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Summary

Neuropilins, secreted semaphorin coreceptors, are ex-
pressed in discrete populations of spinal motor
neurons, suggesting they provide critical guidance in-
formation for the establishment of functional motor
circuitry. We show here that motor axon growth and
guidance are impaired in the absence of Sema3A-
Npn-1 signaling. Motor axons enter the limb preco-
ciously, showing that Sema3A controls the timing of
motor axon in-growth to the limb. Lateral motor col-
umn (LMC) motor axons within spinal nerves are de-
fasciculated as they grow toward the limb and con-
verge in the plexus region. Medial and lateral LMC
motor axons show dorso-ventral guidance defects
in the forelimb. In contrast, Sema3F-Npn-2 signaling
guides the axons of a medial subset of LMC neurons
to the ventral limb, but plays no major role in regulating
their fasciculation. Thus, Sema3A-Npn-1 and Sema3F-
Npn-2 signaling control distinct steps of motor axon
growth and guidance during the formation of spinal
motor connections.

Introduction

During development, axons project to their targets in a
step-wise manner in response to attractive and repul-
sive cues that shape their trajectories (Dickson, 2002).
Typically, there is a tight regulation of spatial and tempo-
ral patterns of guidance cue expression along sub-
strates that define axon paths, as well as of the expres-
sion of corresponding neuronal receptors that signal
responses to these cues. The timing of axonal growth
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is also constrained to ensure that growth cone extension
corresponds temporally with the expression of guidance
cues. In several neural systems, sets of axons have been
shown to pause after arriving at specific locations, pre-
sumably permitting temporal changes in the environ-
ment or in the neuron itself that are essential for subse-
quent pathfinding to intermediary or final targets. Thus,
regulation of the timing of axon in-growth has been ob-
served during the establishment of thalamocortical con-
nectivity (Ghosh and Shatz, 1993; Rakic, 1977), during
the extension of olfactory sensory neurons toward the
telencephalon (Gong and Shipley, 1995; Renzi et al.,
2000), and during the development of sensory afferent
projections to the spinal cord (Davis et al., 1989). Al-
though the existence of waiting periods has therefore
been well documented, the mechanisms that govern
the timing of axon growth are still poorly understood.

The cellular mechanisms that control axonal growth
have been studied intensively in the context of spinal
motor neurons. In this system, motor axon projections
to their targets are known to depend on a complex se-
ries of guidance events, each of which requires the tem-
poral and spatial distribution of cues that guide axons
to their peripheral muscle targets. Motor axons from
defined populations of spinal motor neurons elaborate
stereotypic and well-defined trajectories within the de-
veloping limb. Analysis of these guidance events pro-
vides a potential opportunity to delineate the contribu-
tion of the timing of axon outgrowth to the fidelity of
target selection.

The cell bodies of motor neurons that send axons
along the same peripheral trajectories reside together
within the ventral spinal cord. For example, at brachial
and lumbar levels of the spinal cord, motor neurons that
innervate limb muscles settle in a lateral position in the
spinal cord and form the lateral motor column (LMC). In
contrast, the medial motor column (MMC) is found at all
axial levels of the spinal cord and comprises motor neu-
rons that project their axons to axial muscles (Hollyday,
1980; Jessell, 2000; Landmesser, 1978b). The establish-
ment of mature motor axon projection patterns in the
limb is accomplished in a stereotyped sequence of
events. The axons of LMC motor neurons exit the spinal
cord through the ventral roots, grow in tight fascicles
along a common pathway, and converge in the plexus
region at the base of the limb. Cues that mediate neu-
ron-neuron contacts, such as cell adhesion molecules
L1, NCAM, and its associated carbohydrate polysialic
acid (PSA), appear to contribute to motor axon sorting
and selective fasciculation at the plexus region found
at the base of the limb (Tang et al., 1992, 1994). Within
the plexus region, motor axons have been observed to
pause before entering the limb, and during this waiting
period they defasciculate and regroup into new, target-
specific fascicles (Lance-Jones and Landmesser, 1981;
Tosney and Landmesser, 1985b; Wang and Scott,
2000). Moreover, heterochronic limb transplantations
in chicken embryos indicate that the age of the limb
rather than the age of the neurons themselves dictates
the time of axon in-growth, suggesting that cues in the
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limb mesenchyme regulate the timing of axon invasion
through their interactions with receptors on motor axons
(Wang and Scott, 2000). The molecular nature of these
signals is not known.

As they emerge from the plexus region, LMC axons
select a dorsal or ventral trajectory within the limb mes-
enchyme. Motor neurons that settle in the lateral division
of the LMC (LMCI) project axons to dorsally derived limb
muscles, whereas medial LMC (LMCm) motor neurons
send axons to ventral limb muscles (Lance-Jones and
Landmesser, 1981; Landmesser, 1978a; Tosney and
Landmesser, 1985a, 1985b). The initial axonal trajectory
of these distinct motor neuron populations appears to
be specific and accurate, implying the coordination of
guidance cue expression and the timing of axonal exten-
sion (Ferguson, 1983; Hollyday, 1980; Lance-Jones and
Landmesser, 1980, 1981; Landmesser, 1978a; Land-
messer, 2001; Whitelaw and Hollyday, 1983). However,
the consequences for motor axon pathfinding of the dis-
ruption of the precise timing of motor axon extension
into the limb have not been evaluated genetically.

The spectrum of guidance cues that direct motor ax-
ons to appropriate dorsal or ventral muscle targets in
the limb remains ill-defined. One interaction that has
been shown to play a role in directing LMCI neurons to
the dorsal limb is mediated by ephrin-A-EphA ligand-
receptor signaling (Eberhart et al., 2002; Feng et al.,
2000; Helmbacher et al., 2000; Kania and Jessell,
2003). Repulsive guidance mediated by interactions be-
tween the EphA4 receptor expressed in LMCI neurons
and the ephrin-A ligands expressed in the ventral limb
mesenchyme appears to direct LMCI axons into the dor-
sal limb mesenchyme (Eberhart et al., 2002, 2004; Helm-
bacher et al., 2000; Kania and Jessell, 2003). Neverthe-
less, loss- and gain-of-function experiments strongly
suggest that ephrin signaling does not account for all as-
pects of motor axon pathfinding in the limb (Kania and
Jessell, 2003; Helmbacher et al., 2000). In particular,
the mechanisms that instruct the axons of LMCm motor
neurons to grow into the ventral limb mesenchyme re-
main obscure.

