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Reproduction in mammals is dependent on the function of specific neurons that secrete gonadotropin-
releasing hormone-1 (GnRH-1). These neurons originate prenatally in the nasal placode and migrate into
the forebrain along the olfactory–vomeronasal nerves. Alterations in this migratory process lead to defective
GnRH-1 secretion, resulting in heterogeneous genetic disorders such as idiopathic hypogonadotropic hypo-
gonadism (IHH), and other reproductive diseases characterized by the reduction or failure of sexual compe-
tence. Combining mouse genetics with in vitro models, we demonstrate that Semaphorin 7A (Sema7A) is
essential for the development of the GnRH-1 neuronal system. Loss of Sema7A signaling alters the migration
of GnRH-1 neurons, resulting in significantly reduced numbers of these neurons in the adult brain as well as
in reduced gonadal size and subfertility. We also show that GnRH-1 cells differentially express the Sema7
receptors b1-integrin and Plexin C1 as a function of their migratory stage, whereas the ligand is robustly
expressed along developing olfactory/vomeronasal fibers. Disruption of Sema7A function in vitro inhibits
b1-integrin-mediated migration. Analysis of Plexin C12/2 mice did not reveal any difference in the migratory
process of GnRH-1 neurons, indicating that Sema7A mainly signals through b1-integrin to regulate GnRH-1
cell motility. In conclusion, we have identified Sema7A as a gene implicated in the normal development of the
GnRH-1 system in mice and as a genetic marker for the elucidation of some forms of GnRH-1 deficiency in
humans.

INTRODUCTION

Reproduction in vertebrates depends on the secretion of the dec-
apeptide gonadotropin-releasing hormone-1 (GnRH-1) by a
small group of neuroendocrine cells located in the preoptic
area and/or hypothalamus (1). The synchronized pulsatile
release of GnRH-1 from this neural network governs the synthe-
sis and secretion of the anterior pituitary gonadotropin-
luteinizing hormone and follicle-stimulating hormone, which
in turn stimulate gonadal steroidogenesis and gametogenesis (1).

GnRH-1-secreting neurons originate in the nasal placode during
embryonic development and migrate to the hypothalamus along
olfactory/vomeronasal fibers (2,3). Although the migration of
these neurons from the nose to the brain has been documented
in a variety of vertebrate species and is thought to be fundamen-
tal to the initiation of reproduction, the genetic program under-
lying the development of the GnRH-1 system is still poorly
understood (4). Alterations in this migratory process lead to
defects in GnRH-1 secretion and hypogonadotropic hypogonad-
ism in humans, a condition characterized by a reduction or
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failure of sexual competence (5). Idiopathic hypogonadotropic
hypogonadism (IHH) is a genetic disease that can occur in asso-
ciation with anosmia (Kallmann syndrome; KS) or with a
normal sense of smell (normosmic IHH). To date, mutations
in genes involved in the onset of IHH only account for only
�40% of cases, implying that other candidate genes crucial
for GnRH-1 neuronal development remain to be discovered
(4,5). Moreover, mutations in genes involved in IHH have
also recently been found to confer susceptibility to the function-
al deficiency of GnRH-1 secretion that characterizes other
human reproductive disorders, such as hypothalamic amenor-
rhea (6).

The complex developmental events leading to correct
GnRH-1 neuronal migration and secretion are tightly regulated
by the specific spatiotemporal expression patterns of growth
factors, adhesion molecules, diffusible attractants and repel-
lents (1,7). Recently, various semaphorins have been shown
to play a significant role in the control of this migratory
process (8–10). The semaphorins constitute one of the
largest families of phylogenetically conserved proteins,
serving as guidance cues (11). Although originally identified
as embryonic axon guidance cues, semaphorins are now
known to regulate multiple processes crucial for neuronal
network formation (12). The experiments presented in this
paper focus on Semaphorin 7A (Sema7A), the only
glycosyl-phosphatidylinositol-anchored protein in the sema-
phorin family (13–15). The function of Sema7A has been
studied most extensively in the context of immune cell func-
tion (16) and cancer cell biology (17–19), with few reports
addressing its neuronal role (20–22). Sema7A can act either
as a membrane-bound signaling molecule or as a soluble
factor following proteolytic cleavage (12). It binds to Plexin
C1 to decrease integrin-mediated cell attachment and spread-
ing (18) and to b1-integrin to induce integrin clustering and
the activation of MAPK pathways (22). The prominent expres-
sion of Sema7A in different areas of the brain suggests a role
for this molecule in neuronal migration and/or axonal elong-
ation (23,24). The Sema7A transcript has been documented
in the main and accessory olfactory systems, including the
vomeronasal organ where GnRH-1 neurons originate, and its
receptor, Plexin C1, has also been localized to GnRH-1
neurons (24). This expression pattern prompted us to investi-
gate the potential role of Sema7A in GnRH-1 neuronal
migration.

Using different genetic mouse models as well as in vitro
manipulation, we provide direct evidence for a role for
Sema7A signaling in the establishment of the GnRH-1
system. The loss of Sema7A/b1-integrin signaling leads to
defective GnRH-1 cell migration, an aberrant GnRH-1
system and altered fertility. These results raise the possibility
that genetic defects in components of the Sema7A pathway
could lead to deficient GnRH-1 signaling and reproductive
dysfunctions in humans.

RESULTS

Sema7A is expressed in the developing olfactory system

To determine the role of Sema7A in the developing GnRH-1
and olfactory systems, we examined the spatiotemporal

expression pattern of Sema7A during mouse embryonic devel-
opment using in situ hybridization and immunohistochemistry.
At E11.5, when GnRH-1 neurons were beginning to migrate
out of the presumptive vomeronasal organ (vno; Fig. 1A),
Sema7A mRNA was detectable in the vomeronasal organ
and olfactory epithelium (oe; Fig. 1B). A similar expression
pattern was detected at E12.5 and E14.5 (data not shown).
Double-immunofluorescence labeling for GnRH-1 (red) and
Sema7A (green) at E12.5 and E14.5 (data not shown) con-
firmed Sema7A expression in the developing olfactory
sensory neurons as well as along their axons projecting to
the forebrain (Fig. 1C and D), In contrast, Sema7A was not
found in migrating GnRH-1 neurons (Fig. 1D, inset). Olfac-
tory–vomeronasal axons express neural cell adhesion mol-
ecule (NCAM) (25,26) and peripherin, whereas GnRH-1
cells in the mouse do not (27,28). In order to confirm that
the Sema7A-immunopositive fibers in our samples were olfac-
tory axons, we performed double-immunofluorescence label-
ing for Sema7A and NCAM (Fig. 2A–I). The expression
patterns for the two markers overlapped in fibers emerging
from the vomeronasal organ at E12.5 (Fig. 2D–F) and in ol-
factory/vomeronasal axon bundles entering the forebrain
(Fig. 2G–I).

Since olfactory ensheathing cells, which accompany and en-
sheath the primary olfactory axons, have been previously
shown to bear some NCAM immunoreactivity (26), we
cannot exclude that these cells could represent an additional
source of Sema7A.

