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Summary

LIM transcription factors confer developing axons
with specific navigational properties, but the down-
stream guidance receptors and ligands are not well
defined. The dermomyotome, a transient structure
from which axial muscles arise, is the source of a se-
creted long-range chemoattractant specific for me-
dial-class spinal motor neuron axons (MMCm axons).
We show that fibroblast growth factors (FGFs) pro-
duced by the dermomyotome selectively attract
MMCm axons in vitro. FGF receptor 1 (FGFR1) expres-
sion is restricted to MMCm neurons, and conditional
deletion of FGFR1 causes motor axon guidance
defects. Furthermore, reprogramming the identity of
limb-innervating motor neurons to that of dermomyo-
tome-innervating MMCm cells using the LIM factor
Lhx3 induces FGFR1 expression and shifts an in-
creased number of motor axons to an FGF-responsive
state. These results point to a role for FGF signaling in
axon guidance and further unravel how downstream
effectors of LIM codes direct wiring of the developing
nervous system.

Introduction

The correct wiring of the nervous system depends upon
the ability of individual axons to recognize specific guid-
ance cues as they grow toward their cellular targets
(reviewed in Dickson, 2002; Tessier-Lavigne and Good-
man, 1996). Axon pathfinding plays a fundamental role
in this process through a stepwise series of phases in-
the neuronal differentiation program. Importantly, the
topographic assembly and elaboration of neural cir-
cuits rely critically on the generation of functionally
related but navigationally distinct neuronal subtypes
(or subclasses). In general, the axonal trajectory of a
neuron is composed of several discrete segments,
some of which are shared by multiple subtypes and
others of which are unique pathways selected by indi-
vidual neuronal subclasses. Although the decisions
that are made at specific axonal choice points are cru-
cial for establishing the proper pattern of connectivity,
the genetic programs that are employed to mediate
this precisely orchestrated process are not well charac-
terized.

*Correspondence: pfaff@salk.edu

2Present address: Cellular and Molecular Neurobiology Laboratory,
Graduate School of Frontier Biosciences, Osaka University, Suita,
Osaka 565-0871, Japan.

A remarkable feature of axon pathfinding by spinal
motor neurons, for example, is that after leaving the spi-
nal cord, they initially follow a common ventral pathway,
the ventral root, then subsequently diverge to select
subtype-specific pathways to targets such as the limb,
sympathetic ganglia, and axial musculature (reviewed
in Jessell, 2000; Landmesser, 1992). Motor neurons
that share these subtype-specific axon pathways coa-
lesce into separate motor columns within the spinal
cord, thus establishing a topographic relationship be-
tween their cell bodies and peripheral targets. Motor
neurons located in the median portion of the medial mo-
tor column (MMCm) extend axons along the ventral root
pathway and then turn dorsally to innervate the dermo-
myotome (Figure 1A), the embryonic precursor of dermis
and epaxial (dorsal axial) musculature involved in stabi-
lizing the back (Tosney and Landmesser, 1985). In
contrast, axons from cells within the medial and lateral
portions of the lateral motor column (LMCm and LMCI,
respectively) ignore the choice point selected by
MMCm axons and instead continue to grow ventrolater-
ally into the periphery toward the base of the limb
(Figure 1A). Here, LMCm axons project exclusively into
the ventral limb mesenchyme, whereas LMCI axons pro-
ject only to the dorsal limb mesenchyme (Landmesser,
1992; Tosney and Landmesser, 1985). Classical embry-
ological studies focusing on the topographic projections
of spinal motor axons have shown that discrete motor
neuron subtypes differ in their intrinsic properties for
axon pathfinding (reviewed in Landmesser, 1992), sug-
gesting that before motor axons reach their decision
points they have already been genetically programmed
to sense pathway-specific guidance cues.

Recent molecular and genetic studies have demon-
strated that unique combinations of LIM homeodomain
transcription factors, the LIM code, function in postmi-
totic motor neurons to define the target specificity of
individual motor neuron subtypes (reviewed in Jessell,
2000; Shirasaki and Pfaff, 2002). For instance, MMCm
motor neurons uniquely express Lhx3 (Lim3), whereas
other motor columns do not (Figure 1A) (Tsuchida
et al.,, 1994; Sharma et al., 1998). In genetically engi-
neered mice in which Lhx3 is stably expressed in all
motor neurons (Lhx3-knockin, or Lhx3-ki), the cell body
settling pattern and gene expression profile of all motor
neurons are converted to those of MMCm cells (Sharma
et al., 2000). Strikingly, this reassignment of the LIM
code results in a dramatic increase in the number of mo-
tor axon projections toward the dermomyotome at the
expense of limb innervation (Sharma et al., 2000). An-
other line of evidence for a role of the LIM code in verte-
brate motor axon guidance was provided by studies
focusing on the selective expression of Lhx1 (Lim1) in
LMCI neurons (Figure 1A) (Kania and Jessell, 2003; Ka-
nia et al., 2000). In Lhx7 mutant mice, LMCI axons project
into the dorsal and ventral halves of the limb mesen-
chyme at equal incidence, whereas in wild-type em-
bryos LMCI axons selectively enter only the dorsal
limb. These genetic studies imply that the LIM code
either directly or indirectly regulates the expression of
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Figure 1. The Dermomyotome Secretes a Long-Range Chemoat-
tractant for Developing Motor Axons In Vitro

(A) Motor axon projections and the LIM code for motor neuron (MN)
columnar subtypes within the brachial spinal cord. After exiting the
spinal cord, MMCm axons (red) break away from the ventral trajec-
tory of the spinal nerve to form the dorsal ramus branch leading to
the dermomyotome (DM). LMCm (green) and LMCI (blue) axons ex-
tend to the base of the limb where they turn ventrally (v.) or dorsally
(d.), respectively.

(B) Motor axon projections are labeled by GFP expression in
Hb9::gfp mice. At E10.5 brachial MMCm axons begin to form the
dorsal ramus branch (asterisk).

(C) By E11.5 MMCm axons have reached the dermomyotome.

(D) MN column explants cultured alone for 15 hr (n = 8, see also
Figure 4E). Ventral spinal cord explants taken from the brachial spi-
nal cord of Hb9::gfp mice were cultured in 3D matrix gels.

(E) Fluorescent view of explant in (D), showing GFP-labeled motor
neurons (MN) flanking the floor plate (FP).

(F) Coculture of MN column explants with the dermomyotome (DM)
for 15 hr, showing long-range attraction of axons toward the DM (n =
8, see Figure 7M for quantification).

(G) Motor axons are attracted by the dermomyotome, as revealed by
the GFP expression on responding axons from the explant in (F).
(H) Coculture of MN column explants with the floor plate (FP) (n = 4).
() Coculture of MN column explants with the roof plate (RP) (n = 3).

receptors for sensing guidance cues specific for individ-
ual subtypes of motor axons.

