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Neuropilins and Their Ligands Are Important in the
Migration of Gonadotropin-Releasing Hormone Neurons

Anna Cariboni,'? Jason Hickok,> Sonja Rakic,! William Andrews,' Roberto Maggi,’ Shelley Tischkau,? and

John G. Parnavelas!

Department of Anatomy and Developmental Biology, University College London, London WCIE 6BT, United Kingdom, 2Department of Veterinary
Biosciences, University of Illinois at Urbana-Champaign, Urbana, Illinois 61801, and *Department of Endocrinology, University of Milan, 20133 Milan, Italy

Gonadotropin-releasing hormone (GnRH) neurons in the hypothalamus play an important role in reproductive function. These cells
originate in the nasal compartment and migrate into the basal forebrain in association with olfactory/vomeronasal nerves in embryonic
life in rodents. Here, we studied the role of neuropilins and their ligands, semaphorins, in the development of the olfactory-GnRH system.
We focused on Neuropilin-2 knock-out (Npn-2~'") mice, because they are known to display defasciculation of olfactory nerves and
reduced fertility. We found a significant decrease in the number of GnRH neurons in the hypothalamus and a marked reduction in their
gonadal size. We then observed an abnormal increase of GnRH neurons in the noses of Npn-2 ~'~ mice, indicating that these cells failed
to migrate into the forebrain. However, because neuropilins and semaphorins are involved in events of neuronal migration in the brain,
we asked whether the observed reduction in GnRH neurons was directly attributable to the action of these molecules. Using fluorescence-
activated cell sorting and reverse transcription-PCR on mRNA derived from embryonic green fluorescent protein (GFP)-GnRH trans-
genic mice, we found expression of class 3 semaphorins and their receptors (neuropilin-1/2 and plexin-Al) in GnRH neurons. Further-
more, double-immunofluorescence experiments showed that migrating GnRH neurons, as well as associated olfactory fibers, express
Npn-2 in the nasal region. We then used a line of immortalized GnRH neurons (GN11 cells) that display the same expression patterns for
semaphorins and their receptors as GFP-GnRH cells and found that class 3 semaphorins and vascular endothelial growth factors
modulate their migratory activity. These studies provide support for the direct involvement of neuropilins and their ligands in the

establishment of the GnRH neuroendocrine system.
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Introduction

The reproductive behavior in mammals is centrally regulated by a
small number of gonadotropin-releasing hormone (GnRH)-
secreting neurons located in the hypothalamus. These cells
project to the median eminence, where they secrete the decapep-
tide into the pituitary portal vessels to induce the release of go-
nadotropins from the pituitary gland into the general circulation
(Merchenthaler et al., 1984; Barry et al., 1985). During embryo-
genesis, GnRH neurons originate in the nasal compartment and
migrate in association with olfactory nerves (vomeronasal and
terminal) to enter into the forebrain and reach their final desti-
nations (Schwanzel-Fukuda and Pfaff, 1989; Wray et al., 1989).
Defects in the migration of these neurons in humans result in
infertility (Hardelin, 2001; MacColl et al., 2002).
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The mechanisms underlying the establishment of the migra-
tion route and the movement of GnRH neurons are thought to
involve different classes of molecules (for review, see Tobet and
Schwarting, 2006). Candidates include semaphorins and their
receptors, because of their high levels of expression in the devel-
oping olfactory system (Wray, 2001). Semaphorins are a family of
secreted or cell-bound molecules that modulate axonal guidance
and neuronal migration events in the developing nervous system
[for review, see Tamagnone and Comoglio (2004) and Kruger et
al. (2005)]. The secreted class 3 semaphorins exert their actions
by binding neuropilins (Npn-1 and Npn-2) (Kolodkin et al,,
1997; Tamagnone et al., 1999) and plexins (Winberg et al., 1998;
Takahashi et al., 1999). In addition to binding secreted sema-
phorins, neuropilins are coreceptors for vascular endothelial
growth factors (VEGFs) (Soker et al., 1998; Gluzman-Poltorak et
al., 2000, 2001; Karpanen et al., 2006), molecules actively in-
volved in vascular development and recently shown to have roles
in neuronal migration (Schwarz et al., 2004).

Two class 3 semaphorins, Sema3A and Sema3F, are expressed
in the developing olfactory system: specifically, Sema3A is ex-
pressed in the olfactory epithelium, whereas Sema3F is mainly
expressed in the vomeronasal organ (VNO) and in the medial
part of the olfactory bulb (Cloutier et al., 2002). Their specific
coreceptors, Npn-1 and Npn-2, are expressed on sensory neu-
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rons in the main and accessory olfactory epithelia, respectively
(Giger et al., 1996, 2000; Cloutier et al., 2002). Concomitantly,
members of the plexin-A subfamily are expressed in the olfactory
system, with robust expression of plexin-A1l (Plxnal) in the VNO
and vomeronasal nerves (VNNs) (Murakami et al., 2001). Loss of
Sema3A results in guidance errors in subsets of olfactory axons
(Schwarting et al., 2000; Taniguchi et al., 2003), whereas loss of
Sema3F or Npn-2 functions results in defasciculation of the
VNNs along the medial surface of the olfactory bulb (Cloutier et
al., 2002, 2004; Walz et al., 2002). Moreover, it has been reported
that Npn-2~/" mice are often infertile (Giger et al., 2000; Walz et
al., 2002), prompting us to investigate the role of Npn-2 in the
development and migration of GnRH neurons.

