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Corticospinal (CS) neurons in layer V of the sensorimotor cortex are essential for voluntary motor control. Those neurons project axons
to specific segments along the rostro-caudal axis of the spinal cord, and reach their spinal targets by sending collateral branches
interstitially along axon bundles. Currently, little is known how CS axon collaterals are formed in the proper spinal cord regions. Here, we
show that the semaphorin3A (Sema3A)–neuropilin-1 (Npn-1) signaling pathway is an essential negative regulator of CS axon collateral
formation in the spinal cord from mice of either sex. Sema3A is expressed in the ventral spinal cord, whereas CS neurons express Npn-1,
suggesting that Sema3A might prevent CS axons from entering the ventral spinal cord. Indeed, the ectopic expression of Sema3A in the
spinal cord in vivo inhibits CS axon collateral formation, whereas Sema3A or Npn-1 mutant mice have ectopic CS axon collateral
formation within the ventral spinal cord compared with littermate controls. Finally, Npn-1 mutant mice exhibit impaired skilled move-
ments, likely because of aberrantly formed CS connections in the ventral spinal cord. These genetic findings reveal that Sema3A–Npn-1
signaling-mediated inhibition of CS axon collateral formation is critical for proper CS circuit formation and the ability to perform skilled
motor behaviors.
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Introduction
Proper formation of corticospinal (CS) circuits is essential for
skilled motor behaviors in mammals (Porter and Lemon, 1993;

Martin, 2005). During development, CS axons extend from layer
V of the cerebral cortex down through the cerebral peduncles and
brainstem and along the rostrocaudal axis of the spinal cord
(Canty and Murphy, 2008). After the CS axons reach appropriate
segmental levels, they send collaterals from their main axon bun-
dles to connect to motor neurons, either directly (in primates
only) or indirectly via interneurons (in all mammals; Porter and
Lemon, 1993; Lemon, 2008), thereby forming the circuits con-
necting the motor cortex to the muscles.
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Significance Statement

CS neurons project axons to the spinal cord to control skilled movements in mammals. Previous studies revealed some of the
molecular mechanisms underlying different phases of CS circuit development such as initial axon guidance in the brain, and
midline crossing in the brainstem and spinal cord. However, the molecular mechanisms underlying CS axon collateral formation
in the spinal gray matter has remained obscure. In this study, using in vivo gain-of- and loss-of-function experiments, we show that
Sema3A–Npn-1 signaling functions to inhibit CS axon collateral formation in the ventral spinal cord, allowing for the development
of proper skilled movements in mice.
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Some progress has been made in investigating the molecular
mechanisms of the initial axon guidance of CS neurons (CSNs)
during development (Canty and Murphy, 2008). For example,
netrin signaling via DCC and Unc5 receptors and ephrin signal-
ing have been shown to be involved in the decision of CS axons to
cross the midline at the junction of the brainstem (Kullander et
al., 2001; Finger et al., 2002; Wegmeyer et al., 2007; Asante et al.,
2010; Paixão et al., 2013). Class 6 semaphorins also control the
midline crossing of CS axons in the brainstem (Faulkner et al.,
2008; Rünker et al., 2008). Ryk-mediated Wnt signaling plays a
role in posterior-directed CS axon growth in white matter (Liu et
al., 2012). Moreover, repellent guidance molecules such as
semaphorin3A (Sema3A) and semaphorin3C (Sema3C) have also
been implicated in axon guidance of cortical neurons (including
CSNs) using in vitro explant cultures (Bagnard et al., 1998). Interest-
ingly, L1 Ig superfamily adhesion molecule (L1CAM) binds to
neuropilin-1 (Npn-1), which is a receptor for class 3 semaphorins
(Castellani et al., 2000, 2002), and L1 mutant mice show defects in
fasciculation and midline crossing of CS axons (Cohen et al., 1998;
Jakeman et al., 2006). In contrast, the in vivo roles of Sema3A signal-
ing in axonal trajectory of CSNs is less clear, as Sema3A mutant mice
did not show any defects in elongation, collateralization, fascicula-
tion, or path-finding of CS axons (Sibbe et al., 2007).

Axon bundles, such as the CS axons in the spinal white matter,
send collaterals to form connections with appropriate target neu-
rons (Porter and Lemon, 1993; Canty and Murphy, 2008; Lemon,
2008). Therefore, the proper formation of axon collaterals from
the main axon bundles is an essential step toward the development of
complex motor circuits (Kalil and Dent, 2014). CS axons are a model
system for studying axon collateral formation, because CS axons
innervate their spinal targets by extending collateral branches inter-
stitially along their entire axon length in the spinal gray matter (Por-
ter and Lemon, 1993; Canty and Murphy, 2008; Lemon, 2008).
Using slice cultures from neonatal mice, a previous study showed
that collateral branching activity is spatially restricted to specific por-
tions of the CS axon within a brief, temporally-restricted window
(Bastmeyer and O’Leary, 1996). It has also been shown that an indi-
vidual CS axon has multiple sites of branching activity, and many of
those collateral branches are transient (Bastmeyer and O’Leary,
1996). Together, these observations suggest that CS axon collaterals
are precisely regulated during development. Although the negative
control of CS axon collateral formation is likely critical for the estab-
lishment of mature patterns of axonal arborization and connectivity,
the mechanisms suppressing CS axon collateral formation in the
spinal cord remain obscure.

Here we assess the role of Sema3A–Npn-1 signaling in the devel-
opment of CS circuits in mice. In vivo Sema3A gain-of-function
experiments demonstrated that Sema3A–Npn-1 signaling is suffi-
cient to suppress CS axon collateral formation in the spinal cord.
Conversely, in Sema3A mutant mice and forebrain-specific Npn-1-
deficient mice, we found that CS axons exhibit excessive collateral
formation. Npn-1-deficient mice exhibited impairments in skilled
movements. Therefore, this study identified Sema3A–Npn-1 signal-
ing as an essential negative regulator of CS axon collateral formation
within the spinal cord in vivo, which is critical for the establishment
and functioning of appropriate CS circuits in mice.

Materials and Methods
Mouse lines
The following mouse strains were used in this study: Emx1-Cre (Gorski et
al., 2002), CAG-CAT-eGFP (ccGFP) (Nakamura et al., 2006), Npn-1fl/fl

(Gu et al., 2003), and Sema3A�/� (Taniguchi et al., 1997). Mice were
maintained on a mixed background. Mice of either sex were used in the

study. All animals were treated according to institutional and National
Institutes of Health guidelines, with the approval of the Institutional
Animal Care and Use Committee at Cincinnati Children’s Hospital Med-
ical Center and Burke Neurological Institute/Weill Cornell Medicine.

