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Commissural axon guidance depends on a myriad of cues expressed by intermediate targets. Secreted semaphorins
signal through neuropilin-2/plexin-A1l receptor complexes on post-crossing commissural axons to mediate floor
plate repulsion in the mouse spinal cord. Here, we show that neuropilin-2/plexin-A1 are also coexpressed on com-
missural axons prior to midline crossing and can mediate precrossing semaphorin-induced repulsion in vitro. How
premature semaphorin-induced repulsion of precrossing axons is suppressed in vivo is not known. We discovered
that a novel source of floor plate-derived, but not axon-derived, neuropilin-2 is required for precrossing axon path-
finding. Floor plate-specific deletion of neuropilin-2 significantly reduces the presence of precrossing axons in the
ventral spinal cord, which can be rescued by inhibiting plexin-A1 signaling in vivo. Our results show that floor plate-
derived neuropilin-2 is developmentally regulated, functioning as a molecular sink to sequester semaphorins, pre-
venting premature repulsion of precrossing axons prior to subsequent down-regulation, and allowing for sema-

phorin-mediated repulsion of post-crossing axons.

[Keywords: spinal cord; pathfinding; semaphorin 3B; explant cultures; neural development]

Supplemental material is available for this article.

Received June 27, 2015; revised version accepted November 13, 2015.

In bilaterally symmetric organisms, commissural neurons
and their axons play a key role in transferring information
from one side of the central nervous system (CNS) to
the other (Kaprielian et al. 2001; Vallstedt and Kullander
2013). The highly stereotyped trajectories of commissu-
ral axon projections allow them to serve as a model sys-
tem for investigating mechanisms of axon guidance
during neural development (Kolodkin and Tessier-Lav-
igne 2011). Spinal cord commissural axons are attracted
to the CNS midline by floor plate-derived chemoattrac-
tants, such as netrin, while floor plate-derived repellents,
including semaphorins, expel axons from the floor plate
and prevent their recrossing (Kolodkin and Tessier-Lav-
igne 2011). Previous studies have shown that a number
of class 3 secreted semaphorins (Sema3s) are expressed
in the developing mammalian spinal cord (Zou et al.
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2000; Cohen et al. 2005; Huber et al. 2005). Notably,
Sema3B is highly expressed at the midline by floor plate
cells, while Sema3F is more broadly expressed in the inter-
mediate zone (Zou et al. 2000). In vitro assays using rodent
spinal cord explants demonstrate that both Sema3B and
SemadF strongly inhibit the growth of commissural axons
that have crossed the floor plate (post-crossing) but do not
affect the growth of axons that have not encountered the
floor plate (precrossing) (Zou et al. 2000), suggesting a
post-crossing function for Sema3 signaling in commissur-
al axon guidance.

Neuropilin-2 (Nrp2) is an obligate coreceptor for
Sema3s (Chen et al. 1997; Giger et al. 1998) and regulates
a number of neurodevelopmental processes (Tran et al.
2007; Yoshida 2012; Jongbloets and Pasterkamp 2014).
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These include the guidance of axons in select central and
peripheral axonal tracks and nerves (Chen et al. 1998,
2000; Giger et al. 2000; Cloutier et al. 2002; Walz et al.
2002; Huber et al. 2005; Claudepierre et al. 2008; Kolk
et al. 2009; Demyanenko et al. 2011). Previous work
has shown that Nrp2 mRNA is prominently expressed
in neurons that extend commissural axons (Zou et al.
2000; Nawabi et al. 2010). Nrp2 protein expression is in
line with this mRNA expression profile; robust Nrp2
protein levels are observed within a subpopulation of
dorsal spinal commissural neurons that are positive for
the Atoh-1/Math-1 transcription factor and also in a sub-
set of ventral GABAergic commissural neurons (Phelps
et al. 1999; Tran et al. 2013). Nrp2-deficient mice display
various spinal commissural axon guidance defects during
midline crossing at the floor plate and in post-crossing
axon trajectories (Zou et al. 2000; Tran et al. 2013); how-
ever, Nrp2 mutants do not exhibit any commissural
axon precrossing guidance errors.

Plexin-Al (PlxnAl) forms a holoreceptor complex
with neuropilins (Rohm et al. 2000) to signal Sema3-medi-
ated repulsion of commissural axons (Mann and Rougon
2007). Interestingly, Nrp2-positive precrossing commis-
sural axons are insensitive to Sema3B, and this is thought
to be due to proteolytic processing of PlxnAl receptors,
a process that is down-regulated in commissural axons
when they encounter NrCAM, a cell adhesion molecule,
in the floor plate (Nawabi et al. 2010). However, we
observed here that both PlIxnA1 and Nrp2 proteins are ex-
pressed in precrossing axon segments in overlapping
subsets of dorsal and ventral commissural axons in vivo.
This unexpected finding led us to revisit the role played
by Semad signaling in the guidance of precrossing com-
missural axons and ask the following questions: (1) Are
Nrp2-positive precrossing axons sensitive to the repulsive
effects of Sema3s in the developing mouse spinal cord? (2)
If so, then what is the mechanism that prevents premature
Sema3B-mediated repulsion of Nrp2-positive precrossing
axons, allowing them to reach the ventral midline?

Here, we focus on the function of Nrp2 and PlxnAl in
both dorsal and ventral precrossing commissural axons,
using in vivo mouse genetic experiments to investigate
the functional role of a novel source of Nrp2 protein ex-
pressed by floor plate cells. We found that both Nrp2
and PlxnAl expressed in dorsal and ventral commissural
neurons are dispensable for precrossing commissural
axon pathfinding. However, specific deletion of Nrp2 in
floor plate cells causes a significant defect in the trajecto-
ries of these precrossing axons. Furthermore, we show
that precrossing axons from dorsal spinal cord explants
are indeed sensitive to Sema3B, but not Sema3F, and
that precrossing axon guidance defects observed in mu-
tant embryos that lack Nrp2 expression in the floor
plate are rescued by inhibiting PlxnA1l signaling in vivo.
Taken together, our results demonstrate that select sub-
sets of dorsal and ventral precrossing commissural axons
are responsive to the inhibitory effects of Sema3B, but
premature repulsion of precrossing axons is prevented by
a novel, non-cell-autonomous function of Nrp2 in floor
plate cells.
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Results

Nrp2 and PIxnA1 are expressed in overlapping subsets
of precrossing commissural axons

Nrp2~/~ embryos have defects in post-crossing commis-
sural axon trajectories (Zou et al. 2000; Tran et al. 2013),
consistent with the expression of Nrp2 protein in dorsal
Atohl/Mathl-positive and ventral GABAergic neurons
and their axons (Phelps et al. 1999; Tran et al. 2013).
PlxnAl mRNA is also detected in dorsal commissural
neurons (Nawabi et al. 2010), but whether PIxnA1 protein
is coexpressed with Nrp2 in commissural axon bundles is
not known. Using a polyclonal rabbit PlxnAl antibody
raised against a peptide epitope from the most C-terminal
16 amino acids of mouse PlxnA1 (Yoshida et al. 2006), we
found that PlxnAl colocalizes with Nrp2 in post-crossing
segments of commissural axons (Fig. 1A,A’). However,
PlxnA1 was also prominently detected in precrossing seg-
ments, which was unexpected because a previous study
showed that levels of PIxnA1l are low in commissural ax-
ons prior to encountering the floor plate (Nawabi et al.
2010). This result prompted us to test the specificity of
our mouse PlxnAl antibody and the human PlxnA1l anti-
body, used in the earlier study, on PIxnA1~/~ spinal cord
sections. While both antibodies stained pre- and post-
crossing commissural axons (Fig. 1A,A’; Supplemental
Fig. 1A), only the mouse PlxnA1l staining was specifically
lost in PIxnA1~'~ spinal cord sections (Supplemental Fig.
1B). A significant nonspecific immunofluorescent signal
remained in PIxnA1~/~ tissue stained with the human
PlxnAl antibody (Supplemental Fig. 1A). Colocalization
of Nrp2 and PlxnAl with a precrossing commissural
axon marker, transient axonal glycoprotein 1 (TAG1),
confirmed that PlxnAl and Nrp2 are expressed in pre-
crossing segments within a subset of commissural axons
(Fig. 1A,A’; Supplement Fig. 1), which can be detected as
early as embryonic day 10.5 (E10.5) (Fig. 1B) until at least
E12.5 (Fig. 1C).