Using different experimental approaches, we found a direct
role for Npn-2 and its ligands on the migration of GnRH neu-
rons. Specifically, newborn Npn-2~/~ mice contained signifi-
cantly fewer GnRH neurons in the forebrain and abnormal excess
of these cells in the nose, indicating a defect in their migration at
this level. Furthermore, adult males showed genitalia of consid-
erably smaller size and altered histology, thus providing an expla-
nation for their reduced fertility. Using fluorescence activated cell
sorting and reverse transcription (RT)-PCR on mRNA derived
from green fluorescent protein (GFP)-GnRH transgenic mice,
we also found expression of neuropilins and their ligands in
GnRH neurons. Moreover, using immortalized GnRH cells, we
showed that semaphorins and VEGFs affect the migratory activ-
ity of these cells, strongly supporting a direct involvement for
these molecules in the establishment of the GnRH neuroendo-
crine system.

Materials and Methods

Animals. All animal procedures were performed in accordance with in-
stitutional guidelines. The line of Npn-2~"" mice was established from
breeding pairs of animals obtained from Dr. S. McMahon (Kings College
London, London, UK) (Giger et al., 2000). Heads of embryos, removed
from pregnant transgenic GFP—-GnRH mice (provided by S.T.) at differ-
ent stages of gestation [embryonic day 0 (EO0) is the day the vaginal plug
was found] and from pregnant C57BL/6] mice, were used for RT-PCR
and immunofluorescence experiments, respectively.

Cell lines. GN11 cells, generously provided to R.M. by Dr. S. Radovick
(University of Chicago, Chicago, IL), and COS-7 cells (American Type
Culture Collection, Manassas, VA) were grown as a monolayer at 37°C in
a humidified CO, incubator in complete DMEM (Biochrom, Berlin,
Germany) and supplemented with 10% fetal bovine serum (FBS; Invitro-
gen, Carlsbad, CA). Subconfluent cells were harvested by trypsinization
and cultured in 57 cm? dishes. Cells within six passages were used in all
experiments.

Production of semaphorin-conditioned media. Full-length chicken
semaphorin3A-myc ¢cDNA plasmid, encoding for N-terminal tagged
c-myc semaphorin3A, was kindly provided by Dr. H. Schmidt (Max
Delbriick Center, Berlin, Germany); pMT21-myc plasmid was chosen as
a control. FLAG-tagged mouse Sema3F was created by inserting mouse
semaphorin3F, derived by PCR wusing Pfu polymerase and
pcDNA1.lamp-mouse-semaphorin3F plasmid as a template (a gift from
Dr. H. Schmidt), into vector p3xFLAG-CMV-8 (Sigma, Poole, UK). The
mouse semaphorin3F was obtained using the forward primer CT-
GAGCGGCCGCGAACTGGAGCCTGCTT and the reverse primer CT-
GATCTAGATAGGCTGGTCCTATGCAG, which incorporated Notl
and Xbal sites, respectively. The insert was ligated into the p3xFLAG-
CMV-8 vector in frame between NotI and Xbal sites, and the plasmid was
verified by sequencing, transfection of cells, and Western blot analysis
(supplemental figure, available at www.jneurosci.org as supplemental
material); p3xFLAG-CMV-8 was chosen as a control plasmid. For trans-
fection, COS-7 cells (at 80% confluence) were grown in culture plates in
complete culture medium for 24 h and incubated for 3 h with the selected
expression vector (1 ug/ml) in the presence of Lipofectamine 2000 (In-

Cariboni et al. @ Neuropilins in GnRH Neuron Migration

vitrogen) according to the manufacturer’s instructions. Conditioned
media from semaphorin3A-myc plasmid- (CM-sema3A), semaphorin3F-
FLAG plasmid- (CM-sema3F), pMT21-myc (CM-myc)-, and p3xFLAG-
CMV-8 (CM-FLAG)-transfected COS-7 cells were obtained by leaving
transfected COS-7 cells in serum-free medium for 24 h. Cell supernatants
were collected in ice-cold tubes, centrifuged at 3000 X g for 5 min and
immediately used for microchemotaxis assays. Production and secretion
of semaphorin3A and semaphorin3F were confirmed by immunofluo-
rescence and Western blot analysis on cell extracts and conditioned me-
dia using monoclonal anti-c-myc (1:500; clone 9E10; Sigma) and anti-
FLAG (1:500; clone M2; Sigma) antibodies (supplemental figure,
available at www.jneurosci.org as supplemental material).

Collagen gel cocultures. Cell aggregates of GN11 cells were prepared by
the “hanging drop” technique as described previously (Kennedy et al.,
1994). Rat-tail collagen solution was prepared as described by Guthrie
and Lumsden (1994), and collagen gels and GN11 cell aggregates were
generated as described by Cariboni et al. (2005). After collagen polymer-
ization (30 min), the preparations were covered with 500 ul of control or
semaphorin-enriched CM and cultured in a humidified, 5% CO,, 37°C in-
cubator. After 24 h in culture, GN11 cell aggregates were fixed in 4% para-
formaldehyde and immunostained with phalloidin-tetramethylrhodamine
isothiocyanate (1:500; overnight in PBS plus 0.3% Triton X-100; Sigma).
Representative images for each treatment were taken with a DM5000B mi-
croscope (Leica Microsystems, Milton Keynes, UK).

Chemomigration assays. Chemomigration assays were performed us-
ing a 48-well Boyden’s chamber as described previously (Maggi et al.,
2000; Cariboni et al., 2005). Different semaphorin CMs or control CM
and recombinant VEGF forms [50 nm; mouse VEGE** (R & D Systems,
Abingdon, UK) and rat VEGF-C (ReliaTech, Braunschweig, Germany)]
were used as chemoattractants and placed into the lower compartment of
the chamber. The chamber was kept in an incubator at 37°C for 3 h. After
this time, the migrated cells were fixed and stained using the Diff-Quick
kit (Biomap, Milan, Italy). For quantitative analysis, the membranes
were observed using an Olympus (Tokyo, Japan) light microscope with a
20X objective. Three random fields of stained cells were counted for each
well, and the mean number of migrating cells/mm * for each experimen-
tal condition was calculated. Statistical analysis was performed using
Prism4 software (GraphPad Software, San Diego, CA).