These results demonstrate that, during early embryonic de-
velopment, Sema7A demarcates the pathway along which
GnRH-1 neurons migrate.

Primary GnRH-1 neurons differentially express
b1-integrin and Plexin C1 as a function of migratory stage

The expression pattern of Sema7A along the olfactory/vomer-
onasal axonal scaffold suggested that this molecule could play
a role in the migratory process of GnRH-1 neurons. To deter-
mine whether GnRH-1 neurons could respond to Sema7A sig-
naling, we investigated the expression of Sema7A receptors in
migratory and post-migratory GnRH-1 neurons from nasal
explants. Nasal explants permit spatial and temporal cues to
be distinguished, and the properties of GnRH-1 neurons to
be identified, by controlling extracellular influences (29,30).
Single-cell cDNA sets from migratory (4 days in vitro, DIV)
and post-migratory (10 DIV) GnRH-1 cells were generated
(31,32) and subsequently screened on GeneChip microarrays
to examine the relative expression of known genes encoding
various molecules linked to the Sema7A signaling pathway.
GnRH-1 neurons expressed b1-integrin (Itgb1) at comparable
levels in the migratory and post-migratory stages, whereas the
expression of the other Sema7A receptor, Plexin C1 (Plxnc1),
was absent in migratory cells and expressed in post-migratory
GnRH-1 neurons (Supplementary Material, Fig. S1A and B).
The expression profiles determined by microarray screening
were verified by single-cell RT-PCR performed on GnRH-1
neurons (data not shown). These findings indicate that
during the migratory phase Sema7A acts on GnRH-1 cells
through b1-integrin.
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Expression of Sema7A receptors in the developing
nasal region

To confirm the microarray data, the spatiotemporal expression
pattern of Plexin C1 and b1-integrin proteins was investigated
in sections of E12.5–15.5 mouse heads. Immunofluorescent
labeling for GnRH-1 (Fig. 3A–C) and b1-integrin (Fig. 3D
and E) was carried out using consecutive sagittal sections at
E12.5. The antibody to b1-integrin labeled a large group of
cells migrating out of the vomeronasal organ in chain-like
structures and crossing the nasal mesenchyme (Fig. 3D and
E, see arrows in D). Notably, these cells had the same distri-
bution as the GnRH-1 migratory neurons detected in adjacent
sections (Fig. 3A–C, see arrows in A), suggesting the expres-
sion of b1-integrin by GnRH-1 cells during the initial stages of
their migratory process.

It has previously been reported that the Plexin C1 transcript
is present in the vomeronasal organ and olfactory epithelium
as well as in some GnRH-1 migratory cells in the nasal com-
partment during embryonic development in the rat (24).
Double-immunofluorescence labeling was performed at
E12.5 for Plexin C1 and peripherin, a marker of the olfac-
tory/vomeronasal system (28). At this stage, Plexin C1 was
expressed exclusively along olfactory/vomeronasal axons
(Fig. 3G and H), and was not detectable in cell bodies
located in the nasal mesenchyme. In order to confirm the
absence of Plexin C1 expression by GnRH-1 neurons in

nasal regions, sections adjacent to those labeled for Plexin
C1 and peripherin (Fig. 3J) were immunolabeled for
GnRH-1 (Fig. 3I), and the resulting images were superim-
posed. Plexin C1 expression was seen to be confined to
olfactory/vomeronasal axons (see arrow, Fig. 3J), whereas
Plexin C1-negative GnRH-1-immunoreactive cells were
apposed to this axonal scaffold (see arrowheads).

The Plexin C1 transcript has been found in GnRH-1 cells in
the rat at E16–E19 (24). This suggests that the expression of
Plexin C1 may vary as a function of age, consistent with the
results of the microarray analysis.

Immunofluorescence analysis at E15.5 in the mouse
revealed that GnRH-1 and Plexin C1 were co-expressed in
GnRH-1 neurons within the basal forebrain (Fig. 3K–M).
Overall, these data indicate that b1-integrin, Plexin C1 and
Sema7A interact differentially in GnRH-1 neurons as a
function of age and location.

Altered migration of GnRH-1 neurons in Sema7A2/2 mice
leads to suboptimal GnRH-1 cell numbers in the adult
brain and to impaired fertility

The phenotype of Sema7A2/2 mice was analyzed to deter-
mine whether the lack of this molecule impacted the develop-
ment of the GnRH-1 system. The number of GnRH-1 cells in
the nasal compartment, olfactory bulb/dorsal forebrain area

Figure 1. Sema7A is expressed in the developing olfactory/vomeronasal systems and in the olfactory bulb. (A) Immunohistochemistry for GnRH-1 on a sagittal
section of an E11.5 embryo. GnRH-1-immunoreactive cells are located within the developing vomeronasal organ (vno) and in the nasal mesenchyme (nm),
where they can be seen migrating directed toward the forebrain (fb). Immunoreactive cells are indicated by black arrows. (B) In situ hybridization for
Sema7A on an adjacent sagittal section from the same animal. Sema7A mRNA is distributed in the developing olfactory epithelium (oe) as well as in the
vno. (C) Immunohistochemistry for Sema7A on a sagittal section of an E12.5 embryo showing immunoreactivity in the developing olfactory sensory
neurons and along their axons (arrows). (D) Sagittal section of an E12.5 mouse nose double-labeled for GnRH-1 (red; C) and Sema7A (green) shows the com-
plementary expression patterns of the two antigens. Sema7A is expressed by the olfactory/vomeronasal axons along which GnRH-1-immunoreactive cells
migrate (see inset in D). Scale bars: (A) 130 mm, inset in (A) 40 mm, (B) 60 mm, (C) 50 mm, (D) 200 mm and inset in (D) 20 mm.
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(ob/dfb) and ventral forebrain (vfb) of E14.5 embryos was
determined (Fig. 4E). In mutants, GnRH-1 neurons
accumulated in the nasal compartment (Fig. 4A and B
versus C and D), resulting in approximately twice as many
GnRH-1 cells as in wild-type (WT) mice (Fig. 4F). Concomi-
tantly, fewer GnRH-1 cells reached the brain in Sema7A2/2

embryos compared with WT littermates (Fig. 4F). The fact
that the total number of GnRH-1-positive cells was unchanged
in Sema7A2/2 embryos indicates the absence of a defect in
the proliferation/survival of these cells in mutant mice.
Thus, the change in the distribution of GnRH-1 cells in
Sema7A2/2 mice is consistent with a migratory deficit. In
order to determine whether this change was due to defective
navigation by olfactory axons, the expression pattern of
peripherin was compared in WT and Sema7A2/2 embryos
(Supplementary Material, Fig. S2A–F). The loss of Sema7A
did not overtly alter the innervation of the developing olfac-
tory bulb by olfactory/vomeronasal axons (Supplementary

Material, Fig. S2A–E). The caudal branch of the vomeronasal
nerve, which guides GnRH-1 neuronal migration into the
hypothalamic target area, was also similar in WT and
mutant mice (Supplementary Material, Fig. S2C and F).
These results demonstrate that the alteration in GnRH-1 neur-
onal migration observed in Sema7A2/2 mice is not caused by
developmental defects in the olfactory system.

