal
aspect of the telencephalon and the walls of the lateral
ventricles were fixed by immersion in 4 % PFA-0.1 %
Triton X-100 overnight at 4 °C. After staining, the ven-
tricular walls were further dissected from the underlying
parenchyma as slices of tissue 200-300-pum thick and were
mounted on slides with Fluoromount G (SouthernBiotech)
and a coverslip (for further details see: Mirzadeh et al.
2010a). Four animals per group were analysed.

Primary and secondary antibodies were incubated in
PBS with 1 % Triton X-100 and 10 % normal goat or
donkey serum for 24 h at 4 °C. Mouse anti-acetylated
tubulin antibody was used to stain the whole cilium
(1:1,000, Sigma-Aldrich T6793). Secondary antibodies
conjugated to Alexa 488, Alexa 594, Alexa 647 (1:500,
Invitrogen) were also used. Confocal images were taken on
a TCS SP5 resonant scanner (Leica).

Tracer injections and study of the lateral olfactory tract

Axon efferents from the OB were labelled with the tracer
biotindextranamine (BDA) 10000 (Sigma-Aldrich). Ani-
mals were anesthetised with an intra-muscular (i.m.)
injection of a mixture of ketamine chlorhydrate (36 mg/kg
body weight; Sigma-Aldrich) and xylazine (6.2 mg/kg
body weight; Rompun, Bayer). With a 35G needle and a
nanofil syringe (World Precision Instruments) 1.5 pL of a
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10 % BDA solution in distilled water was injected
(0.15 pL/min). The tip of the needle was placed 2 mm
before the frontoparietal suture, 1 mm lateral to the middle
line and 1.5 mm below the piamater. Prophylactic antibi-
otics were administered preoperatively (chloramphenicol,
30 mg/kg i.m.) and postoperatively (gentamycin, 40 mg/kg
i.m.). Postoperative pain was managed with buprenorphine
(0.03 mg/kg i.m.) for 3 days. 7-10 days postsurgery, ani-
mals were anaesthetised and perfused transcardially as
explained above. From each telencephalon, series of 60 pm
cryostat coronal sections were collected and treated for
20 min with 1 % H,0, in PBS and then incubated over-
night at 4 °C with 1:200 avidin—biotinperoxidase (Vecta-
stain kit, Vector Laboratories) in PBS containing 0.5 %
Triton X-100. The reaction product was developed in
0.02 % DAB and 0.02 % H,0, in 50 mM Tris—HCI, pH
7.6. Sections were mounted on gelatine-coated slides,
dehydrated in ethanol, cleared in xylene, and coverslipped
with DPX mounting medium (Fluka Quimica).

Behavioural tests
Olfactometry

Mice were trained in custom-built computer-controlled six-
channel air-dilution olfactometers (http://www.olfacto-
meter.com; Lazarini et al. 2009; Diaz et al. 2012). Briefly,
electronic valves controlled purified air streams, passing
over the surface of mineral oil-diluted odorants. This
odorized air was diluted 1:40 in odour-free air before its
introduction into an odour sampling tube in the mouse
operant chamber. The odorants used were (+)-carvone and
(—)-carvone (99 %; Sigma-Aldrich). Partially water-
deprived mice (80-85 % of their baseline body weight)
were trained using an operant conditioning go/no-go par-
adigm. Standard operant conditioning methods were used
to train mice to insert their snouts into the odour sampling
port for at least 1.2 s and to respond by licking the water
delivery tube (within the same port) to get a water
reward (3 pL) in the presence of a positive odour stimuli,
(+)-carvone (reinforced stimulus: S+), and to refrain from
licking and retract their head from the sampling port in the
presence of a negative odour stimulus (unreinforced stim-
ulus: S—). In each trial, a single stimulus was presented and
S+ and S— trials were presented in a modified random
order. The percentage of appropriate responses was deter-
mined for each block of 20 trials. A score of >85 %
implied that mice had correctly learnt to assign reward/
non-reward values. Each mouse underwent a session of 10
blocks (200 trials) per day. Mice were first trained with
(4)-carvone versus mineral oil, reaching a plateau of per-
formance after 30 blocks. Decreasing concentrations of
odorant were used to determine their odour detection
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threshold: [10_2], [10_3], [10_4] and [10_5]. For odorant
discrimination tests, two odorants were used: (+)-carvone
as S+ and (—)-carvone as S—, both diluted to [1072]. After
discrimination of the pure odorant molecules (100-0), we
tested odour discrimination threshold by gradually pre-
senting binary odour mixtures of those carvone enantio-
mers: 80-20 (80 % (4)-carvone/20 % (—)-carvone for S+,
and 80 % (—)-carvone/20 % (+)-carvone the S—), 68-32,
and 56-44.

Short-term olfactory memory

Animals were exposed to odorants by placing in a
5 x 5 cm plastic dish a 2 x 2 cm Whatman filter paper
impregnated with 10 pL of a 0.4 % solution of the cor-
responding odorant in odourless mineral oil (all reactives
were obtained from Sigma-Aldrich). Two days before the
experiment, animals underwent one familiarisation ses-
sion with the cage and the procedure by exposing them
to mineral oil. The mouse was placed in the test cage for
10 min and exposed to mineral oil for 2 min before each
session, each one consisting of two consecutive expo-
sures to mint odorant (5 min each), with two different
intervals (15 and 30 min) between both exposures. The
time spent investigating the odorant was recorded for
each animal.

Quantitative and statistic analysis

The data are presented as the mean = SEM. These data
have been compared in accordance with Student’s ¢ test or
two-way ANOVA. Statistical analysis of the quantitative
results was conducted using the Sigmastat software pack-
age (SPSS Inc.). Data were analysed by unpaired or paired
Student’s ¢ tests, when appropriate.

