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Within the developing vertebrate spinal cord, motor neuron subtypes are distinguished by the settling positions of their cell bodies,
patterns of gene expression, and the paths their axons follow to exit the CNS. The inclusive set of cues required to guide a given motor axon
subtype from cell body to target has yet to be identified, in any species. This is attributable, in part, to the unavailability of markers that
demarcate the complete trajectory followed by a specific class of spinal motor axons. Most spinal motor neurons extend axons out of the
CNS through ventral exit points. In contrast, spinal accessory motor neurons (SACMNs) project dorsally directed axons through lateral
exit points (LEPs), and these axons assemble into the spinal accessory nerve (SAN). Here we show that an antibody against BEN/ALCAM/
SC1/DM-GRASP/MuSC selectively labels mouse SACMNs and can be used to trace the pathfinding of SACMN axons. We use this marker,
together with a battery of transcription factor-deficient or guidance cue/receptor-deficient mice to identify molecules required for
distinct stages of SACMN development. Specifically, we find that Gli2 is required for the initial extension of axons from SACMN cell
bodies, and that netrin-1 and its receptor Dcc are required for the proper dorsal migration of these cells and the dorsally directed
extension of SACMN axons toward the LEPs. Furthermore, in the absence of the transcription factor Nkx2.9, SACMN axons fail to exit the
CNS. Together, these findings suggest molecular mechanisms that are likely to regulate key steps in SACMN development.
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Introduction
In the vertebrate CNS, specific subclasses of motor neurons com-
pose distinct neural circuits (Jessell, 2000; Landmesser, 2001;
Price and Briscoe, 2004). All motor neurons arise from a ventral
progenitor domain defined by a set of homeodomain transcrip-
tion factors that are induced by and interpret a gradient of Sonic
hedgehog (Shh) expression (Briscoe et al., 2000). Subsequently,
repressive interactions involving homeodomain and basic helix–
loop– helix transcription factors give rise to several classes of

postmitotic motor neurons (Shirasaki and Pfaff, 2002; Price and
Briscoe, 2004). Ultimately, the combinatorial expression of LIM
homeodomain transcription factors defines motor neuron sub-
types that occupy specific settling positions, select particular axon
pathways, and innervate distinct targets (Tsuchida et al., 1994;
Sharma et al., 1998; Shirasaki and Pfaff, 2002).

Most motor axons emerge through nearby ventral exit points.
However, a subset grow for some distance toward and extend
through more dorsally located exit points (Shirasaki and Pfaff,
2002). Consistent with their initial migration away from the ven-
tral midline, both ventrally and dorsally exiting motor axons are
repelled by floor plate tissue, in vitro (Guthrie and Pini, 1995).
Whereas the ventral midline-associated chemorepellent netrin-1
selectively repels dorsally exiting trochlear axons in vitro (Co-
lamarino and Tessier-Lavigne, 1995a; Guthrie and Pini, 1995),
but is apparently not required for repulsion from the ventral
midline in vivo (Serafini et al., 1996), ventral spinal cord-
associated semaphorins are capable of repelling these axons both
in vitro (Varela-Echavarria and Guthrie, 1997; Varela-Echavarria
et al., 1997; Giger et al., 2000) and in vivo (Chen et al., 2000; Giger
et al., 2000; Sahay et al., 2003). Notably, the molecular mecha-
nisms that facilitate the exit of either type of motor axon from the
CNS are not known.
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Spinal accessory motor neurons (SACMNs) are located
within cervical regions of the spinal cord and selectively innervate
the sternocleidomastoid and trapezius muscles in the neck and
back (Greene, 1935; Wentworth and Hinds, 1978; Brichta et al.,
1987; Snider and Palavali, 1990). Unlike most spinal motor neu-
rons, SACMNs extend dorsally projecting axons along the lateral
margins of the spinal cord that extend out of the CNS through the
lateral exit point (LEP) (Snider and Palavali, 1990). Subse-
quently, SACMN axons execute a rostral turn and assemble into
the longitudinally oriented spinal accessory nerve (SAN) (Snider
and Palavali, 1990). Although the molecular mechanisms that
regulate SACMN development have not been directly investi-
gated, all spinal motor neurons acquire SACMN-like properties
in mice lacking Lhx3 and Lhx4 (Sharma et al., 1998), and Nkx2.9
null mice exhibit a truncated SAN (Pabst et al., 2003).

Here, we use anti-BEN/ALCAM/SC1/DM-GRASP/MuSC
(herein referred to as BEN) as a specific marker of SACMN to
outline the steps their axons take to navigate through and out of
the CNS. Moreover, we use this marker to analyze mice deficient
in Gli2, netrin-1, Dcc, Nkx2.9, or BEN. Our findings identify mol-
ecules that are required for the initial extension of SACMN axons,
the dorsally directed migration of SACMN cell bodies, the pro-
jection of their axons toward the LEP, and the exit of SACMN
axons from the CNS.

Materials and Methods
Mice
For the analyses aimed at examining BEN expression in wild-type ani-
mals, timed pregnant CD1 mice were obtained from Charles River Lab-
oratories (Wilmington, MA). For the analyses of the various aged Gli2
(Matise et al., 1998), netrin-1 (Serafini et al., 1996), Dcc (Fazeli et al.,
1997), Nkx2.9 (Pabst et al., 2003), and BEN (Weiner et al., 2004) mutant
mouse embryos, pregnant mice harboring litters containing homozy-
gous, heterozygous, and wild-type animals were generated as described
previously. Briefly, Gli2 heterozygotes were maintained on outbred Swiss
Webster or CD1 backgrounds. Litters containing homozygous mutants
were generated by intercrossing adults and were identified by PCR using
yolk sac DNA as described previously (Ding et al., 1998; Matise et al.,
1998). Chimeric netrin-1 mutant males were bred to CD1 females (Se-
rafini et al., 1996), and chimeric Dcc mutant males were bred to 129/Sv
females (Fazeli et al., 1997). The Nkx2.9 and BEN/ALCAM-GFP lines
were maintained on a C57BL/6 background (Pabst et al., 2003; Weiner et
al., 2004). The BEN/ALCAM-GFP line was made as described previously
(Weiner et al., 2004). In all cases, pregnant dams were killed by exposure
to compressed carbon dioxide. Embryos were removed by cesarean sec-
tion and immersed in PBS (150 mM Na2HPO4, 20 mM NaH2PO4, and 150
mM NaCl, pH 7.4). The genotypes of the various embryos were deter-
mined as previously described for Gli2 (Matise et al., 1998), netrin-1
(Serafini et al., 1996), Dcc (Fazeli et al., 1997), Nkx2.9 (Pabst et al., 2003),
and BEN (Weiner et al., 2004) mutant mice.

Antibodies
The following monoclonal antibodies were used to label cryosections
and/or whole embryos: monoclonal antibody (mAb) 802C11 (Sekine-
Aizawa et al., 1998), mAb 33.1 [anti-ALCAM; kind gift of Dr. Michael
Bowen, Bristol-Myers Squibb (Wallingford, CT), now at Human Ge-
nome Sciences (Rockville, MD)], mAb 2H3 (Dodd et al., 1988), mAb
5272 (anti-mouse L1; rat IgG; Chemicon, Temecula, CA), mAb 347 (an-
ti-GAP43; mouse IgG; Chemicon), and anti-DCC intracellular domain
(G97– 449; anti-human DCC; mouse IgG; PharMingen, San Diego, CA).