Immunofluorescence. GN11 cells were fixed in 100% MetOH at —20°C
for 20 min, blocked with 10% BSA in PBS at room temperature for 1 h,
and stained overnight with polyclonal anti-Npn-1 (1:50; Merck Bio-
sciences, Nottingham, UK), Npn-2 (1:50; H300; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) or plexin-Al (1:50; H60; Santa Cruz Biotechnol-
ogy) antibodies, followed by incubation with a goat anti-rabbit Alexa
Fluor 488 (1:400; Invitrogen) at room temperature for 1 h. Nuclei were
counterstained with 4',6'-diamidino-2-phenylindole dihydrochloride
(DAPI). Fresh-frozen heads from embryonic mice were cut with a cryo-
stat at 15 wm. Sections were blocked with 10% NGS in PBS/0.3% Triton
X-100 for 1 h and then incubated in monoclonal anti-peripherin (1:1000;
Millipore, Billerica, MA) or polyclonal anti-Npn-1, Npn-2 (1:50), or
GnRH (1:400; ImmunoStar, Hudson, WI) antibodies at room tempera-
ture overnight, followed by Alexa Fluor 568 anti-mouse IgG or Alexa
Fluor 488 anti-rabbit IgG (Invitrogen). Nuclei were counterstained with
DAPI (Sigma). When two polyclonal primary antibodies were used (anti-
GnRH/Npn-2), staining of the first antigen—antibody complex (GnRH)
was visualized with a goat anti-rabbit Alexa Fluor 488 (1:400; Invitrogen)
secondary antibody (Giacobini et al., 2004). This was followed by a
blocking reaction with 10% normal rabbit serum (Sigma) at room tem-
perature for 1 h, followed by washes in PBS plus 0.1% Triton X-100 and
fixation (4% paraformaldehyde for 45 min), before application of the
second primary antibody, which was visualized with goat anti-rabbit
Alexa Fluor 594 (1:400; Invitrogen). Preparations were then examined
with a confocal microscope (Leica Microsystems), and images were re-
constructed using MetaMorph imaging software (Universal Imaging,
West Chester, PA).

Analysis of Npn-2~'" mice. Litters containing Npn-2~"" mice were
genotyped using two specific polymerase chain reactions. Forward
primer NPN-2F (5'-CTCGGTCACAAGCTGGCTTG-3") and either
NPN-2RevWT (5'-ACCTTTGCAGAAGACACCACCAGGAGG-3') or
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Table 1. Sequences (5'-3"), amplicon length, and accession numbers of primers
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verse transcriptase (Promega, Southampton,

Primer Sequence Amplicon Accessionnumber ~ UK) and random hexamers (Promega). PCR
was performed using 0.5 ul of cDNA and the
Sema3AF (GGACTTCATGGGACGGGAC 330 BC057588 appropriate oligonucleotides (0.6—6 um) in 25
Sema3AR GCCCGGTCCC AATGGCATTG l of reaction mix using TagDNA polymerase
Sema3A F" GGACGGAGCAGCATGACTCC 190 (Qiagen, Crawley, UK) and the following con-
Sema3AR" TGCAAGAATG ACTTTGGTGG ditions: 35 cycles of denaturing at 94°C for 60 s,
Sema3F F TGTACATCGATTTTATGGGTACCGA 262 NM_011349 annealing at 60°C for 60 s, and extension at
Sema3F R TCAACGATGACGGTGGCCATTG(TG 72°C for 120 s. PCR products were analyzed by
Sema3F F" GCCATGCGCACAGATCAG 110 electrophoresis on a 2% agarose gel, and bands
Sema3FR" ATGACGATAA ACTCTACTTC were visualized under UV illumination after
Npn-1F TTCCGCAGCGACAAATGTGG 190 NM_008737 ethidium bromide staining. The primers used
Npn-1R GAGGACAGAGACTGCAAGTA are listed in Table 1.
Npn-1F" CGGGACCATA AAAATCGAAA 140
Npn-1R” AATCAACTTC AACCCACATT Results
Npn-2 F CGAATTCCAA AGATGCTGGC 260 NM_010939 Npn-2 ~/~ mice show a reduction in
Npn-2R CCATCATCTC CTCAGGCTCC GnRH neurons
mﬂ:g E: ﬁgégﬁsgi IEQETTTG&L\TTTT 1o Previous studies (Giger et al., 2000; Walz
Plexin-A1F TGCATCAACT CGCCCCTGCAG 199 NM_008881 et al,, 2002) have reported that homozy-
Plexin-A1R GGCCGCATCC GCAAGATTCT gous Npn-2"*" mice are often unable to
Plexin-AT " ACGACTTCTGCGGGCAGGATTTCAA 132 reproduce. We first investigated whether
Plexin-A1R" ACTACCAAGGCCGCACCGTGG this was attributable to a defect in the

F, Forward; R, reverse; F", forward nested; R", reverse nested.

NPN-2RevMUT (5'-GAGCGCGCGCGGCGGAGTTGTTGAC) were
used to detect either the wild-type (WT) or knock-out allele, respectively.
Brains and noses were removed from the heads of newborn animals,
fixed with 4% paraformaldehyde overnight, embedded in 3.5% agarose,
and cut sagittally at 100 wm using a Vibroslice (VT1000S; Leica Micro-
systems). Free-floating sections were blocked with 10% NGS in PBS/
0.3% Triton X-100 at room temperature for 1 h, incubated in GnRH
antibody (1:4000; ImmunoStar) for 48 h, followed by an anti-rabbit
biotinylated secondary antibody, and processed using an ABC kit (Vec-
tor Laboratories, Burlingame, CA) with 3,3-diaminobenzidine (0.015%;
Sigma) as a chromogen. Sections were then washed in PBS, mounted on
slides, dehydrated, and coverslipped. All GnRH neurons identified in all
sections were counted, and statistical analysis was performed using
Prism4 software (GraphPad Software). For histology of the gonads, the
testes of Npn-2~"" and wild-type mice (n = 3 for each genotype), per-
fused with 4% paraformaldehyde, were embedded in optimal cutting
temperature medium and serially sectioned with a cryostat at 10 pwm.
Sections were stained with hematoxylin and eosin.

