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Cellular/Molecular

Downregulation of Sphingosine 1-Phosphate Receptor 1
Promotes the Switch from Tangential to Radial Migration in
the OB

Julieta Alfonso,* “Horst Penkert,* Ceren Duman, Annalisa Zuccotti, and Hannah Monyer
Department of Clinical Neurobiology at the University Hospital Heidelberg and German Cancer Research Center, 69120 Heidelberg, Germany

Neuroblast migration is a highly orchestrated process that ensures the proper integration of newborn neurons into complex neuronal
circuits. In the postnatal rodent brain, neuroblasts migrate long distances from the subependymal zone of the lateral ventricles to the
olfactory bulb (OB) within the rostral migratory stream (RMS). They first migrate tangentially in close contact to each other and later
radially as single cells until they reach their final destination in the OB. Sphingosine 1-phosphate (S1P) is a bioactive lipid that interacts
with cell-surface receptors to exert different cellular responses. Although well studied in other systems and a target for the treatment of
multiple sclerosis, little is known about S1P in the postnatal brain. Here, we report that the S1P receptor 1 (SIP1) is expressed in
neuroblasts migrating in the RMS. Using in vivo and in vitro gain- and loss-of-function approaches in both wild-type and transgenic mice,
we found that the activation of SIP1 by its natural ligand S1P, acting as a paracrine signal, contributes to maintain neuroblasts attached
to each other while they migrate in chains within the RMS. Once in the OB, neuroblasts cease to express S1P1, which results in cell
detachment and initiation of radial migration, likely via downregulation of NCAM1 and f31 integrin. Our results reveal a novel physio-

logical function for S1P1 in the postnatal brain, directing the path followed by newborn neurons in the neurogenic niche.
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ignificance Statement

The function of each neuron is highly determined by the position it occupies within a neuronal circuit. Frequently, newborn
neurons must travel long distances from their birthplace to their predetermined final location and, to do so, they use different
modes of migration. In this study, we identify the sphingosine 1-phosphate (S1P) receptor 1 (S1P1) as one of the key players that
govern the switch from tangential to radial migration of postnatally generated neuroblasts in the olfactory bulb. Of interest is the
evidence that the ligand, S1P, is provided by nearby astrocytes. Finally, we also propose adhesion molecules that act downstream
of SIP1 and initiate the transition from tangential chain migration to individual radial migration outside of the stream.

~

J

Introduction

The formation of complex cerebral circuits relies on the integration
of newborn neurons that often reach their remote site of destination
following stereotyped migratory routes. Both during development
and in the postnatal brain, neuroblasts use different migratory
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modes to arrive at the precise position where they differentiate and
mature. In the subependymal zone (SEZ), the largest neurogenic
niche of the postnatal rodent brain, thousands of neurons are born
every day throughout life (Thrie and Alvarez-Buylla, 2011). These
young neurons travel several millimeters along the rostral migratory
stream (RMS) toward the olfactory bulb (OB), engaging in a partic-
ular form of tangential migration known as chain migration that
involves close contact of the neuroblasts with each other (Lois and
Alvarez-Buylla, 1994; Wichterle et al., 1997). Once in the OB, indi-
vidual cells disperse and migrate radially to reach the proper layer of
the OB, where they differentiate into specific types of neurons
(mainly interneurons: granule and periglomerular cells) and inte-
grate into already established olfactory circuits (Carleton et al,,
2003). The new neurons eventually take part in complex cognitive
functions such as perceptual learning and olfactory memory (Laza-
rini and Lledo, 2011).
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The identification of factors governing neuroblast migration
provides insight into basic mechanisms governing neurogenesis
and thus holds therapeutic potential when considering repair
strategies that involve redirecting newborn neurons to specific
brain areas after injury. Several molecules involved in tangential
migration in the RMS have been identified so far. Among them,
several adhesion molecules, cytoskeletal regulators, axon guid-
ance molecules, neurotransmitters, and growth factors are
known to be important in this process (for review, see Lalli,
2014). However, little is known about the cellular and molecular
mechanisms underlying the switch from tangential to radial mi-
gration, not only in the postnatal brain, but also during embry-
onic development. Three extracellular matrix molecules have
been related to this process in the OB: Reelin, Tenascin-R, and
Prokineticin 2 (Hack et al., 2002; Saghatelyan et al., 2004; Ng et
al., 2005). Nevertheless, we are still far from understanding the
cellular mechanisms that mediate the transition between the two
modes of migration.

Sphingosine 1-phosphate (S1P) is a bioactive lipid synthesized
by the sphingosine kinase (SK) isoenzymes SK1 and SK2 and
secreted into the extracellular milieu, where it signals via
G-protein-coupled receptors (S1P1-5; Maceyka et al., 2012). The
S1P receptors are distributed differentially throughout various
tissues, where they mediate a variety of cellular processes includ-
ing cell proliferation, survival, migration, angiogenesis, and
differentiation (O’Sullivan and Dev, 2013). The S1P axis is par-
ticularly well studied in the immune and vascular systems and has
been implicated in a broad range of diseases including cancer and
inflammatory disorders (Kunkel et al., 2013). In fact, SIP1 is a
known drug target for multiple sclerosis (Brinkmann et al.,
2010). In contrast to the extensive information regarding the
function of SIP1 in other systems, little is known about the role of
S1P1 in the brain, although it is known to be highly expressed in
the CNS (Liu and Hla, 1997; Chae et al., 2004).

Here, we investigated the role of SIP1 during postnatal neu-
rogenesis in the SEZ/RMS/OB system. We performed in vivo and
in vitro gain- and loss-of-function experiments and identified a
novel physiological function for S1P1 in directing the switch
from tangential to radial migration. Moreover, our results re-
vealed a molecular mechanism by which neuroblasts in the OB
are released from chain aggregates and undergo single-cell radial
migration via downregulation of cell adhesion molecules.

Materials and Methods
Animals. We used wild-type C57BL/6 mice (Charles River Laboratories)
and the transgenic S1P1'*1o® MashCREFR™ mice of either sex
resulting from the cross of SIP1'*/1°*F and MashCRE **2 mice (http://
jaxmice.jax.org/strain/019141.html and http://jaxmice.jax.org/strain/
012882.html; The Jackson Laboratory). Tamoxifen was dissolved in eth-
anol (40 mg/ml), diluted 1/20 in corn oil (Sigma-Aldrich) and injected
intraperitoneally 100 ug twice per day for 5 consecutive days from post-
natal day 7 (P7) to P11. Animal care and procedures were according to
local and international regulations for the use of experimental animals.
Immunostainings. Mice were perfused with 4% paraformaldehyde in
PBS and the brains were postfixed overnight. Then, 50-70 wm sections
were cut on a vibratome (Leica VT 1000S). Free-floating sections were
permeabilized and blocked in 0.2% Triton, 3% BSA-PBS for at least 30
min and incubated overnight at 4°C with the primary antibody (in 3%
BSA-PBS). After 3—4 washes in PBS, sections were incubated with the
secondary antibody (in 3% BSA-PBS) for 1-2 h, washed again, and
mounted. For BrdU stainings, an additional treatment of 1 M HCl at 45°C
for 45 min, followed by 15 min in Tris-HCI 10 mm, pH 8, was performed
before permeabilization and blocking. Primary antibodies were as fol-
lows: rabbit anti-S1P1/EDGI1 (1:300; Abcam), goat anti-DCX (1:500;
Santa Cruz Biotechnology), mouse anti-BrdU (1:1000; BD PharMin-