Results
Generation of anosmin-1 transgenic mice

We generated transgenic Al over-expressing mice, by
placing the full-length human KALI cDNA under the
control of the [-actin promoter followed by an IRES
sequence and the EGFP cDNA (Fig. l1a). The transgenic
mice were viable, fertile and transmitted the transgene.
EGFP and KALI insertion were confirmed by PCR geno-
typing on tail genomic DNA (Fig. 1b). To confirm the
expression of the human KALI mRNA in transgenic mice,
we carried out quantitative real-time PCR using cDNA
amplified from brain mRNA, with a specific human KALI
Tagman Probe (Fig. 1c). The results confirmed that the
transgenic mice expressed the human KALI cDNA. GFP
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Fig. 1 Initial characterisation of Al over-expressing transgenic mice.
a Scheme representing the Al structure and the transgene generated.
A human KALI cDNA was used to generate a transgenic line that
over-expresses anosmin-1 under the control of the promoter of the
human f-actin gene carried by the pBAP vector. b The inserted
cassette was detected in transgenic mice by PCR of KALI and EGFP
cDNA. ¢ KALI mRNA expression levels were evaluated by RT-PCR
in PO mice. d The KAL1 RNA expression was also confirmed by
western blot

expression by Western blot paralleled the KALI mRNA
expression (Fig. 1d). After back-crossing four times to
C57BL/6 mice, the transgene expression was found to be
stable and a line expressing a high level of KALI mRNA
compared to the rest of the lines, was used to continue the
back-crossing and to generate by intercrossing the trans-
genic line (Fig. 1d).

Anosmin-1 over-expression impairs olfactory
short-term memory without affecting perception

and discrimination

Since Al has extensively been linked to olfactory deficits
in KS patients, we investigated the olfactory behaviour of
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Fig. 2 Anosmin-1 over-expression impairs short-term olfactory
memory without affecting olfactory detection or discrimination.
a Control and Al mice exhibited a similar performance detecting
decreasing concentrations of (+)-carvone (wild-type n =4; Al
n = 6). b Discrimination levels between different mixtures of
enantiomers (+)-carvone/(—)-carvone was not affected (wild-type
n =4; Al n = 6) in Al over-expressing mice. ¢ Short-term memory
was impaired in Al over-expressing animals since after 30 min of

Al over-expressing mice. Animals were first trained to
associate the odour (+)-carvone (S+) with a reward and
to retract their head from the odour sampling port in the
presence of the odourless mineral oil (S—). To establish a
detection threshold, animals were exposed to (+)-carvone
over a range of concentrations. When starting at an odour
concentration of 1072, all mice reached the 85 % per-
formance criterion, demonstrating a normal capacity to
detect high concentration odorants (fg) = 0.330,
p = 0.890; Fig. 2a). Similarly, wild-type and Al over-
expressing mice showed a similar performance according
to progressively decreasing concentrations (107>, 107*
and 107).

Subsequently, we investigated the capacity of mice to
discriminate between monomolecular enantiomers: (+)-
carvone versus (—)-carvone. When starting from pure
molecules (100 %) at a dilution of 1072 (defined as an easy
task), all mice reached the performance criterion of 85 %
of correct choices (#g, = 1.506, p = 0.121; Fig. 2b). When
using binary mixtures, thus increasing the complexity of
the task (80/20 %, 68/32 % and 56/44 %), the performance
of Al over-expressing mice was always similar to control
animals even during the most difficult task (i.e., 56/44 %).
From these experiments, we conclude that Al over-
expressing mice had normal odour detection and discrim-
ination abilities.

Short-term olfactory memory was evaluated by expos-
ing mice only once to mint odorant (without previous
habituation), followed by a second exposure to the same
odorant after a 30-min interval (Fig. 2c). Wild-type mice
spent less time investigating the odorant during the second
exposure period (paired ¢ test; #6 = 2.907, p = 0.010),
indicating that they remembered the odorant and exhibited
habituation. In contrast, transgenic mice spent more time
exploring the odorant in the second exposure (paired ¢ test;
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interval, wild-type mice significantly spent less time sniffing menthol
(0.4 %) than in the first exposure (Student’s paired ¢ test;
taey = 2.907, p = 0.010), whilst A1 over-expressing mice increased
their exploration time compared with the first exposure (Student’s
paired 7 test; #;7y, = —4.469, p < 0.001), spending significantly more
time than wild-type mice in the second exposure (Student’s ¢ test;
133y = —3.818, p < 0.001) (wild-type n = 17; Al n = 18). Data are
presented as mean + SEM

ta7 = —4.469, p <0.001). Moreover, in this second
exposure, Al over-expressing mice also spent more time
than wild-type mice (f33, = —3.818, p < 0.001). Similar
results were obtained when another cohort of animals was
tested and the rest period was 15 min (data not shown).
These results show that A1 over-expression did not change
olfactory perception but altered short-term olfactory
memory.