Previous work has suggested that premature sema-
phorin-mediated repulsion of precrossing axons is pre-
vented through the active degradation of PlxnAl by
calpainl in precrossing axons (Nawabi et al. 2010). The
model also suggested that interaction of commissural ax-
ons with NrCAM at the floor plate suppresses PlxnAl
cleavage, thereby promoting up-regulation of PlxnAl
in post-crossing axons. However, we found that levels
of PlxnAl in precrossing, crossing, and post-crossing
axons of wild-type embryos were similar to the levels in
NrCAM~~ mutant littermates. Furthermore, colocaliza-
tion of Nrp2 with PIxnAl in precrossing axons (Fig. 1D)
suggests that PlxnA1 and Nrp2 may form functional sem-
aphorin receptors in precrossing commissural axons.

Sema3B inhibits precrossing commissural axon
outgrowth

Coexpression of Nrp2 and PlxnAl in precrossing axons
suggests that commissural axons may respond to Sema3s
prior to midline crossing. To test this idea, E11 dorsal
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Figure 1. Dorsal commissural precrossing neurons express Nrp2 and PlxnAl, and their axons are responsive to Sema3B inhibition in a
dosage-dependent manner. (A) Representative confocal images of a transverse wild-type mouse spinal cord section at E11.5 labeled with
antibodies against PlxnAl (blue) (Yoshida et al. 2006), Nrp2 (red), and TAG1 (green). White arrowheads illustrate the coexpression of
PlxnA1l, Nrp2, and TAGI1 on precrossing axons in the dorsal spinal cord. Bar, 125 pm. (A’) Higher-magnification images of the same spinal
cord section shown in A illustrate colabeling of PIxnA1, Nrp2, and TAG1 in the ventral spinal cord and the ventral commissure. (FP) Floor
plate. Bar, 75 um. PlxnA1 antibody specificity is shown in Supplemental Figure 1. (B) Wild-type E10.5 spinal cord transverse section double
labeled with antibodies against mouse PlxnA1l (left panel) and Nrp2 (middle panel) and merged (right panel). Bar, 60 nm. (C) Wild-type
E12.5 spinal cord transverse section double labeled with antibodies against mouse PlxnA1 (left panel) and Nrp2 (middle panel) and merged
(right panel). Bar, 250 um. (D) E11.5 transverse spinal cord sections taken from wild-type and NrCAM-null animals and processed for
immunolabeling against PlxnA1 and Nrp2. Dorsal commissural neuron cell bodies and their precrossing axons are labeled with white ar-
rowheads and white arrows, respectively. Bar, 125 um. (E) Schematic diagram illustrating the microdissection of E11 dorsal spinal cord
explants for culture and analyzing precrossing axon outgrowth. (F) Representative dorsal spinal cord explant cultures challenged with in-
creasing levels of Sema3B proteins. (G) Axonal outgrowth from dorsal spinal explants were normalized and are shown in percentages with
respect to the untreated (100 = 11.45) cultures. A decrease of >30% (67.54 =5.29), 95% (4.97 +1.22), and 100% (0.63 + 0.02) in outgrowth
was observed with 0.5 pg/mL, 1.0 pg/mL, and 2.0 pg/mL Sema3B, respectively. (H) Normalized axonal outgrowth of dorsal commissural
precrossing axons treated with Sema3A and Sema3F at 1 ug/mL concentration. The graph shows percentages normalized to untreated con-
trols (100 = 10.55), Sema3A (113.6 = 4.12), and Sema3F (125.6 = 6.29). Data represent compiled means + SEM from n =4 independent ex-
plant cultures. Analysis of variance (ANOVA) followed by post-hoc Tukey test, (*) P<0.05 compared with 0 pg/mL; (#) P<0.05
compared with 0.5 pg/mL of Sema3B; (n.s.) not significant.

spinal cord explants containing the dorsal Nrp2-positive
commissural neurons that have not yet extended their ax-
ons across the midline were cultured in the presence of
Netrinl for 1 d in vitro (Fig. 1E; Xu et al. 2014). Because
Sema3B is the major Sema3 expressed by the floor plate
(Zou et al. 2000; Nawabi et al. 2010), we challenged
Netrinl-induced growth of precrossing axons with in-
creasing levels of Sema3B. Sema3B (0.5 pg/mL) signifi-
cantly inhibits axon growth from dorsal spinal cord
explants, resulting in a 32 % reduction in normalized axo-
nal outgrowth compared with the controls (Fig. 1F,G).
This response to Sema3B is dosage-dependent; axon out-
growth is inhibited 95%-100% in explants cultured
with increasingly higher concentrations of Sema3B

(1 pg/mL and 2 pg/mL, respectively). Consistent with
previous findings, we also found that Sema3B inhibits out-
growth of post-crossing axons in a dosage-dependent man-
ner (Supplemental Fig. 2A,C). In contrast, neither Sema3A
nor Sema3F significantly affect Netrinl-induced axon
outgrowth (up to 1 pg/mL) (Fig. 1H), indicating that this
semaphorin-induced effect on precrossing commissural
axons is specific to Sema3B. Consistent with previous re-
sults, growth of post-crossing axons was inhibited by
Sema3F but not Sema3A (Supplemental Fig. 2B,D). Taken
together, these results indicate that precrossing axons
are competent to sense Sema3dB as they approach the floor
plate and that post-crossing axons can rely on both
Sema3B and Sema3F for their pathfinding.
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Nrp2 is expressed in the floor plate during precrossing
commissural axon pathfinding

Sema3dB is highly expressed in the floor plate at a time
when commissural axons approach and cross the midline
(Nawabi et al. 2010), suggesting that premature floor plate
repulsion must be prevented in order for precrossing axons
that respond to Sema3B to cross the midline. Immunolab-
eling of spinal cord sections for Nrp2 expression reveals
anovel and unexpected source of Nrp2 at the ventral mid-
line. Floor plate staining for Nrp2 is specific, as it is not
present in the spinal cords of Nrp2~/~ embryos (Fig. 2).
To determine whether the signal at the ventral midline
originates from commissural axons crossing the midline
or floor plate cells, we stained spinal cord sections with
Nrp2 antibody and an antibody against a floor plate-
specific marker, BEN/ALCAM/SC1/DM-GRASP/MuSC

Nrp2 is specifically express in the midline floor plate

(Dillon et al. 2005). The majority of Nrp2 at the ventral
midline colocalizes with BEN (Fig. 2A [see high-magnifi-
cation images in bottom panels|, B), suggesting that floor
plate cells are a significant source of Nrp2 in the develop-
ing spinal cord. To extend this analysis, we detailed the
developmental profile of Nrp2 expression in floor plate
cells. Nrp2 is expressed in the floor plate as early as
E9.5, a time before commissural axons even begin to pro-
ject ventrally toward the midline (Fig. 2C). Interestingly,
commissural axon expression of P1xnA1 was first detected
at E10.5 (Fig. 1B), 1 d later than the onset of floor plate-de-
rived Nrp2 expression. The intensity of Nrp2 staining
gradually increases between E9.5 and E11.5 and appears
to peak at E11.5 (Fig. 2C). One day later, at E12.5, Nrp2
floor plate expression is dramatically reduced, and, by
E13.5, Nrp2 expression is almost completely absent.
The dynamic temporal regulation of Nrp2 floor plate