Immunohistochemistry
Cryosection preparation and immunolabeling. Whole mouse embryos
were fixed in 4% paraformaldehyde (PFA) for 12 h at 4°C, followed by
cryoprotection in 30% sucrose for 6 h at 4°C, and embedded at �20°C in
optimal cutting temperature compound (Tissue Tek; Sakura Finetek,
Torrance, CA). Cryosections (16 �m) were cut using a Leica (Nussloch,

Germany) cryostat (model CM3050 S) and mounted onto glass slides
(Superfrost Plus; Fisher Scientific, Houston, TX). The sections were
rinsed in PBS, postfixed in 4% PFA for 20 min at room temperature (RT),
and blocked with 10% goat serum (HyClone, Logan, UT) in PBS for 30
min at RT. For mAb 802C11 and mAb 5272 labeling, sections were incu-
bated in blocking solution containing 1% Triton X-100 (Fisher Scien-
tific). Sections were then incubated with the primary antibody diluted in
blocking solution (or undiluted supernatant) for 90 min at RT and then
rinsed in PBS. Primary antibodies were used as follows: mAb 802C11 (20
�g/ml), mAb 33.1 (1:10), mAb 2H3 (hybridoma supernatant), mAb
5272 (10 �g/ml), mAb 347 (0.5 �g/ml), and anti-DCC intracellular do-
main (2.5 �g/ml). Sections were then incubated with the following con-
centrations of isotype-appropriate cyanine 2 (Cy2) or Cy3-conjugated
secondary antibodies (Jackson ImmunoResearch, West Grove, PA):
mAb 802C11 (goat anti-Armenian hamster IgG; 1:100), mAb 33.1 (goat
anti-rat IgG; 1:200) mAb 5272 (goat anti-rat IgG; 1:200), mAb 2H3 (goat
anti-mouse IgG; 1:200), mAb 347 (goat anti-mouse IgG; 1:200),
and anti-DCC intracellular domain (goat anti-mouse IgG; 1:200) for 60
min at RT. Slides were then mounted in a 1:1 mixture of glycerol and
PBS. Double labeling of anti-DCC and anti-BEN on the same section was
performed by first performing the anti-DCC staining followed by anti-
BEN labeling according to the protocols described above, because anti-
BEN, but not anti-DCC, labeling requires Triton X-100 (Fisher Scien-
tific) in the blocking solution.

Whole-mount immunohistochemistry. Immunolabeling of whole em-
bryos was performed using a modified version of a previously described
protocol (Mukouyama et al., 2002). More specifically, mouse embryos
were fixed in 4% PFA for 12 h at 4°C and dehydrated through a series of
methanol steps (25% MeOH/PBS, 50% MeOH/PBS, and 75% MeOH/
PBS) for 10 min each at RT. Embryos were then stored in 100% MeOH at
�20°C. Embryos were rehydrated from 100% MeOH to 100% PBT (PBS,
0.2% BSA, and 0.1% Triton X-100) through a series of steps in MeOH/
PBT (75, 50, and 25%) each for 10 min at RT, followed by two 20 min
washes in 100% PBT at RT. Whole embryos were then immersed in
blocking solution containing 10% heat-inactivated goat serum and 1%
Triton X-100 in PBS for 2 h at RT and then incubated with anti-GAP43
(0.5 �l/ml), mAb 2H3 (hybridoma supernatant), or mAb 802C11 (10
�g/ml) diluted in blocking solution containing 10% heat-inactivated
goat serum and 1% Triton X-100 overnight at 4°C. After eight 30 min
washes at room temperature in PBS containing 2% heat-inactivated goat
serum and 0.2% Triton X-100, whole embryos were incubated in PBS
containing 10% heat-inactivated goat serum and 1% Triton X-100 for 1 h
at RT. After 12 30 min washes at room temperature in 2% heat-
inactivated goat serum and 0.2% Triton X-100 in PBS, embryos were
treated with ABC solution (Vector Laboratories, Burlingame, CA) for 2 h
at RT, followed by visualization with a DAB Substrate kit (Vector Labo-
ratories). Stained whole embryos were then fixed in 4% PFA for 1–2 h at
RT, rinsed with PBS, and cleared in a glycerol series to 100% glycerol. For
�-galactosidase staining, embryos were fixed in 0.2% glutaraldehyde dis-
solved in PBS containing 5 mM EGTA and 2 mM MgCl2 for 15 min and
washed three times for 15 min each in PBS containing 5 mM EGTA, 2 mM

MgCl2, 0.01% NP-40, and 0.1% sodium deoxycholate. Staining was per-
formed in the same buffer with 10 mM K3Fe(CN)6, 10 mM K4Fe(CN)6 and
0.5 mg/ml 5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside at 37°C.
Embryos were then sectioned using a vibratome and stained for BEN after
the whole-mount immunohistochemistry protocol described above.

In situ hybridization
Dcc (Imondi et al., 2000) and Nkx2.9 (Briscoe et al., 1999) cDNAs were
generated as described previously. For the BEN probe, the PCR was used
to generate �1 kb cDNA fragments from embryonic day 11 (E11) mouse
cDNA templates. Each cDNA was linearized with the appropriate restric-
tion enzymes and transcribed using the Megascript kit (Ambion, Austin,
TX) to generate antisense and sense digoxigenin-labeled riboprobes, and
nonradioactive in situ hybridization was performed, all as described pre-
viously (Kaprielian et al., 1995), with the following exceptions: cryosec-
tions were prehybridized and hybridized at 60°C, and anti-digoxigenin
Fab fragments were preadsorbed with extracts derived from E10 –E11
mouse embryos. A color reaction was used to detect mRNA expression
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using 5-bromo-4-chloro-3-indolyl phosphate and nitroblue tetrazo-
lium. Sections incubated with the antisense BEN mRNA probe were
developed for 24 h, and Dcc probed sections were developed for 6 h.
Subsequently, the sections were fixed in 4% PFA for 2 h, rinsed in PBS,
and mounted in a 1:1 mixture of glycerol and PBS. For each gene, in situ
hybridization performed with the sense probe yielded no specific signal
(data not shown).

DiI injections
To directly visualize the trajectory of SACMNs, DiI (Invitrogen, Eugene,
OR) dissolved in dimethylformamide (Sigma, St. Louis, MO) at a con-
centration of 3 mg/ml was iontophoretically applied into the SAN in
thick (150 �m) vibratome sections of E12 mouse embryos through the
use of glass electrodes with broken tips (50 �m in diameter) and a
nanoject II automatic nanoliter injector (Drummond Scientific,
Broomall, PA). The sections were then placed in fixative and stored at
room temperature for 24 h to allow for retrograde labeling of SACMNs.
Subsequently, DiI labeling was visualized with epifluorescence optics
(Nikon, Tokyo, Japan) using a Cy3/DiI optical filter (Chroma Technol-
ogy, Brattleboro, VT).