Anosmin-1 over-expression increases OB interneuron
density

The altered olfactory behaviour prompted us to investigate
the effects of Al over-expression on anatomical features of
the different components of the olfactory system. First, we
studied the olfactory epithelium and found no gross ana-
tomical changes in transgenic mice compared with wild-
type (data not shown). We quantified the OB volume using
Cavalieri’s method and found no difference in the volume
of the entire structure or the different layers (Fig. 3a, b).
We also analysed the rostro-caudal distribution of glome-
ruli per section in the OB, and found no significant dif-
ference between Al over-expressing and wild-type animals
(Fig. 3c). We next quantified the neuronal density of dis-
tinct populations (NeuN™, CR*, CB*, TH' and PV™ cells)
within the OB. The stereological analysis revealed a sig-
nificant increase in the density of four GABAergic inter-
neuron populations in Al over-expressing mice compared
to wild-type animals (Table 1). Thus, we found more
mature NeuN™" interneurons in the granule cell layer of Al
over-expressing mice (f(jo) = 2.932, p = 0.039). Further-
more, there were more PV' interneurons in the external
plexiform layer (t4) = 21.193, p < 0.001) and CB™ neu-
rons (f4) = 2.369, p = 0.032) and TH* (14, = 3.420,
p = 0.027) in the glomerular cell layer (Table 1; Fig. 3d—e).
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Fig. 3 No gross morphological differences in the OB of Al over-
expressing mice. a Nissl staining on coronal sections from mouse
OBs revealed no gross morphological differences between wild-type
and Al over-expressing mice. b The stereological estimation of the
OB volume and its layers by Cavalieri’s method showed no changes
in A1l over-expressing animals (control n = 10; Al n = 6; Student’s
t test) compared with wild-type mice. ¢ The rostro-caudal distribution
of OB glomeruli was calculated and showed no differences between
both genotypes (n = 4 for each group; two-way ANOVA). d, e
Illustrative example of coronal sections from mouse OBs showing

Table 1 Quantification of OB interneurons

increased expression of TH' neurons in the OB glomerular cell layer
in Al over-expressing mice. f Th mRNA expression levels quantified
by RT-PCR showed a significant increase in the OB of Al over-
expressing mice (n =3 for each group; Student’s ¢ test;
twy = —8.493, p < 0.001). Data for quantified OB interneuron densities
are presented in Table 1. AOB accessory olfactory bulb, GC granule cell
layer, /PL internal plexiform layer, M mitral cell layer, EPL external
plexiform layer, GL glomerular cell layer. Scale bar a 750 pm,
d, e 500 pm, e, g 100 um. Data are presented as mean += SEM

NeuN*
(n = 6 mice/group)

10* cells x mm™>

Calretinin™
(n = 6 mice/group)

OB layers +/+ Al +/+ Al

GL 244 £+ 4.1 212 +£25 124 + 1.6 105+ 1.2
EPL 7.7 £0.8 6.7 £ 0.9 35+03 43 +04
GC 403 £ 5.2 55 + 5.5 (p = 0.039) 9.5 +£0.7 105 £1
10* cells x mm™  Parvalbumin™ Tyrosine hydroxylase™ Calbindin™

(n = 3 mice/group)

(n = 3 mice/group)

(n = 8 mice/group)

OB layers +/+ Al +/+
GL - - 13.6 + 2.1
EPL 1.3 £ 0.1 8.5 £ 0.3 (p <0.001) -

Al +/+ Al
256 £28 (p =0.027) 88+13 154 %25 (p=0.032)
- 22+01 3204

The stereological analysis using the optical dissector method revealed increased numbers of mature interneurons NeuN™ in the granule cell layer
in Al over-expressing mice (f19) = 2.932, p = 0.039). Similarly, in Al mice more inhibitory interneurons PV™ were found in the external
plexiform layer (t4, = 21.193, p < 0.001) and in the periglomerular cell layer, where CB™* (taay = 2.369, p = 0.032) and TH' (tay = 3,420,
p = 0.027) neurons. Mean + SEM is represented. Student’s ¢ test (as compared with wild-type mice). Illustrative images are shown in Fig. 3d, e
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Moreover, qRT-PCR confirmed a higher expression level
of th mRNA in the OB of Al over-expressing mice (Stu-
dent’s t test; t4) = —8.493, p < 0.001; Fig. 3f). In con-
trast, the number of CR™ neurons did not differ between
wild-type and transgenic mice (Table 1).
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Anosmin-1 over-expression does not produce changes
in OB mitral cells

Since Al has been shown to be expressed in OB mitral
cells (Clemente et al. 2008), we quantified the number of
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«Fig. 4 Morphological characterisation of the SVZ. a Pre-embedding
toluidine blue immunostaining on semithin sections of coronal
sections evidenced an irregular surface due to numerous protuber-
ances in the SVZ of Al over-expressing mice (see arrowheads).
b Electron microscopy analysis showed an increased number of
migratory and transit-amplifying cells (see arrowheads). ¢ In Al
over-expressing mice, groups of neuroblasts (see arrowheads) were
occasionally found at longer distances from the ventricle. High
magnification example of mitotic (d) and pycnotic cells (e) that was
observed with more frequency in Al over-expressing mice. f High
magnification images of the nuclear membrane of ependymal cells
presented an irregular surface (black arrowheads) and a higher
number of larger mitochondria (white arrowheads). g Clusters of
neuroblasts in direct contact with ependymal cells produce narrowing
of the ependymal layer and protuberances in transgenic animals (see
arrowheads). h In Al over-expressing mice, ependymal cells showed
larger interdigitation processes (see arrowheads). i High magnifica-
tion electron microscopy images illustrating altered orientation of
ependymal cilia in Al over-expressing mice (black arrowheads
indicate disoriented cilia in i'). j Confocal images of whole mount
preparations of the ventricular surface stained for acetylated tubulin.
k Confocal images of coronal sections co-stained for acetylated
tubulin and vimentin in control and Al over-expressing mice. Scale
bara 10 pm, b 8 pm, ¢ 7 pm, d, e 1 pm, f2 pm, g, h 1 pm, i 2 pm,
J 25 pm, k 10 pm

projection neurons (mitral cells) and found no difference
(+/+: 17.86 £ 1.39; Al: 18.58 £ 0.88; 14, = —0.436,
p = 0.685). Additionally, Al was previously shown to
control axonal outgrowth of OB projection neurons,
thereby playing an important role in axon guidance and
collateral branching during development (Soussi-Yanicos-
tas et al. 2002). Hence, we performed tracer injections in
the OB to investigate alterations in the LOT (lateral
olfactory tract, i.e., pathway containing mitral cell projec-
tions). There was no difference in collateral branches all
along the LOT in Al over-expressing compared with
control mice (Suppl. Figure 1).