In situ hybridization
Brains and spinal cords were fixed by submersion in 4% (w/v) parafor-
maldehyde (PFA)/phosphate-buffered saline (PBS) overnight at 4°C.
RNA in situ hybridizations were performed on 16 –20 �m cryosections
according to standard protocols. T7 or Sp6 RNA polymerase (Roche) was
used to synthesize antisense digoxigenin-labeled probes for in situ hy-
bridizations as previously described (Schaeren-Wiemers and Gerfin-
Moser, 1993).

Immunohistochemistry and imaging
Perfusion fixation (ice-cold PBS followed by 4% PFA) was used to har-
vest brains and spinal cords. Upon dissection, the brain and spinal cord
were fixed overnight at 4°C. Brains and spinal cords were cryoprotected
by immersion in 30% sucrose/PBS for 48 h and sectioned using a cryostat
at 50 and 80 �m thickness, respectively. Free-floating immunohisto-
chemistry was performed by incubating brain and spinal cord sections
with primary antibodies overnight at room temperature, then incubating
with fluorophore-conjugated secondary antibodies for 4 h at room tem-
perature. Sections were mounted with VECTASHIELD Mounting Media
(Vector Laboratories) and coverslipped for imaging. Confocal images
were taken with a Nikon A1R GaAsP or Carl Zeiss LSM 510 Laser-
Scanning Confocal Microscope. The following primary antibodies were
used in this study: chicken anti-eGFP (1:2000; Abcam); rabbit anti-
DsRed (1:1000; Clontech); goat anti-mCherry (1:2000; Biorbyt); goat
anti-LacZ (1:2000; Biogenesis); and guinea pig anti-vGlut2 (1:5000;
Millipore). The fluorophore-conjugated secondary antibodies were
obtained from Jackson ImmunoResearch and Invitrogen. For biotin-
ylated dextran amine (BDA) staining, 20-�m-thick spinal cord sec-
tions were incubated in 0.3% Triton X-100/PBS for 4 h, followed by
incubation with AlexaFluor 568 streptavidin (1:400; Invitrogen) for
2 h at room temperature.

Surgery and viral injections
Overexpression of Sema3A in the lumbar spinal cord of P0 mice. Mice were
anesthetized with isoflurane during surgery and injections. A laminec-
tomy was performed at the L1–L4 lumbar spinal cord region of P0 Emx1-
Cre; ccGFP mice to expose the lumbar spinal cord. A fine glass capillary
loaded with 400 nl of adeno-associated virus (AAV)8 expressing Sema3A
and LacZ (an equal mixture of AAV8-CMV-Sema3A/2 � 10 12 GC/ml
and AAV8-CMV-LacZ/2 � 10 12 GC/ml, gifts from Dr. Enrico Giraudo
from the University of Torino, Italy; Maione et al., 2009) was inserted
into the lumbar spinal cord using the following coordinates: 0 mm lateral
to the midline, at a depth of 0.8 mm. Two injections (400 nl each) of the
virus mixture were delivered to the L2 and L4 lumbar spinal cord region.
Mice injected with AAV8-CMV-LacZ/1 � 10 12 GC/ml were used as con-
trols. Spinal cords were collected at P14 (see Fig. 2)

Anterograde axon tracing with AAV. AAV1-CAG-tdTomato (1 � 10 11

GC/ml, 200 nl/injection; Penn Vector Core) was injected into the left
hemisphere of mice at P4 using the following coordinates: 1 mm rostral
to bregma, 0.7 mm lateral to the midline, at a depth of 0.4 mm. Spinal
cords and brains were collected from 6-week-old mice (see Figs. 5, 6, 8).

Anterograde axon tracing with BDA. BDA (MW: 10,000; Invitrogen;
10% in PBS) was injected into the cerebral cortex at 6 weeks using the
following coordinates: sensory CS tract (CST), 0.5 mm rostral to bregma
and 2.5 mm lateral to the midline, 0.5 mm caudal and 2.5 mm lateral, at
a depth of 0.5 mm (Ueno et al., 2018). Spinal cords and brains were
collected 2 weeks after injections (see Fig. 9).

Behavioral tests
Grip strength analysis. Forelimb and hindlimb grip strengths of mice were
measured using a grip strength meter from Columbus Instruments as
previously described (Gu et al., 2017b). Average force was calculated for
each mouse based on three trials and expressed as grams-force (gf; 1 gf �
9.8 � 10 �3 newton).
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Single-pellet reaching test. We assessed the performance of 7-week-old
mice in a single pellet reaching test as previously described, with minor
modifications (Xu et al., 2009). Briefly, mice were food-restricted to
maintain 90% of their free-feeding weight before the training. We deter-
mined the preferred limb for each mouse during the shaping phase (2– 4
d), which was followed by a 7 d training protocol. We recorded 30 reaches
from each mouse per day during training. Only when the mouse success-
fully retrieved the seed and put it into its mouth was the attempt consid-
ered a success.

Accelerating rotarod. the accelerating rotarod was used to assess motor
coordination and motor learning (Med Associates). Mice were placed on
a 3 cm diameter rod with an initial rotation of 4 rpm that accelerated to
40 rpm over 5 min. Mice were tested for tumble latency (time before
falling off the rod) in eight trials over 2 consecutive days as described
before (Daily et al., 2011).

Grid-walking test. the grid-walking test was performed as described
previously (Starkey et al., 2005; Gu et al., 2017b). Briefly, mice were
placed on a square wire grid (15 � 15 mm grid squares) and allowed to
freely explore for 3 min. Sessions were videotaped and scored for the
percentage of forelimb foot-slips (when paws missed a rung or slipped off
a rung) in the first 50 steps taken with forepaws.

Beam-walking test. the beam-walking test was performed as previously
described (Gu et al., 2017b). Beams with a flat surface of 16, 8, and 4 mm
width were used in this test. Performance on the beam was quantified by
measuring the time required for each mouse to traverse the beam and the
number of foot-slips that occurred in the process. Sessions were videotaped
and scored for the percentage of foot-slips in the first 50 hindlimb steps.

Quantification and data analysis
Quantification of CS axon density/arborization surface. ImageJ (NIH) was
used to measure CS axon density labeled by fluorescent proteins. The
values from mutant mice or experimental groups were normalized to
those of controls. Data are expressed as relative arborization surface.
Three to five spinal cord sections were quantified for each animal.