Because axonal navigation depends upon attractive
and repulsive guidance cues operating both short- and
long-range, the downstream axon guidance effectors
of the LIM code could in principle include multiple re-
ceptor types. In the case of limb innervation, LMCI and
LMCm axons segregate at the base of the limb and
choose immediately to grow either dorsally or ventrally,
suggesting that the peripheral signals and axonal recep-
tors that control limb innervation are tightly regulated at
the decision region (Tosney and Landmesser, 1985).
Consistent with this, it has recently been shown that
LMCm axons are directed ventrally by Npn-2-mediated
repulsion from secreted Sema3F within the dorsal limb
(Huber et al., 2005). Conversely, dorsally projecting
LMCI axons are repelled from the ventral limb by eph-
rin-As (Eberhart et al., 2002; Helmbacher et al., 2000).
This contact-mediated repulsion of LMCI neurons is un-
der the control of the Lhx1 transcription factor which
regulates EphA4 receptor expression in these cells (Ka-
nia and Jessell, 2003). Interestingly, in contrast to repul-
sive signaling for limb-innervating motor neurons,
MMCm cells appear to be attracted to the dermomyo-
tome. In the chick embryo, ablation of the dermomyo-
tome prevents the dorsal deviation of MMCm axons
toward the site of the missing dermomyotome, and
instead axons grow toward adjacent intact dermomyo-
tomes (Tosney, 1987, 1988). Similarly, Xenopus somitic
myoblasts attract neurites from neural tube explants
(McCaig, 1986). In the zebrafish mutant spadetail, which
is deficient in trunk myotome development, the projec-
tion patterns of motor axons toward the myotome are
abnormal (Eisen and Pike, 1991). Likewise, mouse em-
bryos deficient for both Myf-5 and MyoD lack myotomes
and exhibit axial projection defects (Kablar and Rud-
nicki, 1999). However, direct proof of a dermomyo-
tome-derived chemoattractant has not yet been shown
and thus the nature of the signals that selectively guide
MMCm axons remain unknown.

We show that MMCm axons are guided by a long-
range chemoattractant secreted from the dermomyo-
tome. Fibroblast growth factors (FGFs) expressed in
the dermomyotome are responsible for the selective
chemoattractive activity for MMCm axons, thereby
demonstrating a role for this family of signaling proteins
in axon navigation. Importantly, among receptors for
FGFs (FGFRs), FGFR1 is expressed in MMCm cells as
they extend axons toward the dermomyotome, while
other motor neuron subclasses lack FGF receptors.
We converted LMC motor neurons into MMCm cells by
reconfiguring the LIM code in Lhx3-ki mice and found
that this was accompanied by an expansion in the
FGFR1 expression domain and an increase in the num-
ber of motor axons that respond to the dermomyotome-
derived chemoattractant. Conversely, Cre-mediated

(J) Coculture of MN column explants with a portion of the limb bud
(LB) containing the apical ectodermal ridge (AER) (n = 4).

(K) Coculture of MN column explants with the isthmus (Is) (n = 3). Nei-
ther the floor plate nor the roof plate possesses chemoattractive ac-
tivity for motor axons, whereas limb bud and isthmus tissue can at-
tract motor axons.

Scale bars, 125 um in (B) and (C), and 100 um in (D)—(K).
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deletion of FGFR1™" alleles resulted in epaxial motor
axon guidance defects in vivo. Thus, in this study we
provide direct evidence for a long-range chemoattrac-
tant specific for medial-class spinal motor neurons
genetically defined by the LIM code.

Results

Detection of a Motor Axon Chemoattractive Activity
Secreted by the Dermomyotome
To begin to identify the guidance programs employed by
MMCm cells, we monitored the development of the seg-
mentally repeated dorsal ramus nerve in the mouse (Na-
kao and Ishizawa, 1994), comprised of MMCm axons
projecting toward the dermomyotome (Figure 1A). To vi-
sualize motor axons, we used transgenic mice in which
GFP is expressed under the control of a promoter de-
rived from the motor neuron-specific transcription fac-
tor Hb9. Hb9::gfp transgenic mice have labeled motor
neuron cell bodies and axons (Lee et al., 2004) (Figures
1B and 1C). Postmitotic spinal motor neurons appear
around E9.5 in the ventral spinal cord and extend axons
laterally away from the midline to exit the spinal cord to-
gether through the ventral root. We found that at E10.5,
a subset of GFP* motor axons begin to turn from the
main spinal nerve trunk and grow dorsally toward the
dermomyotome, while limb-innervating motor axons
continue to grow ventrally (Figure 1B). At E11.5,
MMCm motor axons which have diverged from the ven-
tral root continue to grow dorsally to reach the dermo-
myotome (Figure 1C; see also Figure 6). These observa-
tions indicate that motor axon projections toward the
dermomyotome begin to form around E10.5 to E11.5,
thus establishing a time window in which MMCm cells
are expected to express guidance receptors for this
choice point.

We next tested whether the dermomyotome secretes
a long-range chemoattractant for developing motor
axons using mouse E9.75 to E10.0 lower cervical (bra-
chial) level explants dissected from the ventral third of
the neural tube (MN column explants). A mixture of mo-
tor neuron subtypes is present in these explants, includ-
ing MMCm, LMCm, and LMCI cells (Figure 1A). MN col-
umn explants were cultured for 15 hr in 3D collagen/
matrigel matrices, since this method is well established
for detection of long-range chemotropic activity for de-
veloping axons (Brose et al., 1999; Lumsden and Davies,
1983; Serafini et al., 1994). When MN column explants
were cultured alone, motor axon outgrowth from the ex-
plants was minimal (Figures 1D and 1E). In contrast,
when MN column explants were cocultured with the der-
momyotome, we found that axon outgrowth toward the
dermomyotome was dramatically induced (Figure 1F). In
vivo, the ventral root is separated from the dermomyo-
tome by ~250 um, and in vitro, chemoattractive activity
was detected at a comparable distance. Next, we exam-
ined whether the dermomyotome induces general out-
growth of axons or is specific for motor neuron axons.
Using Hb9::gfp MN column explants, we found that at-
tracted axons were all GFP* (Figure 1G). These results
indicate that the dermomyotome, the target of MMCm
motor neurons, secretes a diffusible molecule that
selectively attracts developing motor axons from a
distance.

FGFs Expressed in the Dermomyotome Possess
Chemoattractive Activity

To identify the molecule responsible for the dermomyo-
tome-derived chemoattractive activity, we assayed ava-
riety of embryonic tissues that have been shown to se-
crete diffusible chemotropic signals. The floor plate
and roof plate are known to secrete several types of
axon guidance molecules, including netrins, BMPs, slits,
Shh, and wnts (Augsburger et al., 1999; Brose et al.,
1999; Charron et al., 2003; Lyuksyutova et al., 2003; Ser-
afini et al., 1996). However, when we cocultured MN col-
umn explants with the floor plate or the roof plate, these
tissues failed to mimic the activity of the dermomyotome
(Figures 1H and 1l). In contrast, tissues from both the
limb bud/apical ectodermal ridge (AER) and the mid-
brain/hindbrain isthmus region were found to promote
axon outgrowth from MN explants (Figures 1J and 1K).