Anosmin-1 over-expression causes morphological
alterations in the SVZ

Given the increased number of OB interneurons in Al
over-expressing mice, we studied the site of origin of these
cells, namely the SVZ (Luskin 1993; Lois and Alvarez-
Buylla 1994; Lois et al. 1996). We performed pre-
embedding immunostaining in combination with electron
microscopy to examine the cellular composition of the
neurogenic niche (Fig. 4a). The SVZ lateral walls of Al
over-expressing mice exhibited an irregular surface and
presented protuberances, corresponding with large groups
of cells located underneath (Fig. 4a’). These clusters
comprised highly packed transit-amplifying precursor and
migratory cells (Fig. 4b). The number of intercellular
spaces appeared increased, suggesting either enhanced
proliferative or migratory activity (Fig. 4b"). We also found
groups of isolated young neurons at longer distances from

the lumen of the ventricle (Fig. 4c), where we observed
with higher frequency pycnotic and mitotic cells in trans-
genic animals (Fig. 4d, e).

Moreover, the analysis of the ultrastructure of ependy-
mal cells in Al over-expressing mice evidenced deeper
interdigitations of the cell membrane with long lateral
extensions as well as an irregular nuclear membrane and
larger mitochondria size (Fig. 4f, f'). Occasionally,
migratory cells were found to be in direct contact with
ependymal cells, rendering the ependymal cell layer thin-
ner as a consequence of the expansion of neuroblast and
transit-amplifying precursor cell populations underneath
(Fig. 4g, h). Interestingly, this abnormal morphology of the
ependymal cells was also reflected in disoriented cilia
(Fig. 41, 1'). To obtain an overall en face view of the ven-
tricular surface, we performed SVZ wholemount dissec-
tions, as previously described (Mirzadeh et al. 2010a). In
wild-type mice, acetylated tubulin staining revealed the
usual pinwheel disposition of ependymal cells (Mirzadeh
et al. 2008, 2010b). In A1 over-expressing mice, acetylated
tubulin staining showed irregular and disorganised epen-
dymal cilia (Fig. 4j, k').

FGFR1 expression in the SVZ

To better understand the effects of Al over-expression in
the SVZ, we analysed in detail the expression pattern of
FGFRI. It has been reported that FGFR1 is expressed by
radial glia in the developing cerebral cortex, and FGFR1-
mediated signalling is highly conserved across species and
supports many physiological functions, including the
maintenance of the stem cell niche (Vaccarino et al. 1999).
In both wild-type and Al over-expressing mice, we found
that the vast majority of ependymal cells (nestin and/or
vimentin™ cells) and many astrocytic GFAP™" cells within
the SVZ express FGFR1 (Fig. Sa—d). Intriguingly, we also
observed FGFR1 co-expression with the y-tubulin-labelled
basal body of the primary cilium (Fig. Se-l), as recently
described for IGFR1, which regulates ciliary resorption
(Yeh et al. 2013). This would suggest a similar role for
FGFRI1 in primary cilium function when sensing not only
FGFs but also secreted Al in the cerebrospinal fluid (CSF).
Besides, we also found FGFRI1 expression in transit-
amplifying precursor cells (Mash1*; Fig. 5m—p) as well as
in neuroblasts (DCX*) both in the SVZ and inside the
RMS (Fig. 5q—x).

Anosmin-1 over-expression stimulates neurogenesis
in the SVZ by increasing the number of symmetric

divisions

Quantification of proliferating cells in the SVZ in P80
animals evidenced a two-fold increase in the global number
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Fig. 5 Detailed expression pattern of FGFR1 in the SVZ. a-
d Representative confocal images of coronal sections co-stained for
FGFRI1 and nestin in wild-type mice. e-l Two examples of high
magnification confocal images showing the co-expression of FGFR1
and y-tubulin at the basal body of primary cilia. m—p Transit-

of PH3" (i.e., an M phase cell cycle marker) cells in Al
over-expressing mice (¢, = 3.333, p = 0.029; Fig. 6a—c).
We next focused on migratory cells, which still retain a
limited proliferative activity, and revealed by co-staining
of PH3 with DCX antibody. Indeed, we found an enhanced
rate of neuroblast proliferation in transgenic animals
(t) = 3.432, p = 0.026; Fig. 6d). Rarely, the increased
proliferation resulted in hyperplasias that eventually broke
the wall of ependymal cells and invaded the lumen of the
ventricle (Fig. 6b1). At P60, we injected BrdU, and after
20 days, we quantified the presence of proliferating cells
within the OB. We detected a significant increase in the
number of cells that incorporated BrdU in Al mice
(te = 6.761, p < 0.001; Fig. 6e-g). When we quantified
the relative density of apoptotic cells in the OB by labelling
cells for cleaved caspase-3, we observed no difference
between wild-type and transgenic mice (Suppl. Figure 2),
indicating that the over-expression of Al did not affect cell
death. To further elucidate the cellular mechanism of
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amplifying cells also express FGFR1 within the SVZ. q—t Neuroblasts
in the SVZ also present FGFR1. u—x Chains of neuroblasts in the
RMS also express FGFR1. Scale bar a-d 10 pm, e-1 2 pm,
m-p 8 pum, g-t 5 pm, u—x 2 pm