Quantification of the number of CS axon collaterals. CS axon collaterals
in the lumbar spinal cord labeled in P6 Emx1-Cre; ccGFP mice were
divided into three zones: zone I (dorsally projecting population), zone II
(medially projecting population), and zone III (ventrally projecting pop-
ulation). The number of CS axon collaterals in each zone was counted.
Three to five spinal cord sections were quantified for each mouse.

Quantification of BDA-labeled CS axon density. Images of 12 sections in
the cervical (C4 –C7) spinal cord were acquired and the distribution of
BDA-positive CS axons were analyzed with ImageJ software (NIH). The
percentages in the dorsal (lamina I�IV), medial (V, VI), and ventral
spinal gray matter (VII�X) were quantified.

Statistics
The results are expressed as the mean � SEM. Two-way repeated-
measures ANOVAs were used for Figure 10, C and E (followed by post hoc
comparisons). One-way ANOVA followed by Tukey’s test was used for
Figure 9C. Student’s t tests were used for other statistical analyses. Error
bars indicate the SEM. Significance levels are indicated as follows: *p �
0.05, **p � 0.01, ***p � 0.001.

Results
Expression of Sema3A and Npn-1 in the developing spinal
cord and cortex
To determine whether semaphorins, a large family of repellent
molecules, regulate CS axon collateral formation in the spinal
cord during development, we first examined the expression pat-
terns of secreted Sema3A–3F in spinal cords of postnatal day (P)0
and P7 mice. P0 and P7 are key developmental stages in which CS
axon collaterals are actively innervating the cervical and lumbar
spinal cord, respectively. We observed that Sema3A was selec-
tively expressed in medial and ventral regions of the cervical and
lumbar spinal cord in both P0 and P7 wild-type mice (Fig. 1A–D).

Previous studies showed that repellent molecules, such as slits
and semaphorins in the ventral spinal cord, prevent sensory ax-
ons in the dorsal root ganglia from innervating the ventral spinal
cord during embryogenesis (Behar et al., 1996; Kitsukawa et al.,
1997; Taniguchi et al., 1997; Gu et al., 2003; Yaron et al., 2005).
Similarly, Sema3A expressed in the ventral spinal cord in early
postnatal stages may inhibit ventral projections of CSNs. There-
fore, we examined the early postnatal expression of the Sema3A
receptor, Npn-1 (Raper, 2000), in the sensorimotor cortex; the
part of the brain in which CSNs originate. Indeed, Npn-1 was
expressed in the sensorimotor cortex at P7 (Fig. 1E–H). Thus,

Figure 1. Expression of Sema3A and Npn-1 in the spinal cord and cortex. A–H, In situ hybridization of Sema3A (A–D), CTIP2 (E, F ), and Npn-1 (G, H ) in the cervical spinal cord (A, B), the lumbar
spinal cord (C, D), and the cortex (E–H ) at P0 (A, C, E, G) and P7 (B, D, F, H ). Scale bars, 100 �m.
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Sema3A and Npn-1 are expressed by spinal cord neurons and
CSNs, respectively, suggesting that their repellent interactions
may inhibit the formation of CS axon collaterals in the ventral
spinal cord during development.

Ectopic expression of Sema3A in vivo negatively regulates CS
axon density in the spinal cord
To determine the in vivo role of Sema3A–Npn-1 signaling in CS
axon collateral formation in the spinal cord, we used a previously
developed AAV vector (AAV8-Sema3A; Maione et al., 2009) to
ectopically express Sema3A in the spinal cord of postnatal mice.
To visualize CS axon collaterals, Emx1-Cre mice were crossed
with a conditional GFP reporter mouse line (Emx1-Cre; ccGFP)
(Gorski et al., 2002; Bareyre et al., 2005; Nakamura et al., 2006).
GFP� CS axon collaterals were observed in the lumbar spinal
cord of P14 Emx1-Cre; ccGFP mice. The majority of these GFP�

axon collaterals were confined to the dorsal spinal cord, with only
a few collaterals localized to the medial and ventral spinal cord
(Fig. 2A–C). AAV8-Sema3A and AAV8-LacZ viruses were then
coinjected into the L2 and L4 regions of the lumbar spinal cord of
P0 Emx1-Cre; ccGFP mice. The spread of AAV8 infection was
assessed by LacZ immunoreactivity which was detected through-
out the lumbar (L2–L4) spinal cord (Fig. 2D–F; data not shown).
Emx1-Cre; ccGFP mice that received only injections of AAV8-
LacZ were used as controls (Fig. 2A–C). We observed significant
reductions in CS axon collaterals in the dorsal (p � 0.0023, t test)
and medial (p � 0.0041) regions of the lumbar spinal cord in
mice injected with AAV8-Sema3A/AAV8-LacZ viruses (Fig.
2M–S; n � 4) compared with control mice (Figs. 2G–L,S; n � 5).
No significant reductions were observed in the ventral horn of the
lumbar spinal cord in AAV8-Sema3A/AAV8-LacZ-injected mice
(Fig. 2K,L,Q–S; p � 0.2642), consistent with the observation that
endogenous expression of Sema3A was enriched in the ventral

spinal cord (Fig. 1A–D). Collectively, our results demonstrate
that elevated expression of Sema3A is sufficient to reduce axon
collateral formation of CSNs in the medial and dorsal spinal cord.

No obvious defects in the elongation of CS axons in the dorsal
funiculus or in branch initiation of CS axons in Npn-1fl/fl;
Emx1-Cre mice
To examine how CS axon collaterals form in the spinal cord in the
absence of the Sema3A receptor, Npn-1, we examined various
aspects of CS circuit formation in Npn-1fl/fl; Emx1-Cre; ccGFP
mice in which Npn-1 is deleted in the cortex. First, we assessed
how deletion of Npn-1 affects the early stages of circuit develop-
ment, including initial axon guidance, midline crossing, descent
in the dorsal funiculus, and initial branch formation of CS axons
within the lumbar spinal gray matter. At P10, control (Npn-1fl/�;
Emx1-Cre, n � 5) and Npn-1-deleted mice (Npn-1fl/fl; Emx1-Cre,
n � 7) showed no obvious differences in the overall morphology
or trajectory of CS tracts (Fig. 3A,B). The dorsal turning of the CS
tract at the pyramidal decussation also appeared to be normal in
Npn-1fl/fl; Emx1-Cre mice (Fig. 3A,B), consistent with a previous
study that suggested Npn-1 was not required for the midline
crossing of the CS tract in the brainstem (Faulkner et al., 2008).