The dermomyotome, the isthmus, and the limb bud
are related to one another by virtue of each expressing
multiple FGFs (Colvin et al., 1999; Crossley and Martin,
1995; Niswander and Martin, 1992; Thisse and Thisse,
2005 and references therein), suggesting that this
growth factor might represent a guidance factor for spi-
nal motor neurons. As a control to establish an assay for
bath-applied growth factors, we first monitored motor
axon outgrowth triggered by hepatocyte growth factor
(HGF) because it has been shown to function as a che-
moattractant for spinal motor axons in vitro (Ebens
et al., 1996). As expected, HGF induced robust GFP*
motor axon outgrowth when bath applied to Hb9::gfp
MN column explants (Figures 2A and 2B). Since HGF is
expressed by limb tissue, but not by the dermomyo-
tome, other signals are likely to be responsible for
MMCm chemoattraction (Ebens et al., 1996). Therefore,
based on the finding that FGF* tissues, including the
isthmus, limb bud, and dermomyotome, promote axon
outgrowth, we tested whether any of the known FGF
family members expressed by the dermomyotome,
which included FGF2, FGF4, FGF8, and FGF9 (Colvin
et al., 1999; Crossley and Martin, 1995; Niswander and
Martin, 1992; Thisse and Thisse, 2005 and references
therein), are sufficient to trigger axon outgrowth. Each
FGF was added separately to the explant culture bath,
and we found that FGF2, FGF4, FGF8, and FGF9 all trig-
gered GFP* motor axon outgrowth (Figures 2C and 2D;
data not shown). In contrast, FGF10, which is expressed
in the limb mesenchyme but not the dermomyotome,
lacked activity (Figures 2E and 2F).

To present FGF ligand as a point source which would
more accurately reflect the in vivo context of the signal,
we used heparin-coated beads for generating FGF gra-
dients. We focused on FGF8 because its heparin binding
is well characterized (Loo and Salmivirta, 2002) and it is
expressed by the dermomyotome during the period
when MMCm axons navigate toward this target (Cross-
ley and Martin, 1995; Mahmood et al., 1995). Heparin-
only control beads had no effect on axon outgrowth,
whereas FGF8-loaded beads elicited outgrowth of mo-
tor axons toward the FGF source (Figures 2G and 2H).
In principle, FGFs could promote axon extension with-
out influencing the directionality of growth cone naviga-
tion. Therefore, to determine if FGF8 could redirect axon
growth, we positioned an FGF8 bead orthogonal to the
normal axis of motor axon growth from the explants.
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Figure 2. Long-Range Chemoattraction of Motor Axons by FGF

(A-J) Bright field and GFP labeling of motor axons from MN column
explants exposed to growth factors. (A and B) HGF induces motor
axon outgrowth (n = 7, see Figure 4H for quantification). (C and D)
Likewise, FGF8 triggers GFP* motor axon outgrowth from Hb9::gfp
explants (n = 8, see Figure 7N for quantification). (E and F) FGF10
lacks axon outgrowth promoting activity (n = 8). (G) Coculture of
MN column explants with a heparin-coated control bead (n = 9).
(H) Coculture of MN column explants with an FGF8-loaded heparin
bead (n = 8). A point source of FGF can attract GFP* motor axons
from Hb9::gfp explants (inset). (I and J) An FGF8-coated bead placed
orthogonal to MN explants alters the normal lateral pattern of axons,
redirecting growth toward the bead (n = 5).

(K-M) GFP and Lhx3 labeling in control MN column explants dis-
sected from Hb9::GFP embryos.

(N-P) GFP and Lhx3 labeling in MN column explants treated with
FGF8. (K-P) Expression of Lhx3 in the MN column explants was re-
vealed by whole-mount immunohistochemistry of the explants using
anti-Lhx3 antibody. MN column explants (n > 3) were dissected from
the brachial spinal cord and cultured for 15 hr.

Scale bars, 100 um in (A)-(J), 150 um in (K)—(P), and 70 um (insets in
[H] and [J]).

Typically, motor axons extend away from the floor plate
(included within the explant) because the midline is the
source of motor neuron repellents (Brose et al., 1999;
Guthrie and Pini, 1995; Tzarfati-Majar et al., 2001), which
creates a lateral bias in axon growth. In this culture con-
figuration, we found that motor axons were reoriented to
grow toward the bead (Figures 21 and 2J). These results
indicate that FGF proteins function as long-range che-
moattractants for developing motor axons.

FGFs have also been shown to regulate neuroepithe-
lial cell fate specification at early developmental stages
(reviewed in Diez del Corral and Storey, 2004). Although
this signaling occurs within dividing progenitors prior to
motor neuron generation, we examined whether FGFs
might have an indirect effect on postmitotic motor
axon growth by altering gene expression. To assess
this, we assayed the expression profiles of several mo-
tor neuron-specific transcription factors, including
Hb9, Isl1, and Lhx3, using whole-mount immunohisto-
chemistry on MN column explants cultured in the pres-
ence or absence of FGF. We detected no apparent
change in the expression patterns of these molecular
markers in the presence of FGF8 compared to controls
(Figures 2K-2P; see Figure S1 in the Supplemental
Data). These results suggest that FGF elicits motor
axon outgrowth from the explants without changing
the columnar subtype identity of postmitotic motor
neurons.

Expression of FGF Receptors in the Developing
Mouse Spinal Cord

Although expression of FGF ligands in the dermomyo-
tome has been well documented, the temporal and spa-
tial expression of the four known FGF receptors have not
been well characterized in the mouse neural tube during
the period of motor axon pathfinding. We therefore ex-
amined whether the sites and timing of expression of
FGFR mRNAs were consistent with a role in motor
axon guidance, focusing on stages from E10.5 to
E11.5 when MMCm axons project toward the dermo-
myotome. FGFR4 mRNA was not detected in the neural
tube at these stages (Figures 3D and 3l), whereas
FGFR1-3 were present. Specifically, FGFR2 and
FGFR3 were expressed by progenitor cells within the
ventricular zone spanning much of the dorsoventral
axis of the neural tube, with FGFR2 levels appearing
higher in the dorsal region and FGFR3 more abundant
ventrally (Figures 3B, 3C, 3G, and 3H). Although
FGFR1 mRNA levels appeared to be low, expression
was detected in a subset of motor neurons located in
the ventral-medial region of the neural tube (Figures 3A
and 3F; Figure S2).