action of Al, we examined the behaviour of SVZ pro-
genitor cells in cell culture with VTL imaging—in the
absence of exogenous growth factors, such as FGF2 or
EGF—and the total number of clones undergoing neuro-
genic divisions was estimated (Fig. 7a; Suppl. Figure 3).
Surprisingly, we found a reduction in the relative number
of neurogenic clones undergoing only one round of divi-
sion (Fig. 7b). However, we observed a striking increased
number of neurogenic clones that went through more than
two rounds of symmetric divisions in Al over-expressing
mice in comparison with wild-type mice (Fig. 7b). This
feature, characteristic of active transit-amplifying precursor
cells, would explain the higher proliferative activity
observed in Al over-expressing mice. To provide func-
tional evidence for the mechanism of action responsible for
this increased proliferative activity, we assessed BrdU
incorporation in dissociated cell cultures assays by block-
ing FGFR activity with the inhibitor SU5402 (10 uM) in
the absence of exogenous growth factors. In SVZ-derived
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Fig. 6 Anosmin-1 over-expression enhances proliferation in the
SVZ. a, b Confocal images of coronal sections co-stained for PH3
and DCX. b1 Onset of an illustrative hyperplasia co-stained for PH3
and DCX found in Al over-expressing mice. ¢ Quantification of
proliferating cells in the SVZ showing more PH3" cells in Al over-
expressing mice in (Student’s ¢ test; f¢) = 3.333, p = 0.029).

cells from +/4+ mice, we found no differences between
untreated and treated conditions regarding proliferation for
the three cell populations analysed: neuronal precursor
cells (nestin™), astrocytes more differentiated (GFAP™)
and finally neuroblasts (Tuj1"; Fig. 7c—e). However, in the
case of cells derived from A1l over-expressing mice, in the
presence of SU5402, we found a consisting decrease in the
number of proliferating cells in all three populations
(Fig. 7c—e). This would suggest that FGFR activity was
endogenously enhanced in Al over-expressing mice since
no external growth factor was added to the cell medium
and the concentration of FGF2 endogenously produced by
cultured cells should be almost insignificant. Together
these results suggest that the higher neurogenic activity
observed in Al mice was caused by an increased activation
of FGFR1 neural progenitor cells, mainly in transit-
amplifying precursor cells in the SVZ.

Anosmin-1 over-expression increases SVZ neuroblast
migration in vitro

We previously described a FGFR1-mediated chemoattrac-
tant effect of exogenous Al on rat SVZ neuroblasts during
embryonic and postnatal development (Garcia-Gonzalez
et al. 2010; Murcia-Belmonte et al. 2010; Esteban et al.
2013). To dissect whether the increased density of inter-
neurons and BrdU"-cells within the OB was only the
consequence of enhanced proliferation in the SVZ, or
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d Quantification of proliferating neuroblasts co-stained with PH3
and DCX antibodies (Student’s ¢ test; #, = 3.432, p = 0.026). e,
f Bright field microscope images BrdU" cells within the OB.
g Quantification of BrdU incorporation in the OB (Student’s ¢ test;
e = 6.761, p <0.001). Scale bar a, b 100 pm, bl 20 pum, e,
f 30 um. Data are presented as mean += SEM

might also reflect modification of neuroblast migratory
behaviour, we performed functional in vitro experiments.
Using chemotaxis chambers, we confirmed our own pre-
vious observations on wild-type and transgenic mice,
finding that A1 was able to exert the same chemotactic
effect on SVZ neuronal precursors (Suppl. Figure 4). To
determine the influence of Al over-expression on neuro-
blast migration, we cultivated SVZ explants in collagen
matrix without any supplementary cue to evaluate neuro-
blast intrinsic motility. The neuronal identity of migrating
cells was ascertained based on Tujl*/DCX*/Olig2~/
GFAP™ immunoreactivity, and the occurrence of prolifer-
ation in migrating cells was discarded as the cause of
higher migration rates by co-labelling for Tujl and PH3
(Suppl. Figure 5). Explant cell migration was analysed by
calculating the area occupied by migrating neuroblasts and
the migration index (M.L.: final explant area divided by the
initial surface). Explants from Al mice evidenced a higher
MI (t21) = 3.359, p = 0.001; Fig. 8a—c) suggesting an
increased migratory ability. To further investigate the
dynamic temporal aspects of the differences in migratory
properties, we analysed the behaviour of migrating SVZ
neuroblasts using VTL imaging. Cell movements were
saltatory, with displacements interrupted by stationary
periods, and followed a radial dispersion pattern, mostly
individually but also in chains, when migrating out from
explants (Fig. 8d, e). Interestingly, in explants from Al
over-expressing mice individual cell tracking revealed a
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lower amount of stationary periods (fee3) = 3.256, Pgenotype < 0.001; Bonferroni post hoc 7 test +/+ vs. Al;
p = 0.001; Fig. 8f) and a significant increase in the aver- t = 14.487, p < 0.001; Fig. 8h, i). To further elucidate the
age velocity (#63) = 13.754, p < 0.001; Fig. 8g), as well ~ molecular mechanism, in chemotaxis assays we blocked
as in the total distance covered by Al neuroblasts (two- FGFR activity with the inhibitor SU5402 (10 uM) and
way ANOVA; Genotype x Time; F(j 143 = 212.025, found a reduced number of migrating neuroblasts (Tujl™;
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«Fig. 7 Anosmin-1 over-expression increases symmetric divisions.
Increased rounds of amplifying divisions within the symmetric

neurogenic clones in SVZ cultures of Al-overexpressing mice. SVZ
cultures isolated from wild-type or Al over-expressing mice were

continuously imaged by time-lapse video microscopy for 6 days.

a Total amount of clones undergoing neurogenic divisions were

tracked per cover slip. Examples of symmetric neurogenic clones
undergoing 1, 2, 3 or 4 rounds of amplifying divisions, respectively.