Spatial and temporal expression profile of Nrp2

Nrp2/Ben

Wild type

Nrp2-/-

Nrp2/TAG

O

Figure 2. Nrp2is highly expressed in the floor plate of the mouse spinal cord and is dynamically regulated during commissural axon path-
finding. (A) Wild-type E11.5 mouse spinal cord transverse sections show Nrp2 expression (green) in dorsal (white arrowheads) and ventral
(white arrows) commissural neuron populations. Nrp2 is highly expressed in the floor plate and was colabeled with the floor plate-specific
murine SC1-related protein (Ben; red). The bottom rows are a higher magnification of the top row images of the floor plate region. Bars: top
row, 125 um; bottom row, 25 um. (B) A Nrp2 homozygote-null mutant (Nrp2~/~) spinal cord section at E11.5 colabeled with Nrp2 (green)
and Ben (red). Bar, 125 um. (C) Wild-type transverse spinal cord sections are shown colabeled with antibodies against Nrp2 (green) and
TAGI (red). Expression of Nrp2 in the floor plate can be detected as early as E9.5, at a developmental stage before commissural neurons
extend axons toward the floor plate at the ventral midline. Bar, 100 um. At E10.5, wild-type Nrp2-positive (green) commissural axons coex-
pressing TAGI (red) have reached the ventral midline, where the floor plate robustly expresses Nrp2. Bar, 100 um. At this stage, expression
of PIxnA1 can also be detected in commissural axons, as shown in Figure 1C. Immunofluorescence of Nrp2 expression from both the mid-
line crossing axons in ventral commissure and the floor plate cells is the highest at E11.5. Bar, 160 um. While a few precrossing axons still
express Nrp2 at E12.5, the floor plate-derived Nrp2 expression is down-regulated. Bar, 200 um. By E13.5, the majority of commissural
axons have crossed the midline, and the expression of Nrp2 from the floor plate has dramatically decreased in fluorescent intensity.
Bar, 250 pm. White arrowheads point to dorsal commissural axons. (FP) Floor plate.
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expression coincides with the time when the majority of
spinal commissural axons project toward the floor plate
and cross the midline and begs the question of whether
this robust source of Nrp2 at the floor plate plays a role
in the guidance of precrossing commissural axons.

Floor plate-derived Nrp2 is required for the guidance
of precrossing axons of dorsal and ventral
commissural neurons

To examine whether floor plate-derived Nrp2 contributes
to commissural axon guidance, conditional Nrp2”f
mice, which express GFP following Cre-mediated gene
excision, were crossed to the FoxA2-CreERT2 line that
drives cre recombinase expression specifically in floor
plate cells in response to tamoxifen (TM) treatment
(Park et al. 2008). Importantly, untreated E11.5 Nrp2',
FoxA2*/C*ERT2 (ng TM) embryos express Nrp2 in com-
missural axons and the floor plate at levels comparable
with that of wild-type embryos (Figs. 1A, 3A). Following
TM treatment, E11.5 Nrp2”/,FoxA2*/¢*ERT2 embryos
show a specific loss of Nrp2 in floor plate cells without af-
fecting Nrp2 expression in commissural axons (Fig. 3). In-
terestingly, floor plate-specific deletion of Nrp2 causes a
misprojection of TAG1- and Nrp2-positive precrossing ax-
ons (Fig. 3A-C; Supplemental Fig. 3A,B). To confirm that
floor plate-specific deletion of Nrp2 did not alter ex-
pression of Nrp2 and PlxnAl in precrossing axons,
open-book preparations of spinal cords from TM-treated
and untreated E11.5 Nrp2/f,FoxA2+/¢ERT2  animals
were analyzed by immunofluorescent labeling of
PlxnAl and Nrp2. Commissural axon expression of
PlxnAl and Nrp2 was comparable between TM-treated
Nrp2/,FoxA2*/CrERT2 gnd control animals (Supplemen-
tal Fig. 1C). Despite the weaker PlxnAl signal compared
with Nrp2, there is measurable overlap of the two signals
in precrossing axons (Supplemental Fig. 1C, white ar-
rows). To quantify defects in the Nrp2 floor plate-specific
deletion mutants, we systematically determined the spe-
cific immunofluorescence of Nrp2 and TAGI in the ven-
tral one-third of transverse spinal cord sections
normalized to the size of each section measured (Fig.
3D). The fluorescent intensity of Nrp2 and TAGI is de-
creased by >40% and 45%, respectively, in Nrp2'”,
FoxA2*+/CreERT2. \TM-treated (Nrp2, 7.52+0.50; TAGI,
1.38 +0.14) and Np2”l; FoxA2 CreERT2/CIeERT2 | T\ treat-
ed (Nrp2, 8.16+0.50; TAGI, 1.86+0.16) embryos com-
pared with Nrp2”,FoxA2+/*ERT2 with no TM (Nrp2,
11.89+0.72; TAGI, 3.26 +0.37) (Fig. 3E,G; see also Sup-
plemental Table 1). We also determined the thickness of
the ventral commissure, which was measured using the
same criteria as previously described (Fig. 3D; Jaworski
et al. 2010). The ventral commissure thickness using
Nrp2 immunofluorescence was significantly reduced by
>25% and 50% in Nzp2"/,FoxA2*/C*ERT2 L, TM (0.0452 +
0.0022) and Nrp2”; Fox A2 CreERT2/CreERT2 | TV (0.0243 +
0.0014) embryos, respectively, compared with untreated
Nrp2f,FoxA2*+/“TFRT2 ¢ontrols (0.0614 + 0.0015) (Fig. 3F).

Precrossing defects were investigated further using
whole-mount labeling of the spinal cords in the open-

Non-cell-autonomous role of Nrp2 at the midline

book preparation. Z-stack medial-to-lateral serial con-
focal images were acquired for viewing pre- and post-
crossing axons as previously described (Tran et al.
2013). Localization of Nrp2-positive dorsal commissural
neurons is unaltered in Nrp2"”/,FoxA2°"FRT2* mutants.
Furthermore, Nrp2 expression in these neurons is compa-
rable between Nrp2/,FoxA2°mERT2* mutants and Nrp2//;
FoxA2CTERT2= controls (Supplemental Fig. 3C,D, area
marked by dashed lines). TUNEL (terminal deoxynucleo-
tidyl transferase-mediated deoxyuridine triphosphate
nick end labeling] and DAPI labeling reveal no gross
changes in apoptosis or cellular density in the spinal cords
of Nrp2™l;FoxA2°rERT2* . TM mutants compared with no
Cre and no TM controls (Supplemental Fig. 4). However,
analysis of the ventral commissure in open-book prepara-
tion of the Nrp2"/,FoxA2¢™FRT2* TM mutant spinal
cords revealed fewer bundles of crossing axons, consistent
with the reduced ventral commissural thickness observed
in the transverse sections.

To more broadly extend these findings to other pop-
ulations of commissural axons, we examined precros-
sing axon phenotypes in Robo3.l-positive axons and
GABAergic commissural neurons that reside in the ven-
tral spinal cord (Phelps et al. 1999). The latter were
shown previously to express Nrp2 on their axons (Tran
et al. 2013). The normalized fluorescence ratio for both
Robo3.1- and GAD65-positive axons is significantly re-
duced by ~30% and >40%, respectively, in Nrp2'”,
FoxA2*/CERT2. \TM embryos (Robo3.l1, 8.87+0.51;
GADG5, 7.66+1.20) compared with untreated controls
(Robo3.1, 11.57 +0.57; GADG5, 14.48 + 1.06) (Fig. 4A-C;
Supplemental Fig. 5A-C). Additionally, the normalized
ventral commissure thickness is reduced by >25% in
Robo3.1* and GAD65* axons from Nrp2'/f;FoxA2*/CreERT2
+TM (Robo3.1, 0.033 +0.0021; GAD65, 0.040 +0.0032)
when compared with Nrp2”;FoxA2+/¢"*FRT2 embryos re-
ceiving no TM (Robo3.1, 0.047 = 0.0015; GADG65, 0.056 +
0.0021) (Fig. 4D; Supplemental Fig. 5A,B,E). Furthermore,
ventral commissure thickness is reduced by ~60% in
Nrp2!f,FoxA2CreERT2/CIeERT2. TN embryos (Robo3.1,
0.016 +0.0011) (Fig. 4D). This more severe phenotype is
likely attributed to more prompt removal of Nrp2 floor
plate expression upon TM induction in mice carrying
two copies of Cre, suggesting that floor plate-derived
Nrp2 could have an even bigger effect than detected
here. Collectively, these findings point to a functional re-
quirement of floor plate-associated Nrp2 in regulating pre-
crossing axon guidance in vivo.