Secreted semaphorin proteins have also been impli-
cated in the control of motor axon projections (Chen
et al., 2000; Giger et al., 2000; Kitsukawa et al., 1997; Ta-
niguchi et al., 1997; Varela-Echavarria et al., 1997; Zou
et al., 2000), although their precise roles have not been
defined. The semaphorins are a large family of phyloge-
netically conserved cell surface and secreted proteins,
many of which mediate repulsive guidance events dur-
ing neural development. Certain secreted class 3 sema-
phorins, including Sema3A and Sema3F, are plausible
motor axon guidance cues because they can induce
the collapse of spinal motor neuron growth cones and
repel motor axons in vitro (Cohen et al., 2005; Kuhn
et al., 1999; Varela-Echavarria et al., 1997). Most of the
class 3 secreted semaphorins signal through holorecep-
tor complexes that are composed of one of the four
class A plexins and the obligate coreceptor neuropilin-
1 (Npn-1) or neuropilin-2 (Npn-2) (Huber et al., 2003;
Suto et al., 2005; Yaron et al., 2005). The neuropilins
function as ligand-binding subunits, whereas plexins
function as signal-transducing subunits. The diverse ef-
fects of class 3 semaphorins on axonal guidance are
achieved through tightly regulated patterns of neuropi-

lin, plexinA, and secreted semaphorin expression, to-
gether with the preferential binding of class 3 semaphor-
ins to either Npn-1 or Npn-2 (Murakami et al., 2001;
Nakamura et al., 2000). For example, Sema3A signals re-
pulsive guidance events through interactions with Npn-1,
whereas Sema3F acts through Npn-2 (Chen et al., 2000;
Cheng et al., 2001; Giger et al., 2000; Kitsukawa et al.,
1997; Sahay et al., 2003; Takahashi et al., 1999). Because
Npn-1 and Npn-2 are expressed in developing spinal
motor neurons (Chen et al., 1997; Cohen et al., 2005;
He and Tessier-Lavigne, 1997; Kolodkin et al., 1997) it
seems likely that Sema3-neuropilin signaling partici-
pates in motor axon guidance, although it is unclear
whether these two receptors have overlapping or dis-
tinct functions.

Here, we use genetic approaches in mice and chick to
show that semaphorin-neuropilin signaling regulates the
timing of motor axon growth and target selection in the
developing limb. Our findings indicate that Sema3A-
Npn-1 signaling directs the fasciculation, timing, and fi-
delity of motor axon growth into the forelimb. In con-
trast, Sema3F-Npn-2 signaling guides the axons of
a subset of LMCm neurons into the ventral forelimb
through a repulsive interaction with Sema3F located
in the dorsal limb mesenchyme. Thus, Sema3A-Npn-1
and Sema3F-Npn-2 signaling play distinct roles in di-
recting spinal motor axon extension and appear to un-
derlie aspects of the temporal coordination of motor
axon outgrowth and target innervation.

Results

Neuropilins Are Differentially Expressed in Spinal
Motor Neurons

Secreted semaphorins (Semas) are capable of acting as
spinal motor axon repellents in vitro (Cohen et al., 2005;
Kuhn et al., 1999; Varela-Echavarria et al., 1997). To de-
termine whether Sema-neuropilin signaling is involved in
regulating aspects of motor axon development in vivo,
we examined Npn-1 and Npn-2 expression patterns in
the developing mouse brachial spinal cord. We charac-
terized the relationship between these expression pat-
terns and specific motor neuron populations, focusing
on the issue of whether Npn-1 and Npn-2 expression co-
incides with the expression of LIM homeodomain tran-
scription factors in motor neuron columnar subsets
(Tsuchida et al., 1994; Kania et al., 2000).

Analysis of neurofilament expression revealed that
axons have reached the base of the forelimb, but have
not yet grown into limb tissue, at embryonic day 10.5
(E10.5) (data not shown). At this stage, Npn-1 mRNA is
expressed by most, if not all, LMC neurons throughout
the rostral-caudal extent of the brachial spinal cord as
determined by coexpression with Raldh2, a marker of
all LMC neurons (Figures 1C-1E). LMC motor neurons
are segregated into distinct lateral and medial columnar
divisions, defined by Lim1 and Isl/1 expression, respec-
tively (Kania et al., 2000; Sockanathan and Jessell,
1998; Tsuchida et al., 1994). Npn-1 expression overlaps
with that of Lim7 and Isl1. Npn-2 is not detected in Lim1*
brachial LMCI motor neurons but is expressed in a sub-
set of Isl1*, Raldh2* LMCm neurons in the rostral and
caudal regions of the brachial LMC (Figures 1F-1l).
Taken together, these results show that Npn-1 and
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Npn-2 are expressed in partially overlapping subpopula-
tions of mouse brachial LMC motor neurons at a stage
when motor axons make specific pathway choices.

We next analyzed the expression patterns of secreted
semaphorins in relation to axon tracts in the developing
mouse forelimb. To visualize the distribution of Sema3A
protein, we incubated tissue sections or whole embryos
with an alkaline phosphatase (AP)-tagged Npn-1 ecto-
domain fusion protein (Npn-1°°°-AP). The staining pat-
terns we observed are absent in Sema3A~'~ null mutant
embryos (Figure 1K), demonstrating that Npn-1°°°-AP
detects Sema3A protein in these regions. We detected
robust expression of Sema3A in the developing limb
bud at E10.5, when spinal nerves are in the plexus region
but have not yet entered the limb (Figure 1J). Sema3A
was strongly expressed at the base of the developing
limb just distal to the plexus region (Figure 1L; see
Figure S4A in the Supplemental Data available online).
The presence of Sema3A in the limb bud at a time
when motor axons have arrived at the plexus region rai-
ses the possibility that Sema3A regulates the timing of
motor axon in-growth into the forelimb. At E11.5, Npn-
1°°*°_AP binding revealed a high level of Sema3A ex-
pression adjacent to spinal nerve tracts within the fore-
limb (Figure S2C), raising the possibility that, at this later
time, Sema3A regulates motor axon fasciculation. These
data confirm the presence of Sema3A protein in regions
that express Sema3A mRNA (Wright et al., 1995) and
that also exhibit X-Gal staining in a Sema3A-LacZ
knockin mutant mouse (Taniguchi et al., 1997).

To visualize the endogenous distribution of ligands for
Npn-2, we probed tissue sections with an AP-tagged
Npn-2 ectodomain fusion protein (Npn-2°°°-AP) (Wata-
nabe et al., 2004). Binding of Npn-2°°°-AP was ob-
served in the dorsal forelimb at E10.5 in the region in
which the axons of LMC neurons bifurcate to establish
dorsal and ventral limb trajectories (Figure 1L). Npn-
2°°°_AP binding was absent in Sema3F mutant limb tis-
sue (Figure 1M), strongly suggesting that Npn-2°°°-AP
selectively interacts with endogenous Sema3F in this re-
gion. Sema3F has repulsive effects on Npn-2-express-
ing axons (Chen et al., 1997, 2000; Giger et al., 2000),
raising the possibility that Sema3F protein expressed
in the dorsal limb bud directs Npn-2-expressing LMCm
axons along a ventral trajectory in the forelimb.

Because class 3 semaphorin signaling has been impli-
cated in the regulation of neuronal cell migration (Huber
et al., 2003), we examined whether loss of Npn-1, Npn-2,
Sema3A, or Sema3F affects the formation of motor col-
umns. To assess motor neuron column organization, we
examined LIM homeodomain expression profiles at
E12.5 in Npn-1%m3~ knockin mice, where binding of all
class 3 semaphorins to Npn-1 is selectively abolished
while interactions with vascular endothelial growth fac-
tors (VEGFs) are maintained (Gu et al., 2003); in mice har-
boring a Npn-2 null mutation (Giger et al., 2000); and in
Sema3A (Behar et al., 1996) and Sema3F null mutants
(Sahay et al., 2003). At E12.5 in the mouse, motor neu-
rons have assumed their characteristic positions in
the spinal cord (Arber et al., 1999). We found that in
Sema3A, Sema3F, Npn-15°™2~, and Npn-2 mutants
the lateral and medial LMC neuron markers, Lim1 and
Isl1, respectively, are expressed in patterns characteris-
tic of the normal settling positions for LMC neurons (Fig-

ures S1 and S1B-S1K). In addition, the number of motor
neurons in the medial and lateral LMC is similar in these
mutants and wild-type littermates (Figure S1A). Thus,
the loss of Npn-1, Npn-2, Sema3A, or Sema3F function
does not affect the specification or position of motor
neuron cell bodies within the LMC.

