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The precise assembly of a functional nervous system relies on the guided migration of axonal growth cones, which is made possible by signals
transmitted to the cytoskeleton by cell surface-expressed guidance receptors. We investigated the function of ephexin1,a Rho guanine nucleotide
exchange factor, as an essential growth-cone guidance intermediary in the context of spinal lateral motor column (LMC) motor axon trajectory
selection in the limb mesenchyme. Using in sifu mRNA detection, we first show that ephexin] is expressed in LMC neurons of chick and mouse
embryos at the time of spinal motor axon extension into the limb. Ephexin1 loss of function and gain of function using in ovo electroporation in
chick LMC neurons, of either sex, perturbed LMC axon trajectory selection, demonstrating an essential role of ephexin1 in motor axon guidance.
Inaddition, ephexin] loss in mice of either sexled to LMC axon trajectory selection errors. We also show that ephexin1 knockdown attenuates the
growth preference of LMC neurites against ephrins in vitro and Eph receptor-mediated retargeting of LMC axons in vivo, suggesting that
ephexin] is required in Eph-mediated LMC motor axon guidance. Finally, both ephexinl knockdown and ectopic expression of nonphosphor-
ylatable ephexinl mutant attenuated the retargeting of LMC axons caused by Src overexpression, implicating ephexinl as an Src target in Eph
signal relay in this context. In summary, our findings demonstrate that ephexinl is essential for motor axon guidance and suggest an important
role in relaying ephrin:Eph signals that mediate motor axon trajectory selection.
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/Signiﬁcance Statement \

The proper development of functioning neural circuits requires precise nerve connections among neurons or between neurons
and their muscle targets. The Eph tyrosine kinase receptors expressed in neurons are important in many contexts during neural-
circuit formation, such as axon outgrowth, axon guidance, and synaptic formation, and have been suggested to be involved in
neurodegenerative disorders, including amyotrophic lateral sclerosis and Alzheimer’s disease. To dissect the mechanism of Eph
signal relay, we studied ephexinl gain of function and loss of function and found ephexin1 essential for the development of limb
nerves toward their muscle targets, concluding that it functions as an intermediary to relay Eph signaling in this context. Our work
could thus shed new light on the molecular mechanisms controlling neuromuscular connectivity during embryonic development.

by signals transmitted to the cytoskeleton by cell surface-
expressed guidance receptors. Ephexinl has been proposed to be
involved in this process (Shamah et al., 2001, Sahin et al., 2005),
thus prompting us to determine its function in the guidance of
spinal motor axons into the limb mesenchyme.

Introduction
The precise assembly of a functional nervous system requires the
guided migration of axonal growth cones, which is made possible
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Ephexinl is a member of the Dbl family of guanine nucleotide
exchange factors (GEFs) for Rho family GTPases and is highly
expressed in the CNS during development (Shamah et al., 2001).
Ephexinl has been proposed to mediate many physiological
events, including dendritic spine development, synapse remod-
eling, and growth-cone collapse (Sahin et al., 2005; Fu et al., 2007;
Frank et al., 2009; Shi et al., 2010). Initial studies of ephexinl
function in axon guidance focused on in vitro experiments dem-
onstrating ephexinl involvement in EphA-mediated growth-
cone guidance in cultured retinal ganglion cells (RGCs; Shamah
etal., 2001; Knoll and Drescher, 2004) and in vivo findings show-
ing ephexinl-mediated early axon repulsion in motor neurons
(Sahin et al., 2005). However, researchers still need to clarify in
vivo the underlying mechanism of ephexinl-mediated axon
guidance events as well as the essential functions of ephexinl in
axon guidance, including (1) its role as a signaling intermediary
downstream of EphA versus EphB tyrosine kinase receptors and
(2) its involvement in other signaling systems.