Second, to compare the descent of CS axons within the dorsal
funiculus of the spinal cord between Npn-1fl/fl; Emx1-Cre mice and
controls, we examined the descending CS axons at P4; the stage at
which CS axons are just arriving at the rostral part of the lumbar
spinal cord (Canty and Murphy, 2008). No marked differences were
observed in the projections of CS axons to the lumbar spinal cord of
Npn-1fl/fl; Emx1-Cre mice compared with control mice, with axons
in both groups reaching the L1 region and terminating before L2
(Npn-1fl/fl; Emx1-Cre mice, n � 5; Npn-1fl/�; Emx1-Cre, n � 6; Fig.
3C–N). Overall, the descent of CS axons appears to be normal in
Npn-1-deleted (Npn-1fl/fl; Emx1-Cre) mice.

Figure 2. Sema3A negatively regulates CS collateral formation in vivo. A–R, Immunostaining of P14 lumbar spinal cord sections from AAV8-LacZ injected (A–C; control) mice and AAV8-LacZ/
Sema3A injected mice (D–F ) using antibodies targeting GFP (green) and LacZ (red). Regions with a high-power view are indicated by red squares. G–R, High-power views of boxed areas from
AAV8-LacZ-injected (G–L; control) and AAV8-LacZ/Sema3A-injected (M–R) mice. S, Quantification of axon collateral intensities, showing significant reductions of axon collaterals in AAV8-LacZ/
Sema3A-injected mice compared with AAV8-LacZ-injected mice in the dorsal ( p � 0.0023) and medial ( p � 0.0041) but not ventral ( p � 0.2642) regions of the lumbar spinal cord. Scale bars: F,
100 �m; R, 20 �m. **P � 0.01, n.s. � not significant.
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Figure 3. Normal elongation and branching initiation of CS axons in Npn-1fl/fl; Emx1-Cre mice. A, Schematic diagram showing labeling in the forebrain as well as descending CS axons by Emx1-Cre;
ccGFP. B, Ventral views of the brainstem and coronal sections show CS axons labeled by GFP in Npn-1fl/�; Emx1-Cre; ccGFP (control; top) and Npn-1fl/fl; Emx1-Cre; ccGFP (bottom) mice at P10 are
similar in both groups. The dorsal turning and midline crossing of CS axons in Npn-1fl/fl; Emx1-Cre; ccGFP mice were similar to control mice. C–H, Images of the L1 lumbar spinal cord from Npn-1fl/�;
Emx1-Cre; ccGFP (C–E; control) and Npn-1fl/fl; Emx1-Cre; ccGFP (F–H ) mice at P4 show that the arrival of CS axons at L1 is similar in both groups. Front views (D, G) and side views (E, H ) are from the
red boxed areas in C, F. Dorsal columns are indicated by red dashed lines in D and G. I–N, Images of the L2 lumbar spinal cord from Npn-1fl/�; Emx1-Cre; ccGFP (I–K; control) and Npn-1fl/fl; Emx1-Cre;
ccGFP (F–H ) mice at P4 show the absence of CS axons at L2 in both groups. Front views (J, M ) and side views (K, N ) are from the red, boxed areas in I and L. Dorsal columns are indicated by red dashed
lines in (J, M ). O, Schematic diagram showing labeling in the forebrain as well as descending CS axons by Emx1-Cre; ccGFP at P6. CSNs begin to send out primary axon shafts at this stage. P–S, Images
of the L2 lumbar spinal cord from Npn-1fl/�; Emx1-Cre; ccGFP (P–Q; control) and Npn-1fl/fl; Emx1-Cre; ccGFP (R–S) mice at P6 showing the formation of primary axon (Figure legend continues.)
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We then determined whether deletion of Npn-1 would affect
the initiation of CS axon collaterals from primary axon shafts to
the spinal gray matter. After descending, each CS axon exits the
dorsal column at a discrete location along the spinal cord to make
topographically-specific connections with target neurons in the
spinal gray matter. This is accomplished by the formation of
subsequent collateral branches from the primary axon shaft. We
quantified the number of primary axon shafts in the lumbar spi-
nal cord of P6 control (Npn-1fl/�; Emx1-Cre; ccGFP, n � 5) and
Npn-1-deleted mice (Npn-1fl/fl; Emx1-Cre; ccGFP, n � 4). In con-
trol Npn-1fl/�; Emx1-Cre; ccGFP mice, CS axons arrived at the
lumbar spinal cord at P4 and sent out collaterals to innervate the
spinal gray matter �P6 (Fig. 3C,P). To quantify the number of
primary axon shafts, collaterals were divided into three groups
based on the orientation of their projections (D, dorsal; M, me-
dial; V, ventral; Fig. 3C–S). We did not find any obvious changes
in any of the projecting CS axon collateral groups in Npn-1fl/fl;
Emx1-Cre; ccGFP mice compared with controls (Fig. 3T), indi-
cating that Npn-1 is largely unnecessary for initial axon collateral
formation. These results demonstrate that Sema3A–Npn-1 sig-
naling is unlikely to be required for initial axon guidance, de-
scent, or branch initiation of CS axons.

Npn-1fl/fl; Emx1-Cre mice display exuberant CS axon
collateral formation in the spinal cord
At later phases of CS axon collateral formation in the spinal cord,
we observed significantly more axon collaterals in the dorsal (p �
0.006), medial (p � 0.0086), and ventral (p � 0.0036) spinal cord
regions of P10 Npn-1fl/fl; Emx1-Cre (n � 6) mice compared with
control mice (n � 7; Fig. 4).

To visualize a unilateral subset of CSNs and their descending
CS axons, we injected AAV1-CAG-tdTomato (1 � 10 11 GC/ml,
200 nl/injection) into one hemisphere of the sensorimotor cortex
of Npn-1fl/�; Emx1-Cre (n � 6) and Npn-1fl/fl; Emx1-Cre (n � 7)
mice at P4. The overall morphologies and trajectories of CS tracts
within the brains of 6-week-old Npn-1fl/fl; Emx1-Cre mice were
comparable to those of control mice (Fig. 5A–H). We also found
that similar numbers of CS axons in the dorsal funiculus of the lum-
bar spinal cord were labeled by AAV1-CAG-tdTomato in both
groups (p � 0.6426; Fig. 5M,U,Y). In contrast, we observed a sig-
nificant increase in CS axon collaterals in the dorsal (p � 0.0091),
medial (p � 0.0001), and ventral (p � 0.0001) regions of the lumbar
spinal cord in Npn-1fl/fl; Emx1-Cre mice (Fig. 5R–T) compared with
Npn-1fl/�; Emx1-Cre (Fig. 5J–L) mice. CS boutons associated with
these exuberant axon collaterals in Npn-1fl/fl; Emx1-Cre mice were
found to be positive for the presynaptic marker vGlut1� (Fig. 5V–
X). In summary, depleting Npn-1 in CSNs results in a marked in-
crease of axon collaterals within the spinal cord.