Precocious Extension of Motor and Sensory
Projections in Npn-1°™2~ and Sema3A Mutants

The expression of neuropilins in distinct populations of
brachial LMC motor neurons, together with the pres-
ence of their ligands Sema3A and Sema3F in the limb
bud at E10.5, prompted us to examine the formation of
motor and sensory projections in the absence of sema-
phorin-neuropilin signaling. To label motor axons selec-
tively, we crossed an HB9:eGFP transgenic mouse line
(Lieberam et al., 2005; Wichterle et al., 2002) to Npn-
153~ knockin and Npn-2, Sema3F, and Sema3A null
mutant mice. Motor axon projections were observed in
whole-mount embryo preparations by GFP expression,
and sensory axons were detected by expression of neu-
rofilament in the absence of GFP. At E10.5, when wild-
type motor axon projections reach the plexus region
(Figure 2A) (Tosney and Landmesser, 1985a), we ob-
served that motor axons in both Npn-15°"~ and
Sema3A mutants had entered the limb and made signif-
icant progress toward distal limb regions (Figures 2B
and 2C, white arrowheads).

We calculated a relative extension score (RES) for mo-
tor axons by measuring the length of the longest visible
motor axon extending distally from the point of tightest
convergence in the plexus region and normalizing this
value to the proximal-distal length of the limb (see Ex-
perimental Procedures). The RES was significantly
higher in both Npn-15°"3~ and Sema3A mutants than
in wild-type littermates (Figure 2, p < 0.01 and p <
0.04, respectively, see figure legend). These observa-
tions imply that Sema3A-Npn-1 interactions normally
prevent premature invasion of motor axons into the fore-
limb mesenchyme. In contrast, in Npn-2 and Sema3F
mutants, motor and sensory projections entered the
limb at the same time as in wild-type embryos, extend-
ing similar distances into the forelimb at E10.5 (Figures
2D-2F). Therefore, Sema3A-Npn-1, but not Sema3F-
Npn-2, signaling regulates the timing of motor and sen-
sory axon growth into the forelimb.

Npn-1-Sema3A Signaling Controls Fasciculation

of Motor and Sensory Projections

in the Forelimb Plexus

We next monitored the formation of distinct projections
to the forelimb at E12.5, when motor and sensory axons
have crossed the plexus region and formed individual
nerve branches. In Npn-715°"3~ mutants, both motor
and sensory projections innervating the forelimb
showed marked defasciculation and aberrant, exuber-
ant growth when compared to wild-type embryos (Fig-
ures 3A and 3B). Nerve defasciculation was particularly
pronounced in the forelimb plexus region, where axons
normally converge and segregate into muscle-specific
nerve bundles. In Npn-75°"3~ mutants, motor axons
within the plexus were defasciculated and did not con-
verge into tight bundles (Figure 3E, arrow). We observed
a similar phenotype in Sema3A mutant embryos: motor
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Figure 1. Expression Patterns of Neuropilins, Sema3A, and Sema3F

(A) Schematic drawing of motor axon extension at E10.5.

(B) Schematic drawing of motor projections at E12.5 after the establishment of the dorso-ventral choice point

(C-l) Expression patterns of Npn-1 and Npn-2 are revealed on adjacent transverse sections through the mouse brachial spinal cord. Three axial

levels including the forelimb LMC are shown from rostral (top row) to caudal (bottom row). The ventrolateral quadrant of the spinal cord is shown,
and the spinal cord is outlined with a dashed line.

(C) Npn-1 mRNA.
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Figure 2. Premature Growth of Forelimb Motor and Sensory Projections in Npn-15m3~ and Sema3A Mutants

(A-C) Dorsal views of the forelimb plexus in whole-mount embryos utilizing anti-GFP (green, motor projections) and anti-neurofilament (red, mo-
tor and sensory projections) staining of E10.5 homozygous Npn-15°™2" (B), wild-type littermate (A) and Sema3A null (C) embryos. The relative
extension score (RES, see text and Experimental Procedures) was higher in Npn-15°m3~ (0.57 + 0.07 SEM) and Sema3A mutants (0.92 =+ 0.02
SEM) than in wild-type littermates (0.34 + 0.02 SEM and 0.67 = 0.08 SEM).

(D-F) Extension of motor and sensory projections is revealed in dorsal views of the forelimb plexus in E10.5 Npn-2 (E), Sema3F (F) null, and wild-
type littermate control embryos (D). The RES was not significantly different in either Npn-2 (0.36 = 0.03 SEM) or Sema3F mutants (0.34 = 0.05
SEM) as compared to wild-type littermates (0.33 + 0.04 SEM and 0.31 = 0.04 SEM). Differences in extension of motor and sensory neurons into
the limb in wild-type embryos in (A) and (D) are due to small variations in the timing of these matings, but do not influence our RES calculations
because these are only performed using littermate embryos. The position of the furthest motor axon is marked with an arrowhead, spinal nerves
are indicated with empty arrowheads (A and D), exuberant sensory axon growth is marked with a white arrow (B and C), and the limb buds are
outlined with a dotted white line.

Scale bar, 200 um in all panels.

and sensory axons were defasciculated and spread over
a wide area at the plexus region (Figures 3C and 3F,
arrow).

To quantify the degree of motor axon defasciculation
in these mutants, we measured the rostrocaudal dis-
tance of motor axon spreading at three medial-to-lateral
landmark positions: (1) convergence of spinal nerve
branches from C4 and C5, (2) branching of the supra-
scapular nerve, and (3) divergence of the motor neuron
branches that project caudally to the cutaneus maximus
(medial anterior thoracic nerve) and latissimus dorsi
(thoraco-dorsal nerve) muscles (Figure 3M; Greene,
1935). This analysis revealed a 1.5- to 2-fold expansion
of the plexus region at all three reference points in

both Npn-15"3~ and Sema3A mutants (Figure 3N).
Sema3A is expressed in close proximity to growing
axon tracts (Figure S2C) and is therefore likely to act
through a “surround repulsion” mechanism to maintain
fasciculation as axons grow toward the plexus and into
the forelimb.

Is Npn-2 also involved in bundling axon projections to
the forelimb? To address this issue we evaluated axonal
trajectories in the forelimb of Npn-2 (Figures 3H and 3K)
and Sema3F (Figures 3| and 3L) mutants. No defects
were observed in motor or sensory axonal fasciculation,
compared to wild-type littermates (Figures 3G and 3J).
Moreover, motor projections in Npn-2 and Sema3F mu-
tants converge tightly as they exit the spinal cord to form

(D) Raldh2 mRNA.

(E) Schematic overlay of expression areas: Npn-1 (blue), Isl1 (yellow), Raldh2 (purple).

(F) Npn-2 mRNA.

(G) Isl1 protein, immunohistochemistry performed on the same section as Npn-2 in situ hybridization in (F).

(H) Lim7 mRNA.

(I) Overlay of expression domains: Npn-2 (red), Isl1 (yellow), Lim1 (green), Raldh2 (purple).