To determine whether FGFR1* cells in the ventral spi-
nal cord are MMCm neurons, we characterized the set-
tling pattern of MMCm neurons at E10.5 and E11.5 using
Lhx3 as a marker in combination with GFP labeling in
Hb9::gfp embryos. At E10.5, Lhx3* MMCm cells have
just begun to settle laterally (Figures 3K-3M), and at
E11.5 they represent a subset of the total GFP* motor
neuron population and are situated in a compact ven-
tral-medial position (Figures 3N-3P). Thus, the position
of MMCm cells at E10.5 and E11.5 overlaps with the pat-
tern of FGFR1 expression. On the other hand, mRNA for
c-Met, a receptor for HGF, was expressed broadly in
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Figure 3. Expression of FGFRs and c-Met during the Period of MMCm Motor Axon Pathfinding

Detection of FGF and HGF receptors by in situ hybridization in the brachial spinal cord of E10.5 (A-E) and E11.5 (F-J) embryos. FGFR2 and FGFR3
are expressed in the ventricular zone. FGFR1 is detected in a subset of ventrally located postmitotic motor neurons, whereas c-Met has a broader
distribution in motor neurons. Brackets in (A), (F), (J) and (P) indicate location of MMCm cells. (K-M) GFP and Lhx3 coexpression define the lo-
cation of MMCm motor neurons (oval) at E10.5 in the brachial neural tube of Hb9::gfp embryos. (N-P) Similarly, brachial E11.5 MMCm motor neu-

rons (bracket, [P]) are defined by GFP/Lhx3 colabeling.

Scale bars, 100 um in (A)~(E), 140 um in (F)-(J), 105 um in (K)~(M), and 150 um in (N)-(P).

several subsets of motor neurons, including both LMC
(Lhx3-negative) and MMCm (Lhx3-positive) cells (Fig-
ures 3E and 3J). Together, these expression data are
consistent with the possibility that FGFs, acting via
FGFRA1, are responsible for the long-range chemoattrac-
tion of MMCm motor axons to the dermomyotome.

Involvement of FGFR Signaling in Dermomyotome-
Derived Chemoattraction of Motor Axons

To examine whether the dermomyotome-derived che-
moattractive activity is mediated by FGFR signaling,
we tested whether attraction of motor axons to the der-
momyotome is blocked in the presence of SU5402, a se-
lective inhibitor of FGF receptor signaling. SU5402 func-
tions by interacting with the catalytic domain of the FGF
receptors, thereby suppressing their tyrosine kinase ac-
tivity and disrupting their ability to signal (Mohammadi
et al., 1997). To assess the specificity of this FGF recep-
tor tyrosine kinase inhibitor, HGF/c-Met signaling was
utilized as a control. We found that, whereas SU5402
had no effect on HGF-induced motor axon outgrowth
(Figures 4G and 4H), it inhibited dermomyotome-trig-
gered chemoattraction of motor axons (Figures 4A, 4B,
and 4E). To eliminate the possibility that SU5402 acts in-
directly on the dermomyotome rather than the motor
neurons in the explants, we next tested the effects of re-
combinant FGF8 in this explant assay. We found that
SU5402 blocked axon outgrowth induced by the FGF8
protein (Figures 4C, 4D, and 4F). Thus, these results

indicate that FGFR signaling in neurons is required for
the long-range chemoattraction of motor axons elicited
by the dermomyotome.

Although multiple FGF receptors are expressed within
the embryonic spinal cord (Figure 3), only FGFR1 ap-
peared to be expressed by MMCm cells when their
axons navigate to the dermomyotome. To determine
whether FGFR1 is necessary for proper innervation of
epaxial musculature, we examined motor neuron pro-
jections using a conditional allele of FGFR1 (FGFR1™")
(Ohkubo et al., 2004; Pirvola et al., 2002) since null mu-
tants of the receptor fail to develop beyond gastrulation
(Deng et al., 1994; Yamaguchi et al., 1994). Nestin::Cre
mice and Hb9::gfp mice were crossed with the condi-
tional FGFR1™" line to generate embryos with GFP-la-
beled motor axons in which FGFR1 was selectively de-
leted from neural progenitor cells. The dorsal ramus
was present in FGFR1"", Nestin::Cre; Hb9::gfo em-
bryos, but motor axon guidance defects were frequently
observed in the area where MMCm axons turn from the
spinal nerve toward the dermomyotome. Motor axons
were less fasciculated in conditional FGFR1 mutants
when compared to spinal nerves in FGFR1%"! littermate
controls (Figures 5A-5D). In some segments, a large
portion of the axons projecting to the dermomyotome
first turn toward the dorsal root ganglion (DRG) before
correcting their trajectory, leading to a wavy-appearing
dorsal ramus branch (compare Figures 5F to 5H). The
most obvious phenotypes, however, were inappropriate
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Figure 4. Blocking of FGFR Signaling Inhibits Motor Axon Respon-
siveness to the Dermomyotome-Derived Chemoattractant

(A) Coculture of MN column explants with the dermomyotome (DM)
mock-treated with DMSO (n = 7).

(B) In the presence of the FGFR signaling inhibitor SU5402 (12.5 uM),
motor axon responsiveness to the dermomyotome-derived chemo-
attractant is abolished (n = 8).

(C) MN column explants cultured in the presence of FGF8 mock-
treated with DMSO vehicle (n = 8).

(D) FGF8-mediated axon outgrowth from the explants is blocked by
SU5402 (n = 6).

(E, F, H) Motor axon outgrowth was scored blindly on a 0-5 scale
(see Figure S3) by two independent observers. The frequency (per-
centage) of explants with axonal outgrowth at each index level from
0-5 is shown as a histogram for each of the indicated culture condi-
tions. (E) Histogram comparing responses elicited by the dermo-
myotome in the presence or absence of SU5402 (12.5 uM). “No
DM?” represents MN column explants cultured alone. DM-mediated
outgrowth in the presence of SU5402 was significantly reduced
compared with DM controls cultured with vehicle alone (DMSO)
(p < 0.001, Mann-Whitney U test). Axonal growth from SU5402-
treated explants did not statistically differ from MN column explants
cultured alone (No DM) (p = 0.78, Mann-Whitney U test). (F) Histo-
grams comparing responses elicited by FGF8 in the presence of
SU5402 (12.5 uM) or DMSO. FGF8-mediated axon outgrowth was
significantly reduced in the presence of SU5402 (p < 0.001, Mann-
Whitney U test). (G) Unlike FGF8, HGF-mediated axon outgrowth
from MN explants is not blocked by 12.5 uM SU5402 (n = 7). (H) His-
tograms comparing responses elicited by HGF in the presence or
absence of SU5402 (12.5 uM). HGF-induced outgrowth in the pres-
ence of SU5402 was not statistically different from that observed
from MN column explants cultured with HGF in the absence of
SU5402 (p = 0.45, Mann-Whitney U test).

Scale bars, 100 um in (A-D) and (G).

motor axons that were found to grow far into the DRG
(Figures 5A-5H). The conditional deletion of FGFR1™"
using Nestin::Cre was not found to alter the normal pat-
tern of expression of Isl1/2 and Lhx3 in motor, sensory,
and spinal interneurons (Figures 5E, 5G, and 5I-5L).
Taken together, our findings suggest that FGFR1 signal-
ing is required in MMCm motor neurons for their proper
navigation to the dermomyotome. The finding that the
dorsal ramus nerve forms in conditional FGFR1 mutants,
however, suggests that the timing and/or efficiency of
Cre-mediated recombination was not complete. In addi-
tion, it is possible that MMCm axons are guided by mul-
tiple classes of guidance cues, of which FGFs/FGFR1
may participate with other signals.