To determine whether the delay in GnRH-1 cell migration
affects the size of this neuronal population in adult brains,
the number and distribution of GnRH-1 cells was analyzed
in WT and mutant mice. A 30% reduction in the total
number of GnRH-1 neurons was detected in Sema7A2/2

adult mice (Fig. 4G). Moreover, whereas many
GnRH-1-immunoreactive fibers innervated the median emi-
nence (me) in WT animals, GnRH-1 innervation was clearly
reduced in Sema7A2/2 animals (Fig. 4H and I).

The observation that transgenic mice possess fewer GnRH-1
neurons suggests that fertility might be disrupted. To

Figure 2. Expression of Sema7A on olfactory and vomeronasal axons. (A–I) Sagittal sections of E14.5 mouse heads show that Sema7A is localized in NCAM-
positive olfactory/vomeronasal axons in the nasal compartment. Dashed line in (A) represents the boundary between the nasal compartment and the forebrain.
Arrows in (D) and (E) indicate, respectively, NCAM- and Sema7A-immunoreactive vomeronasal axons; arrowheads in (F) show co-localization of the two anti-
gens along these fibers. (G–I) High-magnification pictures of the bundle of olfactory/vomeronasal axons contacting the developing olfactory bulb. Arrowheads in
(I) indicate Sema7A/NCAM co-expression along these fibers. vno, vomeronasal organ; oe, olfactory epithelium; nm, nasal mesenchyme; ob, olfactory bulb.
Scale bars: (A–C) 100 mm, (D–I) 50 mm.
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determine this, WT, Sema7A+/2 and Sema7A2/2 mice were
crossed, and the resulting litter sizes were examined. A signifi-
cant reduction in the number of pups per litter was seen when
Sema7A2/2 mice were bred (Fig. 4J). In order to investigate
the possible existence of a gonadal defect in males, the morph-
ology of the testes of WT and knockout (KO) mice was

analyzed. Masson’s Trichrome staining revealed obvious
abnormalities in the testicular morphology of Sema7A2/2

mice (Fig. 5A–F). The number of seminiferous tubules was
significantly reduced in these mice compared with WT
controls (Fig. 5H). In addition, the tubules displayed smaller
lumina and a reduced number of spermatozoa.

Figure 3. Differential expression of Sema7A receptors in GnRH-1 neurons in vivo. (A–C) Sagittal section of an E12.5 embryo labeled for GnRH-1. Arrows
indicate chains of GnRH-1 neurons migrating out of the vomeronasal organ (vno) and crossing the nasal mesenchyme. Dashed lines indicate the border
between the nose and the forebrain. High magnification of the box in (B) is shown in (C). (D–F) b1-Integrin immunoreactivity on an adjacent sagittal
section from the same animal, resembling the labeling pattern for GnRH-1 (arrows in D). (G and H) Double-immunofluorescence labeling for peripherin
(G) and Plexin C1 (H) indicates the co-expression of these antigens along olfactory/vomeronasal axons crossing the nasal mesenchyma (nm). Inset in (G)
shows a low-magnification image of the E12.5 sagittal section immunolabeled for peripherin. (I) An adjacent section immunolabeled for GnRH-1. (J) Super-
imposition of (G), (H) and (I) shows that GnRH-1 neurons migrate along peripherin/Plexin C1-positive axons (arrow in the inset) but do not themselves express
either peripherin or Plexin C1 (arrowheads in the inset). (K–M) Double-immunofluorescence labeling performed on sagittal sections of an E15.5 mouse embryo
for GnRH-1 and Plexin C1. Co-expression of the two antigens is detectable in GnRH-1 neurons located in the ventral forebrain. Arrows in (M) indicate Plexin C1
expression in GnRH-1 cell bodies, whereas arrowheads highlight Plexin C1-immunoreactivity along GnRH-1 neurites. Scale bars: (A and D) 40 mm, (B and E)
20 mm, (C and F) 10 mm, (G–J) 20 mm, inset in (G) 100 mm, inset in (J) 10 mm, (K–M) 20 mm, inset in (M) 10 mm.
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Accordingly, the testes of mutants were smaller than those of
WT mice (Fig. 5G).

The phenotype of PlexinC12/2 mutants was then analyzed at
E14.5. The migratory process of GnRH-1 neurons was un-
changed in the absence of Plexin C1, confirming that the
Sema7A-dependent migratory deficit observed above is not
Plexin C1-dependent (WT: n ¼ 3, mean total number+
SEM ¼ 1179+ 78, mean number in the nasal compartment+
SEM ¼ 480+ 44, mean number in the olfactory bulb/dorsal
forebrain+SEM ¼ 360+ 20, mean number in the ventral
forebrain+SEM ¼ 339+ 29; PlexinC12/2: n ¼ 5, mean
total number+SEM ¼ 1089+ 108, mean number in the
nasal compartment+SEM ¼ 411+ 63, mean number in the

olfactory bulb/dorsal forebrain+SEM ¼ 371+ 34, mean
number in the ventral forebrain+SEM ¼ 280+ 43; P .
0.05).

Sema7A promotes the migration of GN11 cells via
the b1-integrin signaling pathway

The manipulation of the GnRH-1 migratory system and func-
tional studies on these neurons have been challenging because
of their limited number (800 in mice and 1000–2000 in pri-
mates) and dispersal along their migratory route. The gener-
ation of immortalized GnRH-1 neurons [NLT and GN11 cell
lines; (33)] has permitted the study of more immature

Figure 4. Defective migration of GnRH-1 cells in Sema7A2/2 mice leads to altered fertility. (A–D) Photomicrographs showing GnRH-1-immunoreactivity in a
sagittal section of E14.5 WT (A and B) and mutant (C and D) embryo heads. Dashed lines indicate the boundary between the nose and the forebrain (fb). Ana-
lysis of the location of GnRH-1 neurons reveals a significant accumulation of cells in the nasal region of KO mice compared with WT mice (A and B; arrows).
Consistently, fewer GnRH-1 cells are located in the brain of mutant than in WT embryos (A and B versus C and D; arrowheads). (E) The areas of analysis for
GnRH-1 neuronal location along the migratory pathway were the nasal compartment (nose), the olfactory bulb/dorsal forebrain (ob; dfb) and the ventral forebrain
(vfb). (F) Distribution of GnRH-1 cells in each compartment of WT and mutant embryos. (G) Quantitative analysis of the GnRH-1 neuronal population in the
brains of adult Sema7A and WT mice. (H and I) The median eminence (me) shows a dramatic loss of GnRH-1 immunoreactive terminals in mutant mice (I)
compared with WT littermates (H). (J) Fertility in Sema7A+/+, +/2 and 2/2 female mice, mated with male mice of the same genetic background for 15 days.
The number of pups per litter is significantly reduced in Sema7A2/2 mice compared with WT and heterozygous controls. Data are represented as means+SEM.
∗P , 0.01; ∗∗P , 0.001; ∗∗∗P , 0.0005. Scale bars: (A and C and B and D) 50 mm and 25 mm, respectively, (E) 100 mm and (H and I) 40 mm.
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migratory neurons. In particular, GN11 cells display remark-
able motility in vitro, and have been used to investigate the
molecular mechanisms controlling the directional migration
of GnRH-1 neurons and to shed light on the biochemical path-
ways employed by GnRH-1 cells (8,10,34).