Alfonso, Penkert et al. @ STP1 Modulates Postnatal Neuroblast Migration in the 0B

gen), rabbit anti-active caspase-3 (1:1500; BD PharMingen), mouse anti-
GFAP (1:1000; Sigma-Aldrich), chicken anti-GFP (1:1000; Abcam),
rabbit anti-DsRed (1:1000; Clontech), mouse anti-Tujl/TubulinIII (1:
1000; Sigma-Aldrich), mouse anti-PSA-NCAM (1:1000; e-Biosciences),
rabbit anti-SK1 (1:1000; Abcam), rabbit anti-SK2 (kindly provided by
Prof. Richard Proia, National Institutes of Health). Secondary antibodies
were as follows: anti-chicken, anti-goat, and anti-mouse conjugated
to Alexa Fluor 488 and anti-mouse and anti-rabbit conjugated to
Alexa Fluor 647 (all from Invitrogen) and anti-rabbit Cy3 (Jackson
ImmunoResearch).

Plasmid constructs and Western blots. The following shRNA target se-
quences were cloned into the pSUPER .basic RNAi vector (OligoEngine)
downstream of the H1 promoter: scrambled sequence: CTACCGTTGT-
TATAGGTG, shRNA S1Pla: CTCTACCACAAGCACTATATT, shRNA
S1P1b: TCATCCCAGGCATGGAATTTA, shRNA SK2: TGTCCCTCTC
CCTAGTCTAAA. shRNA SK1 (target sequence GGGTACGAGCAG-
GTGACTAAT) was cloned into pGFP-V-RS-shRNA vector (OriGene)
downstream of the U6 promoter. For retrovirus constructs, sShRNA se-
quences together with the H1 promoter were subcloned into a murine
Moloney leukemia virus (MMLV)-based retroviral vector expressing ei-
ther palmitoylated EGFP or RFP under the control of the RSV promoter.
For AAV constructs, shRNA SK1 sequence with the U6 promoter and
shRNA SK2 sequence with the H1 promoter were subcloned into the
AAV backbone containing the Tomato sequence driven by the CAG
promoter. The coding sequence of S1P1 was amplified by PCR from a
mouse cDNA brain library. For in vivo experiments, SIP1-CDS lacking
the stop codon was cloned in frame into the MMLYV backbone, resulting
in an RSV-S1P1-T2A-Tomato sequence. For in vitro experiments, S1P1-
CDS was inserted between the promoter and the IRES sequence of an
AAV backbone encoding CAG-IRES-Tomato.

To test S1IP1 shRNA efficiency, HEK 293 cells were cotransfected with
a plasmid expressing S1P1 and a pSUPER plasmid with shRNA scram-
bled, shRNA S1Pla, or shRNA SIP1b. To test SK2 shRNA efficiency,
HEK 293 cells were cotransfected with a plasmid expressing SK2
(CDS+UTR)-IRES-Tomato and a plasmid expressing shRNA scram-
bled, shRNA SK1, shRNA SK2, or shRNA SK2 plus shRNA SK1. Given
that both the shRNA target sequence (SK2) and the Tomato sequence are
part of the same transcript, we analyzed the expression levels for Tomato
to evaluate shRNA SK2 silencing. Three days after transfection, the cells
were resuspended in lysis buffer containing the following: 10 mm Tris-
HCl pH 7.6, 150 mm NaCl, 1% Triton X-100, 0.1% SDS, and 1X protease
inhibitor mixture complete EDTA-free (Roche) and stored at —20°C.
Approximately 10 ug of total protein extracts were separated by SDS-
PAGE, transferred onto nitrocellulose membranes, and blocked in 10%
milk-PBS-T for 1 h at room temperature (RT). First antibody incubation
was in PBS-T for 2 h at RT, followed by 3 washes in PBS-T and secondary
antibody incubation for 45 min at RT. S1P1 and Tomato proteins were
detected with rabbit anti-EDG1/S1P1 (1:1000; Abcam) or monoclonal
anti-DsRed antibodies (1:1000; Clontech), respectively. As a loading
control, the housekeeping genes Dynein (anti-Dynein monoclonal
antibody 1:2000; Millipore) and B-actin (rabbit anti-B-actin 1:40000;
Sigma-Aldrich) were used. Secondary antibodies were anti-mouse and
anti-rabbit peroxidase-conjugated (1:40000; Vector Laboratories). The
ECL+ Western Blot Detection System (GE Healthcare) was the chemi-
luminescent substrate and blots were developed with Hyperfilm-ECL
(GE Healthcare).

Viral production and injections. Retrovirus production was performed
as described previously (Laplagne et al., 2006). Briefly, HEK 293 cells
were cotransfected with the viral backbone vector, the Gag-Pol precursor
protein plasmid, and the vesicular stomatitis virus glycoprotein plasmid.
Viral particles were harvested, concentrated, and purified 2 d later by
repetitive ultracentrifugation. The concentrated viral solutions (10°~10°
cfu/ml) were titrated and stored at —80°C. P4—P6 pups were anesthe-
tized with isoflurane and stereotactically injected into the SEZ (coordi-
nates from bregma: 0,5 mm anterior; 1 mm lateral; 1,5 mm ventral) with
1 wl of the viral solution through a glass micropipette. Pups were re-
turned to their mother and either decapitated or anesthetized and per-
fused 3-15 d after virus injection. For injections in adult animals,
9-week-old mice were anesthetized with isoflurane and stereotactically
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injected into the SEZ (coordinates from bregma: 0.9 mm anterior; 1.2
mm lateral; 2.5 mm ventral) with 1.5 ul of the viral solution through a
glass micropipette. The animals were placed on a heating pad and re-
turned to their home cages. For proliferation studies, animals received
two intraperitoneal BrdU pulses of 30 mg/kg body weight at an interval of
6 h on day 3 after intracranial virus injection.

AAVswere produced in the packaging cell line HEK 293 using the viral
backbone and the helper plasmids pDP1 and pDP2. Transfected cells
were scraped from plates, transferred to a 15 ml tube, and centrifuged at
800 rpm for 10 min. The pellets were lysed in 1 ml of Tris-NaCl (20 mm
Tris, pH 8, 150 mm NaCL) and frozen at —20°C. After thawing, benzo-
nase endonuclease was added (50 U/ml), incubated at 37°C for 1 h, and
the solution was centrifuged to discard cell debris. The supernatant was
transferred to a fresh tube, filtered through a 0,45 um Acrodisc filter, and
stored at —80°C until usage.