Photodocumentation
Primary antibody binding to transverse cryosections was visualized un-
der epifluorescence optics (Nikon Eclipse TE300) using Cy2 or Cy3 op-
tical filters (Chroma Technology). Black and white images were captured
with a digital camera manufactured by Optronics (Bolton, MA) and
compatible Magnafire software. Photomicrographs of whole mount-
immunolabeled embryos were taken using an Olympus Optical (Tokyo,
Japan) SZX-ZB12 stereomicroscope that was fitted onto a dark-field base
and equipped for use as a macroscope and Eastman Kodak (Rochester,

NY) 64T Ektachrome color film. Color slides
were digitally captured using an Agfa Gevaert
(Leverkusen, Germany) Duoscan flatbed scan-
ner. In all cases, composites were assembled
and annotated using Adobe Photoshop 7.0
(Adobe Systems, San Jose, CA). For color im-
ages, the brightness, contrast, and/or color bal-
ance was adjusted in Photoshop for increased
visibility of nerves/axons and for color match-
ing. For black and white images, only the
brightness and contrast were adjusted for in-
creased visibility of cell bodies and axons. Sec-
tions subjected to in situ hybridization were vi-
sualized using an Olympus Optical AX70
microscope. Images of these sections were cap-
tured using a digital camera and compatible
Magnafire software.

Quantification
To quantify the cell body/axon migration phe-
notype observed in the Dcc and netrin-1 mutant
embryos, 10� micrographs of cervical sections
derived from mutant or wild-type embryos
were first opened in Photoshop 7.0. A grid was
then created in Photoshop that covered the
ventral half of the spinal cord, which contains
SACMNs and the LEP. The width and height of
each box in the grid is 20 �m, and each box
represents one graphed “unit” (see Fig. 5D–F ).
The grid was placed as a new layer on top of
each micrograph, and the region containing
BEN-positive SACMNs was counted in boxes
(units) along both the mediolateral (M-L) (me-
dial being closest to the LEP) and the dorsoven-
tral (D-V) axis (dorsal being closest to the LEP;
see Fig. 5D). The average distance of BEN-
positive SACMNs from the LEP, along both of
these axes, was graphed (Fig. 5E) for netrin-1 or
Dcc mutant embryos and their respective wild-
type littermate controls. The area spread of
BEN-positive SACMNs, defined as the product

of the M-L and D-V distances, was also determined for each of the mu-
tants and their wild-type controls and represented graphically (Fig. 5F ).

Statistical analyses
Linear mixed models were fitted using SAS PROC MIXED (version 9.1)
to analyze the data. The number of units in the M-L direction, D-V
direction, and area spread of BEN-positive SACMNs were evaluated. In
all cases, these cells spread significantly more in the mutants than those in
wild-type littermates.

Results
Anti-BEN is a marker of spinal accessory motor neurons in
mouse embryos
We recently demonstrated that mAb SAC1 selectively labels
SACMN in the embryonic rat spinal cord (Schubert and Kapri-
elian, 2001) and recognizes the rat ortholog of BEN/ALCAM/
SC1/DM-GRASP/MuSC, a homophilic adhesion molecule that
regulates axon outgrowth/fasciculation (Leppert et al., 1999;
Schubert and Kaprielian, 2001; Avci et al., 2004; Weiner et al.,
2004). Here we show that anti-BEN (Sekine-Aizawa et al., 1998)
labels mouse SACMNs, their axons, and the SAN (Fig. 1A) and
use this marker to selectively examine SACMN development in a
variety of mutant mice.

To determine whether BEN is selectively expressed by SAC-
MNs in mice, we labeled spinal cord-containing transverse cryo-
sections derived from cervical regions of various aged mouse
embryos with an anti-BEN mAb (Sekine-Aizawa et al., 1998).

Figure 1. Anti-BEN is a marker of SACMNs, their axons, and the SAN in the developing mouse spinal cord. A, Schematic
representation of SACMN cell bodies, the trajectory of SACMN axons, and the ascending SAN. At cervical levels of embryonic mouse
spinal cord, SACMN cell bodies and their dorsally projecting axons selectively express the murine SC1-related protein (BEN). BEN
continues to be expressed on these axons as they emerge from the spinal cord through the LEP, execute a rostral turn, and
assemble into the longitudinally oriented SAN. A, Anterior; P, posterior; D, dorsal; V, ventral. B–D, Anti-BEN labeling of transverse
cryosections derived from cervical spinal cord levels of various aged mouse embryos. At E9.25 (B), anti-BEN specifically labels
SACMN cell bodies that line the lateral edges of the ventral and intermediate spinal cord (arrowheads) and their dorsally directed
axons, which have just begun to exit the spinal cord through the LEP (arrows). One day later, at E10.5 (C), anti-BEN intensely and
selectively labels ventrolaterally and intermediolaterally positioned SACMN cell bodies and their dorsally projecting axons, which
have extended out of the spinal cord and assembled into the longitudinally oriented SAN (arrows). At E11.5 (D), anti-BEN labels
SACMN cell bodies that have migrated to a more dorsal position just below the LEP (arrowheads), as well as the SAN (arrows).
Anti-BEN immunoreactivity is also associated with dorsal root ganglia located adjacent to the LEP on either side of the spinal cord,
as well as the neuroepithelium that lines the dorsal surface of the spinal cord. At each of these ages, anti-BEN also labels the floor
plate and notochord. E, At E11.5, anti-ALCAM, a different anti-BEN mAb, also labels SACMN cell bodies that have migrated to a
more dorsal position just below the LEP (arrowheads) and the SAN (arrows), as well as the floor plate (FP). Scale bars, 100 �m. FP,
Floor plate; NC, notochord.
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Consistent with our previous findings in
rat (Schubert and Kaprielian, 2001), BEN
is transiently expressed by SACMNs in the
developing mouse spinal cord. As early as
E9.25, anti-BEN labeled SACMN cell bod-
ies and their axons, which project dorsally
to the LEP (Fig. 1B), as well as the noto-
chord and floor plate. At E10.5, anti-BEN-
positive SACMN cell bodies lined the lat-
eral edge of the spinal cord from a ventral
position near the floor plate to a more dor-
sal position adjacent to the LEP (Fig. 1C,
arrowheads). Anti-BEN labeling was also
observed on dorsally directed SACMN ax-
ons, including those segments that had ex-
tended out of the LEP, turned into the lon-
gitudinal plane, and assembled into the
SAN (Fig. 1C, arrows). A day later, at
E11.5, BEN-expressing SACMN cell bod-
ies had migrated dorsally and were clus-
tered in close proximity to the LEP (Fig.
1D, arrowheads). To further confirm that
mouse SACMNs express BEN during this
period of development, we labeled trans-
verse cryosections derived from cervical
levels of an E11.5 mouse embryo with
anti-ALCAM, an independently generated
mAb against BEN (Weiner et al., 2004).
Consistent with anti-BEN labeling at
E11.5 (Fig. 1D), anti-ALCAM also labels
SACMNs and the SAN (Fig. 1E, arrow-
heads and arrows), as well as the floor
plate. The close similarity between anti-
BEN and anti-ALCAM labeling supports
our finding that BEN expression marks
SACMNs. Consistent with SACMNs be-
ing confined to C1–C4 levels of the rodent
spinal cord (Greene, 1935; Wentworth
and Hinds, 1978; Gottschall et al., 1980;
Brichta et al., 1987), anti-BEN-positive
cell bodies and axons were not detected
caudal to the cervical spinal cord in mouse
embryos (data not shown). To further support our identification
of anti-BEN as a marker of SACMN, we retrogradely labeled
SACMN by introducing small crystals of DiI into the SAN in E12
wild-type mouse embryos. This resulted in the labeling of
SACMN cell bodies and dorsally directed axons (supplemental
Fig. 1, available at www.jneurosci.org as supplemental material).
By E12, BEN expression was extinguished on the SAN and
SACMN axons and was only present on SACMN cell bodies. By
E12.5, BEN expression was no longer specific to SACMN and was
also observed on subsets of ventrally positioned motor neurons
that project axons out of the spinal cord through the ventral roots
(data not shown).