Post-imaging immunocytochemistry confirmed the neuronal nature of
the progeny (BIII-tubulin positive cells). b Histogram depicting the
relative proportion of neurogenic clones undergoing division in both
wild-type and Al conditions. Note the increase in the rounds of

neurogenic amplifying divisions in Al-overexpressing mice com-
pared to controls. Total amount of clones analysed: 180. c—e Histo-

grams illustrating the percentage of nestin, GFAP and Tujl1 ¥ cells that

incorporate BrdU (50 uM) in dissociated cell cultures experiments
per field. At least 200 different fields were analysed in total from 3
independent experiments for each cell population (ANOVA, Tukey
post hoc test; ***p < 0.001, **p < 0.01, *p < 0.05)

Fig. 8j-k). Altogether, these data indicate that Al over-
expression increases SVZ neuroblast intrinsic motility via
FGFR1 activity, and confirm the biological effect of Al as
a chemoattractant cue on SVZ neuroblasts in mice, previ-
ously reported in rats.

Discussion

Anosmin-1 intervenes in a wide range of processes
in the CNS

Although the biological effects of Al have been investi-
gated mainly during neural development, little is still
known about its effects in the adult brain. The present work
is the first to report that Al strongly stimulates neurogen-
esis in the SVZ and also augments subsequent neuroblast
motility in adult mice. Previous studies have shown that A1l
is involved in diverse fundamental biological processes
such as cell migration, axon guidance, dendritic branching,
and tumour growth (Biilow et al. 2002; Soussi-Yanicostas
et al. 2002; Cariboni et al. 2004; Andrenacci et al. 2006;
Garcia-Gonzalez et al. 2010; Choy et al. 2013).

In the adult rodent brain, the basal lamina of the ven-
tricle walls represents an extensive source of signals con-
trolling progenitor cell behaviour, pointing to the ECM as
an emerging regulator of the effects of contact-mediated
and secreted signals (Mercier et al. 2002; Shen et al. 2008;
Tavazoie et al. 2008; Snapyan et al. 2009; Kokovay et al.
2010). In addition, it has been reported that ECM micro-
structures in the wall of the lateral ventricles with high
levels of heparan sulphate proteoglycan immunoreactivity,
called fractones, can directly control FGF2 local avail-
ability (Kerever et al. 2007). Another recent study descri-
bed how Al promotes neural crest formation by controlling
FGFS8 activity (Endo et al. 2012). Together, these reports

highlight the relevance of ECM molecules in general and
of Al in this particular case in regulating growth factor
activity, whose relevance might have been underestimated
so far.

FGFR1 is expressed in the SVZ and plays specific roles
in each cell type

The presence of FGFR1 has been documented in almost all
SVZ cell types in wild-type animals (Gritti et al. 1999;
Garcia-Gonzalez et al. 2010), whereas Al expression is
only restricted to neuroblasts (Garcia-Gonzilez et al.
2010). During embryonic development, FGFR1 is highly
expressed in radial glial cells (Zheng et al. 2004) and in
adult animals is prominently associated with neural pro-
genitor cells (Galvez-Contreras et al. 2012), determining
neuronal and oligodendroglial cell fate (Andrenacci et al.
2006; Anderson et al. 2007; Furusho et al. 2011; Galvez-
Contreras et al. 2012). Interestingly, mice lacking FGFR1
show a global decrease in radial glia and oligodendroglial
progenitors (Ohkubo et al. 2004) and present a reduced OB
due to telencephalic morphogenesis defects (Hébert et al.
2003), similarly to KS patients (Dodé and Hardelin 2009).

Within the SVZ, ependymal cells provide physical,
trophic and metabolic support for progenitor cells, con-
forming a polarised cell layer with oriented bundles of
motile cilia in contact with the ventricle lumen (Del Bigio
2010). Notably, radial glia and their progeny (ependymal
and neural progenitor cells) strongly express FGFRI1
(Zheng et al. 2004; Garcia-Gonzalez et al. 2010; Galvez-
Contreras et al. 2012) and FGFR1 signalling regulates cilia
length and function in diverse epithelia during develop-
ment (Neugebauer et al. 2009). Moreover, FGFR1 is
expressed in the motile cilia and FGF signalling is asso-
ciated with tumour progression and several ciliopathies
(Trumpp et al. 1999; Evans et al. 2002; Macatee et al.
2003; Creuzet et al. 2004; Szabo-Rogers et al. 2008;
Zaghloul and Brugmann 2011). Hence, FGFR1 expression
in ependymal cells may actually be important for epen-
dymal ciliary beating in the lateral ventricles. Therefore,
this would explain the differences observed not only in the
shape of the nuclear membrane but also in the larger size of
mitochondria in Al over-expressing mice, where altera-
tions in ciliary beating movements may underlie an
enhanced local metabolic activity.