To assess whether GN11 cells could be used for functional
studies of Sema7A, RT-PCR (Fig. 6A) and western blot ana-
lysis (Fig. 8C) were carried out to verify the expression of
Sema7A receptors. b1-Integrin, but not Plexin C1, was
detected in GN11 cells (Fig 6A). The non-receptor protein

Figure 5. Testicular morphology in Sema7A+/+ and Sema7A2/2 mice. Morphology of testes from adult Sema7A+/+ (A, C and E) and Sema7A2/2 (B, D and F) mice
stained by Masson’s Trichrome protocol. The density of seminiferous tubules in Sema7A2/2 mice is markedly reduced when compared with WTs. Seminiferous
tubules in WTs (C and E) have well-developed lumina (arrows), whereas lumen formation is reduced in Sema7A2/2 mice (D and F, arrowheads), with fewer sperm-
atozoa and an accumulation of immature spermatogenic cells. (G) Testicular weight (mg) in control and Sema7A2/2 mice, showing a significant reduction in the
latter. Values represent means+SEM. ∗∗P , 0.005; ∗∗∗P , 0.0005. Scale bars: (A and B) 400 mm, (C and D) 100 mm and (E and F) 50 mm.
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tyrosine kinase focal adhesion kinase (FAK) plays a central
role in b1-integrin-dependent signaling (22), being rapidly
phosphorylated upon ligand binding and leading to the activa-
tion of the cytoskeletal components responsible for signal
transduction downstream of the integrins. To determine
whether Sema7A induces integrin-dependent signaling
responses, GN11 cells were treated for 15 min with recombin-
ant Sema7A protein, and FAK- and extracellular signal-
regulated kinases 1/2 (ERK1/2)-phosphorylation subsequently
assessed. Sema7A activated FAK in a dose-dependent manner,
with maximum activation at 100 ng/ml that decreased at
higher doses (Fig. 6B). ERK1/2 displayed the same phosphor-
ylation kinetics. To assess whether the conditioned medium

(CM) of 293T cells transiently transfected with AP
(alkaline-phosphatase)-Sema7A also induced MAPK activa-
tion, GN11 cells were treated with AP-, AP-Sema7A- and
AP-Sema7A(KGE)-conditioned media, after which the phos-
phorylation of ERK kinases was determined. Sema7A(KGE)
is a Sema7A mutant in which the putative integrin-binding
RGD sequence has been mutated to KGE, which is not recog-
nized by integrins (22). AP-Sema7A caused a significant in-
crease in ERK phosphorylation, whereas AP-Sema7A(KGE)
had no effect (Fig. 6C). Our results thus show that this activa-
tion is most likely dependent on b1-integrin binding.

To determine how Sema7A regulates the migration of
GN11 cells, we carried out time-lapse video microscopy of
cells migrating into a scratch wound for 12 h under different
conditions (Fig. 7; n ¼ 4 for each condition). Exposure to
AP-Sema7A increased the migration of the cells, resulting in
shorter healing times (Fig. 7D–F) than in controls
(Fig. 7A–C) and in AP-Sema7A(KGE)-treated cells
(Fig. 7G–I). Furthermore, an analysis of the area covered by
migrating cells revealed a significant increase following
AP-Sema7A stimulation but not after treatment with AP
alone or Sema7A(KGE)-AP conditioned media (Fig. 7J).
Since Sema7A is highly expressed along the developing olfac-
tory axonal scaffold, experiments were performed comparing
soluble versus adherent forms of Sema7A. Cell migration
was significantly promoted under both conditions (Fig. 7J
and K). Finally, single-cell tracking was performed using dis-
sociated GN11 cells treated with soluble CM (Fig. 7L and M)
or directly plated onto CM-coated dishes (Fig. 7N and O).
Both soluble and adherent forms of Sema7A significantly
induced directional cell movement when compared with
other treatments (Fig. 7M and O). GN11 cells treated with
AP alone or AP-Sema7A(KGE) moved in different directions
randomly, whereas AP-Sema7A-treated cells tended to
migrate in the same direction and traveled farther distances
from their point of origin (Fig. 7L and N). Differences in
migration patterns were quantified by comparing migratory
persistence, calculated as the ratio of the linear distance
from the starting point of each recording to the end point to
the total distance traversed by the cell (35). Treatment with
either soluble or adherent AP-Sema7A induced a significant
increase in persistence when compared with AP alone or
AP-Sema7A(KGE) (Fig. 7M and O).

We hypothesized that Sema7A could trigger directional
migration by increasing b1-integrin-dependent adhesion. To
test this hypothesis, the effect of Sema7A on cell adhesion
of GN11 cells plated on a b1-integrin-specific adhesive sub-
strate, fibronectin (FN), was examined (Fig. 8A and B). Differ-
ent doses of recombinant Sema7A induced a significant
increase of cell adhesion of GN11 cells on FN-coated surfaces
(Fig. 8A) and this increase was b1-integrin dependent, since it
was inhibited by the monoclonal antibodies BMA5 and Ha2/5,
which block a5b1 and b1 integrins, respectively (Fig. 8B).

To study the migratory behavior of GnRH-1 neurons
when encountering a Sema7A substrate that imitates the
semaphorin-rich olfactory fibers, GN11 cells were used in
a modified wound-healing assay which employed coated-
stripes (50 mm wide) of AP-Sema7A (red stripes), alternat-
ing with AP-Sema7A(KGE)-substrate (gray stripes), as an
internal control (Supplementary Material, Video S1). Cell

Figure 6. Sema7A activates the b1-integrin/MAPK pathway and increases the
motility of GN11 cells. (A) RT-PCR for b1-integrin and Plexin C1 was per-
formed on total RNA isolated from the indicated cells. Positive (postnatal
brain; Br) and negative controls (water; W) were included in the reaction
mix. (B) Sema7A stimulates the phosphorylation of FAK and MAPK. Cells
were treated with different doses of recombinant Sema7A or 10% FBS (posi-
tive control) for 15 min and controls were treated with vehicle. Total cell
lysates were resolved on 10% SDS–PAGE and subjected to
immunoblotting with the indicated antibodies. (C) GN11 cells were treated
with AP-, AP-Sema7A- or AP-7A-KGE-conditioned medium (20 nM) and
10% FBS for 15 min, and subjected to immunoblotting with antibodies specif-
ic for the phosphorylated forms of ERK1 and ERK2 and total ERK1/ERK2.
Experiments were done in triplicate with similar results. Stimulation with
AP-Sema7A induces an increase in the phosphorylation of MAPK, whereas
treatment with AP-7A-KGE does not lead to the activation of ERKs.
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migration on the striped substrate was recorded using time-
lapse imaging for 6 h after wound formation. In these
studies, GN11 neurons which grew onto Sema7A-coated
stripes covered more distance when compared with KGE-
coated substrate as a consequence of a more polarized mi-
grational behavior and increased directionality (Supplemen-
tary Material, Video S1).