The Dermomyotome and FGF Selectively Attract
MMCm Axons

Although the above results support the view that the
dermomyotome secretes a chemoattractant for MMCm
axons, they do not directly address whether the action
of the dermomyotome-derived chemoattractant is spe-
cific for MMCm cells. For example, the dermomyotome
could be the source of a general motor axon outgrowth
factor or possibly promote the growth of axons from
non-MMCm neurons, such as LMC cells. To address
these possibilities, we first took advantage of an ana-
tomical feature of the spinal cord. Namely, since
MMCm cells reside along the entire rostrocaudal length
of the spinal cord, whereas LMC cells are only located at
brachial and lumbar levels, we isolated explants from
thoracic levels devoid of LMC motor neurons. We found
that the dermomyotome, as well as FGF, attracted mo-
tor axons from the thoracic MN column explants (Fig-
ures 6A-6D), thereby excluding the possibility that the
dermomyotome attracts only LMC axons.

Next, we directly tested whether the dermomyotome-
derived attraction of motor axons is specific for MMCm
cells. To accomplish this we used an evolutionarily con-
served MMCm-specific enhancer (SE1, CREST1) identi-
fied 3’ to the Is/T gene (Uemura et al., 2005) to generate
a transgenic mouse line in which MMCm axons are la-
beled by GFP (Figure 6N). SE1::gfp embryos have GFP-
labeled axons within the dorsal ramus leading to the der-
momyotome as well as Hb9*/Lhx3*/GFP* MMCm cell
bodies (Figures 6E-6l, 6K, and 6M). By comparison,
whole-mount preparations of Hb9::gfp embryos re-
vealed labeling of all somatic motor axon pathways, in-
cluding branches into the limb, body wall, and dorsal ra-
mus (Figures 6J and 6L). Thus, GFP selectively labels
MMCm cell bodies and axons in SE7::gfp embryos.

We next dissected MN column explants from SE1::gfp
embryos to directly monitor MMCm axon growth in re-
sponse to the dermomyotome-derived factor in explant
culture. We found that the axons attracted by the der-
momyotome as well as by FGF8-loaded beads were la-
beled with GFP (Figures 60-6R). These results therefore
indicate that MMCm cells respond to the dermomyo-
tome-derived chemoattractant, whereas other motor
neuron subclasses appear to lack responsiveness.

The LIM Code Programs Motor Axon
Responsiveness to the Dermomyotome

Non-MMCm motor neurons, such as the LMC, express
Hb9 but lack Lhx3, whereas MMCm cells express both
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Figure 5. Proximal Motor Neuron Guidance Defects Arise in FGFR1 Mutants

(A-D) GFP-labeled motor axons in E11.5 control embryos (FGFR1""! ; Nestin::Cre ; Hb9::gfp) and neural tube-specific FGFR1 mutant embryos
(FGFR1"" ; Nestin::Cre ; Hb9::gfp) at the brachial level. Axons in FGFR1™" animals (C and D) are less fasciculated than in FGFR1""* animals
(A and B) as they exit the spinal cord, and often deviate from the spinal nerve (arrows) or errantly project into the dorsal root ganglion (DRG)
(asterisk).

(E-H) Defects in axon guidance to the dermomyotome are also apparent in FGFR1"" animals at E12.5. Motor axons (green) normally avoid the
Isl1/2* DRG (red nuclei in [E] and [G]) in FGFR1™"* controls, whereas motor axons are inappropriately found within the DRG in FGFR1™" animals
(asterisks).

(I-L) Expression of motor neuron markers Isl1/2 and Lhx3 appear normal in E12.5 FGFR1™" mice compared to FGFR1™"! controls. At least

3 embryos were assayed for each age and genotype.

Scale bars, 50 pm in (A)-(D), 115 um in (E) and (G), 65 um in (F) and (H), and 70 pm in (I)—(L).

Hb9 and Lhx3 (Sharma et al., 1998, 2000). Forced ex-
pression of Lhx3 in Hb9-positive motor neurons has
been shown to switch their subclass identity to that of
MMCm cells (Sharma et al., 2000). This conversion is ac-
companied by an increase in the number of motor axons
projecting toward the dermomyotome, leading to the
prediction that the number of motor axons which re-
spond to the dermomyotome-derived chemoattractant
should increase in Lhx3-ki mice. To test this, we first ex-
amined whether the number of motor axons responding
to the dermomyotome-derived chemoattractant is in-
creased when using MN column explants derived from
Lhx3-ki mice. As predicted, explants from Lhx3-ki mice
exhibited a dramatic increase in the number of axons at-
tracted by the dermomyotome compared with explants
from wild-type embryos (Figures 7A, 7B, and 7M; also
compare Figure 1F to Figure 7B). Furthermore, crossing
the Hb9::gfp transgene into the Lhx3-ki mouse back-
ground revealed that the increased response was due
to an enhancement in the number of GFP* motor axons
rather than axons from other neuronal types (Figures
7D-7H). Thus, the subtype interconversion of non-
MMCm motor neurons into MMCm cells is accompanied
by an increase in projections to the dermomyotome in
vivo (Sharma et al., 2000) as well as an increase in the
number of cells that respond to the dermomyotome-de-
rived chemoattractant in vitro.

These findings raised the possibility that the LIM code
regulates the expression of the guidance receptors in
MMCm cells. Since FGF receptors are required to medi-
ate the responsiveness to the dermomyotome-derived
activity, we next asked whether expression of FGFR1

is shifted to include more motor neurons due to the re-
programming of motor neuron identity in Lhx3-ki mice.
We found that the expression of FGFR1 is expanded
to include motor neurons in which Lhx3 expression
has been forced (Figures 71-7L) without affecting ex-
pression of other FGFRs (Figure S2). This prompted us
to test whether the MN column explants from Lhx3-ki
mice exhibit increased responsiveness to FGF8. As ex-
pected, we detected a significant increase in motor
axon chemoattraction in response to FGF8 using ex-
plants from Lhx3-ki mice compared with explants from
wild-type control mice (Figures 7C and 7N; compare Fig-
ures 2C to 7C). Together, these results demonstrate that
FGFR1 signaling in MMCm cells constitutes one of the
downstream components regulated by the LIM code
when MMCm axons project to the dermomyotome.

Discussion

The genetic programs that underlie motor neuron differ-
entiation and subtype diversification are regulated se-
quentially by unique combinations of LIM homeodomain
factors. Importantly, LIM factors also regulate genetic
programs that specify where axons grow, presumably
by controlling the expression of axon guidance mole-
cules (reviewed in Jessell, 2000; Shirasaki and Pfaff,
2002). In this study, we examined how the MMCm sub-
class of motor neurons targets the axial musculature
embryologically derived from the dermomyotome. We
found that FGFs are long-range chemoattractants se-
creted by the dermomyotome and that the LIM code
programs MMCm cells to express FGFR1.
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Figure 6. Selective Chemoattraction of MMCm Motor Axons by the Dermomyotome and FGF

(A-D) Thoracic MN column explants from Hb9::gfp embryos cultured for 15 hr. (A) Axon outgrowth is minimal from MN explants cultured alone
(n = 3). (B) The dermomyotome (DM) attracts axons from MN explants (n = 8). (C) Fluorescent view of (B) reveals GFP-labeling of motor axons.
(D) FGF8 induces motor axon outgrowth from thoracic MN explants (n = 7).