Time-lapse videos. Retrovirally injected mice were killed by decapita-
tion 5-9 d postinjection (d.p.i.). Brains were removed and placed in
ice-cold ACSF. Then, 250-um-thick parasagittal brain sections were pre-
pared using a vibratome (HR2; Sigmann Elektronik) and kept sub-
merged in ACSF at 32°C. Sections were subsequently transferred to the
recording chamber and continuously superfused with ACSF at 32°C.
Imaging was performed on a TCS SP5 microscope (Leica) equipped with
a 10X [0.3 numerical aperture (NA)] water-immersion objective for the
OB and a 20X (1 NA) water-immersion objective for the RMS. Videos
were made from 3D stacks acquired sequentially every 13 min for up to
12 h for the OB and every 5 min for up to 5 h for the RMS. Summation
projections were subsequently aligned in Image] software and the
MTrack] Plugin was used to track neuroblasts. Only neuroblasts tracked
for >9 frames were used to calculate the distance covered over time.

Explant cultures. Brains from P6—-P10 mice were removed in cold PBS-
glucose and sliced into ~400-um-thick coronal sections. We used the
sections containing the lateral ventricle to dissect the SEZ and the tissue
was minced into ~200—400 wm pieces before plating. For the pharma-
cological experiments, the explants were plated on top of an astrocyte
monolayer prepared from cortical tissue of P5-P7 mice. Briefly, brains
were removed as described above, the cortex was dissected, minced into
small pieces and placed on ice. The tissue was incubated with papain
(0.08%)/DNase I (0.001%) for 3 min at 37°C to obtain single-cell sus-
pensions that were then plated at a density of 100,000 cells/ml in DMEM
(Invitrogen) supplemented with 10% FBS and penicillin/streptomycin.
Primary astrocyte cultures were grown for at least 7 d and, before plating
the SEZ explants, the medium was changed to B27 serum-free neurobasal
medium (Invitrogen). Four to 6 h after plating the SEZ explants, W146
(Sigma-Aldrich) dissolved in methanol 1 mm and diluted in medium to a
final concentration of 1 umM, CYM 5442 (Sigma-Aldrich) dissolved in
DMSO 5 mm and diluted in medium to a final concentration of 0.5 um, or
control medium (only methanol or DMSO at the same final concentra-
tion as with the drugs) were added. For the viral infections, SEZ explants
were incubated with AAVs (expressing either only Tomato or also SIP1)
for 15 min at RT and grafted into Matrigel Basement Membrane Matrix
(BD Biosciences) diluted 1:3 in B27 serum-free neurobasal medium (In-
vitrogen). After 2—4 d, explants were fixed in 4% PFA-PBS and immu-
nostained. For quantification, the percentage of single and attached
neuroblasts was counted with Image] software.

Real-time PCR. The brains from tamoxifen-treated mice were re-
moved in cold PBS, the OBs were isolated, and the rest of the brain sliced
into ~400-uwm-thick sagittal sections. The anterior RMS (from the elbow
to the beginning of the OB) was dissected under a stereomicroscope
(Stemi CV6; Zeiss). The tissue was immediately frozen in dry ice and kept
at —80°C until use. Total RNA was purified using Master Pure RNA
Purification kit (Epicenter) and the cDNA was synthetized with High
Capacity cDNA Reverse Transcription kit (Applied Biosystems). Quan-
titative real-time PCRs were performed with KiCgstart SYBRGreen
qPCR ReadyMix (Sigma-Aldrich). Primer sequences were as follows:
S1P1 CGCAGTTCTGAGAAGTCTCTGG forward and GGATGTCA
CAGGTCTTCGCCTT reverse, DCX CTGACTCAGGTAACGACCAA-
GAC forward and TTCCAGGGCTTGTGGGTGTAGA reverse, Cyclo-
philin AAGCATACAGGTCCTGGCATCT forward and CATTCAGTCT
TGGCAGTGCAG reverse, NCAM1 GCAGTTTACAATGCTGCGAA
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forward and TCCAACGCTGATTTCTCCTT reverse, Itgbl ACAC-
CGACCCGAGACCCT forward and CAGGAAACCAGTTGCAAATTC
reverse, VCAM CCGGCATATACGAGTGTGAA forward and TAGAG
TGCAAGGAGTTCGGG reverse, Cadherin12 TTGATCACCGAGAG-
TATTTCAA forward and GGTTTAGTGCAGGGACAGGA reverse,
Catenin betal GAGCCGTCAGTGCAGGAG forward and CAGCTTGAG-
TAGCCATTGTCC reverse. Each sample was measured in triplicate.
Statistical analysis. Statistical analysis was calculated with Prism soft-
ware (GraphPad Software). Datasets were first tested for Gaussian distri-
bution (Kolmogorov—Smirnov test). Samples that passed the normality
test were analyzed with a ¢ test (unpaired, two-tailed) or one-way
ANOVA followed by Bonferroni post test. Samples that did not show
normal distribution were analyzed with nonparametric tests (Mann—
Whitney, two-tailed). Graphs in the figures show mean + SEM.

Results

S1P1 loss and gain of function in postnatally born
neuroblasts affects their spatial distribution along the
RMS/OB

The presence of S1P1 in the postnatal brain has been reported
previously for neurons, astrocytes, Bergmann glia, and oligoden-
drocytes (Rao et al., 2003; Yu et al., 2004; Choi et al., 2011;
Gonzalez-Cabrera et al., 2012). In situ hybridization data show a
prominent expression of S1P1 in the RMS at different ages
(Fig. 1A) and immunohistochemistry experiments revealed that
mainly neuroblasts (labeled with doublecortin) migrating tan-
gentially along the RMS were positive for S1P1 (Fig. 1 B,C). In-
side the OB, S1P1 expression declined in radially migrating
neuroblasts that had detached from the RMS ©® (Fig. 1C,D). This
observation suggested a role for S1P1 during neurogenesis, so we
investigated a putative function of this receptor in the postnatal
neurogenic niche.

To study the role of S1P1 in vivo in the RMS, we knocked
down the receptor specifically in newborn neuroblasts by inject-
ing genetically modified retroviruses into the SEZ of P4—P5 pups,
an age when OB neurogenesis is at its peak (Hinds, 1968; Bayer,
1983). Mice were infected with a mixture of a control virus ex-
pressing a scrambled shRNA sequence plus a red fluorescent pro-
tein and a knock-down virus expressing shRNA against S1P1 plus
a green fluorescent protein (Fig. 2A—C). This way, we could ana-
lyze the behavior of control and mutant neuroblasts in vivo in the
same brain slices, thus preventing the variability that might result
from technical manipulations and/or interindividual differences.
At 6 d.p.i., we analyzed the location of the infected cells in the OB
and classified the neuroblasts into two groups: cells migrating
within the RMS®® and cells outside the RMS®® closer to the
outer layers of the OB (Fig. 2D). Compared with control cells,
S1P1 knock-down cells were more frequently beyond the border
of the RMS®® (Fig. 2E). Similar results were found when the
effect of S1P1 knock-down was tested in adult mice (9 weeks old):
S1P1 KD cells/control cells: 1 = 0.06 within RMS %, 2.08 =+ 0.22
outside RMS©® (1 = 7 mice, 440 and 2179 control and S1P1 KD
cells, respectively, ¢ test p = 0.0005). In a more detailed analysis,
we subdivided the cells outside the RMS°® according to their
rostro-caudal position in the OB, and found that the effect of
S1P1 knock-down was comparable in the rostral and caudal OB:
S1P1 KD cells/control cells: 2.28 = 0.24 outside RMS °® rostral
and 2.6 * 0.32 outside RMS ©® caudal (n = 6 mice, 191 and 1710
control and S1P1 KD cells, respectively, t test p = 0.63).