As described above, BEN is expressed on SACMN axons as
they exit the spinal cord and assemble into the SAN. To deter-
mine the rostrocaudal extent of BEN expression on the SAN, we
labeled whole E10 mouse embryos with anti-BEN. Compared
with the distribution of the pan-neuronal markers anti-
neurofilament (NF) (Fig. 2A,B) and anti-GAP43 (Fig. 2E,F),
which also label dorsal root ganglia, ventral roots, and cranial
ganglia (Fig. 2), BEN is selectively expressed all along the hook-
shaped SAN (Fig. 2C,D, arrow). The hook-shaped axon bundle

appears thicker in the anti-NF- and anti-GAP43-labeled em-
bryos, because these markers also label other nerves, which travel
alongside the SAN (e.g., vagus nerve). It is important to note that
the spinal accessory nerve, or cranial nerve XI, is generally con-
sidered to be composed of a cranial root and a spinal root. The
cranial root originates from SACMN cell bodies in the medulla
and innervates the soft palate and larynx muscles, whereas the
spinal root originates from cell bodies found between C1 and C4
levels of the spinal cord and innervates the sternocleidomastoid
and trapezius muscles (Wilson-Pauwels et al., 1988). Thus, BEN
expression on the SAN extends from the hindbrain (the cranial
root of the SAN) through the C4 level, which represents the cau-
dal limit of the SAN in the spinal cord (spinal root).

Together with the results of previous anatomical (Greene,
1935; Wentworth and Hinds, 1978; Gottschall et al., 1980; Brichta
et al., 1987; Snider and Palavali, 1990) and immunohistochemical
(Schubert and Kaprielian, 2001) studies, the distribution of BEN
suggests that SACMN/SAN development involves the following
sequence of events: (1) ventrolaterally positioned SACMN cell
bodies extend dorsally projecting axons away from the ventral
midline, (2) SACMN cell bodies migrate dorsally and settle in the

Figure 2. Anti-BEN labels the entire rostrocaudal extent of the SAN. A–F, Whole mouse embryos were labeled with anti-NF,
anti-BEN, or anti-GAP43. The higher-magnification images in B, D, and F represent cervical spinal cord levels of the labeled
embryos shown in A, C, and E, respectively. Anti-NF (A, B) brightly labels the hook-shaped SAN (arrow), as well as a variety of axons
and cranial nerves/ganglia in an E10.5 mouse embryo. In a whole E10 mouse embryo, anti-BEN (C, D) rather selectively labels the
SAN (arrow) and a small subset of cranial nerves/ganglia. Anti-GAP43 (E, F ) labels the SAN (arrow) and a significant number of
axons/nerves in a whole E10.5 mouse embryo. The thicker appearance of the hook-shaped axon bundle in the anti-NF and
anti-GAP43 panels is likely attributable to these more general axonal markers, but not anti-BEN, also labeling the vagus nerve,
which runs alongside the SAN. Scale bar, 0.5 mm.
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vicinity of the LEP, (3) SACMN axons extend toward, and exit
through, the LEP, and (4) SACMN axons assemble into the lon-
gitudinally projecting SAN (Fig. 1A). In an attempt to identify
molecules required for each of these steps, we examined the de-
velopment of anti-BEN-positive SACMNs and their axons in a
variety of mutant mice.

The spinal accessory nerve fails to form in Gli2-deficient mice
Based on their demonstrated ability to repel a variety of motor
axons in vitro (Colamarino and Tessier-Lavigne, 1995a; Guthrie
and Pini, 1995; Varela-Echavarria and Guthrie, 1997; Varela-
Echavarria et al., 1997; Giger et al., 2000), floor plate-associated
chemorepellents are good candidates for directing SACMN ax-
ons along a dorsally directed trajectory away from the ventral
midline and toward the LEP. The floor plate fails to form in the
spinal cords of mice that lack the Gli2 zinc-finger domain con-
taining transcription factor (Matise et al., 1998). Thus, the Gli2
null mutant represents an in vivo system for assessing the role of
the floor plate on SACMN development. However, the lack of a
floor plate in this mutant is likely attributable to the loss of Gli2
itself and the subsequent disruption of Shh signaling. Therefore,
the reduced expression of transcription factors and molecules
normally found in the ventral spinal cord must be considered
when interpreting the Gli2 mutant phenotype. That said, pattern-
ing in the ventral spinal cord of Gli2 mutants has been shown to
be wild type-like, except for the absence of floor plate cells and the
immediately adjacent V3 interneurons (Matise et al., 1998), and
ventrally exiting motor neurons develop normally (Ding et al.,
1998; Matise et al., 1999). Collectively, these observations sup-
port the use of the Gli2 mutant as an in vivo model for assessing
the impact of floor plate-derived factors on SACMN.

To determine whether Gli2 is required for SACMN/SAN de-
velopment, we labeled transverse cryosections derived from cer-
vical and limb spinal cord levels of Gli2-null mice with anti-BEN.
As described above, in wild-type mouse embryos, BEN is ex-
pressed by SACMNs and their axons as early as E9.25 (Fig. 1B)
exclusively at cervical levels of the spinal cord (data not shown).
In contrast, BEN-positive SACMN cell bodies were not detected
between E9 and E11.5 in Gli2 null embryos. However, by E12,
anti-BEN labeled SACMN cell bodies in homozygous embryos.
These BEN-positive cell bodies were restricted to cervical levels of
the spinal cord, suggesting that these late-developing motor neu-
rons were, in fact, SACMNs. Consistent with the inappropriate
medial positioning of ventrally exiting motor neurons in the ab-
sence of a floor plate (Ding et al., 1998; Matise et al., 1998), these
SACMN cell bodies also converged on the ventral midline in Gli2
mutant embryos (Fig. 3E,F). However, in contrast to the finding
that ventral roots form on schedule in animals lacking Gli2 (Ding
et al., 1998; Matise et al., 1999), BEN-positive cell bodies located
in cervical regions of the E12 Gli2 mutant spinal cord failed to
extend axons. Antibodies that label SACMN axons as they extend
toward the LEP, in wild-type embryos, failed to detect any dor-
sally projecting axons in the Gli2 null spinal cord. In addition,
neither anti-BEN nor anti-neurofilament labeled the SAN in
transverse cryosections. Whole-mount immunohistochemistry
performed with anti-neurofilament and anti-BEN confirmed the
absence of the entire SAN, both cranial and spinal portions, in
E11Gli2 null embryos (Fig. 3B,D) compared with their wild-type
littermates (Fig. 3A,C). To determine whether the absence of a
floor plate simply delays SAN development, we labeled transverse
cryosections derived from E13.5 Gli2�/� embryos with an anti-
body specific for the Ig domain-containing cell adhesion mole-