(J) Binding of Npn-1°°'°-AP to forelimb sections of E10.5 wild-type embryos reveals strong expression of Sema3A in the forelimb bud (outlined
with a dashed white line). No binding was detected in Sema3A mutant embryonic limb buds (K). The forelimb bud is outlined with a black dashed
line and the most distal extent of the spinal nerve, as determined by neurofilament staining (not shown), is indicated in each section with a black
arrow.

(L) Section overlay assay with Npn-2°°°-AP reveals the distribution of Sema3F in wild-type embryos at E10.5 in the dorsal region of the forelimb.
No binding of Npn-2°°*°-AP for E10.5 forelimb sections was detected on Sema3F mutant tissue (M) (dashed line and arrows as in [J]).

Scale bar, 115 um in (A)-(I) and 140 um in (J)—(M).
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Figure 3. Defasciculation of LMC and MMC Projections in Npn and semaphorin Mutant Mice
(A-F) Whole-mount anti-GFP (green, motor axons) and anti-neurofilament (red, motor and sensory axons) staining of E12.5 homozygous Npn-
15°™3= (B and E), wild-type littermate (A and D), and Sema3A null (C and F) embryos show defasciculated motor and sensory projections in the

forelimb in the absence of Sema-A-Npn-1 signaling.
(D-F) Enlarged dorsal views of the plexus of the forelimbs shown in (A)-(C). The arrow points to the plexus region, where defasciculation of motor

and sensory projections is revealed in Npn-15™2~ (E) and Sema3A null (F) embryos.
(G-L) Whole-mount embryo preparations at E12.5 of Npn-2 (H and K), Sema3F (I-L), and wild-type littermate embryos (G and J) all show normal

fasciculation of motor and projections in the forelimb.
(J-L) Enlarged dorsal views of the plexus region of the forelimbs depicted in (G)-(l).
(M-0) Quantification of motor axon convergence at the plexus. The thickness of the plexus was measured on six limbs of each genotype at the

three landmark points indicated in (M).
(P-S) Detection of GFP (green, motor axons) and neurofilament (red, motor and sensory fibers) in whole-mount embryo preparations at E13.5

reveals defasciculated intercostal nerves in Npn-152"2~ (Q), Npn-2 null (R), and Npn-15°™2";Npn-2 double mutant embryos (S) as compared
to wild-type littermate embryos (P). Arrowheads mark aberrant axon projections between intercostal nerves.
Scale bar, 300 um in (A)~(C) and (G)-(l), 120 um in (D)-(F) and (J)-(L), and 100 um in (P)~(S).

the brachial plexus (Figures 3K and 3L): plexus thick- their control littermate embryos (Figure 30). Axonal de-
ness measured at the three reference points was indis- fasciculation at the forelimb plexus was not enhanced in
tinguishable in both Npn-2 and Sema3F mutants and Npn-15°™3";Npn-2 double mutants over what we
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observed in Npn-15™2 or Sema3A single mutants (data
not shown), further suggesting that Npn-2 is not in-
volved in regulating the fasciculation of LMC axonal pro-
jections to the forelimb.

To address whether Sema3s are involved in the fascic-
ulation of other spinal motor projections, we assessed
the effect of semaphorin-neuropilin signaling on the fas-
ciculation of thoracic intercostal nerves, which contain
the axons of lateral MMC motor neurons. We found
that wild-type intercostal nerves are tightly fasciculated
at E13.5 (Figure 3P). In contrast, intercostal nerves are
defasciculated in Npn-1 or Npn-2 single mutants (Fig-
ures 3Q and 3R), with many nerve braches crossing be-
tween main nerve tracts (arrowheads). This phenotype is
dramatically enhanced in the Npn-15¢"2~:Npn-2 double
mutant, and here defasciculation of intercostal nerves
was so pronounced that the main intercostal bundles
no longer appear to respect somite boundaries and
were spread over the entire thoracic region (Figure 3S).
The major Npn-1 and Npn-2 ligands, Sema3A and
Sema3F, respectively, are expressed in the caudal so-
mite at E10.5, as revealed by Npn°“**-AP binding to
whole embryos (Figures S2A and S2B). These results
suggest that in the thoracic regions, unlike the forelimb,
Sema3A-Npn-1 and Sema3F-Npn-2 signaling collabo-
rate to control the fasciculation of MMC axonal projec-
tions to intercostal muscles.

Npn-1-Sema3A Signaling Is Required for Correct
Dorso-Ventral Trajectories of LMC Axons in the
Forelimb

Does the precocious entry of motor axons into the fore-
limb in the Npn-152™3~ and Sema3A mutants lead to de-
fects in the stereotypical dorso-ventral choices made by
LMC axons? Because in Npn-15™2~ and Sema3A mu-
tants motor nerves are defasciculated in the plexus re-
gion, we examined whether the absence of Sema3A-
Npn-1 signaling leads to pathfinding defects in the
limb. We retrogradely labeled motor neuron cell bodies
by injecting horseradish peroxidase (HRP) into either
the ventral or dorsal forelimb muscles of E13.5 Npn-
15m3~ and Sema3A mutant embryos and then as-
sessed the presence of retrogradely transported HRP
in the cell bodies of Lim1* LMCI motor neurons and
Isl1* LMCm motor neurons. In wild-type embryos, nearly
all of the HRP-labeled motor neurons that were retro-
gradely labeled from dorsal forelimb muscle injections
expressed Lim1 but not Isl1 (97%; Figure 4B; data
not shown). In contrast, significantly more dorsally
labeled HRP* motor neurons expressed Isl1 in Npn-
75ema= (22%) and Sema3A mutant embryos (24%; Fig-
ures 4C and 4D, arrowheads) as compared to wild-
type littermates. These misrouted LMCm neurons did
not express Lim1 (data not shown). Following injection
into the ventral muscle mass of wild-type embryos,
HRP is detected primarily in Isl1* LMCm neurons, with
only 2% of ventrally HRP-labeled neurons expressing
Lim1 (Figure 4F, data not shown). However, in Npn-
15°™M3= embryos, 35% of HRP* neurons expressed
Lim1 following ventral HRP injections (Figure 4G, arrow-
heads; data not shown). Thus, a substantial fraction of
LMCI neurons embark on an inappropriate trajectory to
the ventral forelimb in Npn-75¢"3~ mutant embryos.
The low incidence of LMC motor neurons with apparent

dorsal or ventral axonal misprojections in wild-type em-
bryos is likely to be the result of tracer injection errors,
because independent genetic tracing reveals that the fi-
delity of this dorso-ventral guidance decision is normally
extremely high (Kania et al., 2000).

We asked whether loss of Sema3A, the major ligand
for Npn-1, leads to projection errors in LMCI neurons
by evaluating the course taken by LMCI axons in
Sema3A mutant embryos. We found that significantly
more Lim1* LMCI neurons projected axons aberrantly
to the ventral forelimb (19% of HRP* neurons,
Figure 4H, arrowheads) as compared to wild-type em-
bryos (5% of HRP* neurons). EphA4 is expressed by
LMCI neurons and their axons and provides an indepen-
dent measure of LMCI axonal projections to the limb
(Helmbacher et al., 2000; Kania and Jessell, 2003). We
observed that expression of EphA4 in LMCI neurons is
unchanged in the absence of Sema3A-Npn-1 signaling
(data not shown). Consistent with our retrograde tracing
observations, in both Npn-15¢"3~ and Sema3A mutant
embryos EphA4* axons that originated from LMCI motor
neurons aberrantly projected into the ventral forelimb
mesenchyme (Figures 4J-4P). Quantitative immunofluo-
rescence analysis of EphA4 expression on axonal pro-
jections in the limb at E13.5 revealed a higher level
of EphA4 expression on ventral axons in Npn-156ma~
(1.3 = 0.25 ratio of dorsal to ventral fluorescence in-
tensity) and Sema3A (1.1 = 0.01) mutant embryos,
as compared to wild-type littermates (2.2 = 0.2, for
Npn-15°™3~ littermates; 2.2 + 0.2, for Sema3A litter-
mates), consistent with the presence of aberrantly pro-
jecting lateral LMC axons (Figure 4M). These results
show that Sema3A-Npn-1 signaling is required for the
establishment of accurate medial and lateral LMC neu-
ron projections in the forelimb.