Cell-autonomous function of Nrp2 or PlxnA1l
in dorsal commissural neurons is not required
for precrossing axon pathfinding

Nrp2-null embryos show defects in midline crossing and
post-crossing axon trajectories (Zou et al. 2000; Tran
et al. 2013), but no defects in precrossing axon pathfinding
have been reported. Because floor plate-specific deletion
of Nrp2 revealed a novel role for Nrp2 in the regulation
of precrossing commissural axons, we next examined
whether eliminating Nrp2 or PlxnAl in commissural
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Figure 3. Specific deletion of floor plate-derived Nrp2 revealed precrossing guidance defects in Nrp2-positive commissural axons. (A,B)
Representative confocal images of E11.5 spinal cord sections were taken from a Nrp2”/;FoxA2*/C"FRT2 embryo with no TM treatment (No
TM; A) or a Nrp2”/;FoxA2-+/C"ERT2 embryo with TM treatment (+TM; B). All transverse sections were processed for immunocytochem-
istry for TAGI (red), Nrp2 (blue), and GFP (green). Bars: in left column of B (for A,B) (low magnification), 160 um; in right column of B (high
magnification), 80 pm. White arrows and white arrowheads point to TAG1* and Nrp2* axons, respectively. (FP) Floor plate. Nrp2'”;
FoxA2CreERT2/CreERT2 | TM embryos were analyzed, and images are shown in Supplemental Figure 3. (C) Schematic diagrams of E11.5 spi-
nal cords illustrating many fewer dorsal Nrp2* precrossing axons failing to reach the most ventral one-third of the cord and midline when
Nrp2 expression is specifically deleted from the floor plate. (D) Schematic diagrams illustrating the parameters for the measurements of
the normalized immunofluorescence (left side) and the normalized ventral commissure thickness (right side) (see the Materials and Meth-
ods). (E) Quantifications of Nrp2-normalized fluorescence in Nrp2”;FoxA2*/¢FRT2 No TM, Nrp2//;FoxA2*/*ERT2 yTM, and Nrp2"”,
FoxA2CreERT2/CreERT2 \ PNI embryos. Data are means = SEM from five to six sections per embryo, where n=>5 embryos per genotype.
ANOVA followed by post-hoc Tukey test, (*) P < 0.05 compared with Nrp2”/,FoxA2*/“*ERT2 No TM. (F) Quantifications of Nrp2-normal-
ized ventral commissural thickness from Nrp2/”/;FoxA2+/C¢FRT2 No TM, Nip2/,FoxA2+*/CERT2 .\ TM, and Nrp2';Fox A2 CreFRT2/CreERT2
+TM embryos. Data are means + SEM from five to eight sections per embryo, where 11 =8 embryos for Nrp2"/;FoxA2+/CrERT2 No TM;
Nrp2!/f;.FoxA2*/CrERT2 \ TM; n=7 embryos for Nrp2//,FoxA2CreERT2/CreERT2 TN ANOVA followed by post-hoc Tukey test, () P <
0.05 compared with Nrp2”/;FoxA2*/¢ERT2 No TM; (#) P<0.05 compared with Nrp2//;FoxA2*/°*ERT2 ,TM. (G) Quantifications of
TAGI-normalized fluorescence in Nzp2/”/;FoxA2+/¢r¢ERT2 No TM, Nrp2',FoxA2+/CreERT2 L TM, and Nrp2/"/;Fox Ao CreERT2/CreERT2
embryos. Data are means + SEM from five to six sections per embryo, where n =5 embryos for Nrp2”/;FoxA2*/¢*FRT2 No TM; n = 3 em-
bryos for Nrp2/;FoxA2+/CreERT2 . TM; Nrp2//;Fox A2 CreERT2/CreERT2 T\ ANOVA followed by post-hoc Tukey test, (*) P < 0.05 compared
with Nrp2”/,FoxA2*+/CreERT2 No TM.

neurons would reveal a cell-autonomous role for this (Helms and Johnson 1998; Tran et al. 2013). Therefore,
signaling pathway in precrossing commissural axon guid- we crossed the Nrp2/f (Walz et al. 2002) and PlxnA1"
ance. The majority of Nrp2-positive dorsal spinal com- (Yoshida et al. 2006) conditional knockout mice with a
missural neurons arises from Atohl/Mathl progenitors line expressing Cre driven by the Math1 promoter (Matei
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Figure 4. Specific deletion of Nrp2 from the floor plate shows precrossing guidance defects in a subset of Robo3.1-positive commissural
axons. (A, B) Representative confocal images of E11.5 spinal cord sections taken from a Nrp2”/,FoxA2*/“*ERT2 embryo with no TM treat-
ment (No TM; A) or a Nrp2/,FoxA2+/"*ERT2 embryo with TM treatment (+TM; B). All transverse sections were processed for immuno-
cytochemistry for Robo3.1 (blue), TAGI (red), and GFP (green). Bars: A, left column of B (low magnification), 160 pum; right column of
B (high magnification), 80 pm. White arrowheads and white arrows point to Robo3.1" and TAG1* axons, respectively. (FP) Floor plate.
(C) Quantifications of Robo3.1-normalized fluorescence in Nrp2”/;FoxA2*/C*ERT2 No TM and Nrp2/;FoxA2*/¢*ERT2 L TM embryos.
Data are means + SEM from five to eight sections per embryo, where n = 3 embryos per genotype. Student’s t-test, (*) P < 0.05. (D) Quan-
tifications of Robo3.1-normalized ventral commissural thickness in Nrp2//;FoxA2+/¢ERT2 No TM, Nrp2//;FoxA2+/C*ERT2 L TM, and
Nrp2!, Fox A2 CreERT2/CreERT2. M embryos. Data are means + SEM from five to eight sections per embryo, where n=4 embryos for
Nrp2,FoxA2*/C¢ERT2 No TM; 11 = 3 embryos for Nrp2";FoxA2+/CrERT2 L TM; Nrp2!/f;FoxA2CTeERT2/CreERT2 T\ ANOVA followed by
post-hoc Tukey test, (*) P <0.05 compared with Nrp2//,FoxA2+/rERT2 No TM,; (#) P < 0.05 compared with Nrp2”/;FoxA2+/CreERT2 . TM.
Ventral spinal commissural axons that are known to express GADG65 were analyzed, and images, including quantifications, are shown
in Supplemental Figure 5.
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et al. 2005). As with the Nrp2'” line, PIxnA1"”" mice ex-
press GFP in cells following Cre-mediated recombination
of the conditional allele. We first examined expression of
Nrp2 or PlxnAl in Nzp2*/,Mathi-Cre* or PlxnA1*",
Math1-Cre* E11.5 embryos, respectively, and found that
neither protein expression profile was altered (data not
shown). Next, we found that E11.5 Nrp2*/;Math1-Cre*
embryos express Nrp2 and that PlxnA1*/;Math1-Cre*
embryos express PlxnAl on their commissural axons at
levels comparable with that of wild-type controls (Figs.
1A, 5A; Supplemental Fig. 6}, but commissural axon stain-
ing for Nrp2 and PlxnAl is specifically lost in Nrp2//,
Math1:Cre* and PIxnA1";Math1-Cre* animals, respec-
tively. As above, Robo3.1 was quantified and normalized
between animal groups to examine mutants for precross-
ing deficits. Nrp2”;Math1-Cre* (Robo3.1, 7.97 =0.69)
and PIxnA1" ,Math1-Cre* (Robo3.1, 6.47 + 0.40) embryos
have similar axonal trajectories toward the midline
when compared with control littermates (Nrp2*/;
Math1-Cre* [Robo3.1, 7.48+0.42], PlxnA1*.Mathi-
Cre* [Robo3.1, 5.65+0.32], and PlxnA1*"*;Mathi-Cre*
[5.48 +0.39]) (Fig. 5; Supplemental Fig. 6A-D). However,
consistent with the post-crossing phenotype observed in
E11.5 Nrp2~/~ embryos (Tran et al. 2013), the thickness
of ventral commissure and future ventral funiculus, but
not the lateral funiculus, is significantly decreased in
PIxnA1*"; Mathi-Cre* (ventral commissure = 0.05392 +
0.0045; ventral funiculus =0.0724 +0.0033; lateral funi-
culus = 0.0248 = 0.0019) and PlxnA1"/,Math1-Cre* (ven-
tral commissure = 0.0626 +0.0018; ventral funiculus=
0.0693 + 0.0013; lateral funiculus = 0.0206 + 0.0009) spinal
cords compared with PlxnA1*/*;Mathl-Cre* controls
(ventral commissure =0.0793 + 0.0027; ventral funiculus
=0.0886+0.0031; lateral funiculus=0.0315=+0.0017)
(Supplemental Fig. 6E). Similar to the conditional PlxnA1l
knockouts, we found no gross precrossing axon guidance
defects in the global PIxnA1~/~ knockouts compared
with wild-type controls (Supplemental Fig. 7). Collective-
ly, these results demonstrate that Sema3-Nrp2/PlxnAl
signaling is dispensable for precrossing, but required for
post-crossing, commissural axon pathfinding (Fig. 5K;
Supplemental Figs. 6F, 7).