We then investigated whether Npn-1fl/fl; Emx1-Cre mice have
defects in cortical projections to other areas of the brain such as
the red nucleus and brainstem. We injected AAV-TdTomato into
one hemisphere of the sensorimotor cortex of P7 Npn-1fl/�;
Emx1-Cre and Npn-1fl/fl; Emx1-Cre mice and analyzed the mice
7 d later (P14). We found no obvious differences in cortical pro-
jections to the red nucleus (Fig. 6A,B) or the brainstem (Fig.

6C–F) between Npn-1fl/�; Emx1-Cre and Npn-1fl/fl; Emx1-Cre
mice. Moreover, we did not find any obvious defects in axonal
decussation of CSNs in the brainstem in Npn-1fl/fl; Emx1-Cre
mice compared with Npn-1fl/�; Emx1-Cre mice (Fig. 6C–F).
Therefore, defects in CS axonal projections seem to be restricted
to the spinal cord but not the brain in Npn-1fl/fl; Emx1-Cre mice.

Exuberant CS axons in the spinal cord of Sema3A�/� mice
To examine the effects of Sema3A deletion on the formation of CS
axon collaterals in the spinal cord in vivo, we analyzed the ar-
borization of GFP� CS axons in the lumbar spinal cord of control
(Sema3A�/�; Emx1-Cre; ccGFP, n � 6) and Sema3A mutant
(Sema3A�/�; Emx1-Cre; ccGFP, n � 6) mice at P10 (Taniguchi et
al., 1997). We found that the majority of CS axon collaterals in P10
control mice were confined to the dorsal spinal cord (Fig.
7A,D,F,H), whereas the axon collaterals in Sema3A�/� mice were
found in the dorsal, medial, and ventral regions. In the dorsal spinal
cord, there was no difference (p � 0.2154) in axon collaterals be-
tween control and Sema3A�/� mice (Fig. 7A–E). However, observed
significant increases in axon collaterals in the medial (p � 0.0114, t
test) and ventral (p � 0.0194) regions of the lumbar spinal cord in
Sema3A�/� mice compared with controls (Fig. 7A–C,F–I).

To examine the morphologies and trajectories of axon collat-
erals in the adult spinal cord, we injected AAV1-CAG-tdTomato
(1 � 10 11 GC/ml, 200 nl/injection) into left hemisphere of the
sensorimotor cortex at P4 to unilaterally label a subset of CSNs.
The overall morphologies and trajectories of the labeled CS tracts
within the brains of 6-week-old Sema3A�/� mice were compara-
ble to those observed in Sema3A�/� mice (Fig. 8A–H). We also
found that similar numbers of axons in the dorsal funiculus of the
lumbar spinal cord were labeled by AAV1-CAG-tdTomato in
Sema3A�/� (n � 6) and Sema3A�/� mice (n � 6; p � 0.1668; Fig.
8M,U,Y). In contrast, we found a significant increase in axon
collaterals in the medial (p � 0.0004) and ventral (p � 0.0001),
but not dorsal (p � 0.9141), regions of the lumbar spinal cord in
Sema3A�/� mice (Fig. 8R–T) compared with those of
Sema3A�/� mice (Fig. 8J–L). CS boutons associated with these
exuberant axon collaterals in the ventral lumbar spinal cord of
Sema3A�/� mice were found to be vGlut1� (Fig. 8U–X). To-
gether, these results suggest that secreted Sema3A is required for
inhibiting CS axon collateral formation in the spinal cord.

Npn-1 and Sema3A deletion disrupt topographic innervation
of sensory CST
We recently reported that the CSTs from the sensory and motor
cortices project axons into the dorsal and ventral spinal cord in mice,
respectively (Ueno et al., 2018). Building upon this finding, we ex-
amined whether Sema3A–Npn-1 signaling is involved in sensory
CST innervation in the dorsal spinal cord. To test whether Sema3A
expressed in the ventral cervical gray matter (Fig. 1C,D,G,H) acts as
a repellent molecule to influence sensory CS axon innervation in the
dorsal spinal cord, we labeled the sensory CSTs of Npn-1fl/fl; Emx1-
Cre (n � 3) and Sema3A�/� (n � 3) mice by injecting a small vol-
ume of an anterograde tracer, BDA, into the sensory cortex. In
control mice (n � 3), sensory CS axons innervated mainly the dorsal
regions of the spinal gray matter and were mostly absent from the
ventral region (Fig. 9A; lamina VII–X), as previously reported (Ueno
et al., 2018). In contrast, marked ventral innervation of sensory CS
axons was observed over the medial-ventral border of the gray mat-
ter in Sema3a and Npn-1 mutant mice (p � 0.0024, 0.0492; Fig.
9A–D). Together, these results indicate that Sema3A–Npn-1 signals
contribute to the precise topographic distribution of CS axons from
the sensory cortex.

4

(Figure legend continued.) shafts in both groups. Q, S, High-power views of the red boxed
areas in P and R. The primary axon shafts are divided into three groups based on the orientation
of their projections (I, dorsal; II, medial; III, ventral). T, Quantification of the axon collaterals in
zones I ( p � 0.1950), II ( p � 0.6826), and III ( p � 0.8295) showed that the numbers of axon
collaterals were similar between Npn-1fl/�; Emx1-Cre; ccGFP) and Npn-1fl/fl; Emx1-Cre; ccGFP
mice. Scale bars: B, 1 mm; N, 50 �m; R, 200 �m; S, 150 �m. n.s. � not significant.
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Adult Npn-1fl/fl; Emx1-Cre mice exhibit deficits in skilled
movements
When we studied the impact of CS axon collateral defects in the
spinal cord on motor behaviors, we did not find any changes in
forelimb (p � 0.6970, t test) or hindlimb (p � 0.7098) grip

strength in Npn-1fl/fl; Emx1-Cre mice (n � 8) compared with
those of control (Npn-1fl/fl, n � 8) mice (Fig. 10A).