Finally, we asked whether the observed dynamic in vivo ex-
pression of Plexin C1 would allow regulating the migratory
behavior of GnRH-1 cells in response to Sema7A. In order
to address this question, the migration of GN11 cells
over-expressing Plexin C1 was investigated (Fig. 8C and D).
In a transwell system, mock-transfected GN11 cells showed
greater locomotion in response to 100 ng/ml of Sema7A

Figure 7. Sema7A regulates integrin-mediated GN11 cell migration by increasing directional persistence. (A–I) Representative photomicrographs of wound-
healing assay performed on GN11 cells treated with soluble AP-Sema7A-, AP-Sema7A-KGE- or AP-conditioned media. Continuous lines indicate the borders of
the wound at the initial recording time. (C–I) High-power view of boxed areas depicted in (B), (E) and (H). In the presence of Sema7A (D, E and F), GN11 cells
tend to move more uniformly, in a proximal-to-distal direction (arrows), compared with other conditions in which cells move at random to occupy wound sites
(C and I, arrowheads). (J) Quantification of the area occupied by cells under soluble protein treatment. (K) Quantification of the area (normalized to controls)
occupied by cells adhering to the indicated substrates. Quantitative data are means+SEM (n ¼ 4) and normalized to control conditions. (L and N) Represen-
tative examples of GN11 cell tracks after treatment with soluble (L) and adherent (N) Sema7A, Sema7A(KGE), or CM with empty vector-transfected cells (AP,
alkaline phosphatase). GN11 cells were recorded by time-lapse video microscopy for at least 3 h. The movement of individual cells was followed using the
cell-tracking software (ImageJ) and different cell migration parameters were measured (M and O). Persistence of each cell was calculated using at least 140
tracks pooled from three separate recordings. Data are means+SEM (n ¼ 3). ANOVA followed by Tukey’s HSD post hoc analysis was used to compare
groups. ∗∗P , 0.01. Scale bars: (A, B, D, E, G and H) 30 mm, and (C, F and I) 10 mm.
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Figure 8. Sema7A triggers GN11 directional migration by increasing b1-integrin-dependent adhesion. (A and B) Recombinant Sema7A regulates
integrin-mediated adhesion. (A) Cell adhesion on FN-coated surfaces of GN11-treated cells with various concentration of recombinant Sema7A. (B) Cell
adhesion of GN11 cells on control (BSA) or FN treated or not with 250 ng/ml Sema7A, in the presence or absence of neutralizing antibodies against a5b1
or b1 integrins. (C) Western blot analysis for Plexin C1 and b1-integrin performed on total cell lysates from WT and Plexin C1-overexpressing GN11 cells.
(D) GN11 migration was analyzed in a transwell assay in the presence or absence of recombinant Sema7A (100 ng/ml). Mock-transfected GN11 cells signifi-
cantly increase their migration in the presence of Sema7A and 10% FBS, whereas Plexin C1-transfected GN11 cells do not respond to Sema7A stimulation.
(E and F) Schematic illustrations of the novel aspects of Sema7A signaling uncovered in this study. (E) Sema7A is expressed along the developing olfac-
tory/vomeronasal axons and acts on GnRH-1 neurons increasing adhesion and persistent migration through b1-integrin binding and activation. (F) Expression
of Plexin C1 in GnRH-1 neurons switches off their migratory response to Sema7A. Data are mean+SEM (n ¼ 3 for A and B and n ¼ 12 for D). ANOVA
followed by Fisher’s LSD post hoc analysis was used to compare groups. ∗P , 0.05; ∗∗P , 0.01; ∗∗∗P , 0.001.
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(Fig. 8D) and 10% fetal bovine serum (FBS) (positive control)
when compared with serum-free medium (SFM). However,
the over-expression of Plexin C1 by these cells completely
abolished Sema7A-induced migration (Fig. 8D).

Taken together, these data demonstrate that Sema7A posi-
tively modulates both cell adhesion and persistent migration
of GN11 cells in a b1-integrin-dependent manner, whereas
expression of Plexin C1 switches off their migratory response
to Sema7A (Fig. 8E and F).

DISCUSSION

The regulation of reproductive function in mammals is
mediated by the pulsatile secretion of GnRH-1 from the hypo-
thalamus. Alterations in the migratory process of GnRH-1
neurons lead to defective GnRH-1 secretion and, subsequent-
ly, to reproductive deficits. The complex developmental events
leading to correct GnRH-1 neuronal migration are tightly
regulated by specific spatiotemporal expression patterns of
growth factors, adhesion molecules and diffusible attractants
and repellents (1,7).

Sema7A is expressed along the GnRH-1 migratory route
during mouse embryonic development, with high levels in
the nasal pit, where these cells start their migratory process,
and along the olfactory/vomeronasal axonal scaffold.
Sema7A2/2 mice show deficits consistent with the reduced
migration of GnRH-1 neurons, and the lack of olfactory
axonal abnormalities in Sema7A2/2 mice suggests that the
alteration of Sema7A signaling leads to an isolated deficit in
GnRH-1 neuronal migration without affecting the olfactory
system. Since other semaphorins are known to be expressed
in this structure during development (9,36–42), the lack of a
strong olfactory phenotype in the KO mice could also
suggest that other redundant semaphorin-signaling pathways
guarantee the establishment of the olfactory/vomeronasal
systems. We and others have indeed previously shown that
at least three semaphorins (i.e. Sema4D, Sema3A and
Sema3F) are present in the developing nasal region and, in
particular, class-3 semaphorins control the correct targeting
of the olfactory and vomeronasal axons into the developing
brain (8–10,36,37,40,42).

In the brains of adult Sema7A mutant mice, the population
of GnRH-1 cells is significantly reduced by approximately a
third compared with WT littermates. It is important to empha-
size that in recent years, there has been extensive documenta-
tion of a high degree of heterogeneity within the GnRH-1
neuronal population. It is therefore unlikely that a single
genetic mutation could completely prevent these neurons
from reaching their destination. The failure of puberty in
mammals might occur only when the majority of GnRH-1
neurons are affected by mutations in multiple genes (43,44).

It is possible that in Sema7A2/2 animals, GnRH-1 cells that
do not reach their target areas at the right time are eliminated
by cell death. However, due to the small size of the GnRH-1
neuronal population and the limited temporal window during
which apoptosis takes place, it is not possible to determine
whether this is the case. The loss of GnRH-1 immunoreactive
neurons has also been reported in other mutant mice, such as
neuropilin22/2, netrin12/2 and ephrin3–52/2 mice, but its

cause remains undetermined (8,45,46). Alternatively, the
reduction of GnRH-1 neurons in the mutants’ brains could
result from a deficit of the migratory process. As a matter of
fact, in these mice, GnRH-1 neurons accumulated in the
nasal compartment at E14.5, resulting in approximately
twice as many GnRH-1 cells as in WT mice. A previous
work has shown that the mutation of Prok2, one of the
genes mutated in autosomal forms of KS, severely reduces
the number of GnRH-1 neurons in the adult hypothalamus,
and GnRH-1 cells were found to be trapped in close proximity
of the cribriform plate at E13.5 (47).