Precrossing axon defects in embryos deficient
in floor plate-associated Nrp2 are rescued by inhibition
of PIxnA1 signaling in vivo

Our in vivo and in vitro results suggest that floor plate-
associated Nrp2 acts as a molecular sink to sequester
secreted Sema3B, thereby preventing premature re-
pulsion of precrossing axons. We reasoned that if the
precrossing defects observed in Nrp2f,FoxA2+/CreERT2
embryos were mediated by Sema3B that has been lib-
erated by loss of Nrp2 in the floor plate, then disrupting
Nrp2/PlxnAl signaling in precrossing commissural axons
should restore normal precrossing pathfinding. To test
this hypothesis in vivo, Nrp2”;FoxA2*/¢*ERT2 gnimals
were crossed to PIxnA1~/~ knockout mice to gener-
ate Nzp2/;FoxA2CTeERT2/CIeERT2 plypn A1~/ 4TM  (no
floor plate Nrp2 and axonal Plxn), Nrp2*/,FoxA2*/*;
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PIxnA1*~ +TM (with floor plate Nrp2 and axonal
PlxnAl), and Nrp2"/;FoxA2*/rERT2.plxn A1*/* +TM (no
floor plate Nrp2 but with axonal PlxnAl). As expected,
E11.5 Nrp2*/,FoxA2*"*;PIxnA1*/~ +TM control embryos
display no precrossing guidance errors (in Nrp2* and
Robo3.1* axons) (Fig. 6A). Similar to Nrp2,
FoxA2*/CTERT2. \ TM embryos, Nrp2//,FoxA2*/CreERT2,
PIxnA1*"* +TM embryos showed precrossing defects in
both Nrp2- and Robo3.1-positive axons when compared
with Nrp2*/,FoxA2*/*;PIxnA1*/~ +TM controls (Fig. 6B).
These precrossing guidance errors are rescued in Nrp2/;
FoxAQCreERT2/CreERT2. plyn A7/~ 4TM mutant spinal
cords (Fig. 6C). The normalized fluorescence intensity
of Robo3.1-positive precrossing axons from Nrp2,
FoxA2*/CrERT2. pIxn A1+/* +TM (3.30+0.34) is signifi-
cantly decreased by 30% compared with Nrp2*/;
FoxA2*"*;PIxnA1*/~ +TM controls (4.78+0.28) but
recovered in  Nrp2f,FoxA2CreERT2/CreERT2 plyn A1/~
+TM embryos (5.73 + 0.44) (Fig. 6D). Finally, we also ob-
served that the ventral commissure thickness for
Robo3.1-positive axons crossing the midline was sig-
nificantly decreased by 20% in Nrp2//,FoxA2+/CreERT2,
PIxnA1** +TM (0.0511+0.001) and 29% in Nrpzf/f
FoxAQCreERT2/CreERT2. plyn A1=/= +TM  (0.0455 +0.002)
when compared with Nrp2*/; FoxA2**;PlxnA1*/~ +TM
(0.0640 + 0.002) embryos (Fig. 6E). Taken together, our
findings suggest that the Nrp2/PlxnAl signaling in pre-
crossing axons is attenuated by floor plate-derived Nrp2,
but Nrp2/PlxnAl signaling in response to Sema3B repul-
sion is required for crossing axons to exit the midline and
post-crossing pathfinding (Fig. 6F).

Discussion

We describe here a novel mechanism for dynamically
regulating the responsiveness of precrossing and post-
crossing commissural axons to secreted semaphorins
derived from the floor plate. First, we demonstrated that
dorsal commissural neurons indeed express both Nrp2
and PlxnA1 receptors on both their pre- and post-crossing
segments and that these precrossing axons are responsive
to Sema3dB repulsion in vitro. In addition, we uncovered
a previously unappreciated source of Nrp2 expressed
by floor plate cells as early as E9.5, before any precrossing
axons have reached the ventral commissure in the de-
veloping spinal cord. This floor plate-derived Nrp2 is
temporally regulated, and its expression levels dramati-
cally increase and peak around E11.5, at the develop-
mental stage when the majority of dorsal commissural
axons are crossing the midline. Later in development,
Nrp2 is down-regulated (E12.5-E13.5), allowing Sema3B
to exert its repulsive effects on post-crossing axons
(Fig. 7). Using in vivo mouse genetics, we further dem-
onstrated that this non-cell-autonomous mechanism of
floor plate-associated Nrp2 is required for proper pre-
crossing axon guidance. Collectively, our in vivo and
in vitro results suggest a novel non-cell-autonomous
mechanism by which floor plate-associated Nrp2 serves
as a molecular sink to dampen the repulsive effects of
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Figure 5. Specific deletion of Nrp2 from dorsal commissural neurons in Nrp2”';Math1-Cre* spinal cords shows normal precrossing axon
guidance. (A—H) Representative confocal micrographs of E11.5 mouse spinal cord sections taken from Nrp2*/;Mathi-Cre* (A-C) and
Nrp2”f.Math1-Cre* (E-H) littermate embryos. The same transverse section was processed for immunohistochemistry against Nrp2
(red) and Robo3.1 (blue) in A-C and E-G. Bar in G (for A-C,E-G), 250 um . (D,H) Representative confocal micrographs of E11.5 mouse
spinal cord sections from Nzp2*/;Math1-Cre* (D) and Nrp2";Math1-Cre* [H) immunolabeled using antibodies against TAGI1. Bar in H
(for D,H), 250 pm. White arrows and white arrowheads point to Nrp2* cell body location and axons, respectively, in A, C, E, and G. White
arrowheads in B and F point to corresponding Robo3.1* axons relative to Nrp2* axons. (FP) Floor plate; (VC) ventral commissure; (VF) ven-
tral funiculus. (I) Quantifications of Robo3.1-normalized fluorescence in precrossing axons showed no significant difference between
Nrp2*/*;Math1-Cre*, Nrp2*";Math1-Cre* and Nrp2"/;Math1-Cre* littermates. Data are means + SEM from five sections measured per em-
bryo, where n = 5 embryos per genotype. ANOVA, (n.s.) not significant. (/) Quantifications of normalized ventral commissure thickness in
Robo3.1-positive precrossing axons in Nrp2*/*;Math1-Cre* and Nrp2*”;Math1-Cre* littermates show no significant difference. A signifi-
cant decrease in ventral commissure thickness was observed in Nrp2”/;Math1-Cre* compared with littermate controls. Data are means +
SEM from five to eight sections measured per embryo, where n = 4 Nrp2*/;Math1-Cre* and n = 3 Nrp2”/;Mathi-Cre*. ANOVA, post-hoc
Tukey, (*) P < 0.05 compared with Nrp2*/*;Math1-Cre*; (#) P < 0.05 compared with Nrp2*/;Math1-Cre*. (K) Schematic diagram illustrating
wild-type (left) and axonal deletion of Nrp2 (right) genotypes and phenotypes observed in E11.5 spinal cords. Analysis of specific deletion
of PIxnA1 in dorsal commissural neurons and PlxnA1 global knockout mutants are shown in Supplemental Figures 6 and 7, respectively.

GENES & DEVELOPMENT 2625



Hernandez-Enriquez et al.