The same mice were then challenged with different skilled
behavioral tests. First, we assessed forelimb behaviors using a
single-pellet reaching task in which mice were trained to reach

Figure 4. P10 Npn-1fl/fl; Emx1-Cre mice display exuberant CS axon branches. A–B, Immunostaining of P10 lumbar spinal cord sections from Npn-1fl/�; Emx1-Cre; ccGFP (A; control) and Npn-1fl/fl;
Emx1-Cre; ccGFP mice (B) using antibodies targeting GFP. Regions with a high-power view are indicated by red squares. C, Quantification of axon collateral intensity shows Npn-1fl/fl; Emx1-Cre; ccGFP
mice had significantly more axon collaterals in the dorsal ( p � 0.006), medial ( p � 0.0086), and ventral ( p � 0.0036) regions of the lumbar spinal cord compared with controls. D–I, High-power
views of boxed areas showing axon collaterals in the dorsal, medial, and ventral regions of the lumbar spinal cord from Npn-1fl/�; Emx1-Cre; ccGFP (D, F, H) and Npn-1fl/fl; Emx1-Cre; ccGFP mice (E,
G, I). Scale bars: B, 100 �m; I, 20 �m. **P � 0.01.
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Figure 5. Adult Npn-1fl/fl; Emx1-Cre mice display exuberant CS axon branches. A–H, Anterograde tracing strategy to label unilateral CSNs and their descending axons. Top views of the brain show
the cortical neurons that were labeled by AAV1-CAG-tdTomato in 6 week-old Npn-1fl/�; Emx1-Cre (A, B; n � 6) and Npn-1fl/fl; Emx1-Cre (E, F; n � 7) mice. Ventral views of the brainstem show CS
axons labeled by tdTomato in Npn-1fl/�; Emx1-Cre (C, D) and Npn-1fl/fl; Emx1-Cre (G, H) mice. The overall morphologies of CS axons in Npn-1fl/fl; Emx1-Cre and control mice were similar. I–X,
Immunofluorescent labeling of lumbar spinal cord sections using antibodies targeting tdTomato (red; shown in black except in N–P, V–X) and vGlut1 (green). Transverse views show the CS
innervation of the lumbar spinal cord by unilateral CS axons and their collaterals labeled by tdTomato in Npn-1fl/�; Emx1-Cre (I–P) and Npn-1fl/fl; Emx1-Cre (Q–X) mice. Low-magnification views
(I, Q) show CS innervation of the lumbar spinal cord. High-magnification views (M, U) of the dorsal funiculus show individual CS axons labeled by tdTomato. The dorsal (J, N, R, V), medial (K, O, S,
W), and ventral (L, P, T, X) spinal cord (high-magnification views from Fig. 5I,Q), showing exuberant CS axon branches in Npn-1fl/fl; Emx1-Cre mice. CS boutons labeled by tdTomato were colocalized
with the presynaptic marker vGlut1. Y, Quantification of tdTomato-labeled CS axons showing similar ( p � 0.6426) numbers between mutant and control mice. (Figure legend continues.)
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through a slit inside a test chamber to grasp a food reward (Fig.
10B; Xu et al., 2009) Control mice improved their perfor-
mance over time, reaching a peak success rate of �45% by Day
7 (Fig. 10C). In contrast, we observed a consistently lower rate
of success throughout the testing period with Npn-1fl/fl; Emx1-
Cre mice (n � 8; Fig. 10C). Their performance was compro-
mised from the outset, and by Day 7 they had only achieved a
success rate of �13% (Fig. 10C). Overall, the performance of
Npn-1fl/fl; Emx1-Cre mice was significantly lower than control
mice ( p � 0.0001, two-way ANOVA, followed by post hoc
comparisons) in this skilled forelimb behavioral task.

To test motor coordination, we placed mice on an acceler-
ating rotarod (Daily et al., 2011) and measured the length of

time they could stay on the rotating cylinder (latency to fall).
The performance on this test of both control and Npn-1fl/fl;
Emx1-Cre mice improved progressively over the course of 8
trials (Fig. 10D). However, the latency to fall per trial for
Npn-1fl/fl; Emx1-Cre mice was significantly lower than that of
control mice ( p � 0.0001, two-way ANOVA, followed by post
hoc comparisons; Fig. 10D).

We then subjected mice to a grid-walking test to evaluate their
ability to accurately grasp rungs with their forepaws during spon-
taneous exploration of an elevated grid (Z’Graggen et al., 1998;
Starkey et al., 2005). Npn-1fl/fl; Emx1-Cre mice exhibited more
frequent forelimb foot-slips than control mice (p � 0.0016) dur-
ing this task (Fig. 10E,F).

Finally, fine motor coordination and balance in the hindlimbs
were assessed in a beam walking test (Fig. 10G), which involved
mice walking across elevated narrow beams of varying widths (4,
8, and 16 mm) to a safe platform. Performance on this task was
measured by recording both the time required to traverse the
beam and the number of hindlimb paw slips observed (Luong et

4

(Figure legend continued.) Z, Quantification of axon collateral intensities showing that Npn-
1fl/fl; Emx1-Cre mice had significantly more axon collaterals in the dorsal ( p � 0.0091), medial
( p � 0.0001), and ventral ( p � 0.0001) regions of the lumbar spinal cord compared with
Npn-1fl/�; Emx1-Cre mice. Scale bars: F, H, 2 mm; Q, 100 �m; U, X, 20 �m.

Figure 6. No obvious defects in axonal projections of CSNs to the red nucleus or brainstem in Npn-1fl/fl; Emx1-Cre mice. A, B, TdTomato � axonal projections of CSNs in the red nucleus in Npn-1fl/�;
Emx1-Cre (A) and Npn-1fl/fl; Emx1-Cre (B) mice. C–F, TdTomato � axonal projections of CSNs in the brainstem in Npn-1fl/�; Emx1-Cre (C, E) and Npn-1fl/fl; Emx1-Cre (D, F) mice. E, F, Higher
magnifications of C and D, respectively. Scale bars, 100 �m.
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al., 2011). In this test, Npn-1fl/fl; Emx1-Cre mice exhibited more
frequent hindlimb foot-slips compared with control mice on ev-
ery beam width (4 mm, p � 0.0021; 8 mm, p � 0.0181; 16 mm,
p � 0.0162; Fig. 10H). Together, these results demonstrate that
skilled movements are compromised in Npn-1fl/fl; Emx1-Cre
mice. These findings also suggest that Sem3A–Npn-1 signaling-
mediated inhibition of CS axon collateral formation is critical for
the proper formation and function of the CS circuits that under-
lie skilled movements.