During the first postnatal weeks, a fraction of newborn neu-
rons leave the RMS before reaching the OB and migrate radially
toward the cortex to populate the deeper cortical layers (Inta et
al.,, 2008; Le Magueresse et al., 2011). We also investigated
whether this radial migration was affected by S1P1 by analyzing
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Figure 1. S1P1is expressed in RMS neuroblasts. 4, In situ hybridization of S1P1 in sagittal
mouse brain sections at the indicated ages showing strong expression of the receptor in the RMS
(images obtained from the Allen Brain Atlas). B, €, Double immunostainings showing STP1
expression (red) in DCX-positive neuroblasts (green) along the RMS before entering the OB (B)
and inside the 0B (C). The rectangles delineate the region depicted at a higher magnification
below. D, Overview of the OB costained with the mature neuronal marker NeuN (green) and
S1P1 (red). The insets in the upper corner indicate the brain area shown in the picture. Note the
decline in STP1 expression in radially migrating neuroblasts inside the OB. Scale bars, 50 p.m.

the neuroblasts migrating in the posterior RMS close to the SVZ
(Fig. 2F). We quantified the number of infected cells migrating
radially in the corpus callosum in young pups, and found that
more S1P1 knock-down cells had exited the RMS compared with
controls (Fig. 2G). However, we did not find neuroblasts detach-
ing from the RMS in areas where radial migration does not occur
under physiological conditions, nor a difference in the orienta-
tion of neuroblasts migrating within the RMS (control = 88.01 =
1.46, S1P1 KD = 87.64 * 1.48% cells with a leading process
directed toward the OB, n = 7 mice, 453 and 971 control and
S1P1 KD cells, respectively. t test p = 0.69). These results suggest
that S1P1 likely acts in concert with other signaling pathways
active at the time and in the brain areas where the switch from
tangential to radial migration normally takes place.

As a complementary approach, we performed in vivo experi-
ments overexpressing the receptor. Young mice were injected in
the SVZ with a mixture of control retrovirus expressing only
EGFP and an overexpressing virus encoding the SIP1 CDS in
frame with the Tomato sequence (Fig. 2H,I). Six days later we
analyzed the spatial distribution of control and mutant neuro-
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blasts in the OB (Fig. 2J). Quantification of fluorescent cells
within and outside the RMS “® showed that a higher proportion
of S1P1-overexpressing neuroblasts remained within the RMS “®
compared with control cells (Fig. 2K). Therefore, in vivo loss and
gain of function of S1P1 produce opposite effects in migrating
neuroblasts in the OB.

Neuroblasts lacking S1P1 maintain normal levels of
proliferation and survival

Next, we evaluated whether S1P1 knock-down alters the rate of
proliferation, and hence labeled the retrovirally infected neuro-
nal progenitors (either with knock-down or control virus) with
the thymidine analog BrdU, as depicted in Figure 3A. We then
quantified the amount of BrdU-positive cells in each viral popu-
lation and the results showed no difference between groups (Fig.
3B,C), suggesting that SIP1 does not play a role in postnatal
neuroblast proliferation. In addition, the percentage of fast divid-
ing progenitors positive for Mashl was equal between groups
(data not shown). We next investigated whether the lack of S1P1
might affect the survival of migrating neuroblasts by staining the
infected cells with the apoptotic marker Active Caspase-3 at
3 d.p.i.and 6 d.p.i (Fig. 3D). The results showed a low proportion
of apoptotic cells in both control and knock-down cells, with
comparable levels between the two experimental groups (Fig.
3E,F). Therefore, the observed changes in spatial distribution
cannot be explained by a difference in survival.

S1P1 downregulation favors the transition from tangential to
radial migration
We subsequently evaluated the migratory behavior of S1P1-
knock-down cells in their natural environment by time-lapse im-
aging in acute slices from the RMS/OB. Mice were injected with a
viral mixture of control and S1P1 knock-down retroviruses and
killed 5-9 d.p.i. to obtain OB sagittal sections containing the
RMS©® (Fig. 4A). The sections were monitored over several
hours to follow the trajectory of migrating neuroblasts labeled
with the different retroviruses. The migratory pattern of cells was
classified as tangential (along the RMS°®), detaching (cells that
first migrate tangentially and then radially), or radial (cells mi-
grating outside the RMS “® toward the granule cell layer; Fig. 4B).
As described previously (Nam et al., 2007; Snapyan et al., 2009;
David et al., 2013), neuroblasts migrate in a saltatory way com-
bining periods of active displacement with stationary phases. We
tracked the cells over time (see example in Fig. 4C) and measured
the distance covered per hour (a parameter that includes the
speed and time spent in a stationary phase; Fig. 4D). In general,
the distance traveled per hour decreased when neuroblasts
switched to radial migration, which is consistent with previous
data (David et al., 2013). There was no difference in the distance
covered per hour between control and S1P1-knock-down in-
fected cells (Fig. 4D). Similarly, the net distance traveled by neu-
roblasts, the resulting distance from the starting to the final point,
was not changed between experimental groups (data not shown).
Notably, when we classified cells according to their migration
pattern, we found that a higher proportion of SIP1 knock-down
cells engaged in radial migration compared with control cells (we
grouped detaching and radial cells into radially migrating cells;
Fig. 4E). These results indicate that SIP1 negatively modulates
the initiation of radial migration and explains the increased num-
ber of knock-down cells observed in more superficial layers of the
OB in vivo.

We also analyzed the migratory properties of the infected cells
traveling along the RMS before reaching the OB at the elbow level



Alfonso, Penkert et al. @ STP1 Modulates Postnatal Neuroblast Migration in the 0B

A

[LTRI shRNA scr. [<H1 RSV

RFP_WPRE[LTR]

[LTR]shRNA STRAKHT [RSVD{ __EGFPIWPRE[LTR]

C ¢Retro-RFP Control
Retro-GFP S1P1 KD

H
LTRIRSVD{T2A] _EGFP_IWPRE[LTR]

[TRIRSVD{ _S1PTT2A]_Tomato MIWPRE[LTR]

J

Figure2.

B

S1P1/ B-actin signal intensity

[ Y

shRNA

SCI.

shRNA
S1P1a

shRNA
S1P1b

s I

[B-actin s -

m

S1P1 KD cells/ control cells

. Outside RMS /

K J/'/ ‘

976 y! 4

¥

Withirt RMS

0 1
Within Out ~ Within Out

shRNA shRNA
S1P1a S1P1b
21 *
1.5

k%)

3

g

=

o

[&]

=)

<

o

1)

S1P1 overexpressing cells/ control cells

0.64

0.4

0.2

Within - Out

S1P1 expression levels requlate the fraction of neuroblasts outside the RMS. A, Scheme of the control and knock-down
retroviral constructs used to infect SEZ-derived newborn cells by stereotactical brain injections. B, Western blot assays with total
protein extracts from HEK cells cotransfected with S1P1 and either a control plasmid expressing scrambled shRNA or shRNA against
S1P1 (“a” and “b” are different sequences targeting S1P1). Top graph shows the quantification of the blot shown below. C,

J. Neurosci., October 7, 2015 - 35(40):13659-13672 * 13663

(Fig. 4F, G). Neither the distance covered
nor the net distance traveled was different
between S1P1 knock-down and control
cells (Fig. 4H ). In this case, it was not pos-
sible to perform a statistical analysis using
cells detaching from the RMS because of
the low number of neuroblasts migrating
radially in this area. Altogether, the reduc-
tion in S1P1 levels does not seem to affect
the kinetics of migrating neuroblasts, but
rather the time point when a cell switches
its mode of migration.