A Nrp2 +/f;FoxA2+/+; B Nrp2 f/f;FoxA2+/Cre; C Nrp2 f/f;FoxA2Cre/Cre; D
PixnA1+/-;+TM PIxnA1+/++TM PixnA1-/-;+TM

71 Robo3.1
[ #
g 61
Q
@ s
o
3 :
Z 3 4 *
L
T 31
(3]
N
® 2]
£
b
o 1]
- =
3 o
g Ol
9 e «“ P S
n: ? \« ?O .,,P‘ )E‘
O e
B o :
Wi W ?\+ & o
° Robo3.1
= 0.07 3
=
2
—_ 0.06 4
& £ *
€ o051 *
O o
o2
E g 0.04
=
S ﬁ 0.03
=
ke 0.02
QD
= N
- w 001
P £
[} o . .
Q2 4 \G@’ \(}“‘
[} 28 °
x R N
N £o s
o ,&s ?f\ govy
= Qo ,1"&“\.‘5\
2 Q \\‘Q R
Schematic diagram of in vivo mouse genetlcs and their corresponding phenotypes g Nroz
p
0 PixnA1
@ Sema3B
.
.

Nrp2+/f;FoxA2+/+;PIxnA1+/- Nrp2f/f;FoxA2+/Cre;PIxnA1+/+ Nrp2f/f:FoxA2Cre/Cre;PlxnA1-/-

Figure 6. Precrossing axon guidance defects from floor plate-derived Nrp2-deficient animals are rescued by inhibition of PlxnAl
signaling in vivo. (A-C) Representative confocal images of E11.5 spinal cord sections taken from littermates treated with TM (+TM)
with the following genotypes: Nrp2//;FoxA2*/*,PIxnA1*/~ (A), Nrp2";FoxA2+/CrERT2. pIxn A1*/* (B), and Nrp2//,Fox A2 CreERT2/CreERT2,
PIxnA1~"~ (C). All transverse sections were processed for immunocytochemistry for Nrp2 (blue), Robo3.1 (red), and GFP (green). White
arrowheads illustrate Nrp2-positive dorsal commissural axons projecting toward the floor plate (FP) and ventral commissure (VC)
in Nrp2";FoxA2*";PIxnA1*/~ (control) and Nrp2'/; FoxA2CreERT2/CreERT2. plenA1=/= (rescued) embryos but missing in Nrp2'”,
FoxA2*/CreERT2. plen A1*/* animals. Bar, A-C, 125 pum. (D) Quantifications of Robo3.1-normalized fluorescence in Nrp2*/,FoxA2*/*,
PIxnA1'~ +TM, Nrp2,FoxA2*/ERT2plxnA1*/* +TM, and Nrp2/,FoxA2CreERT2/CreERT2.plynA1~/~ +TM littermate embryos.
Data are means = SEM from five to eight sections per embryo, where n = 3 embryos per genotype combination analyzed. ANOVA followed
by post-hoc Tukey test, (*) P <0.05 compared with Nrp2*/,FoxA2*/*;PIxnA1*/~ +TM; (#) P < 0.05 compared with Nrp2/,FoxA2*/CreERT2,
PlxnA1*"* +TM; no significant difference for comparison between NrpQ*/f FoxA2*"*;PIxnA1*/~ +TM and Nrp2'/;FoxA2CreERT2/ C’“ERTZ
PlxnA1~~ +TM. (E) Quantifications of normalized ventral commissure thlckncss in Robo3.1-positive axons in Nrp2*/ FOXAQ*/+
PlxnA1*"~ +TM, Nrp2//,FoxA2*/CERT2. plxn A1+/* +TM, and Nrp2/,Pox A2 CreERT2/CreERT2 Pl A 17/~ +TM littermates. Data are means
+ SEM from five to eight sections per embryo, where n =3 embryos per genotype combination analyzed. ANOVA followed by post-hoc
Tukey test, (*) P < 0.05 compared with Nrp2*/,FoxA2*"*;PIxnA1*'~ +TM. (F) Schematic diagram of in vivo mouse genetics and the corre-
sponding phenotypes observed.
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Sema3B on precrossing axons expressing Nrp2 and
PlxnAl (Fig. 7).

Silencing semaphorin signaling on precrossing
commissural axons

Commissural axons achieve midline crossing by changing
their response to the floor plate from attraction to repul-
sion (Stein and Tessier-Lavigne 2001; Chédotal 2010;
Derijck et al. 2010; Yam et al. 2012), but it is critical
that premature repulsion is avoided to allow precrossing
commissural axons to first reach the floor plate. Silencing
of repulsion in precrossing axons can be achieved by both
intrinsic and extrinsic mechanisms. In the mammalian
spinal cord, Robo3 provides perhaps the prototypical
example of how this is regulated at the molecular level
through noncanonical roles for guidance receptors.
Robo3 silences premature Robol/2-mediated Slit repul-
sion in precrossing axons but is down-regulated after
midline crossing to permit Slit-mediated repulsion of
post-crossing axons (Sabatier et al. 2004; Chen et al.
2008; Jaworski et al. 2010). In Drosophila, a similar but dis-
tinctin cis mechanism ensures proper commissural forma-
tion. The endosomal sorting receptor Commissureless
(Comm) antagonizes Slit-mediated repulsion of precross-
ing axons by down-regulating Robol expression in pre-
crossing axons (Kidd et al. 1998b; Keleman et al. 2002,
2005), thereby preventing premature Slit repulsion.

Non-cell-autonomous role of Nrp2 at the midline

Figure 7. Model of Nrp2 function in mediating axo-
nal guidance of dorsal commissural neurons in the de-
veloping spinal cord. A schematic diagram based on
the in vivo and in vitro results illustrates Nrp2 expres-
sion observed as early as E9.5-E10.5 in the floor plate,
when only few commissural neurons have begun to
extend their axons. As precrossing axons approach
the midline, from E10.5 to E11.5, floor plate expres-
sion of Nrp2 reaches its peak, resulting in the seques-
tering of Sema3B and thus allowing Nrp2/PlxnAl-
positive axons to cross. When most of the commissur-
al axons have crossed the midline, at E12.5-E13.5,
floor plate Nrp2 is dramatically down-regulated, re-
leasing Sema3B and promoting the exit of Nrp2/
PlxnAl-positive axons away from the midline. From
E13.5 on, the localization of axonal Nrp2 to the
post-crossing segments of commissural axons cou-
pled with the near absence of floor plate-derived
Nrp2 provides guidance along the longitudinal axis
toward brain targets while preventing the recrossing
of the midline.

Low levels of Robol receptors still escape Comm-de-
pendent sorting (Kidd et al. 1998a), raising the question
of how their functions are suppressed in the precrossing
commissural axons. A recent study revealed that Robo2
is expressed by midline glial cells where they interact in
trans with Robol receptors on precrossing axons and pre-
vents canonical Slit-Robol repulsion (Evans et al. 2015).
Indeed, overexpression of Robo2 in midline glia cells sup-
presses Comm mutant phenotypes in Drosophila.

This Robo receptor model cannot be applied to the
mammalian spinal cord because Robo receptors (Robol/
2/3) are not expressed in the mouse floor plate. Instead,
we found that the Nrp2 receptor, which signals sema-
phorin repulsion in commissural axons, is highly ex-
pressed in the floor plate. Nrp2 receptors in the floor
plate act as a sink for semaphorin ligands to attenuate
commissural axon repulsion during midline attraction.
Therefore, our Nrp2 model would serve as the vertebrate
counterpart for the trans-acting mechanism of the Droso-
phila Robo2 model.

These two non-cell-autonomous functions of guidance
receptors not only point to the floor plate as a source for
attractive and repulsive guidance cues but show that the
floor plate also regulates the availability of these cues. A
similar mechanism was recently identified by another
study, which showed that glycosylated dystroglycan
could directly bind Slit and anchor its activity at the mid-
line (Wright et al. 2012).
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Semaphorin signaling on pre- and post-crossing
commissural axons

Our detailed analysis of the spatial and temporal expres-
sion profile of Nrp2 in the developing mouse spinal cord
revealed a previously unrecognized mechanism for the
regulation of commissural axon midline guidance by
which local semaphorin signaling is silenced or attenuat-
ed at the time when precrossing commissural axons pro-
ject toward the ventral midline. Nrp2 transcripts were
previously shown to be highly expressed at the floor plate
(Chen et al. 1997), and, in the present study, we confirmed
this observation of cell type-specific Nrp2 expression by
coimmunolabeling Nrp2 and the floor plate-specific mu-
rine SC1-related protein Ben. Nrp2 binds with high affin-
ity to Sema3F (Chen et al. 1997, 1998; Giger et al. 1998),
and phenotypic analyses of mouse mutants have demon-
strated in vivo functional roles for Sema3F-Nrp2/PlxnA3
signaling (Huber et al. 2005; Yaron et al. 2005; Tran et al.
2009). However, much less is known about the receptor
complex that mediates Sema3B signaling despite Sema3B
being robustly expressed in the rodent spinal cord during
commissural axon pathfinding (Zou et al. 2000).