Fluorescence-activated cell sorter analysis. Small pieces of tissue were
microdissected from heads of GFP-GnRH embryos and pooled in a 1.5
ml Microfuge tube containing 980 ul of HBSS preheated to 37°C. Lib-
erase Blendzyme 3 (Roche Applied Science, Indianapolis, IN) was added
at a final concentration of 0.14 U/ml, and the suspension was incubated
at 37°C for 3 min. A single-cell suspension was obtained by gently pipet-
ting the sample with Pasteur pipettes of increasingly smaller diameter.
Once the sample no longer contained any visible clumps of tissue, it was
filtered through a 35 um filter (BD Biosciences, San Jose, CA) and cen-
trifuged (1000 rpm) at 4°C for 5 min. Supernatant was aspirated, and the
pellet was diluted with 500 ul of RNAlater solution (RNA aqueous Micro
Kit; Ambion, Austin, TX) to preserve the RNA. Samples were resus-
pended in 500 ul of PBS before being placed in a fluorescence-activated
cell sorter (FACS). Sorted (top 1% of GFP-positive cells) and unsorted
(GFP-negative) cells were collected into two different tubes, each con-
taining 500 ul of lysis buffer (Ambion), and used for RNA extraction.
The sorted population was GnRH positive, as demonstrated by RT-PCR
(data not shown). RT-PCR was performed on these samples as described
below using the same set of primers implemented in the experiments
with GN11 cells.

RT-PCR. Total RNA from GNI11 cells was isolated by extraction with
TRIzol (Invitrogen). For samples derived from GFP-GnRH mice, RNA
extraction was performed using the RNA aqueous Micro kit (Ambion).
The amount of RNA obtained was in the range of 20-50 ng, because of
the relatively small number of GFP-GnRH cells collected from the sorter.
Single-strand ¢cDNA was synthesized by avian myeloblastosis virus re-

number or position of GnRH neurons in
the brains of newborn and adult animals.
In these immunohistochemical experi-
ments, we cut sagittal sections through the entire brains, stained
all sections with an anti-GnRH antibody, and counted all labeled
cells. Analysis showed that the brains of PO Np#-2~/" mice (n =
5) contained significantly fewer ( p < 0.05) GnRH neurons dis-
persed in the olfactory bulb and ventral forebrain (525.2 * 18.69;
mean = SEM) compared with WT littermates (725.0 * 26.62).
Moreover, whereas in WT mice, many GnRH-positive fibers in
the hypothalamus were seen to project to the median eminence
(Fig. 1c), the density of these fibers was notably reduced in Npn-
27/ animals (Fig. 1d). No difference in the migration pathway
was observed within the brains of Npn-2~"", suggesting a prob-
lem of migration in the nasal area. In fact, immunostaining of
coronal sections taken from the noses of newborn Npn-2~/"~
mice showed an increased presence of GnRH-positive neurons
along the nasal septum (Fig. 1b, arrowheads), often appearing as
clusters, suggesting an arrest or delay in the migration of GnRH
neurons. Counts of labeled cells confirmed this observation; there
were, on average, more than twice as many ( p < 0.05) GnRH neu-
rons along the nasal septum of Npn-2~/~ animals (273.3 = 16.2;n =
3) asin WT littermates (125.3 = 2.9; n = 3). Cells were counted in all
sections obtained from the entire nasal region (i.e., from the tip of
the nose to the start of the olfactory bulb).

To investigate whether the reduction in the number of GnRH
neurons is reflected in alterations in the gonads, we examined the
testes of adult (3 months of age; # = 3) male Npn-2~"~ and WT
littermates. Visual inspection and measurements indicated a sig-
nificant reduction in the dimensions of the testes of Npn-2~""
animals (long axis, 6.125 * 0.125 mm) compared with WT
(8.25 = 0.43 mm) (Fig. 1d). Abnormalities of testicular morphol-
ogy in Npn-2~/" mice were also apparent in hematoxylin- and
eosin-stained sections (Fig. 1f,g). In these mice, the size of the
seminiferous tubules appeared reduced compared with WT. In
addition, the tubules showed smaller lumens with a reduced
number of spermatozoa and an accumulation of spermatogenic
immature cells. No hyperplasia of Leydig’s cells was seen, sub-
stantiating a central defect in the reproductive axis. Counts of all
GnRH-positive neurons present in the brains of these adult mice
confirmed the numeric reduction observed in newborn animals,
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with 490.7 + 32.92 in the Npn-2~/" mice
and 645 * 4.177 in the WT (n = 3).

We then used immunofluorescence to
stain the nasal regions of embryonic (E15)
Npn-2~"" and WT animals with periph-
erin, a specific marker of olfactory axons
that are associated with migrating GnRH
neurons. In accordance with previous re-
ports (Cloutier et al., 2002; Walz et al.,
2002), we observed defasciculation of
these axonal tracts and improper innerva-
tion of the olfactory bulb in Npn-2~"" an-
imals compared with WT littermates (Fig.
2). We reasoned that defects in fascicula-
tion of the VNN would hamper the migra-
tion of GnRH neurons along it and would
explain the reduced number observed in the
brains of Npn-2"'" mice. However, a direct
role for neuropilins and their ligands in the
migration of the GnRH neurons cannot be
excluded. To address this point, additional
experiments were performed using different
experimental approaches.