Npn-1 Is Required Autonomously in Neurons for
Correct Dorso-Ventral Motor Axon Projections

into the Forelimb

Because the dorso-ventral pathfinding choice of LMC
axons is compromised in the absence of Sema3A-
Npn-1 signaling, we asked whether Npn-1 expression
by motor neurons is required for accurate axonal path-
finding in the forelimb. We first examined whether the
Npn-15¢m3~ neurons of the lateral LMC that exhibit an in-
appropriate axonal trajectory in the forelimb indeed ex-
press Npn-1. To identify misrouted LMCI neurons, we in-
jected HRP into the ventral forelimb musculature of
E13.5 Npn-15°"3~ embryos and assayed the distribution
of HRP/Lim1 and Npn-1 transcript because Npn-1 is still
expressed in these mutants. We found that the majority
of LMCI neurons that projected aberrantly to the ventral
forelimb expressed Npn-1 (Figures 5A-5C, white arrow-
heads), suggesting that Npn-1 expression in motor neu-
rons is critical for the formation of dorso-ventral axonal
trajectories. We also examined whether removal of
Npn-1 from motor neurons results in aberrant limb pro-
jections. This was achieved using a conditional allele of
Npn-1 (Npn-1°) (Gu et al., 2003) and an Is/1-Cre line (Sri-
nivas et al., 2001). In addition to motor neurons, Isl1 is
also expressed in dorsal root ganglia (DRG) sensory
neurons, and so this Is/7-Cre line eliminates Npn-1
from both motor and DRG sensory neurons. However,
analysis in the embryonic chicken suggests that sensory
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Figure 4. LMC Projections Are Misrouted in the Absence of Sema3A-Npn-1 Signaling

(A-D) Motor axon projections to the dorsal forelimb were traced using HRP retrograde labeling at E13.5. (B) In wild-type embryos, only 2.6% =+
2.5 SEM (n = 4) of HRP* (red) were also Isl1*.

(C) A significant number of backfilled, HRP* motor neurons also expressed Isl1 in homozygous Npn-15°"3~ mutants (21.8% =+ 9.7 SEM,n=4,p <
0.05) and also in Sema3A null embryos (D) (24.2% =+ 5.5 SEM, n = 4, p < 0.02).

(E-H) Motor neuron projections into the ventral forelimb illuminated by HRP retrograde labeling from ventral muscles performed at E13.5.

(F) In wild-type embryos, HRP (red) is largely restricted to Lim1~, medial LMC neurons, with only 2.3% (+1.1 SEM, n = 5) of HRP* neurons being
Lim1™*.

(G) In homozygous Npn-15°"3~ mutants, 35.1% (x11.7 SEM, n = 5, p < 0.01) of HRP-labeled LMCI neurons are also Lim1* (green). This same
phenotype is also observed in Sema3A null embryos (D), where 18.6% (+4.9 SEM, n = 5, p < 0.03) of HRP-labeled neurons are also Lim1*.
The ventrolateral quadrant of the spinal cord is shown, and the spinal cord is outlined with a dashed white line. Misprojecting neurons are marked
with arrowheads.

(I) Quantification of dorsal and ventral retrograde labeling of motor neurons. Percentage of retrogradely labeled HRP* motor neurons that are
Isl1* following dorsal HRP injections and that are Lim1* following ventral HRP injections are shown.

(J-L) Anti-neurofilament and anti-EphA4 (N-P) immunostaining in E13.5 homozygous Npn-1%°"3~ (K and O), wild-type littermate (J and N), and
Sema3A null (L and P) embryos. The position of the boundary between dorsal and ventral limb mesenchyme is indicated by dotted lines, and
misrouted EphA* axons in Npn-15°"3~ (O) and Sema3A null (P) embryos are marked with arrowheads.

(M) Quantification of EphA4 immunofluorescence. The immunofluorescence intensities of anti-EphA4 and anti-neurofilament staining of E13.5
ventral (v) and dorsal (d) braches were determined and the ratios of dorsal to ventral fluorescence were calculated. Higher levels of EphA4 ex-
pression were observed on ventral axons in Npn-15°"3~ (1,3 = 0.25 ratio of dorsal versus ventral fluorescence intensity) and Sema3A (1.1 = 0.01)
mutant embryos as compared to wild-type littermates (2.17 = 0.2, p < 0.03 for Npn-715°™2" littermates and 2.2 = 0.2, p < 0.02 for Sema3aA litter-
mates (n = 3 for mutants and their wild-type littermates).

Scale bar, 15 um in (B)—(H) and 50 um in (J)-(P).

axons grow into the hindlimb after motor axons (Honig grade tracing from ventral forelimb muscles revealed
et al., 1986; Landmesser and Honig, 1986; Tosney and that 35% of HRP-labeled motor neurons expressed
Hageman, 1985a, 1989; Wang and Scott, 1999). Retro- Lim1 and therefore projected aberrantly to the ventral
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(A) Following HRP (red) injection into the ventral forelimb of E13.5 homozygous Npn-15°"3~ embryos, many HRP* motor neurons are also Lim1*
(green) LMCI neurons that aberrantly project to ventral mesenchyme (white arrowheads). The correctly projecting medial LMC neurons are HRP*,
Lim1~ (black arrowhead).

(B) Npn-1 in situ hybridization on an adjacent section shows that misprojecting LMCI neurons in homozygous Npn-15°"3~ mutants express

Npn-1.
(C) Overlay of (A) and (B).

(D) In heterozygous Npn-1conditional;lsICre (Npn-1 c/+;Is1ICre) embryos following ventral HRP injections, only a small number of retrogradely
labeled HRP* and Lim1* LMCI neurons are observed (5.3% = 1.6 SEM, n = 3).

(E) Ventral HRP injections in homozygous Npn-1 conditional;IsI1Cre (Npn-1 c/c;Isl1Cre) at E13.5 show that 35% (+8.1 SEM, n=3, p <0.01) of HRP*
motor neurons are misrouted Lim1* (green) LMCI neurons. The ventrolateral quadrant of the spinal cord is outlined with a white dashed line.
(F) Quantification of the retrograde HRP labeling and LMCI motor neuron identity.

Scale bar, 15 um in all panels.

forelimb in mice homozygous for Npn-1€ and heterozy-
gous for Is/1-Cre (Figure 5E), as compared to 5% of
Lim1* HRP-labeled motor neurons in control littermates
(heterozygous for Npn-1° and Isi1-Cre, Figure 5D).
These results suggest that Npn-1 is required autono-
mously in motor neurons to guide their axons to forelimb
muscle targets.