(E-N) SE1::gfp reporter mice display selective labeling of MMCm motor neurons. (E-G) GFP labels a subset of ventro-medial Hb9* motor neurons
(magenta) and axons growing toward the dermomyotome (DM) at E11.5. (H and I) The MMCm marker Lhx3 (red) is expressed in GFP-labeled cells
within the brachial spinal cord of SE7::gfp mice at E11.5. (J) Fluorescent whole-mount image of Hb9::gfp mice at E11.5. Dorsal view of the right
half of the brachial level is shown. Limb-innervating GFP* motor axons have entered the forelimb (FL). (K) Dorsal view of brachial level in SE1::gfp
mice at E11.5. Dermomyotome-projecting GFP* MMCm axons can be selectively visualized in the dorsal ramus (dr). (L) Fluorescent image of
dorsal whole-mount view of E11.5 Hb9::gfp embryo. At the thoracic level, MMCm axons projecting to the dermomyotome as well as non-
MMCm axons projecting to muscles of the ventral body wall are GFP labeled. (M) Dorsal thoracic view of SE1::gfp embryo at E11.5. GFP labeling
is restricted to MMCm axons. (N) DNA construct used to generate SE1::gfp transgenic mice (see Experimental Procedures). (O and P) Coculture
of brachial SE7::gfp MN column explants with the dermomyotome (n = 6). (P) Fluorescent view of (O) reveals DM attraction of MMCm GFP* axons.
(Q and R) Coculture of brachial SE1::gfp MN column explants with an FGF8-loaded bead (n = 4). As is the case with the DM coculture, the FGF8-
bead (F8) attracts GFP* axons. By contrast, HGF attracts many motor axons lacking GFP from SE1::gfp-derived MN explants (see Figure S4).
Scale bars, 200 pm in (A)-(D), 190 pm in (E)-(I), 400 pm in (J)~(M), and 95 um (O)-(R).

Downstream Effectors of the LIM Code: Axon direct evidence for a dermomyotome-derived chemoat-

Guidance Molecules

MMCm motor neuron identity is regulated by the combi-
natorial actions of the LIM factors Isl1 and Lhx3 (Sharma
et al., 2000). Mice genetically engineered to artificially
create the MMCm-LIM code in all motor neuron sub-
types develop with limb-innervating LMC cells con-
verted into MMCm cells. These converted LMC cells
share many properties with the native MMCm motor
neurons, including axon growth toward the dermo-
myotome. In some instances, the artificially generated
MMCm cells overshoot the normal dorsal ramus choice
point, but correct themselves by arching back to their
axial targets as if they are responding to a long-range,
target-derived signal (Sharma et al., 2000). Nevertheless,

tractant has not been established. Here we show that
FGF mediates selective attraction of MMCm axons. Fur-
thermore, we show that MMCm cells are programmed to
respond to FGF chemoattraction by the LIM code
through selective expression of FGFR1 in this motor
neuron subtype.

In addition to their role in MMCm cells, LIM factors
regulate guidance receptors in a variety of other neuro-
nal types. At the base of the limb, LMCI motor axons se-
lectively enter the dorsal compartment of the limb bud.
The selective guidance of LMCI cells is dependent on
Lhx1, a LIM homeodomain factor selectively expressed
by this motor neuron subclass (Kania et al., 2000). Inter-
estingly, the expression of the EphA4 receptor tyrosine
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Figure 7. The LIM Code Is Capable of Reg-
ulating FGF Responsiveness in Motor
Neurons

(A-C) Brachial MN column explants from
Lhx3-knockin (ki) embryos. (A) Like MN ex-
plants from wild-type embryos, few axons
extend from Lhx3-ki explants when cultured
alone (n = 8). (B) Coculture of Lhx3-ki explants
with the dermomyotome (DM) induces robust
axon outgrowth toward the DM (n = 6). (C)
FGF8 induces many axons to extend from
Lhx3-ki explants (n = 8).

(D-F) Ventral brachial spinal cord of Lhx3-ki
embryo in an Hb9::gfp background at E11.5.
Lhx3 expression (red) is expanded to include
all GFP* motor neurons (see also Sharma
et al., 2000).

(G) Coculture of Lhx3-ki explants (Hb9::gfp

background) with the DM.
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(H) Fluorescent image of (G), showing that
GFP* motor axons respond to the DM-
chemoattractant.

(I-L) Brachial spinal cord of wild-type and
Lhx3-ki embryos at E11.5. (I and J) In situ hy-
bridization detects FGFR1 transcript in Lhx3*
MMCm motor neurons in control embryos (lit-
termates to Lhx3-ki embryos). (K and L) Ex-
pression of FGFR1 is expanded in Lhx3-ki
embryos to include ectopic Lhx3* motor neu-
rons. (l) and (K) are adjacent sections to (J)
and (L), respectively.

(M) Histogram comparing the frequency of
explants with axonal outgrowth similar to
the index shown in Supplemental Figure S3
based on three independent experiments
for each condition. Wild-type and Lhx3-ki ex-
plants were cultured with the DM. Axon out-
growth from Lhx3-ki explants (DM+Lhx3ki)
was significantly greater than that observed
from wild-type mouse explants (DM+wt) (p <
0.001, Mann-Whitney U test). “No DM” repre-
sents Lhx3-ki-derived explants cultured
alone.

4 5

(N) Like the DM response, axon outgrowth induced by FGF8 from Lhx3-ki explants (FGF8+Lhx3ki) was significantly greater than that observed
from wild-type mouse MN explants (FGF8+wt) (p < 0.001, Mann-Whitney U test).
Scale bars, 100 um in (A)-(C), 120 um in (D)-(F), 130 um in (G and H), and 175 pm in (I)—(L).

kinase is under the control of Lhx1 (Kania and Jessell,
2003), thus contributing, at least in part, to the proper
dorsal trajectory of these axons as they enter the limb
(Eberhart et al., 2002; Helmbacher et al., 2000; Kania
and Jessell, 2003). In the retina, Isl2 controls ganglion
cell axon crossing at the optic chiasm and has been im-
plicated in repressing, either directly or indirectly, the
expression of Zic2 and EphB1 (Pak et al., 2004). Thus,
expression of Eph/ephrin guidance receptors on grow-
ing axons is regulated in several cases by LIM factors
in neuronal subpopulations.

In Drosophila embryos, a combinatorial code of Islet
(Isl1/2 homolog) and Lhx3 specifies axon target selec-
tion of a subset of motor neurons that innervate ventral
muscles (Thor et al., 1999). Interestingly, a recent study
has shown a strong genetic interaction between Islet,
Lhx3, and Beaten path (Beat) Ic (Certel and Thor,
2004), a member of a multigene family encoding immu-
noglobulin-superfamily cell adhesion molecules (IgSF
CAM) related to the Beat la axon guidance molecule.
This suggests that Beat Ic may be a downstream tran-
scriptional target of the LIM code involved in Drosophila

axon pathway selection. In C. elegans, a regulatory link
between the LIM homeodomain transcription factors
ceh-14 (Lhx3 homolog) and lim-6 (Lmx1 homolog) has
been made to the IgSF zig genes (Aurelio et al., 2003).
These genetic studies in flies and worms therefore sug-
gest that LIM factors could likewise control the expres-
sion of IgSF genes in the vertebrate CNS.