It has been shown that the primary cilium acts as a
mechano- and chemoreceptor sensing flux changes and
chemicals in the CSF for a subpopulation of adult neural
progenitor cells (Han et al. 2009; Lehtinen et al. 2011; Li
et al. 2011a; Yeh et al. 2013). Several studies have iden-
tified circulating morphogens and growth factors in the
CSF, such as Shh, PDGF-AA, IGF1, Wnt and FGF2, which
have been found responsible for normal CNS patterning
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(Raballo et al. 2000; Nusse 2003; Martin et al. 2006; Han
et al. 2009; Lehtinen et al. 2011). The present work is the
first to report co-expression of FGFR1 and y-tubulin in
primary cilium basal body in the SVZ, allowing us to
speculate about the role of FGFRI1 regulating primary cil-
ium length and function and, therefore, directly controlling
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proliferation in the neurogenic niche. Additionally, the
increased number of symmetric neurogenic divisions in
transit-amplifying precursor cells and the significant
reduction of proliferation upon the blockade of FGFR
activity in cells over-expressing Al, suggests that FGFR1
expression in the SVZ renders Al a key element to regulate
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«Fig. 8 Anosmin-1 over-expression increases SVZ neuroblast motil-
ity. a, b SVZ explants embedded in collagen matrix from PO mice
were stained with Tuj-1 and DCX antibodies. Neuroblasts migrated
following a radial dispersion pattern mostly individually but also
forming chains. ¢ Quantification of the migration, represented as
Migration Index, considered as the final area occupied by migrating
neuroblasts divided by the initial explant surface (Student’s 7 test;
ta21) = 3.359, p = 0.001). d, e Representation of the trajectories
covered by migrating neuroblasts in video time-lapse experiments.
f Quantification of the percentage of stationary periods (Student’s
t test; 63y = 3.256, p = 0.003). g Speed migration was also higher
in Al over-expressing mice (Student’s ¢ test; fe3) = 13.754,
p < 0.001). h The same effect can be observed in the evolution of
the migrated distance along time (two-way ANOVA; Genotype X
Time; F1,143) = 212.025, pgenotype < 0.001; Bonferroni post hoc ¢ test
Wt vs. Al; t = 14.487, p <0.001) and in the i cumulative plot
illustrating the percentage of neuroblasts that migrated a certain
distance. j Scheme depicting the procedure used for chemotaxis
assays in Boyden chambers with SVZ-derived dissociated cells.
k SVZ Al-over-expressing neuroblasts (Tujl™) placed in the upper
compartment of Boyden chambers migrated more than neuroblasts
from wild-type animals. The presence of the FGFR inhibitor SU5402
(10 pM) reduced the migration of neuroblasts Tuj1™ derived from Al
over-expressing mice (ANOVA, Tukey post hoc test; ***p < 0.001).
Data are presented as mean £ SEM. Scale bar a, b, d, e 200 pm

its activity, although we cannot exclude the possibility that
other receptors might also be involved. In this sense, the
existence of homophilic interactions between anosmin-1
also seems a plausible explanation since it has been shown
to exert biological effects (Murcia-Belmonte et al. 2010).
Thus, our data indicate that the overall increase in prolif-
eration in Al over-expressing mice was mainly due to the
interaction of Al with FGFR1 and highlight the relevance
of the ECM composition in the neurogenic niche.

Anosmin-1 increases SVZ neuroblast motility

In rodents, neurogenesis persists in the healthy adult brain
in the SVZ, where newborn cells generated in the SVZ
migrate to the OB where they become mature interneurons
(Lois and Alvarez-Buylla 1994; De Marchis et al. 2007;
Nissant et al. 2009). Our previous work identified two more
cues dynamically involved in this process: FGF2 and Al,
which promote neuroblast migration during embryonic and
postnatal development (Garcia-Gonzdlez et al. 2010).
Indeed, the complex combination of molecular cues driving
neuroblast migration from embryonic development to
adulthood, based on secreted chemoattractants and che-
morepellents, is far from being completely understood (for
reviews see: Ghashghaei et al. 2007; Pignatelli and Bell-
uzzi 2010). In the present study, we show how Al over-
expression alone increases SVZ neuroblast motility via
FGFR1 activity, without the presence of other exogenous
cues, suggesting that Al plays an important role in cell-
cell and cell-substrate interactions.

Anosmin-1 over-expression determines a change of OB
neuronal densities and causes alterations in olfactory
memory

Once in the OB, neuroblasts differentiate in a wide range of
interneurons, differing in localisation, morphology, neu-
rochemistry and synaptic properties, and modulate olfac-
tory epithelium inputs (Shipley and Adamek 1984; Kosaka
and Kosaka 2005; Parrish-Aungst et al. 2007). Although it
has been proposed that the functional diversity of newborn
interneurons serves to given purposes, little is known about
this specificity in detail. The overwhelming majority of
granular, periglomerular and external plexiform interneu-
rons are GABAergic. Precisely, periglomerular cells can be
further subdivided into three non-overlapping populations:
TH™', CB* and CR™ interneurons (for a review: Lledé et al.
2008). This diversity in OB interneuron populations
reflects a wide range of molecular heterogeneity associated
to spatial subdomains in the SVZ, already existing in
migrating neuroblasts that determines their final identity
before reaching the OB (Lled6 et al. 2008). During
embryonic development, the origin of OB interneurons has
been traditionally linked with the lateral ganglionic emi-
nence (LGE), a subpallial region that contributes to form
the SVZ of the lateral ventricles in the telencephalon
(Wichterle et al. 2001). Although there is a significant
proportion of progenitor cells derived from pallial regions
that populate the OB, it has been shown that the majority of
olfactory interneurons originate from progenitors express-
ing subpallial markers (Kohwi et al. 2007; Young et al.
2007). Interestingly, LGE-derived progenitors give rise to
the majority of OB interneuron populations that we have
found increased in Al-over-expressing mice: periglomer-
ular (TH" and CB™) and external plexiform interneurons
(PV') (Kosaka and Kosaka 2005; Kohwi et al. 2007;
Young et al. 2007; Li et al. 2011b). By contrast, in the case
of CR" cells, whose origin emerges mainly from pallial
and septal progenitors and not from the LGE (Kosaka and
Kosaka 2005; Kohwi et al. 2007; Young et al. 2007; Li
et al. 2011b), no difference was observed in any OB layer.
Regarding the temporal generation of OB interneurons, it
has been reported that the majority of TH*, CB* and PV*
interneurons are already produced postnatally, with a lower
turnover rate than CR* cells in adult mice (Kohwi et al.
2007; Young et al. 2007; Batista-Brito et al. 2008). To
note, four novel subtypes of interneuron generated in spe-
cific SVZ microdomains only postnatally have been
recently identified (Merkle et al. 2014). To have a better
understanding of the complex spatial and temporal
behaviour of SVZ neural progenitor cells, further analysis
is still necessary. Altogether, these lines of evidence indi-
cate that the changes reported in the OB of adult mice over-
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expressing anosmin-1 may arise from LGE-derived pro-
genitor cells.