Figure 3. The SAN fails to develop, and late-developing anti-BEN-positive cell bodies do not extend axons, in floor plate-lacking Gli2 null mice. A–D, Whole-mount immunohistochemistry was
used to examine the distribution of NF and BEN in E11 Gli2-deficient mouse embryos and their wild-type littermates. In E11 wild-type embryos, anti-NF (A) labels the SAN (arrow) and segmentally
arranged dorsal root ganglia, whereas anti-BEN (C) immunoreactivity is rather selectively associated with the SAN (arrow). Anti-NF (B) and anti-BEN (D) do not label the SAN (arrows) in E11 Gli2 null
embryos. E, F, Anti-BEN labeling of transverse, cervical spinal cord-containing cryosections derived from E12 Gli2-deficient and wild-type littermates. In E12 wild-type embryos (E), BEN is expressed
by dorsomedially positioned SACMN cell bodies on either side of the ventral midline (arrows), as well as by the floor plate. Anti-BEN selectively labels cell bodies that are presumably SACMNs and have
aberrantly converged on the ventral midline (arrows) in floor plate-lacking Gli2-deficient littermates (F ). G, H, Anti-L1 labeling of transverse, cervical spinal cord-containing cryosections derived
from E13.5 wild-type and Gli2 null embryos. Anti-L1 labels the longitudinally oriented SAN (arrows) in an E13.5 wild-type embryo (G) but reveals the selective absence of the SAN (arrows) in a
Gli2-deficient littermate (H ). B, D, n � 11; F, n � 3; H, n � 4. Scale bars: A–D, 1 mm; G, H, 100 �m.
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cule L1. In E13.5 wild-type embryos, at a
developmental stage when BEN is no
longer expressed on SACMN, their axons,
and the SAN, L1 was selectively expressed
on those segments of SACMN axons that
had exited the spinal cord and assembled
into the longitudinally projecting SAN
(Fig. 3G, arrows). In contrast, anti-L1 la-
beling clearly revealed a lack of the SAN in
E13.5 Gli2 mutant littermates (Fig. 3H, ar-
rows). As noted above, it is difficult to dis-
cern whether the observed SACMN de-
fects are attributable to the absence of Gli2
itself or result from the loss of floor plate-
derived factors. To circumvent this issue,
we opted to take a candidate approach to
identify genes that may have more selec-
tive roles in SACMN development.

Coexpression of DCC and BEN
in SACMN
Netrin-1 functions as a chemoattractant
for spinal commissural axons in rodents
(Placzek et al., 1990; Kennedy et al., 1994;
Serafini et al., 1994, 1996). Netrin-1 has
also been shown to mediate both attractive
and repulsive migration/guidance events
through the DCC receptor (Colamarino
and Tessier-Lavigne, 1995a; Keino-Masu
et al., 1996; Varela-Echavarria et al., 1997;
Schwarting et al., 2001; Jarjour et al.,
2003). As a first step toward determining
whether netrin-1 regulates the development of SACMN and their
axons, we used in situ hybridization to compare the distribution of
Dcc mRNA with the positions of BEN-expressing SACMN cell bod-
ies in serial transverse cryosections derived from the cervical level of
an E10.5 mouse embryo. Consistent with the distribution of anti-
BEN-positive cell bodies at this developmental stage (Fig. 1C), BEN
mRNA is expressed by small clusters of cell bodies located in ventro-
lateral and intermediolateral regions of the spinal cord, as well as by
the floor plate and notochord (Fig. 4A). Dcc mRNA is rather broadly
expressed throughout a region that contains ventrally located motor
neurons, including BEN-expressing SACMNs, as well as more dor-
sally positioned interneurons (Fig. 4B). This overlapping expression
pattern raised the possibility that netrin-1 via DCC regulates the
development of SACMNs and their axons.

To more directly address the possibility that SACMNs coex-
press BEN and DCC, we double labeled transverse cryosections
derived from cervical regions of E10.5 embryos with anti-BEN
and anti-DCC. As described above, at E10.5, anti-BEN-positive
SACMNs were detected along the ventrolateral edge of the spinal
cord as their axons extend toward the LEP (Fig. 4C, arrows). In
the same section, anti-DCC also labeled cell bodies that lined the
ventrolateral edges of the spinal cord (Fig. 4D, arrows). A merged
image (Fig. 4E, arrows) reveals colocalization of DCC and BEN in
SACMNs (yellow, arrows).

Aberrant migration of SACMN cell bodies/axons in mice
lacking netrin-1 or Dcc
To directly determine whether netrin-1 and/or DCC are required
for the proper development of SACMNs, we examined the distri-
bution of BEN in mice lacking functional netrin-1 (Serafini et al.,
1996) or DCC (Fazeli et al., 1997). Specifically, we labeled trans-

verse cryosections derived from the cervical level of netrin-1 or
Dcc homozygous E11.5 embryos and their heterozygous and
wild-type littermates with anti-BEN. By E11.5, in wild-type
mouse embryos, anti-BEN-positive SACMN cell bodies are clus-
tered near the LEP (Fig. 5A, arrowheads). In embryos lacking Dcc
or netrin-1, however, SACMN cell bodies were scattered through-
out the ventral spinal cord and failed to settle in close prox-
imity to the LEP (Fig. 5 B, C, arrowheads). In addition, some
anti-BEN-labeled SACMN axons aberrantly extended along a
ventrally directed trajectory toward the floor plate (Fig. 5C,
bottom left arrowhead). To quantify the migration defects
observed in the netrin-1 and Dcc mutants, we scored the dis-
tance at which BEN-positive SACMNs were found from the
LEP along the M-L and D-V axes (Fig. 5 D, E). In addition, we
determined the area occupied by BEN-positive SACMNs, de-
fined by the product of the M-L and D-V distance measure-
ments (Fig. 5F ). Using each of these criteria, anti-BEN-
positive SACMNs were observed to spread more significantly
in the mutant embryos compared with their wild-type litter-
mate controls (Fig. 5). We predicted that the defective migra-
tion of a subset of SACMN cell bodies and the inappropriate
projection of their axons toward the floor plate in Dcc and
netrin-1 mutants would reduce the number of SACMN axons
that ultimately exit the spinal cord. Consistent with this pos-
sibility, anti-BEN-labeled E10.5 Dcc null embryos displayed
what appeared to be a thinner SAN than their heterozygous
and wild-type littermates (data not shown). Together, these
results suggest that netrin-1 is likely to function through DCC
to repel SACMN cell bodies and their axons away from the
ventral midline.

Figure 4. Coexpression of Dcc and BEN on SACMNs. A, B, In situ hybridization was performed on transverse cryosections derived
from cervical levels of an E10 mouse embryo using digoxigenin-labeled BEN or Dcc riboprobes. BEN mRNA (A) is expressed by small
clusters of ventrolaterally and intermediolaterally positioned SACMN cell bodies (arrowheads), as well as in the notochord and
floor plate. Dcc mRNA (B) is expressed in a broad lateral domain that is likely to contain ventrally located motor neurons and several
populations of dorsal interneurons, as well as BEN-positive SACMN cell bodies. C–E, Double-antibody labeling was performed on
transverse cryosections derived from cervical levels of an E10.5 mouse embryo using anti-BEN and anti-DCC. In the same section,
anti-BEN (C, arrows) and anti-DCC (D, arrows) label SACMN cell bodies and their axons, which are positioned along the lateral
margins of the spinal cord. A merged image reveals significant overlap (yellow) between anti-DCC and anti-BEN labeling (E,
arrows). Scale bars, 100 �m.
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Nkx2.9 is downregulated in Gli2 null mice and is likely to be
expressed in SACMN progenitors
Additional candidates for genes that may regulate specific aspects
of SACMN development include those that are downregulated in
Gli2 null embryos (Ding et al., 1998; Matise et al., 1998; Matise et
al., 1999) and/or that are expressed by SACMNs. The Nkx family
of homeodomain-containing transcription factors control pat-
terning and cell fate determination in ventral regions of the de-
veloping vertebrate spinal cord in which their progenitor cell-
associated expression is regulated by Sonic hedgehog signaling
(Ericson et al., 1997). Transcription factors that are expressed in
the ventral spinal cord, such as Gli1 and Nkx2.2, and that repre-
sent downstream effectors of the Sonic hedgehog signaling path-
way are downregulated in Gli2-deficient embryos (Ding et al.,
1998; Matise et al., 1998).