S1P1 regulates neuroblast cell adhesion
and chain detachment

To study the cellular mechanism respon-
sible for the migratory effects observed in
vivo, we analyzed the behavior of neuro-
blasts maintained in vitro under different
conditions. For pharmacological experi-
ments, we dissected the SEZ and plated

<«

Experimental scheme. Mice were injected in the SEZ with a
retroviral mixture and the OB wasimaged 6 d later. D, Confocal
image of a sagittal brain section containing the OB from a
mouse injected with the viral mixture in the SEZ and killed 6 d
later. Enlargements show infected cells (red, control; green,
S1P1 knock-down) outside the RMS®® (top) and migrating
within the RMS °® (bottom). £, Quantification of control and
knock-down infected cells within and outside the RMS %€ plot-
ted as ratios between knock-down/control cells. A higher pro-
portion of knock-down cells are found outside the RMS®
compared with control cells. n = 8 mice for shRNAa (2317 and
5945 control and knock-down cells, respectively) and n = 7
mice for shRNAb (941 and 3858 control and knock-down cells,
respectively). **p = 0.0006, *p = 0.012, ttest. F, Experimen-
tal scheme. P4 mice were injected in the SEZ with a mixture of
control and STP1 knock-down virus and, 4 d later, the RMS at
the level indicated with the red square was analyzed. The con-
focal picture on the right shows infected neuroblasts migrat-
ing within the RMS and outside the RMS in the corpus callosum
toward the cortex (arrows indicate STP1 KD cells outside the
RMS). G, Quantification of control and knock-down infected
cells within and outside the RMS plotted as ratios between
knock-down/control cells. A higher proportion of knock-down
cells exited the RMS in direction to the cortex. n = 4 mice (254
and 635 control and knock-down cells, respectively). CC, Cor-
pus callosum. *p = 0.0286, Mann—Whitney test. H, Scheme
of the control and overexpressing retroviral constructs used to
infect SEZ-derived newborn cells. /, Example of HEK cells in-
fected with control (green) or STP1 overexpression (red) vi-
ruses immunostained with anti-S1P1 antibodies (white),
confirming the correct expression and membrane localization
of the recombinant protein. Blue nuclei were stained with
DAPI. J, Confocal image of a sagittal brain section from a
mouse injected with the viral mixture in the SEZ and killed
6 d later. Enlargements show infected cells (green, control;
red, STP1 overexpression) outside (top) and within the
RMS 8 (bottom). K, Quantification of control and S1P1-
overexpressing cells within and outside the RMS %8 plotted
as ratios between overexpression/control cells. A higher
proportion of S1P1-overexpressing cells remained in the
RMS °® compared with control cells. n = 12 mice (11583
and 3063 control and overexpressing cells, respectively).
***p = 2.4E-5, t test. Scale bars, 50 wm.
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Proliferation and apoptosis of neuroblasts is unaltered after STP1 knock-down. 4, Experimental scheme. A mixture of control and S1P1-knock-down retroviruses was injected in the SEZ,

followed by 2 intraperitoneal BrdU injections at 3 d.p.i. (with aninterval of 6 h), and mice were killed at 15 d.p.i. B, Examples of virally infected neurons in the OB positive for the proliferative marker
BrdU (white arrows). €, Quantification of control and S1P1-knock-down cells positive for BrdU shows no difference in proliferation between groups (n = 8,1151 and 1323 control and knock-down
cells, respectively). D, Experimental scheme. A mixture of control and S1P1-knock-down retroviruses was injected in the SEZ and the mice were killed at 3 or 6 d.p.i. E, Examples of virally infected
neuroblasts in the RMS positive for the apoptotic marker Active Casp-3 (white arrows). F, Quantification of control and $1P1-knock-down cells positive for Active Casp-3 in the RMS “Bat 3 d.p.i. (left)
and 6 d.p.i. (right) shows no difference in apoptosis between groups (n = 4239 and 1175 control and knock-down cells, respectively, p = 0.7 for 3 d.p.i., t test; n = 5231 and 773 control and

knock-down cells, respectively, p = 0.29 for 6 d.p.i., t test. Scale bars, 50 pm.

explants on top of an astrocytic monolayer before adding an
agonist of S1IP1 (CYM 5442), an antagonist (W146), or control
medium. After 2 d in vitro, we fixed the explants and analyzed
neuroblast migration (Fig. 5A,B). The results showed that,
whereas the pharmacological activation of S1P1 induced cell
attachment between neuroblasts, specific blockage of the re-
ceptor increased the number of neuroblasts migrating as sin-
gle cells (Fig. 5C,D). To evaluate chain migration in vitro, we
cultured SEZ explants in Matrigel, a 3D extracellular matrix
gel (Wichterle et al., 1997). We incubated the explants with
AAV-control virus (only expressing the fluorescent protein)
or AAV-S1P1-expressing virus shortly before plating, and an-
alyzed the migrating neuroblasts 4 d later (Fig. 5A). Neuro-
blasts overexpressing SIP1 formed chains more often than
control cells. The overexpressing neuroblasts contacted neigh-
boring cells while migrating, whereas control infected cells
showed a lower tendency of aggregation (Fig. 5E,F). These
results provide evidence that SIP1 modulates cell detachment
and release from chain migration, thereby affecting the switch
from tangential to radial migration.

Astrocytes provide the ligand S1P that regulates neuroblast
detachment in vitro

The natural ligand of SIP1 is the bioactive lipid S1P, which is
synthetized by phosphorylation of sphingosine by the kinases
SK1 and SK2 (Maceyka et al., 2012). Therefore, we decided to
investigate first whether these enzymes are present in the
RMS/OB and, second, whether S1P is responsible for the ob-
served effects mediated by SIP1. Immunostainings of SK1 and
SK2 showed that both enzymes are expressed by astrocytes in the
RMS and the OB (Fig. 6A), but no signal was detected in neuro-
blasts (data not shown). This suggests that SIP acts in a paracrine

fashion in S1P1-expressing neuroblasts. To determine whether
S1P mediates S1P1-induced cell attachment, we used AAV viral
infections and reduced S1P production in cultures. To knock
down SK1 and SK2 simultaneously, we generated a construct in
an AAV backbone containing two shRNAs (one targeting SK1
and the other SK2) under the control of independent promoters
(U6 and H1, respectively) that efficiently knocked down both
kinases (Fig. 6 B, C). We infected astrocytes in culture with either
the control or the double-knock-down virus, plated SEZ explants
on top, and allowed the neuroblasts to migrate for 3 d (Fig.
6D, E). The proportion of neuroblasts migrating as single cells
was higher when the cells were contacting SK1/SK2 knock-down
astrocytes (Fig. 6F). Because modifying the expression levels of
the ligand mimicked the effects of altering receptor expression,
we conclude that activation of S1P1 and its subsequent effect on
neuroblast attachment is mediated by S1P.