It should be noted that semaphorin-mediated signal-
ing may also be under the control of LIM transcription
factors. In zebrafish embryos, Isl2 is required for the
proper outgrowth and peripheral axon branching of sen-
sory neurons (Segawa et al., 2001). Notably, it has been
shown that class Il secreted semaphorins are recog-
nized by PlexinA4, a transmembrane protein which
forms a coreceptor complex with neuropilin (reviewed
in Fujisawa, 2004). Since this signaling pathway regu-
lates branching of peripheral sensory axons (Miyashita
et al., 2004), Isl2 may control neuronal responses to se-
creted semaphorins. Consistent with this, motor neu-
rons that innervate the ventral portion of the limbs
(Isl1/2* LMCm cells) are guided by Npn2/Sema3F-medi-
ated signaling (Huber et al., 2005).
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Identification of a Guidance Cue that Selectively
Attracts a Subset of Motor Neurons

HGF can function as a long-range chemoattractant for
developing spinal motor axons in vitro (Ebens et al.,
1996). Many embryonic tissues encountered by growing
motor axons express HGF, such as cells at the base of
the limb (Ebens et al., 1996). Indeed, the expression of
the receptor for HGF, c-Met, is not confined to a specific
motor neuron subtype such as the LMCl and LMCm (Fig-
ure 3; see also Ebens et al., 1996). Consistent with this,
our preliminary in vitro assays using explants derived
from mice with GFP labels in specific neuronal popula-
tions (SE1::gfp mice) indicated that HGF triggers axon
outgrowth from multiple motor neuron subtypes
(Figure S4). Therefore, HGF exhibits long-range chemo-
attractive activity, but seems to function in a general way
to stimulate the growth of multiple subclasses of motor
neurons.

The dermomyotome expresses several FGFs, such as
FGF4, FGF8, and FGF9 during the period when MMCm
axons grow toward this target (Colvin et al., 1999; Cross-
ley and Martin, 1995; Niswander and Martin, 1992;
Thisse and Thisse, 2005, and references therein). We
found that FGFR1 expression is restricted to MMCm
motor neurons during axonogenesis, which likely ac-
counts for the selective attraction of MMCm axons by
FGF. Our axon outgrowth assays were based on bra-
chial- (lower cervical) and thoracic-level spinal cord ex-
plants. MMCm motor neurons form a continuous col-
umn of cells extending the length of the spinal cord.
Although we did not test MN explants derived from lum-
brosacral levels, we did find that FGFR1 is expressed
within motor neurons located at caudal levels of the spi-
nal cord (data not shown). Thus, it is likely that MMCm
motor neurons at all spinal cord levels are attracted by
FGFs.

Despite the finding that FGF can attract MMCm
axons, what evidence suggests that the dermomyotome
factor is FGF? Axon outgrowth from MN explants in re-
sponse to the dermomyotome is blocked by SU5402,
an FGF receptor antagonist. In addition, direct evidence
for FGF-mediated attraction of MMCm axons comes
from the finding that motor axon guidance defects occur
when the FGFR1 gene is selectively deleted in neural
tube cells. It should be noted, however, that a previous
study was unable to detect motor axon chemoattractive
activity from the dermomyotome using explant cultures
and also observed no effect when testing FGF2 (Ebens
et al., 1996). Possibly the dermomytome failed to differ-
entiate properly in culture and/or motor axons lost FGF
responsiveness in vitro. An important consideration with
FGFs, however, is their dependence on interactions with
heparan sulfate proteoglycans (HSPGs) for proper bio-
logical activity (reviewed in Ornitz, 2000). In our cultures
we included HSPGs (present in matrigel), which likely fa-
cilitated the detection of FGF activity.

Role of FGFR Signaling in Axon Guidance

FGFRs comprise a gene family of four membrane-bound
receptor tyrosine kinases that interact with at least 22
FGF ligands. FGFR signaling is critical for many biolog-
ical processes, including regulation of cell proliferation,
cell migration and differentiation, mesoderm induction
and patterning, and organ formation and regeneration

(reviewed in Thisse and Thisse, 2005). Recent studies
have also begun to identify functions for this receptor
family in wiring of the nervous system. For example, in
the developing Xenopus visual system, FGFR1 signaling
contributes to the initial target recognition of retinal gan-
glion cell axons in the optic tectum (McFarlane et al.,
1996). In the developing cerebral cortex, FGF2 has the
ability to induce interstitial axon branching of cortical
pyramidal neurons in vitro (Szebenyi et al., 2001), which
is thought to contribute to the formation of collateral
branching of layer five projection neurons toward their
target cells. Furthermore, FGFR2 activation by FGF22
and its closely related family members, FGF7 and
FGF10, contributes to synaptogenesis by inducing ves-
icle aggregation in nerve terminals of cerebellar mossy
fibers (Umemori et al., 2004).

Evidence for FGF signaling in axon guidance also
came from a study focusing on the isthmus, an FGF8-re-
leasing organizing center at the segmental boundary be-
tween the midbrain and hindbrain (Irving et al., 2002).
Trochlear motor axons in the rostral hindbrain grow dor-
sally, away from the floor plate along the isthmus to exit
the neural tube. Although isthmic tissue and FGF8 lack
neurite outgrowth promoting activity for trochlear motor
axons, they can redirect the growth of these axons
in vitro (Irving et al., 2002). It therefore seems likely
that FGF8 expressed in the path of these axons plays
arole in constraining their trajectory along the segmen-
tal boundary at the midbrain-hindbrain junction. Inter-
estingly, the action of FGF on trochlear axons is some-
what different from that of classical chemoattractants
such as netrins, HGF, and neurotrophins in that they
also possess neurite outgrowth-promoting activity
(Ebens et al., 1996; O’Connor and Tessier-Lavigne,
1999; Serafini et al., 1994). We detected a strong axon
outgrowth-promoting activity in our in vitro assays, indi-
cating that, unlike the case of trochlear axons, the action
of FGF on MMCm axons is similar to that of other classi-
cal chemoattractants.

Among the four FGFRs, we found that FGFR1 is spe-
cifically expressed in MMCm cells at the stage when
their axons grow toward the dermomyotome. Consis-
tent with this observation, chemoattraction was ob-
served with FGF2, FGF4, FGF8, and FGF9, all of which
bind FGFR1 (reviewed in Ornitz et al., 1996), whereas
the FGFR2 ligand FGF10 lacked outgrowth activity. Fur-
thermore, in vitro studies using PC12 cells have revealed
that FGFR1 signaling induces more potent and persis-
tent neurite outgrowth than other members of the
FGFR family (Lin et al., 1996; Raffioni et al., 1999). We ex-
amined motor axon projections in conditional mutants
of FGFR1 using Nestin::Cre to delete the gene within de-
veloping motor neurons and found that axonal naviga-
tion in the region of the dorsal ramus choice point was
abnormal. In contrast, when we examined FGFR3 null
embryos (Colvin et al., 1996) we did not detect motor
axon guidance defects (data not shown), consistent
with the observation that only FGFR1 appears to be ex-
pressed by embryonic MMCm cells.