Consistent with a role for Nkx2.9 in SACMN development, we
recently reported that the SAN fails to form properly in Nkx2.9
null mice (Pabst et al., 2003). To determine whether Nkx2.9 ex-
pression is dysregulated in the absence of Gli2 in cervical regions
of the spinal cord that normally contain SACMNs, we performed
in situ hybridization on transverse cryosections derived from E10
Gli2 embryos. In E10 wild-type embryos, at SACMN-containing
cervical spinal cord levels, Nkx2.9 mRNA is expressed in a region

that is just dorsal to the floor plate (Fig. 6A). However, in E10
Gli2 null mice, which lack BEN-positive SACMNs, Nkx2.9
mRNA expression is downregulated to essentially undetectable
levels (Fig. 6B), consistent with the previously observed down-
regulation of Nkx2.9 protein expression at thoracic levels of the
spinal cord (Lei et al., 2004). To determine whether Nkx2.9 is
expressed by SACMN progenitors, we examined the distribution
of SACMNs in mutant mice in which the first and most of the
second exon of the Nkx2.9 gene had been replaced by the lacZ
reporter gene. Specifically, we labeled transverse cryosections de-
rived from E10.5 �-galactosidase-stained Nkx 2.9/lacZ embryos
with anti-BEN (Fig. 6C). Because of the perdurance of lacZ ex-
pression in these embryos, we were able to compare the distribu-
tion of cells that arise from Nkx2.9-expressing progenitors with
the expression of BEN in a single section. This analysis revealed
that Nkx2.9 is likely to be expressed by progenitors that give rise
to BEN-positive SACMNs. Together, the significant downregu-
lation of Nkx2.9 mRNA in the Gli2 mutant spinal cord and the
likely expression of Nkx2.9 in SACMN progenitors suggest that,
in addition to the loss of guidance cues in the Gli2 mutant, a
change in transcriptional regulation may account for the severe
SACMN phenotype observed in these animals.

Figure 5. SACMN cell bodies fail to migrate dorsally, and some of their axons inappropriately extend toward the floor plate, in both Dcc and netrin-1 null embryos. A–C, Anti-BEN labeling of
transverse, cervical spinal cord-containing cryosections derived from E11.5 wild-type and Dcc or netrin-1 null embryos. Anti-BEN selectively labels small clusters of SACMNs (arrowheads), which are
appropriately positioned just beneath the LEP, as well as the SAN (arrows) in an E11.5 wild-type embryo (A). In a Dcc null littermate (B), anti-BEN labels disorganized clusters of SACMN cell bodies,
many of which have failed to migrate to, and settle within, the vicinity of the LEP (arrowheads). Similarly disorganized anti-BEN-positive SACMN cell bodies, as well as a SACMN axon that appears
to be inappropriately projecting toward the floor (arrowheads), are present in a netrin-1 null E11.5 embryo (C). D–F, Analysis and quantification of the defects observed in Dcc and netrin-1 mutant
embryos. D, A schematic representation of the spinal cord indicating that SACMN/axon migration defects were scored along the D-V axis between the LEP and the ventral margin of the spinal cord,
as well as along the M-L axis, between the LEP and the central canal. E, BEN-positive SACMNs were detected at significantly greater distances from the LEP in Dcc and netrin-1 mutants compared with
their wild-type littermates, along both the dorsoventral and mediolateral axes. F, The area spread (product of average dorsoventral and mediolateral distances) of BEN-positive SACMNs was
significantly greater in Dcc and netrin-1 mutants than in their wild-type littermates. Values shown are means; *p � 0.05, **p � 0.005. 1 unit is equivalent to 20 �m. B, n � 11; C, n � 4. Scale bar,
100 �m.
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SACMN axons fail to exit the spinal cord in mice
lacking Nkx2.9
As alluded to above, we recently reported that anti-NF whole-
mount immunohistochemistry revealed what appeared to be a
shorter and thinner SAN in Nkx2.9 null mice (Pabst et al., 2003).
Given the unique anatomical arrangement of the SAN, it seemed
possible that the malformed SAN in the Nkx2.9 mutant might
reflect the selective loss of the spinal root as opposed to the loss of
both hindbrain and spinal roots (i.e., the complete SAN) we ob-
served in Gli2 mutants (see above). Accordingly, the absence of
the spinal root of the SAN could result from the complete loss of
spinal accessory motor neurons in cervical regions of the spinal
cord or from the inability of SACMN axons to properly exit the
CNS. To distinguish between these possibilities, we labeled trans-
verse cryosections of E11 Nkx2.9 null embryos with anti-BEN,
anti-neurofilament, and anti-L1. Consistent with the results of

our previous whole-mount analyses, anti-neurofilament (Fig.
6E,G, arrows), anti-L1 (Fig. 6 I, arrows), and anti-BEN (Fig. 6K,
arrows) each revealed the absence of the SAN at cervical spinal
cord levels in Nk2.9 null embryos but the presence of the SAN at
hindbrain levels (Fig. 6E and data not shown). In contrast to the
phenotype we observed in Gli2 null embryos (Fig. 3), SACMN
cell bodies developed on schedule and projected their axons to-
ward the LEP. Strikingly, at cervical levels, SACMN axons appar-
ently stalled in the immediate vicinity of the LEP because they
failed to extend out of the spinal cord in all Nkx2.9 null embryos
examined (Fig. 6G, I,K) (supplemental Fig. 2B, available at www.
jneurosci.org as supplemental material). However, SACMN ax-
ons appropriately projected to, and exited from, the LEP at hind-
brain levels, supporting the appearance of the wild type-like
cranial root and absence of the spinal root in our whole-mount
analysis (Fig. 6E, and data not shown). Anti-neurofilament (Fig.