In situ hybridization analysis reveals that PlxnAl is
highly expressed in commissural neurons in the develop-
ing spinal cord and is therefore the most likely candidate
for forming a receptor complex with Nrp2 to convey
Sema3B signals (Nawabi et al. 2010). Our analysis is con-
sistent with previous findings that show that PlxnAl is
detected on crossing and post-crossing commissural ax-
ons (Nawabi et al. 2010). Importantly, however, we also
found that PlxnAl is also prominently expressed on pre-
crossing segments. In some sections and open-book prep-
arations of spinal cords, PlxnAl appears elevated in the
ventral commissure, but this increase in fluorescence in-
tensity more likely reflects the convergence of commis-
sural axons within the restricted space of the ventral
floor plate than a change in receptor expression. The ques-
tion of whether PlxnA1l levels on pre- and post-crossing
axons are modulated is interesting, but, due to their highly
fasciculated and bundled nature, especially at the midline
region, it is not feasible to accurately quantify PlxnAl
levels along the individual precrossing, crossing, or post-
crossing segments in vivo. Furthermore, whether the
sensitivity to secreted semaphorins changes following
midline crossing and whether the dynamics in receptor
complex composition also changes after midline crossing
remain to be addressed by future experiments.

On the other hand, Sema3F preferentially signals
through Nrp2/PlxnA3 receptor complexes, which likely
accounts for the response of post-crossing axons to
SemadF. In vivo, Sema3F expression is detected in the
floor plate of E12-E13.5 mouse spinal cords (Zou et al.
2000; Cohen et al. 2005), after the majority of commissur-
al axons have crossed the midline, which would be con-
sistent with SemadF regulating contralateral axonal
pathfinding of commissural axons. Supporting this model,
SemadF repels post-crossing axons in vitro (Supplemental
Fig. 2B; Zou et al. 2000). However, Sema3F has no effect on
dorsal precrossing axons (Fig. 1H; Zou et al. 2000), raising
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the question of how Sema3F sensitivity is regulated dur-
ing midline crossing for future analysis.

Dynamic spatial and temporal expression of Nrp2
and PIxnA1 in the mouse spinal cord

The dynamically regulated floor plate expression profile of
Nrp2, coupled with its interactions with secreted sema-
phorins, places floor plate-derived Nrp2 in the appropriate
spatial and temporal setting to regulate semaphorin-medi-
ated signaling during midline crossing. Floor plate-associ-
ated Nrp2 is only required to serve as a Sema3B chelator if
precrossing axons coexpress Nrp2 and P1xnA1l, as we show
here. This finding appears to contradict previously pub-
lished studies using a variety of in vitro assays that were
unable to elicit a Sema3B response in precrossing axons
(Zou et al. 2000; Nawabi et al. 2010). This may explain
the differences in the culture system that was used. Previ-
ously, other laboratories have used Sema3B-expressing
HEK cell aggregates or floor plate-conditioned medium,
which could make it difficult to control for the amount
of Sema3B present in the culture system. The floor plate
also expresses many other factors that could confound
the effect of Sema3B. Therefore, to circumvent these cave-
ats, we used different dosages of recombinant Sema3B re-
quired for axonal inhibition with a larger dynamic range.
We were able to observe the post-crossing effect as previ-
ously reported, which served as a positive control for our
precrossing analysis. While we observed a strong effect
on the post-crossing outgrowth, the suppression is actual-
ly not complete (Supplemental Fig. 2) with either Sema3B
or Sema3F, even at high concentrations. This should be
expected given the heterogeneous nature of the different
commissural populations, suggesting that our cultures
were raised in a healthy condition that can recapitulate
the endogenous situation. To study the precrossing effect
directly, we used isolated E11.5 spinal cord explants re-
stricted to the most dorsal region. The robust and consis-
tent outgrowth from this more defined region gave us a
large and sensitive range to test Sema3B’s effects. They
are indeed slightly less sensitive (32% reduction) com-
pared with the mixed population of post-crossing commis-
sural axons (48% reduction) at lower concentrations (0.5
ug/mL); however, they can be fully suppressed at higher
concentrations, which is consistent with the fact that
they are mostly Nrp2-positive.

A key finding that motivated us to investigate the func-
tional role of floor plate-derived Nrp2 was the discovery
that PlxnAl is robustly expressed on precrossing seg-
ments of commissural axons. Previous work failed to
detect PlxnAl expression on precrossing commissural
axons using a commercial rabbit polyclonal antibody
(Abcam) (Nawabi et al. 2010), but, using our protocols
for immunohistochemistry, we found that the staining
of commissural axons by this antibody was nonspecific,
as assessed using PlxnAl-null mice. Therefore, we re-
examined the PlxnAl expression profile using another
rabbit polyclonal antibody (Yoshida et al. 2006), which
was shown to be specific using PIxnA1~/~-null mutant
spinal cords. Our results confirm that the anti-PlxnAl



from Yoshida et al. (2006) was indeed specific and that
PlxnAl is expressed on precrossing axons at different
developmental stages that coincide with Nrp2 expression.
Furthermore, we used a nonpermeabilized staining pro-
tocol to optimize the visualization of Nrp2 and PlxnAl
on the precrossing axon surface, where they can be respon-
sive to extracellular cues (data not shown). Moreover,
in support of our expression analyses, we demonstrated
that precrossing axons are indeed sensitive to Sema3B-
mediated inhibition in a three-dimensional spinal cord ex-
plant assay (Xu et al. 2014).

Mechanism of floor plate-associated Nrp2 function
at the midline

We show here that Nrp2 is expressed at high levels in both
precrossing and post-crossing commissural axons. How-
ever, Nrp2~/~ spinal commissural axons show guidance
errors only in the post-crossing portion of their axon tra-
jectories or as their axons exit the midline; we and others
observed no precrossing axon pathfinding defects (Zou
et al. 2000; Tran et al. 2013; this study). Our results
from Nrp2f,Mathi-Cre* conditional embryos in which
Nrp2 is specifically removed in dorsal commissural neu-
rons corroborate previous findings. Because Sema3B is
highly expressed at the floor plate when commissural ax-
ons begin projecting toward the midline and throughout
the time they exit the floor plate, precrossing axons may
lack the appropriate receptor complex on their growth
cone surface to signal Sema3B repulsion. However, we
found that both Nrp2 and PlxnAl are highly expressed
in precrossing commissural axons, and our in vitro studies
demonstrate that these precrossing axons are responsive
to exogenously applied Sema3B. This suggests an addi-
tional layer of complexity for regulating Sema3B-mediat-
ed signaling in the developing spinal cord. We found
that Nrp2 expression at the floor plate plays a significant
role in ensuring that precrossing commissural axons prop-
erly reach the floor plate. Therefore, it is unlikely that
these precrossing guidance defects are due to a cell-auton-
omous function of Nrp2 in floor plate development, since
we did not observe any overall defects in floor plate mor-
phology, and, furthermore, this phenotype is not observed
in Nrp2 knockout embryos.

Our results are consistent with a model in which Nrp2
at the floor plate chelates Sema3B during precrossing
extension toward the midline (E10-E11.5), thereby pre-
venting activation of Nrp2/PlxnAl complexes on pre-
crossing axons. In the absence of floor plate Nrp2,
Sema3B is free to act on precrossing axons and exert its re-
pulsive effects on precrossing axons as they enter the ven-
tral spinal cord and approach the floor plate, as we
observed in Nrp2"/;FoxA2-CreERT2 +TM embryos. While
there are no Sema3B-specific antibodies at present to
directly monitor this process, in this study, we genetically
tested this hypothesis. If, as our in vitro assays predict,
Nrp2/PlxnAl complexes on precrossing axons are able
to functionally respond to Sema3B and if Sema3B is not se-
questered at the floor plate, as in the scenario when Nrp2
is specifically deleted from the floor plate, we expect that

Non-cell-autonomous role of Nrp2 at the midline

removal of the PlxnA1 receptor from commissural neuron
axons should rescue the precrossing phenotypes observed
in Nrp2"”,FoxA2-CreERT2+TM embryos. Indeed, we ob-
served a significant rescue of this precrossing axon pheno-
type in the Nrp2™/,FoxA2-CreERT2+TM;PIxnA1~'~ mice
compared with the littermate controls.