S1P1 deletion in the RMS downregulates the cell adhesion
molecule NCAM and 31 integrin

Finally, we investigated possible downstream molecular
mechanisms involved in S1P1-mediated cell attachment. To
this end, we made use of a genetic approach that allowed us to
reduce S1P1 expression in migrating neuroblasts in a more
extensive way: we crossed SIP1'*1°** mjce (Allende et al.,
2003) with MashCRE**"? mice that express an inducible Cre
in fast-dividing progenitors after tamoxifen treatment (Kim et
al., 2011). Based on experiments using the reporter line
Rosa26 Mash1CREERT?) we estimated that ~60% of the neu-
roblast progenitors were targeted in mice treated with the
highest viable dose of tamoxifen for 5 d (data not shown). As a
control, we used S1P1'**/°* Jittermates negative for Cre (Fig.
7A). We first estimated the number of neuroblasts in each
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Figure4.  S1P1knock-down triggers radial migration in the OB. 4, Experimental scheme. A mixture of control and S1P1-knock-
down retroviruses was injected in the SEZ and the mice were killed between 5 and 9 d.p.i. to perform time-lapse imaging in 0B
sections. B, Initial (time = 0) and final image (time = 351 min) from one video exemplifying different types of migration of
labeled neuroblasts: tangential, detaching, and radial. Yellow and blue arrowheads indicate the starting and the final location,
respectively. White arrows show the trajectory of the cells. ¢, Example of a S1P1-knock-down neuroblast migrating out of the
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sample as a control for the RMS dissec-
tion procedure using doublecortin ex-
pression levels. Next, we determined
SIP1 expression levels in both geno-
types and confirmed that tamoxifen
treatment reduced the expression of
SIP1 in the RMS of SIP1'o*/lox?
MashCREERT2 mjce (Fig. 7B). This re-
duction led to a widening of the RMS °%,
When labeled with BrdU 4 d before
staining, we noticed that the neuroblasts
spread more at the tip of the bulb in
S1P1'oP/1oP NashCRE®R™ mice than
in controls (Fig. 7C,D). This observa-
tion is consistent with the notion that
the lack of SIP1 in neuroblasts indu-
ces their dispersion from the RMS©®?
into the superficial layers of the OB.
The broad deletion of SIP1 allowed
us to measure differences in gene ex-
pression levels of several downstream
candidate genes by quantitative real-
time PCR. Based on an educated guess,
we selected a number of genes involved
in cell adhesion that are also present in
the RMS (data from the Allen Mouse
Brain Atlas, http://mouse.brain-map.org/)
and measured their expression level in the
RMS and the OB. Interestingly, several
cell adhesion proteins were downregu-
lated in the OB compared with the RMS in
wild types, suggesting a general molecular
mechanism by which neuroblast detach-
ment and chain disassemble is facilitated
in the OB. Such is the case for the neural
cell adhesion molecule NCAM1: 71.9 =
1% reduction in the OB, VCAM: 65.9 =
3% reduction in the OB, Bl integrin:
56.3 * 3% reduction in the OB, Cad-
herin12: 63.4 * 0.8% reduction in the OB,

<«

RMS °8. D, Quantification of the distance covered per hour for
control and STP1-knock-down neuroblasts while they migrate
tangentially within the RMS °® (n = 104 and 135 control and
knock-down cells, respectively), detaching from the RMS %8
(n = 36and 73 control and knock-down cells, respectively), or
radially outside of the RMS®® (n = 17 and 25 control and
knock-down cells, respectively) shows no difference between
cell types. E, The proportion of S1P1-knock-down cells (over
control neuroblasts) shows a significant increase when com-
paring cells migrating tangentially and radially (n = 757 and
1053 control and knock-down cells, respectively, from 9 inde-
pendent videos). ***p = 0.0009, t test. F, Experimental
scheme. A mixture of control and S1P1-knock-down retrovi-
ruses was injected in the SEZ and mice were killed between 5
and 7 d.p.i. to perform time-lapse imaging in the RMS (area
indicated with the square). G, Initial (time = 0) and final im-
age (time = 235 min) from one video showing the trajectory
of labeled neuroblasts. H, Quantification of the distance cov-
ered per hour for control and S1P1-knock-down neuroblasts
while they migrate within the RMS (n = 80 and 56 control and
knock-down cells, respectively) shows no difference between
cell types. Scale bars, 50 pm.
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S1P1 regulates neuroblast cell adhesion. A, Experimental scheme. SEZ explants were plated on top of astrocytes and incubated with control medium, an agonist of STP1

(CYM5442,0.5 um), or an antagonist of STP1 (W146, 1 wm; top scheme in orange) or with either a control AAV-virus or an S1P1-overexpressing AAV-virus and plated in Matrigel (bottom
schemeinred). Two to4 dlater, the explants were fixed and stained with a neuroblast marker. B, Representative pictures of fixed explants stained with anti-tuj-1and treated with control
medium, CYM5442, or W146. Bottom images are an enlargement of the area indicated in the top. €, D, Quantification of neuroblasts migrating out of the explants as single cells in control
or treatment conditions. Activating STP1 resulted in enhanced cell- cell adhesion, whereas blocking the receptor induced neuroblast detachment (n = 3148 and 3773 cells per group
from 13—14 explants and 4870 and 3896 cells per group from 13—14 explants for Cand D, respectively). *p = 0.01, **p = 0.0004, ¢ test. E, Representative images from fixed explants
incubated with control AAV-Tomato or AAV-S1P1-IRES-Tomato virus stained with anti-tuj-1antibodies (white) and DAPI (blue). F, Quantification of cells migrating out of the explant as
single cells for each group normalized to the control value (n = 4214 and 2707 cells per group from 19 to 20 explants). ***p = 1.E-9, t test. Scale bars, 50 pm.

and Catenin betal: 85.4 = 0.6% reduction in the OB (n = 3
animals, values from RMS and OB normalized with DCX). Im-
portantly, the expression levels of NCAM1 and 1 integrin were
significantly reduced in the RMS of S1P1'**19* MashCRE ***?
mice after tamoxifen treatment, reaching values similar to those
found in the OB of control and knock-out mice (Fig. 8A4). There-
fore, it is likely that the S1P1-induced downregulation of these
cell adhesion molecules mediates, at least partially, the cellular
effects observed for S1P1 in vivo and in vitro. Accordingly, immu-
nostainings of PSA-NCAM indicated that it is highly expressed in
neuroblasts migrating in chains within the RMS°® and down-
regulated in neuroblasts migrating as single cells outside the
RMS©®, which mimics the pattern of SIP1 expression (cf. Figs.

8B, 1C). Furthermore, at the single-cell level, neuroblasts in the
RMS ©® infected with the S1P1-knock-down virus are not posi-
tive for PSA-NCAM, whereas control neuroblasts show high ex-
pression of the cell adhesion molecule (Fig. 8C,D).