Expression of semaphorins and
neuropilins in GnRH neurons

We first examined the expression pattern
of semaphorins and their receptors in
GnRH neurons. We took advantage of a
mouse model in which the GFP reporter
was genetically targeted to GnRH neu-
rons. In these mice, nearly all (>99.5%)
GFP-expressing neurons contain immu-
nologically detectable GnRH peptide
(Suter et al., 2000). Using FACS analysis
(Fig. 3a), we isolated GFP-positive cells
from the heads of embryos at different
gestational stages (E13.5, E15, and E17)
and extracted mRNA. We then applied
RT-PCR and found transcripts of ex-
pected molecular sizes for mouse Sema3A,
Sema3F, Npn-1, Npn-2, and Plxnal in
these cells (Fig. 3b). Nested PCR with a
second set of primers (Table 1) confirmed
the specificity of the first-round reaction (data not shown). The
same samples were also tested for the presence of GnRH mRNA
and found positive (data not shown). These results indicated that
GnRH-GFP cells express both ligands (Sema3A and Sema3F)
and receptors/coreceptors (Plxnal, Npn-1, and Npn-2), support-
ing a direct role for these molecules in the development of GnRH
neurons.

We then studied the localization of the appropriate neuropilin
and plexin receptors in the nasal compartment of rodents, the
start of the migratory pathway of GnRH neurons. We first
showed that olfactory fibers, used by GnRH neurons to migrate
from the olfactory placode toward the olfactory bulb (Fig. 3¢), are
strongly labeled for Npn-2 (Fig. 3d) and faintly stained for Npn-1
(data not shown). Available plexin-Al antibodies failed to work
on sections despite repeated trials. To study the possible relation-
ship between migrating GnRH neurons and Npn-2, we per-
formed double immunofluorescence experiments using contig-
uous sections. Fresh-frozen 15 um sections of E15 mouse heads
were prepared and incubated contiguously with monoclonal pe-
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Figure1.  Analysis of GnRH neurons and gonadsin Npn-2~—/~ mice. a, b, Coronal sections through the noses of Npn-2 ™ (a)
and Npn-2~~ (b) mice at PO were stained with an anti-GnRH antibody. Those taken from Npn-2—/" animals showed an excess
of GnRH-positive cells, often appearing in clusters (arrowheads). ¢, d, Sagittal sections through the basal forebrain of Npn-2—"~
(d) mice at PO showed a significantly reduced number of GnRH neurons (arrows) and fibers projecting toward the median
eminence of the hypothalamus (arrowheads) compared with Npn-2 /™ littermates (c). e, Gross morphological phenotypes of
testes derived from adult Npn-2 ™/ and Npn-2—/~ mice, showing a marked reduction in size of the latter. £, g, Hematoxylin and
eosin staining of seminiferous tubules from WTand Npn-2 /" mice. Seminiferous tubules in WT (f) have well developed lumens
(arrows), whereas lumen formation is reduced in an—Z’/ ~ mice (g, arrowheads), with fewer spermatozoa and an accumulation
of spermatogenicimmature cells. CP, cribriform plate; OT, optic tract. Scale bars: a (for a, b),  (for ¢, d), 250 um; e, 10 mm; (in f)

Npn-2*+ b

/ Npn-2*

OB
—

Figure2. Innervation of the olfactory bulb by peripherin-positive olfactory fibers. a, b, Sag-
ittal sections through the nasal regions and the rostral forebrain at E15 showed defasciculation
of the fibers stained for peripherin (green) (b, arrowheads) in the nasal compartment (NC) and
improper innervation of the olfactory bulb (0B) (b, arrows) of Npn-2 '~ mice compared with
Npn-2 */* (a). Scale bar, 100 um.
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c d
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no m (0]
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Figure 3.  Expression of semaphorin and neuropilin molecules in GnRH neurons. a, Schematic drawing of the experimental
paradigm used to isolate mRNA from GFP—GnRH neurons. Fluorescence-activated cell sorting was applied to cells dissected from
GFP—GnRH mice at different embryonic stages; mRNA extraction and RT-PCR were performed on GFP-positive samples. b, RT-PCR
analysis at E13, using GFP—GnRH cell mRNA, showed the presence of Sema3A, Sema3F, Npn-1, Npn-2, and PixnaT transcripts (330,
262, 190, 260, and 199 bp, respectively). ¢, Schematic drawing of the anatomy of the olfactory system in embryonic rodents.
Olfactory fibers originating from the olfactory placode (OP) are depicted as black and green lines. The latter correspond to the
VNNs, specifically labeled for Npn-2. GnRH neurons are typically seen in association with these bundles of fibers. d, Inmunofluo-
rescence, applied to sagittal sections taken from E15 mouse, showing Npn-2-immunoreactive olfactory fibers (green) originating
from the OP. Nuclei were counterstained with DAPI (blue). e, Multipanel composition of contiguous sections taken from the nose
of an E15 mouse and stained for GnRH and Npn-2 (green) and peripherin (red). As shown in the merged panels resulting from the
overlays between GnRH/Npn-2 and GnRH/peripherin staining, GnRH neurons are in close association with peripherin-positive
fibers, which are specifically stained also for Npn-2. f, Double immunofluorescence for GnRH (green) and Npn-2 (red) on sagittal
sections taken from E13.5 mouse showing colocalization of the two antigens in the same cells, shown in the small inset, derived
from single high-magnification confocal scans. FB, Forebrain; +ve, positive; —ve, negative; M, marker. Scale bars: d, 100 wm; e,
250 m; £, 100 m; £, inset, 50 wm.
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ripherin antibody, a specific marker of the
olfactory nerves, and polyclonal GnRH or
Npn-2 antibodies. As illustrated in Figure
3e, GnRH cells (green) in the nasal region
were in close association with peripherin-
positive fibers (red); the contiguous sec-
tions stained for peripherin and Npn-2
showed that a subset of these peripherin
fibers were also Npn-2 positive. These ex-
periments showed the association of
GnRH neurons with Npn-2-positive fi-
bers, suggesting a role for neuropilins and
their ligands in the migration of these cells
and the possibility of a mutual influence
between the olfactory and GnRH neuro-
nal systems. Moreover, using a protocol
for immunostaining with two antibodies
raised in the same species, we found clear
evidence of colocalization of GnRH and
Npn-2 in the nasal compartments of E13
mice (Fig. 3f).