Our model of floor plate-derived Nrp2 function at the
midline in a non-cell-autonomous manner with respect
to commissural neurons is reminiscent of the regulation
of retinal ganglion cell axon midline crossing at the optic
chiasm by Sema6D/PlxnA1/NrCAM signaling (Kuwajima
et al. 2012). Midline cells of the optic chiasm express
PlxnAl, which suppresses the inhibitory effects of
Sema6D on retinal ganglion cell axons as they cross the
CNS midline. Taken together, our study provides new in-
sight into midline axon guidance by demonstrating in vi-
tro and in vivo non-cell-autonomous regulation of
Sema3B-Nrp2/PlxnAl signaling in spinal commissural
neurons by which Nrp2 expressed by the floor plate serves
as a molecular sink to attenuate the repulsive effect of
Sema3B on precrossing commissural axons. Our findings
also shed light on the diverse and complex molecular
mechanisms exhibited by the spinal cord floor plate to en-
sure commissural axon navigation toward and across the
midline.

Materials and methods

Mouse strains

For timed pregnancies, the morning of the day on which a copu-
latory plug was detected was designated as E0.5. All genetically
modified mice were identified by PCR, and DNA samples were
taken from tail tissue biopsies. Genotyping was determined as de-
scribed for Nrp2 knockout (Giger et al. 2000), Nrp2 conditional
(Walz et al. 2002), PlIxnAl knockout and PlxnAl conditional
(Yoshida et al. 2006), Atohl/Math1-Cre (Matei et al. 2005), and
FoxA2-CreER (Park et al. 2008). The Institutional Animal Care
and Use Committee (IACUC) of Rutgers University (#12-027)
and Rockefeller University (#14704-H) approved the animal use
protocol.

TM treatment

TM (Cayman Chemical, 13258) was dissolved in peanut oil at a
concentration of 10 mg per 100 uL. To induce Cre activity for spe-
cific deletion of Nrp2 in GABAergic ventral commissural neurons
or floor plate cells, pregnant mice were given oral gavage of 10 mg
of TM at E6.5 and/or E8.5 using an animal gauge feeding needle as
previously described (Park et al. 2008).

Immunohistochemistry

Immunohistochemistry was performed as described previously
(Phelps et al. 1999; Tran et al. 2013). For details, see the Supple-
mental Material. The following primary antibodies were used
in this study: rabbit anti-hPlxnA1l (1:500; Abcam, Ab23391); rab-
bit anti-mPlxnAl (1:1500) (Yoshida et al. 2006), rabbit anti-Nrp2
(1:500; Cell Signaling, D39A5), 4 ng/mL goat anti-Nrp2 (R&D
Systems, AF567), anti-Ben (1:100) (Dillon et al. 2005), rabbit
anti-GADG5 (1:100; Cell Signaling, 5843), mouse IgM anti-4D7/
TAG-1 (1:800; Developmental Studies Hybridoma Bank, clone
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4D7), goat anti-TAG1 (1:500; R&D Systems, AF1714), goat anti-
robo3.1 (1:500; R&D Systems, AF3076), and mouse anti-GFP
(1:800, A11120, Molecular Probes). The following secondary
antibodies were used in this study: Alexa fluor 488 donkey anti-
mouse IgG (1:500; Jackson ImmunoResearch Laboratories, 715-
545-150), Alexa fluor 488 donkey anti-rabbit IgG (1:800; Jackson
ImmunoResearch Laboratories, 711-175-152), Cy5 donkey
anti-rabbit IgG (1:500; Jackson ImmunoResearch Laboratories,
711-175-152), Cy5 donkey anti-goat IgG (1:500; Jackson Immu-
noResearch Laboratories, 705-175-147), Alexa fluor 488 goat
anti-mouse IgM (1:800; Jackson ImmunoResearch Laboratories,
115-546-020), Alexa fluor 546 donkey anti-goat IgG (1:500; Molec-
ular Probes, A-11056), and Alexa fluor 546 goat anti-mouse IgM
(1:500; Molecular Probes, A-21045). For consistency, immunohis-
tochemistry was performed on serial sections of the same embryo
or carefully age-matched and spinal level-matched sections of dif-
ferent embryos.

TUNEL staining

Apoptotic cell death was analyzed through the processing of
mouse spinal cord sections with a TUNEL assay kit (Promega,
G3250) following the manufacturer’s instructions. Permeabiliza-
tion incubation times and reagent concentrations were optimized
to ensure tissue adherence to the slides. Sections were incubated
for 10 min with 0.8% Triton-X plus 20 ng/mL proteinase K solu-
tion at room temperature. For positive controls, an additional in-
cubation step was included in which tissue sections were treated
with 10 U/mL DNase I (Thermo Scientific) solution for 5 min at
room temperature. Note that the signal observed in the floor plate
was from the endogenous GFP signal from the Nrp2”/;FoxA2-
CreERT2* +TM animals, indicating that Nrp2 is specifically de-
leted from the floor plate cells; no TUNEL signaling was detected
in the floor plate. The images were captured using a 10x objective
on a Zeiss Cell Observer SD confocal microscope.

Analysis of commissural axonal projections
and quantifications

Immunofluorescently labeled cervical level spinal cord sections
(20-um thickness per section) were analyzed and photodocu-
mented using a confocal microscope (Zeiss AxioExaminer Z1).
All compiled Z-stack images were exported as TIF files to Image]
(National Institutes of Health) for measurement of the normal-
ized fluorescence ratio. For each section, the corrected total fluo-
rescence [CTF=integrated density —(area selected)x (mean
fluorescence of background)] was measured for the ventral-most
one-third of the spinal cord (from the most dorsal motor neuron
pool to the edge of the marginal zone). Background fluorescence
was taken from the ventricular zone of each section measured.
The CTF was then normalized to the total area of each section
measured. The values of the thickness of the ventral commissure,
ventral funiculus, and lateral funiculus were normalized to the
distance between roof plate and floor plate for each section, sim-
ilar to as described previously (Jaworski et al. 2010). For both nor-
malized fluorescence and thickness values, five to eight spinal
sections were analyzed per embryo. All measured values were
plotted as means + SEM from n = 3-5 embryos per genotype. Stat-
istical analyses were performed with OriginPro 9.1 software. Stat-
istical significance between two samples was determined using
two-tailed Student’s t-test for independent samples. Statistical
analyses among multiple groups were determined by using
ANOVA followed by post-hoc analysis with Tukey’s pairwise
comparison test. The criterion for statistical significance was
set at P <0.05.
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Three-dimensional spinal cord explant cultures and neurite
quantification

Spinal cord explants were dissected and cultured as previously de-
scribed (Xu et al. 2014). Spinal cord explants containing only pre-
crossing axons were microdissected from dorsal spinal cord
tissues (see Fig. 1E; Supplemental Fig. 2A), while explants con-
taining post-crossing axons were taken from the entire hemiseg-
ment of the spinal cord, including the ventral floor plate tissue
(see Supplemental Fig. 2A). Recombinant Netrin-1, Sema3A,
Sema3B, and Sema3F proteins were purchased from R&D Sys-
tems. Netrin-1 was used at 250 ng/mL for all conditions, with
semaphorin ligands added at each indicated concentration. Ex-
plant outgrowth was measured and quantified as previously de-
scribed (Xu et al. 2014), and compiled data represent the mean
of all cultures analyzed and normalized to the untreated controls,
expressed as percentages = SEM. Statistical analyses among mul-
tiple groups were determined by using ANOVA followed by post-
hoc Tukey’s pairwise comparison test; n = 4 independent cultures
per condition analyzed. The criterion for statistical significance
was set at P <0.05.
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