As a result of the reduced number of GnRH-1 cells in the
brain of Sema7A2/2 mice, the median eminence of these
mice also appears to be more sparsely innervated by
GnRH-1 fibers than in WT mice. These observations together
with the reduction in the size of the litters are consistent with a
compromised GnRH-1 system. Thus, it appears that the lack of
Sema7A signaling during development initiates a sequence of
events that leads postnatally to the suboptimal maturation of
the GnRH-1 network and an impaired ability to produce off-
spring. Further studies will be required to assess whether it
is the female, the male or both null mice carrying these
fertility problems.

The male gonads show striking defects in the adult mutant
mice; however, we cannot exclude the possibility that these
defects could also be partially due to other peripheral indirect
effects occurring during development at the level of the testes.
We are currently not aware whether Sema7A is expressed at
these sites during embryonic development; however, previous
findings revealed robust Plexin C1 mRNA expression in
the mice sex cords, which later develop into seminiferous
tubules (48).

The expression pattern of the two Sema7A receptors in
GnRH-1 neurons appears to be spatiotemporally regulated:
at early stages of their migratory route, GnRH-1 neurons
only express b1-integrin receptor, whereas they begin to
express Plexin C1 during subsequent developmental stages
and at anatomical sites at which these cells stop migrating
(ventral forebrain). There is accumulating evidence to show
that semaphorin signaling is multifaceted, and that these mole-
cules can regulate integrin function, cell adhesion and migra-
tion both negatively and positively, depending on the cellular
context and on the subsets of receptors expressed (12,49).

Biochemical analysis indicates that Sema7A at low doses
stimulates the rapid phosphorylation of FAK and ERK1/2 in
GN11 cells. The phosphorylation of FAK, which occurs
upon integrin activation, is consistent with Sema7A, increas-
ing the directional migration of these cells in a
b1-integrin-dependent manner. Our in vivo results indicated
that the migratory process of GnRH-1 neurons in E14.5
Plexin C1-null mice was unchanged when compared
with WT mice, strengthening the importance of
Sema7A-b1-integrin signaling during this stage. The function-
al in vitro experiments demonstrate that Sema7A modulates
motility of GN11 cells by increasing their directional migra-
tion engaging b1-integrin-dependent adhesion. Membrane-
bound Sema7A expressed by guidepost olfactory axons
could thus modulate the response of GnRH-1 neurons to
local cues, by promoting integrin-based cell adhesion and
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the directional movement of these neurons toward the fore-
brain, finally leading to a more efficient cell migration.

Plexin C1 overexpression in GN11 cells completely abol-
ished Sema7A-induced migration, indicating that Sema7A
plays a dual role in the regulation of cell motility via the dif-
ferential activation of b1-integrin and Plexin C1, with the
former promoting enhanced directional migration in response
to chemotropic molecules, and the latter attenuating this
response. Indeed, previous studies have shown that Plexin
C1 signaling in melanocytes inhibits b1-integrin-dependent
attachment and spreading in response to Sema7A (18). This
implies that a similar mechanism could also exist in the
GnRH-1 system.

The data presented in this report promote our understanding
of the molecular mechanisms controlling the development of
the GnRH-1 and reproductive systems and may help to eluci-
date the etiology of some forms of IHH. This human disease is
genetically heterogeneous, with several associated loci that
account for �40% of all cases (4). The genes involved
encode proteins essential for the development of GnRH-1
neurons and the secretion and activity of the neuropeptide
(43,50–52), and the clinical features of GnRH-1 deficiency
are likely to be a result of the involvement of multiple
genetic defects. Interestingly, according to a recent report,
mutations in genes involved in IHH were also associated
with hypothalamic amenorrhea (6), and all six mutations iden-
tified were found to be heterozygous in these patients. The
authors speculate that such heterozygous mutations, although
not sufficient to cause IHH, could set a lower threshold for
the functional inhibition of the hypothalamic–pituitary–
gonadal axis and thereby lead to other reproductive dysfunc-
tions. To our knowledge, mutations in semaphorins-associated
genes have not been investigated so far in IHH-affected
individuals. The present study, together with previous works
(8–10), strongly indicates the relevance of these molecules
in the development of the GnRH-1 system and provides im-
portant data for future genetic studies that could shed light
into the etiology of some reproductive defects.

In summary, we provided insights into the molecular basis
of semaphorin-dependent signaling in the correct establish-
ment of the GnRH-1 and reproductive systems. Lack of this
signaling pathway impairs the final size of the GnRH-1 neur-
onal population in the hypothalamus, leading to altered fertil-
ity. It also has wider biological significance, as our results
uncover a novel role for Sema7A-b1-integrin signaling in
the regulation of neuronal migration.

MATERIALS AND METHODS

Animals

Experiments were conducted in accordance with current
European Union and Italian regulations, under the authoriza-
tion of the Italian Ministry of Health, No. 66/99-A, and in ac-
cordance with National Institutes of Health (NIH)/National
Institute of Neurological Disorders and Stroke guidelines,
and Animal Care and Use Committee approval. CD-1
embryos or NIH Swiss embryos were harvested at E11.5,
E12.5 and E14.5 (plug day, E0.5) and used for nasal explants,
or fixed overnight at 4% PFA in 0.1 M phosphate buffer, pH

7.4, cryoprotected and frozen and stored (2808C) until pro-
cessing for immunohistochemistry. For in situ hybridization
experiments, E11.5 and E12.5 embryos were directly frozen
and sections cut on a cryostat. Sema7A2/2 and Plexin
C12/2 mice have been previously characterized (22).

Adult mice (3–5 months old) were anesthetized with an
intraperitoneal injection of 200 mg/kg ketamine and perfused
with 4% PFA.

Histology of the testes

Testes were collected from 3-month-old Sema7A+/+ and
Sema7A2/2 mice, fixed in 4% PFA solution and stored at
48C. Paraffin-embedded testes were sectioned at a thickness
of 5 mm (histology facility, University of Lille 2, France)
and stained using Masson’s Trichrome protocol.

Immunohistochemistry

Tissues were cryosectioned (Leica cryostat) at 16 mm intervals
in the case of embryos, and at 35 mm intervals for free-floating
sections in the case of adult brains. Immunohistochemistry was
performed as previously reported (10,30). For immunofluores-
cence, Alexa-Fluor 488 (1:400)- and Cy3- (1:800)-conjugated
secondary antibodies (Invitrogen, Molecular Probes) were
used. Fluorescent specimens were mounted using
1,4-diazabicyclo[2.2.2]octane (DABCO; Sigma-Aldrich).