Semaphorins and neuropilins are
involved in the migration of
immortalized GnRH neurons

We tested the possible effects of sema-
phorins and neuropilins on the migration
of GnRH neurons by using a model of im-
mortalized GnRH cells (GN11 cell line).
GNI11 cells show a strong chemomigratory
response in vitro (Maggi et al., 2000) and,
as such, they have been used to investigate
mechanisms involved in GnRH neuron
migration (Giacobini et al., 2002; Cari-
boni et al,, 2004, 2005). We first per-
formed expression studies on GN11 cells
to confirm our in vivo observations. Using
RT-PCR and the same set of primers used
for the analysis of GFP-GnRH neurons,
we found an identical pattern of expres-
sion for mouse Sema3A, Sema3F, Npn-1,
Npn-2, and Plxnal in these cells (Fig. 4a).
Nested PCR with a second set of primers
confirmed the specificity of the first-
round reaction (data not shown). More-
over, immunofluorescence experiments
with receptor-specific antibodies revealed
the presence of Npn-1, Npn-2, and Plxnal
in GN11 cells, showing similar cytoplas-
mic vesicular expression as well as distri-
bution at the surface membrane for all
three receptor proteins (Fig. 4cef). In
these experiments, we observed stronger
immunoreactivity of GN11 for Npn-2
compared with Npn-1, suggesting the
possible predominance of expression of
this receptor protein in GnRH neurons in
vivo. In addition, we found that Sema3A
and Sema3F could induce internalization
of Npn-1 and Npn-2, respectively (Fig.
4d,g). Specifically, Npn-1 and Npn-2
formed immunopositive aggregates
within the cytoplasm after stimulation
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with CM-Sema3A and -Sema3F for 60 a
min. Previous studies in COS-7 (Castel-
lani et al., 2004) and endothelial cells
(Narazaki and Tosato, 2006) have demon-
strated that Sema3A can induce Npn-1 in-
ternalization; here, we demonstrate that
this event can also occur in neuronal cells
and, in addition, that Sema3F can induce
Npn-2 internalization, possibly by down-
regulating the receptor itself. Together,
these data indicate that GN11 cells may be
used as a model system to study the bio-
logical effects of neuropilins and sema-
phorins and their roles in the migration of
GnRH neurons.

600bp

200bp

The effects of semaphorins and VEGFs
on the migration of GnRH neurons

We then performed chemomigration
studies, taking advantage of the migratory
properties of this cell line. We first tested
the roles of Sema3A and Sema3F, because
they represent the classical ligands of neu-
ropilins and are expressed in the nasal re-
gion (Cloutier et al., 2002). As a source of
semaphorins, we used CM of COS-7 cells
transfected with Sema3A and Sema3F ex-
pression vectors (see Materials and Meth-
ods). We used aggregates of GN11 cells in
a three-dimensional collagen gel as previ-
ously described (Cariboni et al., 2005).
These aggregates were treated with either
1% FBS (positive control) or CM from un-
transfected or semaphorin (3A, 3F)-
transfected COS cells. Any displacement
of cells from the aggregates was observed
and documented for each treatment. As
illustrated in representative samples (Fig.
5a), numerous GNI11 cells appeared to
move away from aggregates maintained in 1% FBS or control CM
(CM-COS) for 24 h (first and second top panels), but not from
aggregates exposed to Sema3A- and Sema3F-enriched media
(third and fourth bottom panels). These observations suggested
an inhibitory role for Sema3A and Sema3F on the migration of
GnRH neurons.

To confirm the repulsive activity of Sema3A and Sema3F on
the migration of GN11 cells, we performed chemomigration as-
says using a 48-well Boyden’s chamber, a method that has been
shown to provide a sensitive and quantitative measure of cellular
responses to specific chemotropic signals. GN11 cells were ex-
posed for 3 h to a concentration gradient (chemotaxis) of CM of
COS cells transfected with Sema3A and Sema3F vectors and with
corresponding mock vectors (see Materials and Methods). We
found that the chemomigration of GN11 cells was significantly
diminished in the presence of both semaphorins compared with
control media, with greater reduction in the number of migrating
cells toward Sema3F, which is the primary ligand of Npn-2 (Fig.
5b). To confirm that the effects observed were specifically attrib-
utable to the semaphorins secreted by transfected cells, we at-
tempted to neutralize Sema3A and Sema3F by preincubating the
CM with anti-c-myc and anti-FLAG antibodies, respectively. Fig-
ure 5¢ shows that immunoneutralization of semaphorins signif-
icantly restored the chemomigration of GN11 cells induced by

Figure 4.
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M Sema3A Sema3F Npn-1 Npn-2 Plixnat

Npn-1 Npn-1
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GN11 cells show the same expression for neuropilins and semaphorins as GFP—GnRH neurons. a, RT-PCR analysis
performed on mRNA extracted from GN11 cells showed the presence of specific transcripts for Sema3A, Sema3F, Npn-1,Npn-2, and
PlxnaT, with amplicons of 330, 262, 190, 260, and 199 bp, respectively. b g, Multipanel composition of immunofluorescence
stainings of GN11 cells for Npn-1, Npn-2, and Plxna1. GN11 cells were immunoreactive for Npn-1/2and Plxna1 (¢, e, f, green), with
greater signal for Npn-2; b shows the negative control processed in the absence of the primary antibody (—Ab). In addition,
supplement of C(M-Sema3A and -Sema3F induced Npn-1 and Npn-2 internalization, respectively, with formation of immunopo-
sitive aggregates within the cytoplasm (d, g, arrowheads). Scale bars: (in b) b, ¢, e, f, 50 um; (in d) d, g, 25 um. M, Marker.