The Ventral Forelimb Trajectories of LMCm Axons
Depend upon Sema3F-Npn-2 Signaling

The finding that Npn-2 is selectively expressed in a sub-
set of LMCm neurons and that Sema3F protein is found
in the dorsal forelimb (Figures 1F-11 and 1L) raises the
possibility that Npn-2 and Sema3F are required to direct
LMCm axons along their ventral trajectory. We com-
bined genetic loss-of-function analyses in Sema3F and
Npn-2 null mice with gain-of-function experiments in
chick to address this issue. We first identified the cell
bodies of dorsally projecting motor neurons in Npn-2
and Sema3F mutant embryos and wild-type littermates

by injecting HRP into the dorsal forelimb musculature
at E13.5. Wild-type littermates showed a low incidence
of dorsally projecting HRP™, Isl1* LMCm neurons (7%
and 5% of all HRP* motor neurons for Npn-2 and
Sema3F wild-type littermates, respectively; Figure 6B).
In Npn-2 mutants, however, a significantly higher num-
ber of HRP*, Isl1* LMCm neurons projected aberrantly
into the dorsal limb (37% of all HRP* motor neurons;
Figure 6C, arrowheads). In Sema3F mutants we ob-
served a similar guidance defect (32% HRP™*, Isl1*
LMCm neurons; Figure 6D, arrowheads). Moreover,
these misrouted Isl1* LMCm neurons lacked Lim1 ex-
pression (data not shown).

We next assessed the trajectory taken by LMCI neu-
rons using retrograde HRP labeling of motor neurons
from ventral forelimb muscles. Ventral HRP injections la-
beled very few Lim1* LMCI neurons in wild-type and
Npn-2 mutant embryos (9% for Npn-2 null and 3% for
wild-type littermates; Figures 6F and 6G). Further, loss
of Sema3F did not significantly perturb the dorsal
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Figure 6. Misrouting of Medial LMC Neurons in Npn-2 and Sema3F Mutants

(A-D) Dorsally projecting neurons are retrogradely labeled by dorsal HRP injection at E13.5. In wild-type embryos (B), HRP* neurons are mostly
Isl1™ (5.2% Isl1*, £5.2 SEM, n = 5). In Npn-2 mutant embryos (C), 36.6% (+9.1 SEM) of HRP™* are Isl1* medial LMCm neurons (n =5, p < 0.02), and
in Sema3F null embryos (H), 32.3% (+7.4 SEM) of HRP* neurons are also Is|1*.

(E-H) HRP injection into ventral forelimb muscles at E13.5 in Npn-2 ([G], 8.8% =+ 5.2 SEM of HRP™* neurons are Lim1*; n = 5, p = 0.4), Sema3F null
embryos ([H], 13.3% = 3.1 SEM of HRP™* neurons are Lim1*; n = 5, p = 0.1), and wild-type littermate embryos ([F], 2.6% =+ 0.7 SEM of HRP* neu-
rons are Lim1*; n = 5) reveal normal LMCI projections. The ventrolateral quadrant of the spinal cord is outlined with a dashed line.

(1) Quantification of dorsal and ventral retrograde labeling experiments. Percentages of HRP* motor neurons that are also Is|1* for dorsal injection
and Lim1* for ventral injections are shown.

(J-L) Anti-neurofilament and anti-EphA4 (N-P) staining of forelimb neuronal trajectories at E13.5. The dorsal (d)-ventral (v) boundary within the
forelimb is indicated with a dotted line.

(M) Quantification of the anti-EphA4 and anti-neurofilament immunostaining. Ratios of anti-EphA4 fluorescence intensities of dorsal to ventral

branches are indicated.
Scale bar, 15 um in (B)—(H) and 50 um in (J)-(P).

trajectory taken by LMCI neurons (4% in wild-type and
14% in mutant embryos; Figure 6H; p > 0.05). Expression
of EphA4, a marker for dorsally projecting LMCI axons,
was not detected on axons in the ventral limb of Npn-2
and Sema3F mutants (Figures 6J-6P). Importantly, the
expression of EphA4 in LMCI neuron cell bodies was un-
changed in Npn-2 mutants (data not shown). The quan-
tification of immunofluorescence staining for EphA4 re-
vealed no differences in the dorsal-to-ventral ratio in

Npn-2 and Sema3F mutants as compared to wild-type
littermates (Figure 6M). Together, these findings show
that within the forelimb Sema3F-Npn-2 signaling con-
trols the axonal trajectory of a subset of Isl1* LMCm neu-
rons that express Npn-2. The repulsive ligand Sema3F is
present in the dorsal limb (Figure 1C) and is likely to repel
Npn-2-expressing LMCm axons and guide them into the
ventral region of the limb. Npn-2 is not expressed in
LMCI neurons (Figures 1F-11"), and consistent with
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Figure 7. Overexpression of Npn-2 in the Chick Spinal Cord Drives Lateral LMC Axons into the Ventral Forelimb

(A-D) Anti-neurofilament (red) and anti-GFP (green) immunohistochemistry in the forelimb of stage 26 chick embryos electroporated at stage 12
with a GFP (n = 5, [A and B]) or Npn-2,GFP expression constructs (n = 7, [C and D]). The dotted line indicates the boundary between the dorsal (d)
and ventral (v) forelimb.

(E) Quantification of axonal GFP immunofluorescence in forelimbs of electroporated embryos. Axonal GFP levels within the dorsal and ventral
limb mesenchyme are expressed as a percentage of total limb axonal GFP immunofluorescence, p < 0.002.

(F and G) Retrograde tracing of ventrally projecting neurons by injecting HRP into the pectoralis muscle following electroporation of GFP alone
(F) or Npn-2,GFP (G).

(H) Quantification of ventrally projecting neurons. 27.3% (+4.2 SEM, n = 8, p < 0.02) of HRP* (red) neurons are also Lim1* (blue, arrowhead in [G])
after injection of Npn-2,GFP, while only 1.6% (+1.6 SEM, n = 4) of HRP* neurons were Lim1* in GFP-only electroporations. HRP*, Lim1~ LMCm
neurons that correctly project to the ventral limb are marked with arrows in (G). The ventro-lateral quadrant of the spinal cord is shown and out-
lined with a white dashed line.

Scale bar, 100 um in (A)~(D) and 15 um in (F)-(G).

this observation, disruption of Sema3F-Npn-2 signaling with GFP in the ventral spinal cord, suggesting that
had no significant effect on the dorsal pathfinding of ectopic Npn-2 expression does not affect overall LMC
LMCI axons. axonal number. Following electroporation of GFP alone,
Is Npn-2 expression able to impose a ventral trajec- we observed 54% of axonal GFP fluorescence in the
tory on LMC neurons? We addressed this issue by ec- ventral limb and 47% in the dorsal limb (Figures 7A,
topically expressing Npn-2 and GFP in brachial LMC 7B, and 7E). In contrast, ectopic expression of Npn-2
neurons in the chick spinal cord (Figure 7; Figure S3; Ka- and GFP resulted in 73% of axonal GFP fluorescence in
nia and Jessell, 2003). In stage 23 chick spinal cord, the ventral limb and 27% in the dorsal limb (p < 0.002;
Npn-2 is expressed in a subset of Isl1* LMCm neurons Figures 7A-7E). Thus, ectopic expression of Npn-2 in
(Figures S3D-S3G), a pattern similar to that observed LMC neurons promotes the selection of a ventral axonal
in mouse. The ectopic expression of Npn-2 and GFP trajectory into the forelimb.
did not affect the expression profiles of Isl1 or Lim1, in- To determine whether Npn-2 redirects axonal projec-
dicating that Npn-2 does not dramatically influence mo- tions of LMCI neurons that ectopically express Npn-2,
tor neuron development or settling patterns within the we injected HRP into the ventral pectoralis musculature
LMC in this gain-of-function paradigm (data not shown). and analyzed the status of Lim1 expression in HRP-la-
To determine the fraction of GFP* axons that project beled LMC neurons. In embryos electroporated with
dorsally or ventrally, we quantified axonal GFP immuno- GFP, only 2% of HRP-labeled neurons expressed Lim1
fluorescence intensity in the dorsal and ventral axon (Figures 7F and 7H). Following ectopic Npn-2 expres-
branches within the forelimb (Kania and Jessell, 2003). sion, however, we observed that 27% of HRP-labeled
We found that overall axonal fluorescence levels were neurons expressed Lim1 (Figure 7, arrowheads in G