The primary antisera used were as follows: rabbit
anti-GnRH-1: LR1 (1:8000 and 1:4000 for immunofluores-
cence; kindly provided by Dr Benoit, Montréal, Canada) and
guinea pig anti-GnRH-1 (1:1000, a generous gift of Dr
Philippe Ciofi, Neurocentre Magendie, Inserm U862, Bor-
deaux, France); goat anti-Plexin C1 (N-17) (1:50): sc-10149
(Santa Cruz Biotechnology, Inc.); rabbit anti-b1-integrin
(M-106) (1:20): sc-8978 (Santa Cruz Biotechnology, Inc.);
rabbit anti-Peripherin (1:1000): AB1530 (Chemicon, Teme-
cula, CA, USA); rabbit anti-Sema7A (1:50): ab23578
(Abcam); goat anti-Sema7A (1:100): sc-67969 (Santa Cruz
Biotechnology, Inc.); mouse anti-b-tubulin (1:500)
(Sigma-Aldrich).

In situ hybridization

Non-radioactive in situ hybridization was carried out with
digoxigenin-labeled antisense cRNA probes transcribed from
rat Sema7A (a 362 bp fragment corresponding to nucleotides
364–726 of the coding region) (24). The generation of
cRNA probes and the in situ hybridization protocol were as
described previously (53).

Image analysis

Images were captured using a microscope (Eclipse 80i; Nikon)
with 2×/0.06 NA, 10×/0.30 NA and 20×/0.50 NA objectives
(Nikon) and equipped with a digital camera (CX 9000; MBF
Bioscience). For confocal observations and analyses, an
inverted laser scanning Axio observer microscope (LSM
710, Zeiss) with EC Plan NeoFluor 10×/0.3 NA, 20×/0.5
NA and 40×/1.3 NA (Zeiss) objectives were used (Imaging
Core Facility of IFR114 of the University of Lille 2, France).
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ImageJ (National Institute of Health, Bethesda, USA) and
Photoshop CS4 (Adobe Systems, San Jose, CA, USA) were
used to process, adjust and merge the photomontages.

Nasal explants

Nasal explants were generated as previously described (28).
Briefly, the nasal pits of E11.5 NIH Swiss mice were isolated
under aseptic conditions in Gey’s Balanced Salt Solution
(Invitrogen) enriched with glucose (Sigma-Aldrich), and
maintained at 48C until plating. Nasal explants were placed
onto glass cover slips coated with 10 ml of chicken plasma
(Cocalico Biologicals, Inc.). Thrombin (10 ml; Sigma-Aldrich)
was then added to allow the explant to adhere to the cover slip
(thrombin/plasma clot). Explants were maintained in defined
SFM containing 2.5 mg/ml fungizone (Sigma-Aldrich) at
378C with 5% CO2 for up to 30 DIV. From culture day 3 to
day 6, fresh media containing fluorodeoxyuridine (8 ×
1025

M; Sigma-Aldrich) was provided to inhibit the prolifer-
ation of olfactory neurons and non-neuronal tissue. The
medium was replaced by fresh SFM twice a week.

Single-GnRH-1 cell isolation

Cell isolation and single-cell RT-PCR were performed as pre-
viously described (30). Briefly, nasal explants were washed
twice with 1× PBS (without Mg2+ or Ca2+). Single-GnRH-1
cells were identified by their bipolar morphology, association
with outgrowing axons, and location, and then isolated from
nasal explants using a micropipette controlled by a microma-
nipulator (Narishige) connected to an inverted microscope
(IX51; Olympus) at four time points (3, 4, 10 and 28 DIV).
Cells isolated at 3 and 4 DIV are representative of migratory
GnRH-1 cells, whereas cells at 10 and 28 DIV are post-
migratory neurons. cDNA was generated and PCR amplifica-
tion performed as described previously (54).

Microarray and data analysis

Microarray experiments on GnRH-1 cells and midline
nasal cartilage were performed previously in the laboratory
of Dr Susan Wray (Cellular and Developmental Neurobiology
Section, NINDS Porter Neuroscience Research Center,
Bethesda, MA, USA) using material obtained from
single-GnRH-1 cells (32,54) and midline nasal cartilage. All
material was subsequently processed (labeled and hybridized)
by the DIRP NIH microarray core facility. GeneChip Mouse
Genome 430 2.0 arrays (Affymetrix, Santa Clara, CA, USA)
were used. The microarrays were checked for noise and out-
liers using custom R scripts, including covariance-based
PCA, correlation heat maps, LOWESS analysis, and cluster-
ing. The data were normalized such that the average expres-
sion of genes in all chips was similar, log-transformed and
statistical analysis carried out using Student’s t-test. Since
levels of receptors were generally an order of magnitude
lower than those of housekeeping genes, receptor expression
was analyzed after grouping in order to distinguish positive
signals from background. Genes were filtered on the basis of
call, fold-change and P-value. In this report, the Sema7A
receptors Plexin C1 and b1-integrin were examined. Genes

with a signal log ratio greater than +0.5 (1.41-fold) and a
P-value ,0.05 were chosen as being statistically different.

To investigate which pathways the Sema7A receptors map
to in GnRH-1 cells, and to determine whether there are inter-
actions between them, the data set containing gene identifiers
along with the corresponding fold changes was uploaded into
the Ingenuity Pathways Analysis program. A 1.41-fold change
(log ratio+ 0.5) was set to identify genes whose expression
was significantly differentially regulated. Networks of these
focus genes were then algorithmically generated based on
their connectivity. All interactions were supported by at least
one reference from the literature or from canonical informa-
tion stored in the Ingenuity knowledge base.

Analysis of GnRH-1 neurons in transgenic mice

Serial sagittal sections (16 mm thickness) from E14.5
Sema7A2/2 (n ¼ 4), Plexin C12/2 (n ¼ 5) and WT mice
(Sema7A+/+, n ¼ 5; Plexin C1+/+, n ¼ 3) were cut and
immunolabeled for GnRH-1 and peripherin. A quantitative
analysis of GnRH-1 neuronal number as a function of location
was performed, with GnRH-1 cells being counted in three
regions (the nasal compartment, olfactory bulb/dorsal fore-
brain and ventral forebrain). Serial coronal sections (35 mm,
six series) from adult Sema7A2/2 (females, n ¼ 5; males,
n ¼ 5) and Sema7A+/+ mice (females, n ¼ 5; males, n ¼ 4)
were labeled for GnRH-1. Total numbers of GnRH-1 cells
were calculated for each brain and combined to give group
means+SEM.

Cell cultures

All cell lines were grown in monolayers at 378C under 5%
CO2, in DMEM (Invitrogen) containing 1 mM sodium pyru-
vate, 2 mM glutamine (Invitrogen), 100 mg/ml streptomycin,
100 U/ml penicillin and 4500 mg/500 ml glucose (MP Biome-
dicals), supplemented with 10% FBS (Invitrogen) as previous-
ly described (10). The medium was replaced at 2-day intervals.
Subconfluent cells were routinely harvested by trypsinization
and seeded onto 58 cm2 dishes (1 × 105 cells). GN11 cells
were always used for experiments between their third and
sixth passages.