Sema3A and Sema3F, whereas the presence of the antibodies did
not affect the response elicited by control CM on GN11 cells.
These results clearly show the specificity of the biological effects
observed and exclude any possibility of methodological artifacts.
Moreover, these results prompted us to hypothesize a direct role
of semaphorins on the migration of GnRH neurons.

However, because both neuropilins can also bind certain
forms of VEGF (Soker et al., 1998; Gluzman-Poltorak et al., 2000,
2001; Karpanen et al., 2006), we asked whether these molecules
modulate the effects observed and play a role on the migration of
GnRH neurons. In particular, because both Npn-1 and Npn-2
can bind VEGF '**, and Npn-2 also binds VEGF-C (Neufeld et al.,
2002), we focused our experiments on these two forms. Thus, we
exposed GNI11 cells to different concentrations of mouse
VEGF '®® and VEGF-C alone or in combination and found that
both molecules induce significant migration of GN11 cells com-
pared with control medium, with a greater increase when added
in combination (data not shown). Moreover, we analyzed the
effects of simultaneous exposure of GN11 to semaphorins and
VEGFs and observed that the addition of VEGF '®* and VEGF-C
to the CM-Sema3A and CM-Sema3F reversed the inhibitory effects
of semaphorins themselves (Fig. 5d). Together, these observations
indicate that, at least in vitro, neuropilins function simultaneously as
VEGF and semaphorin receptors, and suggest the possibility that the
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Figure5.  Effects of neuropilin ligands on migration of GN11. @, Migration of GN11 cells was
inhibited by Sema3A and Sema3F in three-dimensional collagen matrices. GN11 cells moved
away from the aggregate in the presence of 1% FBS (positive control) and C(M-COS but notin the
presence of C(M-Sema3A and -Sema3F. Scale bar, 250 wm. b, In a chemotactic assay, using a
48-well Boyden’s chamber, CM-Sema3A and -Sema3F induced a significant reduction ( p <
0.05 and 0.01, respectively) of cells that migrated compared with control CM (CM-myc and
(M-FLAG respectively). OptiMEM was a negative control (first column). ¢, Inmunoneutraliza-
tion of CM-Sema3A and -Sema3F with anti-c-myc and anti-FLAG antibodies significantly re-
stored the number of cells that migrated, whereas it did not affect migration induced by control CMs,
suggesting speificity of the effects observed. d, Simultaneous exposure of GN11 cells to C(M-Semas
and VEGFs (+VEGFs) induced a reversal in the inhibitory effects of semaphorins, suggesting antag-
onistic effects of VEGFs on the migration of GN11 cells. *p << 0.05; **p << 0.01. Error bars
represent SEM. Ab, Antibody; CM-3A, CM-Sema3A; CM-3F, CM-Sema3F; sqmm, mm 2.
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migration of the GnRH neurons might be influenced by a balance
between positive (VEGFs) and negative (semaphorins) cues, acting
through common receptors (neuropilins).

Discussion

The GnRH-secreting neurons form the final component for the
central regulation of reproduction by projecting to the median
eminence. They originate in the nasal compartment (~E10 in
mice) and associate with olfactory/vomeronasal nerves to mi-
grate across the nasal septum and pass through the cribriform
plate (between E12.5 and E15) (for review, see Tobet and
Schwarting, 2006). Once within the forebrain, migrating GnRH
neurons maintain their association with the caudal branch of the
VNNSs and attain their positions in the hypothalamus by the time
of birth in rodents (Yoshida et al., 1995).

The factors that regulate the migration of GnRH neurons re-
main essentially unknown. Neuropilins and their ligands, sema-
phorins, are known to regulate axonal pathfinding and neuronal
migration (for review, see He et al.,, 2002). Neuropilin—sema-
phorin interactions are important in the developing olfactory
system, with widespread expression of Sema3A and Sema3F,
Npn-1 and -2, and plexin-Al documented throughout the sys-
tem (Giger et al., 1996, 2000; Murakami et al., 2001; Cloutier et
al., 2002). Interestingly, it has been shown that mice deficient for
the Npn-2 gene show severe defasciculation of the VNNs and are
frequently unable to reproduce (Giger et al., 2000; Walz et al.,
2002).

Analysis of Npn-2 '~ mice

We investigated the nature of this defect and found a significant
reduction in the number of GnRH neurons in the hypothalamus
of all Npn-2~"" mice. Furthermore, we found a comparable de-
crease in the size of their gonads as well as abnormal morphology
of the seminiferous tubules without hyperplasia of Leydig’s cells.
This is in concordance with the reported hypogonadal phenotype
of mice that carry an intragenic deletion in the GnRH gene (Cat-
tanach et al., 1977; Mason et al., 1986). We then observed an
abnormal increase of GnRH neurons clustered in the nose of
newborn mice, indicating that many of these cells failed to mi-
grate into the forebrain of Npn-2~/". This defect may be ex-
plained by the observed defasciculation of the VNNs in these
animals (Giger et al., 2000) (Fig. 2). However, because neuropi-
lin—semaphorin interactions are also involved in neuronal migra-
tion, as has been reported for cortical interneurons (Marin et al.,
2001; Tamamaki et al., 2003) and neural crest cells (Yu and
Moens, 2005), we asked whether the reduction in GnRH neurons
observed in Npn-2~/" mice was directly attributable to the action
of these molecules in this system or secondary to the alteration of
the axonal scaffold used in their migration.