similar, independent of whether Npn-2 is coexpressed and H). These misrouted LMCI neurons did not express
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Isl1 (data not shown). Together, these experiments sug-
gestarole for Npn-2in the formation of the ventral axonal
trajectory of LMCm neurons in the developing limb.

Discussion

Motor neurons project their axons to target muscles
with considerable accuracy. The environment through
which axons extend changes markedly during embry-
onic development, suggesting that the timing of axonal
growth must be tightly coordinated with the temporal
expression of axonal guidance cues. Neuropilins, se-
creted semaphorin coreceptors, are expressed in over-
lapping but distinct populations of spinal motor neurons,
and Sema3 ligands are expressed in the developing
limb. We discuss below how differential Sema3-neuropi-
lin signaling directs specific steps in motor axon guid-
ance that are critical for the formation of precise nerve-
muscle connections (Figure 8).

Timing of Motor Axon Ingrowth and Its Role

in the Dorso-Ventral Trajectory Choice

Motor axons leave the spinal cord and converge at
the plexus, a region of particular relevance to motor
axon guidance in the developing vertebrate limb. Within
the plexus region, motor axons segregate into nerve
braches destined to innervate individual muscle groups
(Tosney and Landmesser, 1985b). This process is
thought to involve a tightly orchestrated series of inter-
actions between motor axons and their extracellular en-
vironment in the limb. The spatial and temporal control
of these interactions underlies the fidelity of nerve-mus-
cle innervation patterns. We observe that Sema3A is ex-
pressed in the forelimb as motor axons arrive at the
plexus region, prior to their invasion of the limb mesen-
chyme, and our findings reveal that motor axons grow
into forelimb tissue prematurely in both Sema3A and
Npn-15°"3~ mutant mice. In the chick, motor axons
pause at the plexus region prior to innervating the limb
(Lance-Jones and Landmesser, 1981; Tosney and Land-
messer, 1985b; Wang and Scott, 2000), although such
awaiting period has not been documented in the mouse.
Nevertheless, our data indicate that the precise timing of
motor axon in-growth into the plexus is critical for the
establishment of dorso-ventral axonal trajectories in
the forelimb. Ephexin1, a guanine nucleotide exchange
factor involved in Ephrin signaling, has similarly been
shown to regulate the timing of motor axon growth
into the chick limb (Sahin et al., 2005), suggesting that
more than one signaling system contributes to the tem-
poral regulation of motor axon extension into the limb.
The strict regulation of the timing of motor axon growth
at the plexus could delay axon extension into the devel-
oping limb until the appropriate distribution of motor
axon guidance cues and/or their receptors is achieved,
permitting motor axons to sort correctly into discrete
nerve bundles. Consistent with this idea, the levels of ex-
pression of ephrinA and EphA4, a ligand-receptor pair
critical for guiding LMCI motor axons to the dorsal
limb, are observed to be very low 1 day prior to the nor-
mal time of motor axon ingrowth into the forelimb (A.K.
and T.M.J., unpublished data). A delay of motor axon in-
growth at the plexus may therefore permit other guid-
ance cues or their receptors to be expressed in patterns
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Figure 8. Model for Semaphorin-Neuropilin Signaling in LMC Axon
Guidance

(A) Summary diagram of Sema3A and Npn-1 expression patterns in
LMC motor neurons and limb mesenchyme at E10.5 and E12.5.

(B) In Npn-15°"3~ or Sema3A mutant embryos, LMCm and LMCI
projections enter the limb mesenchyme prematurely and are defas-
ciculated (E10.5). The dorso-ventral choice of both LMCIl and LMCm
axons is disrupted.

(C) Summary diagram of Sema3F and Npn-2 expression patterns in
LMCm motor neurons and forelimb mesenchyme at E10.5 and
E12.5.

(D) In the absence of Npn-1 or Sema3F, motor axons enter the limb
mesenchyme at the correct developmental time point and show no
obvious defasciculation at E10.5. However, the absence of repulsive
interactions between Npn-2-expressing LMCm neurons and Sema3F
in the dorsal limb leads to an aberrant dorso-ventral choice by LMCm
neurons.

necessary for sorting of axons into muscle-specific
nerve branches.

Regulation of Motor Axon Fasciculation

and Subsequent Effects on Dorso-Ventral

Trajectory Choice in the Limb

What role does motor axon fasciculation play in the es-
tablishment of dorso-ventral motor axon trajectories in
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the limb? We find that the decrease in fasciculation of
LMC axons that results from perturbation of Sema3A-
Npn-1 signaling has a dramatic effect on the subsequent
trajectory of these axons. In the absence of Sema3A-
Npn-1 signaling, the convergence and divergence of
motor axons in the plexus is disturbed. The pattern of
expression of Sema3A along brachial spinal nerves
and within the forelimb suggests that Sema3A has a cru-
cial role in promoting motor axon fasciculation through
a surround repulsion mechanism (Huber et al., 2003;
Tessier-Lavigne and Goodman, 1996; Wright et al.,
1995). Nevertheless, despite the defasciculation of mo-
tor and sensory projections in the absence of Sema3A-
Npn-1 signaling, individual nerve braches that emanate
distal to the plexus are still recognizable in their correct
positions, implying that additional cues contribute to es-
tablishment of muscle-specific nerve trajectories. In-
deed, removal of NCAM polysialic acid (PSA) in the
plexus region leads to dorso-ventral axonal projection
errors within the chick hindlimb (Hanson and Land-
messer, 2004; Tang et al., 1992; Landmesser et al.,
1988, 1990). One possible explanation for the targeting
defects we observe in the absence of Sema3A-Npn-1
signaling is that defasciculation of motor nerves impairs
the segregation of motor axons originating from the
same motor pool. Type Il cadherins and class 3 sema-
phorins are expressed in motor pool-specific patterns
(Cohen et al., 2005; Price et al., 2002) and could be in-
volved in the precise sorting of motor axons as they
grow through the plexus region.

Although Npn-1 and Npn-2 are expressed in subsets
of brachial LMC neurons, they appear to make different
contributions to the fasciculation of spinal nerve projec-
tions to the limb. We observe that Sema3F-Npn-2 sig-
naling has no major role in controlling the fasciculation
of LMC projections to the forelimb. However, MMCI mo-
tor axons, which coexpress Npn-1 and Npn-2, show ad-
ditive defects in their projections to the intercostal
muscles in Npn-15°™3=;Npn-2 double mutants. Thus,
different subsets of motor neurons exhibit distinct re-
quirements for the two neuropilin receptors.