Thus, the overall increase in the number of GABAergic
interneuron populations in Al over-expressing mice toge-
ther with the lack of obvious changes in OB excitatory cells
and projections, strongly suggest alterations in the normal
processing of olfactory information since these inhibitory
interneuron populations act at different levels in the OB
local circuitry. More specifically, the subpopulation of
TH™ periglomerular cells plays a major role in the inhi-
bition of sensory inputs from olfactory sensory neurons
since they receive direct synaptic contacts from the olfac-
tory epithelium and dynamically respond to significant
changes in olfactory activity in rodents and primates (Stone
et al. 1991; Kosaka and Kosaka 2005; Liberia et al. 2013).
Consistent with this finding, the loss of functional sensory
inputs in rodents results in a profound decrease in the
expression of TH' periglomerular cells (Brifién et al. 2001;
Song and Leonard 2005). Conversely, the upregulation of
TH has extensively been linked to severe olfactory prob-
lems in different neurodegenerative conditions, such as
Parkinson’s disease, Alzheimer’s disease and fronto-tem-
poral dementia, suggesting a finely tuned activity in TH*
cells (Hawkes 2003; Kovacs 2004; Mundifiano et al. 2011).
This sensory loss is not a consequence of damages in the
olfactory epithelium, but rather a result from distinct
abnormalities in the OB, such as protein deposits or
changes in interneuron densities (Hawkes 2003; Kovacs
2004; Mundifiano et al. 2011). A mechanism of action
involving FGFR1 signalling in neuronal differentiation to a
dopaminergic phenotype would be consistent with our data
since a dominant negative FGFR1 expressed under the
control of the TH promoter gives rise to a decreased
number of TH* cells (Klejbor et al. 2006). In this sense,
more recent findings in a loss-of-function model in zebra-
fish have also shown that the lack of Al leads to a specific
reduction of the number of TH' and GABAergic OB
interneurons (Yanicostas et al. 2009). It has been proposed
that TH' periglomerular cells in the OB have a key impact
on the processing of olfactory information by switching off
the entrance of sensory information from the terminals of
the olfactory nerve (Gutiérrez-Mecinas et al. 2005). Thus,
the increased density of TH™ periglomerular cells in Al
over-expressing mice would explain the impaired olfactory
behaviour.

Accumulating evidence indicates that changes in adult
SVZ neurogenesis have diverse effects on olfactory pro-
cessing. In agreement with our data, previous reports
suggested that alterations in the number of OB interneurons
and, therefore, in the excitatory-inhibitory balance, have
little or no impact on odorant perception and discrimination
although short-term olfactory memory results impaired
(Breton-Provencher et al. 2009; Lazarini et al. 2009;

@ Springer

Lazarini and Lled6 2011). However, a recent study showed
that connective tissue growth factor derived from excit-
atory tufted neurons regulates the survival of OB peri-
glomerular interneurons and modulates olfactory
perception and discrimination, but not long-term olfactory
memory (Khodosevich et al. 2013). Indeed, differences
between each experimental approach and behavioural
paradigm constrain our analysis and do not allow us to be
more conclusive since the precise functional relevance of
adult neurogenesis still remains an unresolved question in
the field. Indeed, we are aware that the “olfactory mem-
ory” is a complex process not exclusively “olfactory” and
other brain areas receiving projections from the piriform
cortex—including neurogenic structures such as the hip-
pocampus—may also be involved (for a review: de Castro
2009). However, to our understanding, their study would
escape the scope of the present work. Given that the OB is
the first telencephalic structure involved in the integration
and processing of olfactory information, small alterations
in specific OB interneuron populations may have a critical
repercussion and would be sufficient to cause behavioural
changes, as well as pathologies related to this sensory
system.

Finally, the ECM is a key component of the cellular
microenvironment since all cells make contact with dif-
ferent ECM elements. Although the functions of ECM
molecules in neurogenic niches and in cell migration and
differentiation have been largely investigated (for specific
reviews: Ghashghaei et al. 2007; Hynes 2009), we still
have a limited understanding of these processes. The
present work reports for the first time a mouse model over-
expressing the ECM glycoprotein Al, highlights the rele-
vance of Al functions and shows how Al regulates adult
neurogenesis in the olfactory system. However, the exis-
tence of a complex and coordinated crosstalk between
ECM molecules with heparan sulphate proteoglycans,
growth factors, integrins, cytokines and tyrosine kinase
receptors (Kazanis and ffrench-Constant 2011; Brizzi et al.
2012) hampers the current understanding of ECM roles
and, therefore, further research in this direction is required.
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