Figure 6. Nkx2.9 mRNA expression is downregulated in Gli2 null mice; SACMN progenitors are likely to express Nkx2.9, and SACMN axons fail to exit the spinal cord in mice lacking Nkx2.9. A–C,
In situ hybridization with a digoxigenin-labeled Nkx2.9 riboprobe was performed on transverse cryosections derived from cervical levels of an E10 wild-type embryo (A) and a Gli2 null littermate (B).
Nkx2.9 mRNA expression is restricted to a narrow domain within the ventral ventricular zone that is immediately dorsal to the floor plate in E10 wild-type embryos (A, arrows) but is completely
absent in an E10 Gli2 null littermate (B, arrows). C, A transverse vibratome section derived from an E10.5 Nkx2.9 homozygous embryo, in which most of the exons were replaced with the lacZ reporter
gene, was processed for �-galactosidase staining and anti-BEN immunolabeling. The perdurance of lacZ allowed us to compare the distribution of cells/axons that arise from Nkx2.9 progenitors with
BEN expression. In the ventralmost portion of the spinal cord, there exists significant overlap between Nkx2.9/lacZ reporter gene (blue) and BEN (purple) expression, suggesting that Nkx2.9
progenitors give rise to SACMNs. D, E, Anti-NF whole-mount immunohistochemistry was performed on E11 Nkx2.9 null mouse embryos and their wild-type littermates to visualize the SAN. The
anti-NF-positive SAN appears foreshortened in an E11 Nkx2.9 null embryo (E) compared with the length of the SAN in a wild-type embryo (D). F–K, Anti-NF, anti-L1, and anti-BEN labeling of
transverse, cervical spinal cord-containing cryosections derived from E10.5 wild-type and Nkx2.9 null embryos. The cryosections in F, H, J and G, I, K were derived from anteroposterior levels similar
to those indicated by the dashed lines in D and E, respectively. Anti-NF (F, G), anti-L1 (H, I ), and anti-BEN (J, K ) reveal the presence of a longitudinally projecting SAN located outside the spinal cord
and adjacent to the LEP (arrows) in a wild-type embryo (F, H, J ) but not in a Nkx2.9 null littermate (G, I, K ). In the Nkx2.9 null embryo, anti-NF (G), anti-L1 (I ), and anti-BEN (K ) label groups of SACMN
axons that possess what appear to be elaborated growth cones, which have reached the LEP but failed to exit the spinal cord (see concentrated immunoreactivity located inside the spinal cord and
adjacent to the arrows). B, n � 2; C, n � 3; E, n � 2; G, I, K, n � 5. Scale bars: A, B, F–K, 100 �m; C, 1 mm; D, E, 0.5 mm.
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6G) and anti-L1 (Fig. 6 I) labeling demonstrated that ventrally
exiting motor axons appear to follow wild type-like trajectories
out of the spinal cord in Nkx2.9 mutant embryos. In E13.5 wild-
type embryos, L1 was selectively expressed on those segments of
SACMN axons that had exited the spinal cord and assembled into
the longitudinally projecting SAN (supplemental Fig. 2A, arrows,
available at www.jneurosci.org as supplemental material). How-
ever, anti-L1 labeling clearly revealed a lack of the SAN at spinal
cord levels of E13.5 Nkx2.9 mutant littermates (supplemental Fig.
2B, arrows, available at www.jneurosci.org as supplemental ma-
terial). Thus, these results suggest that Nkx2.9 is selectively re-
quired for the exit of dorsally directed SACMN axons through the
spinal cord-associated LEP.

SACMN and their axons develop normally in BEN�/� mice
As we have described above, BEN is a rather selective marker of
SACMNs, their axons, and the SAN during an early and transient
phase of mouse spinal cord development. Together with the well
established roles for BEN in regulating the outgrowth/guidance
of a variety of CNS axons (Ott et al., 2001; Avci et al., 2004;
Weiner et al., 2004), this unique expression profile suggests that
BEN is a good candidate for mediating SACMN/SAN develop-
ment. In particular, the recently reported defasciculation of mo-
tor and retinal ganglion cell (RGC) axons in BEN-deficient mice
raised the possibility that BEN may be required for the assembly
of SACMN axons into the SAN. To test this hypothesis, we exam-
ined SACMN and SAN development in a mutant mouse line in
which green fluorescent protein (GFP) was knocked into the BEN
locus (Weiner et al., 2004). In E11.5 transverse cryosections de-
rived from BEN mutants, wild type-like SACMN that were
appropriately restricted to cervical levels of the spinal cord ex-
pressed GFP (Fig. 7A, arrowheads). Anti-NF immunohistochem-
istry performed on transverse cryosections (data not shown) and
whole-mutant embryos revealed that SACMN axons and the
SAN appear to develop normally in the absence of BEN (Fig.
7C,E). Thus, despite our finding that BEN is quite selectively
expressed by SACMN, BEN does not seem to be required for their
development.

Discussion
Spinal motor neurons/axons represent a well studied model sys-
tem for elucidating the molecular mechanisms that pattern neu-
ronal connectivity. However, the full set of cues required to guide
any motor axon subtype from cell body to target has yet to be
defined. We previously identified mAb SAC1 as a marker of SAC-
MNs and their axons in the developing rat spinal cord (Schubert
and Kaprielian, 2001). Here we demonstrate that a mAb specific
for the mouse homolog of the SAC1 antigen, BEN (Sekine-
Aizawa et al., 1998), recognizes mouse SACMNs and used this
marker to assess SACMN development in a variety of mutant
mice. These analyses show that Gli2 is required for SACMN axon
outgrowth, netrin-1 and Dcc are necessary for the dorsal migra-
tion of SACMN cell bodies/axons toward the LEP, and Nkx2.9 is
required for the exit of SACMN axons through the LEP (supple-
mental Fig. 3, available at www.jneurosci.org as supplemental
material). Despite its established role as a mediator of axon out-
growth/fasciculation (Weiner et al., 2004), we also show that BEN
does not appear to be required for the assembly of SACMN axons
into the SAN.

Several observations support our conclusion that SACMN se-
lectively express BEN. First, anti-BEN labels a bilaterally symmet-
ric population of cell bodies located at cervical levels of the em-
bryonic mouse spinal cord. Second, anti-BEN-positive cell

bodies project dorsally directed axons to the LEP. These axons
then emerge from the spinal cord, turn into the longitudinal
plane, and fasciculate into a longitudinally projecting nerve.
Anti-BEN labeling of whole mouse embryos reveals the hook-like
shape of this nerve, consistent with its identification as the SAN
(Pabst et al., 2003). Third, application of DiI to the SAN retro-

Figure 7. SACMNs and the SAN appear normal in BEN null mice. A, In a transverse cryosection
derived from the cervical spinal cord level of an E11.5 BEN knock-in mouse embryo, GFP is
expressed in wild type-like SACMN cell bodies. B–E, Whole E11.5 BEN-deficient mouse embryos
(C, E) and their wild-type littermates (B, D) were labeled with anti-NF and anti-GAP43. Both
anti-NF (B, C) and anti-GAP43 (D, E) labeling revealed a wild type-like SAN in embryos lacking
BEN. A, n � 3; C, E, n � 5. Scale bars: A, 100 �m; E, 0.5 mm.
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gradely labels SACMNs and dorsally projecting axons that resem-
ble anti-BEN-positive SACMNs and their axons. Fourth, in situ
hybridization reveals that the distribution of BEN mRNA closely
overlaps with the positions of anti-BEN-positive cell bodies. Fur-
thermore, a different anti-BEN antibody, anti-ALCAM, selec-
tively labels SACMN cell bodies, and SACMNs express GFP in
BEN knock-in mice. Notably, anti-BEN failed to label these em-
bryos, confirming the specificity of this antibody for BEN (data
not shown). Together with our recent finding that anti-SC1,
which recognizes chick BEN (Tanaka et al., 1991), labels SACMN
and their axons in chick embryos (A. Dillon and Z. Kaprielian,
unpublished observations), suggesting that BEN may be ex-
pressed by SACMNs across vertebrates.