In summary, our results support the following hypothesis:
neuroblasts migrating in chains in the RMS express the S1P1
receptor, and its activation by astrocyte-derived S1P contributes
to neurophilic cell adhesion. Once the cells reach the end of the
RMS in the OB, they cease to express SIP1, which results in the
downregulation of NCAM and 1 integrin and the subsequent
cell detachment from the migratory chains. Finally, single cells
migrate radially to reach the proper neuronal layer in the OB and
differentiate mainly into interneurons (Fig. 9).
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Figure6.  SK1/2 double knock-down in astrocytes reduces neuroblast cell adhesion. A, Confocal images of RMS and OB tissue sections showing the expression of SK1 (top, red) and SK2 (bottom,
red) in astrocytesimmunostained with GFAP (green). B, Top, Scheme of the plasmid constructs that were transfected to HEK cells. Bottom, Examples of cells cotransfected with the indicated plasmids
and immunostained with anti-SK1 antibodies. C, Western blots with protein extracts from HEK cells cotransfected with SK2-IRES-Tomato and a plasmid expressing shRNA scrambled (first and second
lanes), shRNA against SK2 (third and fourth lanes), shRNA against SK1 (fifth and sixth lanes), or shRNA against SK2 and SK1 (seventh and eighth lanes). Because SK2 and Tomato sequences are
encoded in the same transcript, an shRNA targeting SK2 will also silence Tomato. D, Experimental scheme. Primary astrocytic cultures were infected with AAV control virus (shRNA scrambled +
Tomato) or AAV double SK1/2 knock-down virus (+ Tomato). Six days later, SEZ explants were plated on top of the infected astrocytes and fixed after 3 d in vitro. E, Examples of explants plated on
top of control (left) or double SK1/2 knock-down infected astrocytes (right), stained with a neuroblast marker (DCX in green) and anti-tomato (red). Bottom images are an enlargement of the area
indicated in the top images. F, Quantification of the neuroblasts migrating out of the explant as single cells (shown as percentage) on top of noninfected astrocytes (black bars) or on top of infected
astrocytes with either control or double SK1/2 knock-down virus (gray bars). Neuroblasts in contact with SK1/2 knock-down astrocytes tend to detach from each other more frequently than cells
migrating on top of control astrocytes (n = 699, 3665, 2743, and 1317 neuroblasts per group, in the order shown in the graph). ***p <C0.0001, Kruskal—Wallis test. Scale bars, 50 pem.
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Figure7.  S1P1 genetic deletion in the RMS results in enhanced neuroblast dispersion in the OB. 4, Experimental scheme. S1P1"/* (control) and S1P1™™ MashCRE ¥ mice were treated with
tamoxifen twice per day for 5 d to delete STP1 expression in the RMS. For one set of experiments, total RNA was extracted from the RMS and the OB and used as template for cDNA quantification.
Foranother set of experiments, BrdU was injected at day 2, the mice were perfused, and brains were analyzed at day 6. B, Quantitative real-time PCR using RMS samples revealed similar expression
levels of DCX (normalized to cyclophilin values), but reduced S1P1 expression (normalized to DCX values) in S1P1 "1 MashCRE ¥ compared with control mice (n = 4 — 8 mice per group). **p =
0.0044, Mann—Whitney test. €, Examples of BrdU stainings in sections containing the OB showing the width of the RMS °® as indicated by the yellow bars. D, Quantification of the bulb size and the
size of RMS °% in control and S1P1 1% MashCRE 58" mice (n = 13 mice per group). **p = 0.001, t test.

Discussion

The function of each neuron is highly determined by the position
it occupies within a neuronal circuit. Frequently, newborn neu-
rons must travel long distances from their birthplace to their
predetermined final location and, to do so, they use different
modes of migration. The postnatal SEZ/RMS/OB axis represents

an ideal system with which to study this process, but only a few
studies have addressed how neuroblasts switch from tangential to
radial migration in the RMS/OB. An important step in this pro-
cess is the detachment of chain-migrating cells in the RMS°® to
initiate radial migration toward the granular and periglomerular
layers of the OB. According to a current hypothesis, the switch
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Figure 8.  S1P1 deletion in the RMS downregulates the cell adhesion molecule NCAM1 and 31 integrin. A, NCAM1 and 31 integrin (Itgh1) expression levels (normalized to DCX values) were
quantified in the RMS and 0B of STP1™™ and S1P1 ™ MashCRE-ERT2 mice. In control mice, NCAM1 and Itgh1 expression levels were reduced in the OB compared with the RMS, whereas knock-out
mice showed reduced levels of NCAM1and Itgh1 both in the RMS and the OB (one-way ANOVA followed by Bonferroni’s multiple-comparisons test). ***p << 0.0001; **p << 0.01. B, Immunostaining
withanti-DCX (red) and anti-PSA-NCAM (green) antibodies in OB tissue sections showing a high expression of PSA-NCAM in neuroblasts migrating in chains (yellow arrowheads) and a low expression
in neuroblasts migrating radially as single cells (white arrows). , Experimental scheme. Mice were injected in the SEZ with a mixture of control and S1P1 knock-down virus and, 7 d later, cells
migrating in the RMS at the level indicated with the square were analyzed by immunostainings with anti-PSA-NCAM antibodies. D, Example of a control-infected cell (red) positive for PSA-NCAM
(white) is indicated by the orange arrowheads and examples of STP1 knock-down infected cells (green) negative for PSA-NCAM (white) are pointed out by light blue arrowheads. Scale bars, 50 m.
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Summary. 4, Neuroblasts (green cells) migrating in chains in the RMS express high levels of STP1, PSA-NCAM, and BT integrin. S1Pis secreted by the surrounding astrocytes (blue cells)

and activates STP1, resulting in strong cell adhesion. B, When neuroblasts reach the OB, they stop expressing S1P1, which leads to a downregulation of NCAM1and 31 integrin and subsequent cell
detachment from migrating chains. €, Neuroblasts lacking STP1 and exhibiting low levels of PSA-NCAM and 31 integrin are able to initiate single-cell radial migration to eventually reach their final

position in the OB.

from tangential to radial migration is controlled by chemoattrac-
tive forces driven by extracellular matrix proteins in the outer
layers of the OB (Hack et al., 2002; Saghatelyan et al., 2004; Ng et
al., 2005). We now provide evidence for a mechanism that ex-
tends the above depicted scenario: we propose a molecular pro-
gram by which neuroblasts downregulate the expression of cell
adhesion molecules to switch from tangential to radial migration
when they reach the end of the RMS " in the OB. In this study,
we identified one key component of this mechanism: the S1P1
receptor.