In vitro cell transfection

293T cells were transiently transfected using the fast-forward
protocol. Briefly, a 58 cm2 subconfluent dish was split into
four dishes in OptiMEM medium (Invitrogen) about 1 h
before high-efficiency liposome transfection (Lipofectamine
2000, Invitrogen). Each dish was transfected with 2–4 mg of
DNA construct (recombinant Sema7A fused to AP, AP only
and Sema7A-KGE). Sema7A-KGE is a mutated form of
Sema7A, in which the putative integrin-binding RGD
sequence is altered to KGE (22). GN11 cells were transfected
using the same protocol with a construct encoding the full-
length form of Plexin C1 (22).
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Transwell assay

Transwell experiments were performed following protocols
previously described (55). Briefly, GN11 cells (1 × 104

cells) were seeded onto the upper side of 8 mm-pore filters
in transwell chambers (Falcon) and incubated overnight in
serum-free DMEM with or without recombinant Sema7A
(R&D Systems) in both chambers (n ¼ 12 for each treatment
condition). Cells on the upper side of the filters were then
mechanically removed. GN11 cells from the lower side of
the filter were then fixed in cold 100% methanol for 5 min,
and the nuclei stained with DAPI.

Western blot analysis

For phosphorylation experiments, subconfluent GN11 cells
were grown overnight in SFM and then stimulated
with SFM or recombinant Sema7A protein (R&D Systems)
at the indicated concentration for 15 min. Stimulation
with Sema7A fused with AP (Sema7A-AP), AP only or
Sema7A-KGE-AP was performed using conditioned medium
diluted 1:3 for 15 min. Western blot experiments were per-
formed as previously described (10).

The primary antibodies used were as follows: 1:1000 mouse
anti-phospho-ERKs (Cell Signaling Technology) and 1:1000
rabbit anti-ERKs (Cell Signaling Technology); 1:1000
mouse anti-phospho-FAK (Santa Cruz Biotechnology, Inc.)
and 1:1000 mouse anti-FAK (Santa Cruz Biotechnology,
Inc.); 1:200–1:500 goat anti-Plexin C1 (N-17; Santa Cruz
Biotechnology, Inc.); 1:100–1:500 rabbit anti-b1-integrin
(M-106; Santa Cruz Biotechnology, Inc.); 1:30 000 mouse
anti-a-actin (Sigma-Aldrich).

Single-cell tracking

For single-cell tracking experiments, GN11 cells were
seeded at low density (3 × 103 cells/cm2) into culture dishes
in complete medium (serum-free DMEM containing 1 mM

sodium pyruvate, 2 mM glutamine, 100 mg/ml streptomycin,
100 U/ml penicillin and 9 mg/ml glucose) with or without re-
combinant Sema7A (either in the soluble form or in the adhe-
sive form) from conditioned media, and cell migration was
analyzed by time-lapse video microscopy for at least 3 h.

Wound-healing assay

GN11 cells were seeded at a high density (1.25 × 105 cells/
cm2) into cell culture insert (ibidi) to generate a wound with
a gap of 500 mm. After overnight incubation, the medium
was replaced by conditioned media and cell migration was
analyzed by time-lapse video microscopy for a duration of
8 h. The area occupied by migrating GN11 cells was measured
using ImageJ software and normalized to controls.

Time-lapse video microscopy

Cells were kept at 378C under 5% CO2 in an incubator
chamber for time-lapse video recording (Okolab). Cell move-
ments were monitored with an inverted microscope (Eclipse
Ti, Nikon) using 4×/0.10 or 10×/0.25 NA Plan objectives.

Images were collected with CCD video cameras (Roper Scien-
tific) at 3–5 min time intervals, digitized and stored as image
stacks using the MetaMorph 7.6.1.0 software (Universal
Imaging Corp.). Image stacks were analyzed with the NIH
image software (ImageJ) and at least 100 cells per treat-
ment/condition were manually tracked using MtrackJ plugin.
Cells whose migration was not contained within the image
field for the duration of the experimental run, as well as cells
that divided, were excluded from this calculation. The velocity
of each cell was calculated by dividing the accumulated dis-
tance from the starting point to the final position of the cell
path by the time elapsed. To discriminate between random
and directional migration, the Euclidean distance from the start-
ing point to the final position of the cell (i.e. the vectorial dis-
tance traversed) was divided by the accumulated distance (total
path length). This value was multiplied by the square root of the
cell track duration. For wound-healing experiments, images
were obtained every 5 min for a duration of 8 h and the area oc-
cupied by migrating GN11 cells was measured using the
ImageJ software. Data were normalized to the free area at the
first time point (t ¼ 0) and then to controls.

Adhesion assay

For adhesion assay, 2 × 104 GN11 cells were resuspended in
0.1 ml of SFM containing increasing doses of recombinant
Sema7A (R&D Systems) with or without anti-a5b1-integrin
(BMA5, Millipore; 20 mg/ml) or anti b1-integrin (BD
Pharmigen; 25 mg/ml) blocking function antibodies, plated
on MillicoatTM Cell Adhesion Strip (Millipore)-coated FN,
incubated for 30 min at 378C, washed three times with PBS
and stained with 0.2% crystalviolet, 10% ethanol.

Stripe assay

To obtain a surface alternatively coated with Sema7A and
Sema7A-KGE, stripes were prepared following a modified
version of the stripe assay protocol described by Knöll et al.
in 2007 (56). Briefly, two different solutions were prepared
using 20-fold concentrated Sema7A or Sema7A-KGE CM
supplemented, respectively, with CY3-conjugated or unconju-
gated dextran. In the first step, Sema7A solution was injected
into the inlet channel of 50 mm-wide parallel channel silicon
matrix (Max Plank Institute, Tübingen, Germany) and incu-
bated for 2 h at 378C in a humidified incubator. Then the
matrix was removed and, after three washes with bi-distilled
sterile water, the Sema7A-KGE mix was added on the entire
surface and incubated for 2 h. Stripes were finally washed
three times again and air-dried under sterile condition. To
obtain a linear cell front orthogonal to the stripes, GN11
cells were seeded at a high density (1.25 × 105 cells/cm2) in
cell culture insert (ibidi) in close proximity to the stripes.

Statistical analysis

For the comparison of multiple groups, statistical significance
was determined using a two-way analysis of variance
(ANOVA; for Gaussian distributed data) followed by
Tukey’s HSD post hoc analysis or Kruskal–Wallis
(non-parametric) tests. For comparisons between paired,
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normally distributed data, a paired t-test was used. A P-value
,0.05 was considered to indicate a significant difference.
Data are indicated as means+SEM per group (for normally
distributed data). A non-parametric unpaired test (Wil-
coxon–Mann–Whitney) was used to compare the percentages
of primary GnRH-1 cells expressing specific transcripts at dif-
ferent in vitro stages. A P-value ,0.01 was considered to in-
dicate a significant difference.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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