Discussion
Mammalian CS circuits are the principal circuits of voluntary
motor control. The formation of functional CS circuits is contin-
gent upon the completion of numerous highly orchestrated
events, such as the fasciculation, guidance, and branching of
growing CS axons. In this work, we examined the role of
Sema3A–Npn-1 signaling in the development of CS circuits. Our
results strongly suggest that the interactions between Sema3A

and Npn-1 suppress the collateral formation of CS axons within
the spinal gray matter. Disruption of this pathway results in exu-
berant CSN axon collaterals in the spinal cord. Skilled behaviors
are compromised in Npn-1-deficient mice, indicating that exu-
berant CS axons in the ventral spinal cord of Npn-1 mutant mice
do not form appropriate connections and may even disrupt other
intact CS circuits, such as those in the dorsal spinal cord. To-
gether, our genetic findings indicate that Sema3A–Npn-1
signaling-mediated inhibition of CS axon collateral formation is
critical for the establishment of the CS circuits underlying skilled
movements.

Sema3A–Npn-1 signaling suppresses axon collateral
formation in CSNs in the spinal cord
CS axons descend from the sensorimotor cortex through the
brainstem and extend to the spinal cord where they branch and
find their appropriate target neurons. CS axons innervate their
spinal targets by extending collateral branches interstitially along

Figure 7. P10 Sema3A�/� mice display exuberant CS axon collateral formation. A, B, Immunostaining of P10 lumbar spinal cord sections from Emx1-Cre; ccGFP (A; control) and Sema3A�/�;
Emx1-Cre; ccGFP mice (B) using antibodies targeting GFP. Regions with high-power views are indicated by red squares. C, Quantification of axon collateral intensities, showing Sema3A�/�;
Emx1-Cre; ccGFP mice had significantly more axon collaterals in the medial ( p � 0.0114) and ventral ( p � 0.0194) but not dorsal ( p � 0.2154) regions of the lumbar spinal cord compared with
controls. D–I, High-power views of boxed areas showing axon collaterals in the dorsal, medial, and ventral regions of the lumbar spinal cord from Emx1-Cre; ccGFP (D–H) and Sema3A�/�; Emx1-Cre;
ccGFP mice (E–I). Scale bars: B, 100 �m; I, 20 �m. *P � 0.05, n.s. � not significant.
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Figure 8. Adult Sema3A�/� mice display exuberant CS axon branches. A–H, Anterograde tracing strategy to label subsets of CSNs and their descending axons. Top views of the brain, showing
a subset of cortical neurons that were unilaterally labeled by AAV1-CAG-tdTomato in 6 week-old Sema3A�/� (A, B; n � 6) and Sema3A�/� (E, F; n � 6) mice. Ventral views of the brainstem show
CS axons labeled by tdTomato in Sema3A�/� (C, D) and Sema3A�/� (G, H) mice. The overall morphologies of CS axons in Sema3A�/� mice were similar to what was observed in control mice. I–X,
Immunofluorescent labeling of lumbar spinal cord sections using antibodies targeting tdTomato (red; shown in black except in N–P, V–X) and vGlut1 (green). Transverse (Figure legend continues.)
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their length (Bastmeyer and O’Leary, 1996). This process in-
volves the de novo formation of axon branches from the axon
shaft independent of the growth cone present at the distal-most
segment of the axon (Gallo, 2011). However, little is known about
the molecular regulation of CS axon collateral formation (Canty
and Murphy, 2008). Here, we show that Sema3A–Npn-1 signal-
ing, although being unnecessary for earlier phases of CS circuit
formation, plays an important role specifically in axon collateral
formation. For example, initial guidance of CS axons in the spinal
cord, CS axon trajectories in the brain, and the dorsal tuning and
midline crossing of CS axons in the brainstem were indistin-
guishable from controls in Sema3A and Npn-1 mutant mice.
When it came to axon collateral formation in the spinal cord, we
found defects in both Sema3A and Npn-1 mutant mice. The de-
fects were slightly different in CS axon collateral formation in
Sema3A and Npn-1 mutants suggesting that other ligands or re-
ceptors may also bind to Sema3A or Npn-1 to regulate CS axons
although we cannot simply compare defects using null and con-
ditional mutant animals.

An important question remains about whether Sema3A–
Npn-1 signaling inhibits the branching or the length of CS axon
collaterals or both. Distinguishing between additional CS axonal
branching and increased CS axon length in Npn-1 mutant mice
would be very difficult, thus, we cannot make any conclusions on
these finer points of Sema3A–Npn-1 signaling at this time. It is
possible that the particular role of Sema3A–Npn-1 signaling
might depend upon the concentration of Sema3A in vivo. For
example, a high concentration of Sema3A may inhibit the length
of CS axon branching, whereas a low concentration may inhibit
only the numbers of CS axon branches. Nevertheless, our results
strongly suggest that Sema3A–Npn-1 signaling is required for
proper CS axon collateral formation in the ventral spinal cord.

Because Npn-1 does not have an intracellular domain, its co-
receptors, which are members of the Plexin A (PlexA) family,
transduce the Sema3A signal (Tran et al., 2007). Previous studies

using loss-of-function experiments suggested that PlexA3 and
PlexA4 transduce the Sema3A-mediated signal (Cheng et al.,
2001; Yaron et al., 2005), whereas PlexA1 and PlexA2 relay class 6
semaphorin signals (Yoshida et al., 2006; Suto et al., 2007; Ebert et
al., 2014; Sun et al., 2015). Although PlexA1 mutant mice show
increased CS axonal projections/branches in the ventral spinal
cord, this phenotype is likely because of defects in CS axon prun-
ing initiated by the Sema6D ligand (Gu et al., 2017a). Future
studies will examine CS axonal projections/branches in the spinal
cord of PlexA3/A4 double mutants as well as PlexA2 mutant mice
to genetically determine which coreceptors of Npn-1 regulate CS
axonal branches in the ventral spinal cord.

Roles of semaphorins and L1CAM in decussation of
CS neurons
Previous studies reveal that L1CAM modulates Sema3A signaling
in cortical neurons (Castellani et al., 2000, 2002, 2004; Bechara et
al., 2008; Law et al., 2008; Dang et al., 2012). L1CAM binds to
Npn-1 receptors (Castellani et al., 2000), whereas Sema3A repels
axons of cortical neurons using cortical slices from wild-type, but
not L1CAM mutant mice (Castellani et al., 2000, 2002). More-
over, L1CAM mutant mice show defects in axon decussation of
CSNs in the brainstem (Cohen et al., 1998; Jakeman et al., 2006).
In our study, Npn-1 mutant mice did not show any obvious CS
axon decussation defects in the brainstem (Fig. 6), although we
still cannot exclude the possibility that Npn-1 has some roles in
controlling CS axon decussation. These findings may suggest that
L1CAM modulates not only Sema3A but also other semaphorin
signaling pathways in vivo. Because class 6 semaphorins control
CS axon decussation in the brainstem (Faulkner et al., 2008;
Rünker et al., 2008), future studies will explore the effects of
L1CAM on class 6 semaphorins.