The floor plate is a key source of factors that facilitate the
growth/guidance of axons in the developing vertebrate CNS.
Netrin-1 promotes the outgrowth of commissural axons in vitro
(Kennedy and Tessier-Lavigne, 1995), and both netrin-1 (Se-
rafini et al., 1996) and Sonic hedgehog (Charron et al., 2003)
function as chemoattractants for these axons. In the spinal cord
of floor plate-lacking Gli2 mutant embryos, anti-BEN reveals the
absence of the SAN and dorsally projecting axons but the pres-
ence of late-developing BEN-positive cell bodies. The cervically
restricted location of these cell bodies and their resemblance to
retrogradely labeled SACMNs is consistent with their identifica-
tion as anti-BEN-positive SACMNs. Given that these SACMN
cell bodies ultimately develop in Gli2 mutant embryos, the
missing-SAN phenotype likely reflects a defect in the initiation of
SACMN axon outgrowth, presumably attributable to the loss of
floor plate-derived factors. The absence of the trochlear nerve
(Matise et al., 1999) and the wild type-like appearance of ventrally
exiting motor axons in Gli2 mutants (Ding et al., 1998) raise the
possibility that this factor(s) is selective for dorsally directed mo-
tor axons. Notably, netrin-1 cannot account for this activity be-
cause SACMN cell bodies extend axons in netrin-1-deficient
mice. Alternatively, the absence of Gli2 or defects in Shh signaling
may lead to a respecification of SACMNs in Gli2 mutant em-
bryos. However, this scenario seems inconsistent with the finding
that, except for a selective loss of V3 interneurons, patterning of
the ventral spinal cord appears wild type-like in Gli2 mutants
(Matise et al., 1998).

In wild-type embryos, anti-BEN-positive SACMN cell bodies
and their axons migrate along a dorsally directed trajectory to-
ward the LEP. Consistent with the ability of the floor plate (Co-
lamarino and Tessier-Lavigne, 1995b; Guthrie and Pini, 1995;
Tucker et al., 1996) and netrin-1 (Varela-Echavarria et al., 1997;
Alcantara et al., 2000; Hamasaki et al., 2001) to repel hindbrain or
spinal motor axons/cell bodies, a subset of SACMN cell bodies/
axons fails to migrate dorsally in both netrin-1 and Dcc mutants.
The observation that BEN-positive SACMNs are likely to express
Dcc mRNA supports a cell-autonomous role for DCC in mediat-
ing the presumed repulsion of SACMNs and their axons. The in
vivo SACMN/axon migration defects we describe here are consis-
tent with the failure of oligodendrocyte precursors to migrate
dorsally in Dcc mutants (Jarjour et al., 2003), the abnormal mi-
gration of leutinizing hormone-releasing hormone neurons, ab-
errant projections of the caudal vomeronasal nerve in both
netrin-1 mutants and Dcc null embryos (Schwarting et al., 2001,
2004), and the finding that netrin-1 selectively repels dorsally
projecting motor axons in vitro (Colamarino and Tessier-
Lavigne, 1995a; Varela-Echavarria et al., 1997).

Because a subset of anti-BEN-positive SACMN cell bodies/
axons migrate appropriately toward the LEP in both netrin-1 and
Dcc mutants, other SACMN/axon-associated netrin-1 receptors

and/or ventral spinal cord-associated chemorepellents, such as
Slits and semaphorins (Varela-Echavarria et al., 1997; Brose et al.,
1999; Patel et al., 2001), may also have roles in these guidance
events. Previous studies in Caenorhabditis elegans, Drosophila,
and Xenopus have shown that UNC-40/DCC binding to UNC-6/
netrin mediates ventrally directed cell body/axon migration
events, whereas UNC-40/DCC operates in concert with UNC5
receptors to facilitate dorsally directed cell body/axon migration
in response to netrin (Hedgecock et al., 1990; Hamelin et al.,
1993; Hong et al., 1999; Keleman and Dickson, 2001; Dickson,
2002; Araujo and Tear, 2003). UNC5H2, H3, and H4 (En-
gelkamp, 2002) are expressed in the developing rodent CNS dur-
ing neuronal migration and axogenesis (Ackerman et al., 1997;
Leonardo et al., 1997; Mattar et al., 2004). Furthermore,
UNC5H3 has been implicated in the migration of cranial bran-
chiomotor neurons and Purkinje cell progenitors (Przyborski et
al., 1998) and corticospinal tract development (Finger et al.,
2002). Thus, SACMNs may express a mouse UNC5H receptor
that cooperates with DCC to drive SACMN cell bodies and axons
along a dorsally directed trajectory to the LEP.

Motor axon exit from the CNS is a poorly understood phe-
nomenon, and the underlying molecular mechanisms remain
obscure. A specialized group of neural crest derivatives, referred
to as boundary cap cells, prefigure motor axon exit points (Verm-
eren et al., 2003). Although boundary cap cells confine motor
neuron cell bodies to the spinal cord, they are not required for
motor axon exit through the ventral roots (Vermeren et al.,
2003). We demonstrate that SACMN axons are incapable of ex-
iting the spinal cord in Nkx2.9 null embryos. Our finding that
SACMNs are likely to arise from Nkx2.9-expressing progenitors
(Fig. 6C) suggests that Nkx2.9 functions cell autonomously.
Mechanistically, we propose that Nkx2.9 regulates the expression
of downstream targets that mediate the exit of SACMN axons
from the spinal cord. Good candidates include receptors on
SACMN axon/growth cones that respond to long- or short-range
attractive guidance cues, which may be expressed in the immedi-
ate vicinity of the LEP (Guthrie and Lumsden, 1992; Nieder-
lander and Lumsden, 1996; Irving et al., 2002; Vermeren et al.,
2003). In contrast to the inability of axons to emerge from the
spinal cord, hindbrain-associated SACMN axons exit the CNS
normally in Nkx2.9 null embryos (data not shown), raising the
possibility that another Nkx family member compensates for the
loss of Nkx2.9 in the hindbrain. Notably, Nkx2.2 and Nkx2.9 are
coexpressed for a longer period of time in the hindbrain com-
pared with the spinal cord (Briscoe et al., 1999), and Nkx6 genes
have evolutionarily conserved roles in motor neuron/axon devel-
opment (Muller et al., 2003; Broihier et al., 2004).

BEN has been shown to mediate axon outgrowth and fascic-
ulation (Weiner et al., 2004). The zebrafish homolog of BEN/
DM-GRASP, Neurolin, is selectively expressed by secondary mo-
toneurons (Fashena and Westerfield, 1999), and Neurolin-
blocking antibodies promote pathfinding errors and
fasciculation defects in the corresponding axons (Ott et al., 2001).
DM-GRASP has also been shown to enhance RGC axon exten-
sion in vitro, and inhibition of DM-GRASP perturbs the fidelity
of RGC axon projections in chick embryos (Avci et al., 2004). In
addition, RGC axons and motor axons that compose the inter-
costal nerves are defasciculated in BEN null mouse embryos
(Weiner et al., 2004). In contrast, our analyses failed to reveal a
requirement for BEN in the development of SACMNs.

In summary, we have exploited the specificity of anti-BEN to
identify molecules that regulate several phases of SACMN devel-
opment. Specifically, we have shown that Gli2 is required for
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SACMN axon outgrowth (supplemental Fig. 3, red, available at
www.jneurosci.org as supplemental material) and demonstrate a
role for netrin-1/Dcc in the dorsal migration of SACMN cell bod-
ies and their axons toward the LEP (supplemental Fig. 3, orange,
available at www.jneurosci.org as supplemental material). We
also shown that Nkx2.9 is essential for the exit of SACMN axons
from the spinal cord (supplemental Fig. 3, blue, available at www.
jneurosci.org as supplemental material). To our knowledge, this
is the first identification of a gene that is required for motor axon
exit from the vertebrate CNS.
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