Our in vivo experiments using fluorescent retroviruses re-
vealed that the presence of S1P1 contributes to maintain the
neuroblasts within the RMS ©%, whereas its downregulation facil-
itates their radial migration toward the outer layers of the OB.
Using acute organotypic slices, we analyzed the migratory behav-
ior of control and mutant neuroblasts in their natural environ-
ment and found that the lack of S1P1 prompts the switch from
tangential to radial migration, supporting the idea that this is the
physiological role of SIP1 in postnatal neurogenesis. Indeed, al-
though S1P1 is highly expressed during tangential migration, it is
downregulated in radially migrating neuroblasts in the OB. The
switch from tangential to radial migration is orchestrated by mul-
tiple factors. Opposite signals directed to retain or release the
neuroblasts within the RMS are coordinated to precisely deter-
mine the route of a newborn neuron. For example, whereas mol-
ecules such as PSA-NCAM, integrins, Erb4, plexin-B2, and VEGF
contribute to the assembly and maintainance of tangential migra-
tion (Chazal et al., 2000; Anton et al., 2004; Belvindrah et al.,
2007; Wittko etal., 2009; Saha et al., 2012), other signaling factors
such as tenascin R, prokineticin-2, and reelin promote detach-
ment of newborn neurons from cell chains to initiate radial mi-
gration (Hack et al., 2002; Saghatelyan et al., 2004; Ng et al., 2005;
David et al., 2013). It is noteworthy that the effect of SIP1 reduc-
tion is confined to brain areas where radial migration normally
takes place. Therefore, it can be inferred that S1P1 triggers radial
migration in conjunction with other signaling pathways.

To investigate the underlying cellular mechanism, we per-
formed in vitro experiments using SEZ-derived explants and ob-
served that the activity of SI1P1 regulates the cell-adhesion
properties of neuroblasts. Our data based on pharmacological
treatments and virus-mediated alteration of gene expression
demonstrated that SIP1 acts as a positive signal for cell-cell at-
tachment. Therefore, chain disassembly and detachment of indi-
vidually migrating cells resulting in the shift between the two

modes of migration requires the downregulation of S1P1. Fur-
thermore, S1P, the natural ligand of S1P1, is the likely mediator
of this cellular effect: neuroblasts migrating on top of SK1- and
SK2-depleted astrocytes tend to detach from each other and mi-
grate as single cells. Our immunostainings suggest that SIP acts in
a paracrine fashion and that the surrounding astrocytes, which
express SK1 and SK2, are a source of the ligand. Indeed, this
bioactive lipid can be released to the extracellular medium in
different systems and cell types, including astrocytes (Bassi et al.,
2006; Sato et al., 2007). The transmembrane transport of S1P is
mediated by the ABC type transporters ABCA1 and ABCC1 (Mi-
tra et al., 2006; Sato et al., 2007), as well as by Spns2 (Fukuhara et
al., 2012; Hisano et al., 2012). Along the RMS, there is a high
density of astrocytic processes intercalated among neuroblasts
and aligned with migrating chains (Lois et al., 1996). Within the
OB, this mesh of astrocytes decreases in density in the regions
where radial migration initiates (Whitman et al., 2009). It is thus
tempting to speculate that a reduction in the number of astro-
cytes closely associated with neuroblasts can in itself cause a de-
crease in SIP levels. Therefore, not only the downregulation of
S1P1, but also insufficient ligand to activate the receptor, might
contribute to cell detachment and the switch to radial migration.

We also examined putative molecular candidates acting
downstream of S1P1 in migrating neuroblasts. Our experiments
revealed two interesting results: (1) several adhesion molecules
expressed in neuroblasts are normally downregulated in the OB
and (2) S1P1 is responsible for the gene expression decrease of at
least two of them: NCAMI1 and B1 integrin. Previous studies
showed that neuroblasts in the RMS of NCAM-deficient mice
display a less pronounced degree of chain-like arrangement
(Chazal et al., 2000; Battista and Rutishauser, 2010). Further-
more, in vivo and in vitro experiments showed that the lack of PSA
in neuroblasts (polysialylation occurs only in NCAM) results in
loose cell-cell contact and chain dispersion (Chazal et al., 20005
Hu, 2000; Battista and Rutishauser, 2010). There is also evidence
that B1 integrins are involved in the formation and cohesion of
cell chains in the RMS (Emsley and Hagg, 2003; Belvindrah et al.,
2007). Therefore, it is likely that the observed reduction of
NCAMI1 and B1 integrin in the OB is caused by the physiological
downregulation of S1P1 and that the reduction of cell adhesion
molecules mediates the effects on cell detachment. In agreement
with this hypothesis, whereas the loss of PSA-NCAM affects tan-
gential migration of neuroblasts along the RMS, radial migration
within the bulb does not require this polysialylated protein (Ono
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et al., 1994; Hu et al., 1996). In addition to our findings, other
molecules are probably also involved in S1P1 downstream signal-
ing. In this study, we performed a biased screen focused on cell
adhesion molecules. A more general approach such as a microar-
ray or RNAseq might identify other unexpected players in the
future.

Consistent with our results, previous in vitro experiments
have shown that S1P induces cell aggregation of embryonic neu-
ral progenitor cells (Harada et al., 2004) and S1P1 was found to
regulate cell adhesion also in other systems. Indeed, during an-
giogenesis, SIP1 activation induces vascular endothelial cell ad-
herent junction assembly via cell adhesion molecules such as
N-cadherin and VE-cadherin (Lee et al., 1999; Paik et al., 2004;
Gaengel et al., 2012). Similarly, in the immune system, the adhe-
sion properties of mature B cells can be regulated by S1P1 expres-
sion via integrin activation (Halin et al., 2005). At the same time,
S1P acts as a chemoattractant through S1P1 in T and B cells to
induce lymphoid organ egress (Matloubian et al., 2004). In the
spinal cord, S1P was proposed to also function through a che-
motactic mechanism because transplanted embryonic neural
progenitors lacking S1P1 showed impaired migration toward spi-
nal cord injury sites (Kimura et al., 2007). However, in the RMS/
OB, SIP action through SI1P1 seems to act in a different way,
namely by regulating cell adhesion of postnatally born migrating
cells.

Despite the fact that S1P1 is highly expressed in the brain (Liu
and Hla, 1997; Chae et al., 2004), only a few studies have ad-
dressed the role of this receptor in the CNS and most of them
used in vitro systems (Edsall et al., 1997; Harada et al., 2004;
Callihan and Hooks, 2012; Guo et al., 2013). S1P1 is already
present during embryonic development and, interestingly, its ex-
pression in the telencephalon is restricted to the ventricular zone,
where all neural progenitors reside, suggesting a role in neuro-
genesis (McGiffert et al., 2002). A global deletion of SIP1 or a
double knock-out of SK1/2 causes embryonic lethality at ~E12.5
due to vascular defects. In addition, these null mice also show
severe defects in neurogenesis, namely enhanced apoptosis and
reduced mitosis in the neuroepithelium (Liu et al., 2000; Mizugi-
shi et al., 2005). However, further studies using more specific
approaches are needed to unequivocally address the role of S1P1
during embryonic neurogenesis. The S1P axis has been studied
extensively in other systems and has been related to a number
of pathological conditions (Chi, 2011; Maceyka et al., 2012).
Moreover, a functional antagonist of S1P receptors known as
Fingolimod is now used routinely in the treatment of relapsing—
remitting multiple sclerosis (Brinkmann et al., 2010) and several
other S1P modulators are in clinical trials to treat different dis-
eases (Kunkel et al., 2013). Given that these drugs are adminis-
tered systemically and can cross the brain—blood barrier (Foster
etal., 2007), it is important to understand the pleiotropic effects
of S1P1 in the CNS.
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