Proper formation of CS axon collaterals is critical for
skilled movements
We previously showed that PlexA1 mutant mice with direct con-
nections between CSNs and motor neurons exhibited elevated
skilled motor behaviors (Gu et al., 2017a). Therefore, we hypoth-
esized that if excess CS collateral formations in the ventral spinal
cords of Npn-1 mutant mice form proper connections with spinal
interneurons or ectopic direct connections with motor neurons,
Npn-1 mutant mice may display normal or even enhanced skilled
movements. However, in our behavioral assays, Npn-1 mutant
mice actually performed worse in tests involving skilled motor
control (Fig. 10). This suggests that CS axons in the ventral spinal
cord of Npn-1 mutant mice fail to form monosynaptic connec-
tions with motor neurons or proper connections with appropri-

4

(Figure legend continued.) views show CS innervation of the lumbar spinal cord by the uni-
lateral CS axons and their collaterals labeled by tdTomato in Sema3A�/� (I–P) and
Sema3A�/� (Q–X) mice. Low-magnification views (I, Q) show CS innervation of the lumbar
spinal cord. High-magnification views (M, U) of the dorsal funiculus show individual CS axons
labeled by tdTomato. High-magnification views of the dorsal (J, N, R, V), medial (K, O, S, W),
and ventral (L, P, T, X) spinal cord show exuberant CS axon branches in Sema3A�/� mice. CS
boutons labeled by tdTomato were colocalized with the presynaptic marker vGlut1. Y, Quanti-
fication showing the labeling of a similar ( p � 0.1668) number of CS axons by tdTomato. Z,
Analysis of axon collateral intensity showing Sema3A�/� mice had significantly more axon
collaterals in the medial ( p � 0.0004), and ventral ( p � 0.0001) regions of lumbar spinal cord
compared with Sema3A�/� mice. Scale bars: F, H, 2 mm; Q, 100 �m; U, X, 20 �m.

Figure 9. Npn-1 and Sema3A are required for topograhic innervation of sensory CS axons into the dorsal spinal cord. A–C, BDA-labeled sensory CST fibers in transverse cervical cord sections of
wild-type (WT; A) Npn-1fl/fl; Emx1-Cre (B), and Sema3A�/� (C) mice. Arrowheads indicate the border of medial-ventral spinal cord. Scale bars: A–C, 100 �m. D, The percentage of axon distribution
of sensory CST in the dorsal, medial, and ventral spinal gray matter. *p � 0.05, **p � 0.01 (one-way ANOVA followed by Tukey’s test).
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ate spinal interneurons. Alternatively, the exuberant CS axons in
Npn-1 mutant mice may form appropriate synapses with spinal
interneurons, but the sheer overabundance of synaptic connec-
tions may disrupt the coordinated neural signaling required for
the execution of skilled movements in the mutant mice. Finally, it
is possible that the skilled motor deficits observed in Npn-1 mu-
tant mice may actually be a result of the improper formation of
other CS circuits, such as those in the dorsal spinal cord.

Sema3A has been shown to be critical for the formation of the
dendrites in pyramidal neurons (Polleux et al., 2000; Gu et al.,
2003; Tran et al., 2009), therefore, these dendrites may also be
disrupted in Npn-1 mutant mice. Although some of the finer
details remain to be determined about how Npn-1–Sema3A sig-
naling brings about appropriate axon collateral formation, our

genetic studies indicate that proper establishment of CS axon
collaterals is critical for the development of skilled movements.

Interestingly, it has been shown that Sema3A is upregulated
during injury (Lindholm et al., 2004). Thus, inhibiting this path-
way after injury may be a potential strategy to promote axon
collateral sprouting of surviving CSNs. Indeed, a Sema3A inhib-
itor has been shown to have a beneficial effect on axon regenera-
tion and motor function recovery after spinal cord injury
(Kaneko et al., 2006; Tohda and Kuboyama, 2011; Zhang et al.,
2014). Because there are seven members of class 3 semaphorins in
the mammalian genome (Tran et al., 2007), the inhibition of both
neuropilin receptors (Npn-1 and Npn-2) represents a better ap-
proach to block all of the inhibitory cues elicited by this class of
semaphorins to achieve better regeneration. As disrupted pat-

Figure 10. Npn-1fl/fl; Emx1-Cre mice exhibit deficits in skilled movements. A–H, Performance on behavioral tests by adult (3 month-old) Npn-1fl/fl; Emx1-Cre (n � 8) and Npn-1fl/fl mice (control,
n � 8). A, The grip-strength test showed that forelimb ( p � 0.6970) and hindlimb ( p � 0.7098) strength was not altered in Npn-1fl/fl; Emx1-Cre mice. B, Video snapshots of the reaching test
showing the reaching, grasping, and retrieving phases. The firm grip of the pellet with finger control during the grasping phase led to successful retrieval, whereas the Npn-1fl/fl; Emx1-Cre mouse did
not exhibit a proper grip. C, Quantification of the number of successful attempts showing that the success rate in the reaching test for Npn-1fl/fl; Emx1-Cre mice was significantly lower than that of
control mice ( p � 0.0001). D, Comparison of latencies to falling in the rotarod test showed that Npn-1fl/fl; Emx1-Cre mice outperformed control mice in the time they could remain on the rotating
rod ( p � 0.0001). E, Video snapshots of the grid-walking test. The successful placements of paws are denoted by green arrows, while a forelimb foot-slip is indicated by the red arrow. F, Comparison
of forelimb foot-slips during the grid-walking test showed that the percentage of foot-slips for Npn-1fl/fl; Emx1-Cre mice was significantly higher than that of control mice ( p � 0.0016). G, Video
snapshots of control and Npn-1fl/fl; Emx1-Cre mice on an 8 mm beam. H, Comparison of hindlimb foot-slips during the beam-walking test showing that the Npn-1fl/fl; Emx1-Cre mice experienced
significantly more foot-slips than control mice (16 mm, p � 0.0220; 8 mm, p � 0.0013; 4 mm, p � 0.0011). **P � 0.01, ***P � 0.001, n.s. � not significant.
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terns of synaptic connectivity are also thought to underlie nu-
merous developmental disorders (Gallo, 2011), it is our hope that
broadening our understanding of the molecular mechanisms un-
derlying axon collateral formation during normal development
will yield new insights into therapeutic approaches for treating
not only brain and spinal cord injuries, but also neurodevelop-
mental disorders involving aberrations in CS circuit develop-
ment (Belmonte et al., 2004; Gallo, 2011; Lewis et al., 2013).
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