Although motor axon guidance defects occur within
FGFR1™" embryos, many MMCm axons enter the epax-
ial musculature correctly despite the loss of FGFR1. We
cannot eliminate the possibility that the timing and/or ef-
ficiency of Cre-dependent deletion of the FGFR1™""
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allele is incomplete when MMCm cells are pathfinding;
however, it seems more likely that these motor neurons
will rely on multiple signals for proper axon pathfinding.
For example, commissural axons are guided ventrally
within the neural tube by the chemoattractant netrin-1
acting in collaboration with BMPs and Shh (Butler and
Dodd, 2003; Charron et al., 2003; Serafini et al., 1996). In-
triguingly, it has recently been shown that EphA4 binds
directly and specifically to the juxtamembrane region
of FGFR1, which leads to receptor transactivation (Yo-
kote et al., 2005). Because MMCm motor neurons ex-
press both EphA4 (Eberhart et al., 2004) and FGFR1 (Fig-
ure 3) when they grow to the dermomyotome, it is
possible that these receptors function coordinately to
regulate MMCm axon guidance. Recently, cooperation
between GDNF/Ret and ephrinA/EphA4 signaling has
been reported for limb-innervating motor neurons
(Kramer et al., 2006). By extension, FGF/FGFR1 and
ephrinA/EphA may cooperate in a similar manner to
guide MMCm motor neurons to epaxial muscle targets.

In summary, our observations identify FGF as a target-
derived chemoattractant specific for cells within the
MMCm motor column. FGFR1 is selectively expressed
by MMCm cells and becomes ectopically expressed
when motor neuron identity is reprogrammed using
the LIM homeodomain transcription factor Lhx3, which
is normally restricted to MMCm cells. Thus, the collec-
tive weight of the results presented in this study further
unravel how downstream axon guidance effectors of the
LIM code direct correct wiring of the nervous system
during development. Moreover, our study further
strengthens the notion that, like other embryonic pat-
terning molecules such as Shh, BMPs, and wnts, FGF
also represents a multitasking molecule that acts as
a critical coordinator in many locations throughout de-
velopment.

Experimental Procedures

Mice

The generation of Tg (Hb9::gfp), Lhx3-ki, and FGFR3 null mice have
been previously described (Colvin et al., 1996; Lee et al., 2004;
Sharma et al., 2000). Tg (SE1::gfp) utilized an MMCm specific en-
hancer (SE1) isolated from the mouse Isl1 gene. This enhancer
was based on the CREST1 regulatory element reported previously
(Uemura et al., 2005). SE1 was cloned from mouse genomic DNA
by PCR and refined through deletion studies to be described else-
where (S.K. Lee, B. Lee, and S.L.P.). The Tg (SE1::gfp) construct
was generated by fusing the SE1 element to a minimal CMV pro-
moter to drive the expression of eGFP (BD Biosciences). The con-
struct utilized an SV40 polyadenylation sequence and was flanked
by 1.2 kb insulator sequences isolated from the chicken p-globin lo-
cus (West et al., 2002). Motor axon projection phenotypes were ex-
amined in conditional FGFR1 null embryos (Ohkubo et al., 2004; Pir-
vola et al., 2002) by crossing FGFR1™" animals to mice expressing
Cre recombinase from a rat Nestin promoter and enhancer (Tronche
et al., 1999) (available from Jackson Labs) in a transgenic Hb9::gfp
background.

Explant Cultures

Neural tube, dermomyotome, and isthmus tissues from E9.75 to
E10.0 mouse embryos (E0.5 denotes noon of the day of vaginal
plug) were dissected in ice-cold DMEM/F12 (Invitrogen) with 25% fe-
tal bovine serum after treatment with 0.6% trypsin in Ca""'/Mg2+ free
Hanks’ solution for 60 min on ice. Limb bud tissues were obtained
from E10.5 embryos. Following complete removal of surrounding
connective tissues, the ventral one-third of the brachial (forelimb)
or thoracic level neural tube was cultured in an “open-book”

configuration. These MN column explants and cocultured tissues
were embedded in three-dimensional matrix gels and cultured for
15 hr (Lumsden and Davies, 1983; Serafini et al., 1994). The matrix
was a 1:1 mixture of rat tail collagen and Matrigel (BD Biosciences).
Culture medium conditions for MN explants were as previously de-
scribed (Shirasaki et al., 1998). When indicated, motor axon out-
growth was elicited by adding 100 ng/ml of recombinant FGF8b
and 10 ng/ml of HGF proteins to the culture media. Recombinant
proteins were all purchased from R&D systems. FGF2 (10 ng/ml),
FGF4 (10 ng/ml), FGF9 (100 ng/ml), and FGF10 (100 ng/ml) were
used for motor axon outgrowth assays. FGF10 was also tested up
to 250 ng/ml for the brachial MN column explant assay, which also
failed to induce motor axon outgrowth in the assay (data not shown).
Where indicated, FGFR tyrosine kinase inhibitor SU5402 (Calbio-
chem) was added to the culture media (12.5 uM). DMSO, the vehicle
used for SU5402, was used in controls. For bead assays, heparin-
coated acrylic beads (Sigma) were incubated in a solution of re-
combinant FGF8b proteins (5 ug/ml) for 3 hr at room temperature.
The beads were then washed several times in DMEM/F12 prior to
use as a focal source of FGF in cocultures.

Immunohistochemistry and In Situ Hybridization

After explants were fixed with 4% paraformaldehyde in PB for 2 hr at
4°C, whole-mount immunohistochemistry was performed on cul-
tured explants in the gels. Staining of explants with rabbit anti-
HDb9, rabbit anti-Isl1 (K5), and guinea pig anti-Lhx3 was performed
as described (Sharma et al., 1998, 2000; Shirasaki et al., 1998), ex-
cept that 0.5% Triton X-100 was used for washes and antibody incu-
bations. Immunohistochemistry on sections of embryos and in situ
hybridization (Schaeren-Wiemers and Gerfin-Moser, 1993) were car-
ried out as described (Lee et al., 2004; Sharma et al., 1998). In situ
probes for FGFR1, FGFR2, and FGFR3 were generated by amplifica-
tion by RT-PCR from RNA derived from E11.5 mouse embryos.
Probes for HGF and c-Met were gifts from Flavino Maina and
FGFR4 was obtained from Image Clone. To assay motor axon pro-
jections in conditional FGFR1 null embryos, a series of images
were obtained with an Olympus Fluoview 1000 confocal microscope
from 100 um sections in the z plane and flattened.

Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/50/6/841/DC1/.
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