Npn-2 Controls Dorso-Ventral LMCm Motor Axon
Trajectory Choice within the Forelimb

EphrinA-EphA4 signaling contributes to the establish-
ment of the LMCI motor axonal trajectory to the dorsal
hindlimb (Eberhart et al., 2002; Helmbacher et al.,
2000; Kania and Jessell, 2003), but the mechanisms
that establish the ventral axonal trajectory of LMCm
neurons within the limb have remained elusive. We find
that Sema3F-Npn-2 signaling plays a critical role in guid-
ing LMCm axons into the mouse ventral forelimb. Ex-
pression of Npn-2 in a large subset of LMCm neurons
helps to direct dorso-ventral pathway selection by these
motor neurons. One plausible basis for regulation of the
trajectory of LMCm axons by Npn2 is through its interac-
tions with Sema3F. Semag3F is the primary Npn-2 ligand
in several projection systems (Chen et al., 2000; Giger
et al., 2000; Sahay et al., 2003), and we observe that
the errors made by LMCm axons in Npn-2 mutant em-
bryos are similar to those in Sema3F mutant embryos.
We suggest that the expression of Sema3F in the dor-
sal forelimb mesenchyme normally helps to direct the
ventral trajectory of wild-type LMCm axons. The evi-

dence for repulsive signaling between dorsally ex-
pressed Sema3F in the developing limb and the axons
of Npn-2-expressing LMCm neurons underscores the
importance of repulsive guidance in the establishment
of dorso-ventral axonal trajectories in the limb. Our anal-
ysis has focused on semaphorin-neuropilin signaling
events controlling projections within the forelimb; how-
ever, it is likely that similar ligand-receptor signals coor-
dinate dorsal and ventral axonal trajectories in both
limbs. Future studies will be needed to determine the re-
spective contributions and interactions of ephrin and
semaphorin signaling in guiding motor axons at their
dorso-ventral choice point in the limb.

After an initial dorso-ventral guidance decision at
the plexus, motor axons diverge from main nerve
trunks and project within muscle nerves toward their tar-
gets (Tosney and Landmesser, 1985a). These muscle-
specific projection patterns are reflected in the spinal
cord because motor neurons that project to the same
peripheral targets are grouped into discrete motor pools
(Haase et al., 2002; Helmbacher et al., 2003; Land-
messer, 1978b; Livet et al., 2002; Price et al., 2002).
The neuropilin receptors and their class 3 semaphorin li-
gands have been observed to be expressed in a combi-
natorial manner in distinct motor pools at later stages
(Cohen et al., 2005), suggesting that secreted sema-
phorin-neuropilin signaling could also play a role in mo-
tor axon projections to specific target muscles.

The formation of complex neuronal circuits during
development relies on precise responses to selectively
distributed axon guidance cues. Our findings reveal
that the restricted pattern of Npn-2 expression in motor
neurons contributes to the dorso-ventral choice of a
subset of LMCm axons, whereas the broader expres-
sion of Npn-1 in most LMC neurons regulates the timing
of motor axon extension into the limb. Thus, we con-
clude that Npn-1 and Npn-2 serve distinct roles in estab-
lishing motor axon trajectories. Future genetic analyses
should permit an evaluation of the degree to which the
timing of axon growth and the degree of axon fascicula-
tion influence the specificity of target selection during
motor innervation. Since many populations of adult neu-
rons, including spinal motor neurons, express secreted
semaphorin receptors and are capable of responding
to these repellents, the cellular and molecular mecha-
nisms that operate during development may provide in-
sight into the constraints on nerve regeneration follow-
ing spinal injuries.

Experimental Procedures

Mouse Embryo Preparation

The genotype of mouse embryos was determined as described for
Npn-1°°"3~ and Npn-1€ (Gu et al., 2003), Nnp-2 (Giger et al., 2000),
Sema3A (kind gift of Dr Behar; Behar et al., 1996), Sema3F (Sahay
et al., 2003), Gfp-HB9 (Wichterle et al., 2002), and Is/71-Cre (Srinivas
et al.,, 2001).

Immunohistochemistry and In Situ Hybridization

Protocols for immunohistochemistry and in situ hybridization have
been described previously. For details, see the Supplemental Data
online.

Npn®°*°-AP Fusion Protein Binding
Npn°©*°-AP fusion protein binding to tissue sections and whole em-
bryos was performed as described (Feiner et al., 1997; Watanabe
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et al., 2004). Chick Npn-2°°">-AP was a kind gift of Y. Watanabe (Wa-
tanabe et al., 2004). For details on fusion proteins, see the Supple-
mental Data.

Quantification of EphA4 Axonal Levels

To quantitate axonal projections, cryostat transverse forelimb sec-
tions at E12.5 were coincubated with rabbit anti-EphA4 and mouse
anti-neurofilament antibodies and Alexa488- and Alexa546-conju-
gated secondary antibodies (Molecular Probes). The area of highest
fiber density was determined by measuring the pixel intensity of
anti-neurofilament immunofluorescence in a predefined window us-
ing NIH image software. Then, the density of EphA4* fibers was
quantified by measuring the pixel intensity in the green channel in
the same window. The ratio of protein expression on dorsal versus
ventral branches in the forelimb was calculated, and readings
were performed on three embryos for each genotype.

Retrograde Labeling of Motor Neurons

For retrograde labeling of motor neurons, 20% HRP (Sigma) and 1%
lysolecithin (Sigma) in PBS were injected into several dorsal or sev-
eral ventral forelimb muscles of E13.5 embryos, and preparations
were incubated for 5 hr in aerated D-MEM/F12 medium (Gibco) prior
to fixation in 4% PFA in PBS and immunocytochemical detection of
HRP (Kania et al., 2000). Sections were triple stained with antibodies
against HRP (for cytoplasmic localization), Lim1, and Isl1 (both for
nuclear localization). To ensure selective dorsal or ventral labeling,
sections of the injected forelimb were inspected and backfilled mo-
tor axons were evaluated; for dorsal injections, only embryos that
showed no labeled axons projecting ventrally, and for ventral injec-
tions, only embryos that showed no labeled axons projecting dor-
sally were included in our analyses. To quantitate dorsally mispro-
jecting neurons, backfilled HRP* neurons were counted, and the
percentage of aberrantly projecting Isl1*, Lim1~ neurons was calcu-
lated. To quantitate the percentage of neurons that aberrantly pro-
ject to the ventral forelimb, HRP* neurons were counted, and the
percentage of aberrantly projecting Lim1*, Isl1 ~ neurons was calcu-
lated. The injections and quantitations were done blinded to the gen-
otypes of the embryos.

In Ovo Electroporation

Chick eggs were incubated and staged (Hamburger and Hamilton,
1951). In ovo electroporation of expression constructs was per-
formed as described (Kania and Jessell, 2003). The chick Npn-2
plasmid was a kind gift of Y. Watanabe (Watanabe et al., 2004).
We used a 10-fold excess of a Npn-2 expression construct com-
pared to the GFP expression construct to ensure that all GFP* axons
are likely to also express Npn-2, and we typically achieved ~30%
electroporation of LMC neurons.

Quantification of GFP-Labeled Axonal Projections

The quantification of motor axon projections using expression of
GFP was performed as described previously (Kania and Jessell,
2003).

Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/48/6/949/DC1/.
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