Semaphorins and their receptors in GnRH neurons

To address this point, we took advantage of a line of transgenic
mice in which GFP was genetically targeted to GnRH neurons
(Suter et al., 2000). In these mice, nearly all GFP-expressing neu-
rons contain immunologically detectable GnRH peptide. Using a
novel approach of FACS analysis, we isolated GFP-positive cells
from the heads of mice at three embryonic stages of GnRH neu-
ron development and extracted mRNA. RT-PCR analysis showed
that GFP-positive neurons expressed specific transcripts for
Npn-1, Npn-2, plexin-Al, and the respective ligands, Sema3A
and Sema3F, at all three embryonic stages. These experiments
support a role for neuropilin/semaphorin in the development of
the GnRH neuroendocrine system. They also indicate possible
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paracrine as well as cell-autonomous modes of action of these mol-
ecules, because ligand and receptor/coreceptor transcripts were
found in the same cells. This is in accordance with other studies that
showed that some migrating cells and axons express both receptors
and ligands (Winberg et al., 1998) or secrete semaphorins in an
autocrine manner (Serini et al., 2003; Catalano et al., 2004).

We also performed expression studies using a double-
immunofluorescence protocol and visualized GnRH neurons in
close association with bundles of VNNs axons expressing Npn-2,
suggesting a preference for these neurons for subsets of fibers and
supporting the importance of neuropilin in this system. More-
over, we found colocalization of GnRH and Npn-2 in GnRH-
secreting neurons migrating along olfactory fibers, highlighting
the importance of Npn-2 for both neurons and fibers. The ex-
pression of Npn-2 along olfactory axons has been described pre-
viously (Giger et al., 2000), but never linked to the migration of
GnRH neurons. Our results indicate that lack of Npn-2, normally
expressed in subsets of olfactory axons and GnRH neurons, may
underlie navigation errors of such neurons, possibly because of
deficient signaling between neuropilins and their ligands within
the nasal compartment.

Role of neuropilin ligands in the migration of GnRH neurons
Functional studies of GnRH-secreting neurons have been hin-
dered by their peculiar anatomical distribution. However, inves-
tigations have been facilitated by the availability of immortalized
mouse GnRH-expressing neurons (GN11 cells) (Radovick et al.,
1991). These cells show strong chemomigratory activity in vitro
(Maggi et al., 2000) and have been used to study mechanisms
involved in GnRH neuron migration (Giacobini et al., 2002;
Cariboni et al., 2004, 2005).

Using RT-PCR, we first confirmed that GN11 cells express
semaphorins and their receptors similar to GFP-GnRH neurons,
demonstrating that this cell line retains many of the features of
GnRH neurons in vivo. Moreover, using immunofluorescence,
we noticed the predominant expression of Npn-2 protein, sup-
porting the importance of this neuropilin and its ligand, Sema3F,
in this system. We then used collagen gel assays and observed that
the migration of GN11 cells is inhibited by the exposure to
Sema3A- and Sema3F-enriched media. We used a Boyden’s
chamber assay to quantify these results and to verify the specific-
ity of the observed effect. In these experiments, we found that
exposure of GN11 cells to a gradient of concentration of Sema3A
and Sema3F strongly inhibited their migration, with the action of
the latter being more pronounced. This effect was specifically
blocked by the addition of antibodies directed to the tag epitopes
at the N terminus of semaphorins and, surprisingly, was reversed
by the addition of VEGF'®® and VEGF-C, another class of mole-
cules able to bind both Npn-1 and Npn-2 (Soker et al., 1998;
Gluzman-Poltorak et al., 2000, 2001; Karpanen et al., 2006).
These results demonstrate, first, a direct role for neuropilin li-
gands on the migration of GnRH neurons, at least in vitro; and,
again, confirm a major role for Npn-2. Second, they suggest a
likely mechanism of action of these molecules in vivo, possibly
involving a complex balance between negative (semaphorins)
and positive (VEGFs) cues acting through common receptors
(neuropilins).

The mechanisms by which neuropilins switch between sema-
phorin and VEGF signaling are still unclear. However, the exis-
tence of antagonistic effects of semaphorins and VEGFs on mi-
gration events has already been demonstrated in neural
progenitors cells (Bagnard et al., 2001) and, very recently, in hu-
man endothelial cells (Favier et al., 2006). Furthermore, it cannot
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be excluded that in vivo Sema3A and Sema3F could act as positive
and negative signals at the same time, depending on their con-
centration and on the presence of other competitive factors or
other semaphorins (e.g., Sema3B, Sema3C, or Sema3D), not
tested in this study. This is in accordance with reports showing
that semaphorins are not only inhibitory factors, but sometimes
can promote cell chemotaxis and attraction of cell processes (Pol-
leux et al., 2000; Giordano et al., 2002; Moreno-Flores et al., 2003;
Pasterkamp et al., 2003). These opposing responses might entail
signaling pathways that are mediated by different semaphorin
receptor complexes. The contrasting actions of semaphorins and
VEGFs on GN11 cell migration could also support the autocrine
effects proposed and raise the possibility of signaling between
GnRH neurons themselves. Moreover, the finding of an effect of
VEGFs on the migration of GnRH neurons opens the possibility
of communication between the vascular and this neuroendocrine
system. It has been reported that the appearance of olfactory
axons coincides with the onset of vasculogenesis in the nasal mes-
enchyme and precedes the initial detection of GnRH immunore-
activity in the olfactory placode (Schwanzel-Fukuda, 1999). Ac-
cording to this evidence, it is possible that migratory signals
directed to GnRH neurons might arise from nasal mesenchyme
and from the concomitant vasculogenesis.

In conclusion, we have presented evidence for a primary role
of neuropilins and their ligands in the migration of GnRH neu-
rons and proposed a complex mechanism of action of these mol-
ecules. In particular, we have documented the importance of
Npn-2 in this system: mice lacking this neuropilin show a mark-
edly reduced number of GnRH neurons in the hypothalamus and
reduction in gonadal size, which is likely the cause of their re-
ported reduced fertility. More generally, these findings provide
new insights into the molecular mechanisms of GnRH-migrating
neurons and suggest new candidate genes that are likely to be
involved in the pathogenesis of hypogonadotropic hypogonad-
isms in humans.
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