A simple neuronal circuit suited for the study of axon guid-
ance signaling is the axon trajectories of spinal motor neurons
that innervate limb muscles and reside in the lateral motor col-
umn (LMC) of the spinal cord (Tosney and Landmesser, 1985).
LMC neurons are organized myotopically: the lateral divisions of
LMC neurons invariantly innervate dorsal limb muscles, while
the medial divisions of LMC neurons innervate ventral limb
muscles (Landmesser, 1978; Lance-Jones and Landmesser, 1981).
Lateral and medial LMC motor neurons express LIM homeodo-
main transcription factors Lim1 and Isl1, which control LMC
axonal trajectories in part by restricting the expression of EphA4
and EphBI receptors to lateral and medial LMC axons, respec-
tively. Their ligands, ephrins, are expressed in ventral (ephrin-As)
or dorsal (ephrin-Bs) limb mesenchyme, and repulsive ephrin:
Eph signaling has been proposed to mediate the proper selection
of limb nerve trajectory (Tsuchida et al., 1994; Helmbacher et al.,
2000; Eberhart et al., 2002; Kania and Jessell, 2003; Luria et al.,
2008). Recent evidence suggests that netrin-1 expressed in the
limb and its receptors Unc5¢ and Dcc in both divisions of LMC
neurons also contribute along with Eph signaling to the guidance
of these axons (Poliak et al., 2015). This simple binary choice of
LMC axons is thus an ideal in vivo system to study the molecular
cascade downstream of axon guidance receptors.

Here we first show that ephexin]1 is expressed in LMC neurons
during motor axon outgrowth in the limb. Ephexin1 loss of func-
tion and gain of function perturb LMC axon trajectory selection
with opposite effects. We also show that ephexinl knockdown
attenuates the growth preference of LMC neurites against ephrins
in vitro and Eph receptor-mediated and Src-mediated redirec-
tions of LMC axons in vivo. Combined, these results demonstrate
that ephexinl functions as an essential signaling intermediary
downstream of Src in ephrin:Eph-mediated LMC axon trajectory
selection.

Materials and Methods

Animals. Fertilized chick eggs (Animal Health Research Institute, Coun-
cil of Agriculture, Executive Yuan, Taiwan) were stored for =1 week at
18°C, incubated at 38°C, and staged according to standard protocols
(Hamburger and Hamilton, 1951). All mice were housed in an air-
conditioned vivarium with ad libitum access to food and wateranda 12 h
light/dark cycle. All protocols of handling animals, including chick and
mouse embryos, were approved by the Institutional Animal Care and
Use Committee at Taipei Medical University, Taipei, Taiwan.
Molecular biology. The characterization of expression constructs, in-
cluding e[Isl1]::GFP, EphA4::GFP, EphB2::GFP, and ephexinl has been
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described (Kania and Jessell, 2003; Knoll and Drescher, 2004; Zhou et al.,
2007; Kao et al., 2009).

In situ hybridization cDNA probes were prepared as described previ-
ously (Kao et al., 2009). In brief, target sequence amplification primers
were designed using Primer3 version 0.4.0 software (Rozen and Ska-
letsky, 2000) and the probe size was set between 600 and 800 bp. One-step
RT-PCR was performed (Qiagen) using the designed primers containing
T7 polymerase promoters (Invitrogen) to make an amplified cDNA tem-
plate from chick Hamburger—Hamilton (HH) stage 25/26 or mouse em-
bryonic day (E) 11.5 pooled brain RNA. The PCR product was purified
by gel electrophoresis in 1% agarose gel and gel extraction using
QIAquick gel extraction kit (Qiagen). The purified DNA was then ream-
plified by PCR. The yield of DNA was estimated by the Low DNA Mass
Ladder (Invitrogen) after gel electrophoresis. DIG-labeled RNA probes
were synthesized by in vitro transcription with T7 RNA polymerase using
a DIG RNA labeling kit (Roche). All probes were verified by sequencing.
The source of sequence and the recognized region for each probe are
described as follows: chick ephexinl, NM_001010841, 2215-2915; mouse
ephexinl, NM_001111314, 1966-2665. The details of IslI and Liml
probes have been described previously (Tsuchida et al., 1994).

Chick in ovo electroporation. Spinal cord electroporation of expression
plasmids was performed at HH stage 18/19, of either sex, as described
previously (Momose et al., 1999; Luria et al., 2008; Kao et al., 2009). In
brief, a 5-8 ug/ul solution of plasmid DNA in TE bufter, pH 7.5 (10 mm
Tris-HCI and 1 mm EDTA; Invitrogen) was injected into the lumbar
neural tube through a small eggshell window under a stereomicroscope
(Sage Vision Technology). Lower bodies of chick embryos were then
electroporated with platinum/iridium electrodes (FHC) and the Ovo-
dyne TSS20 electroporator (Abbotsbury Engineering; settings: 30 V, 5
pulses, 50 ms wide in a 1 s interval). Shell windows were sealed with
Parafilm (Pechinery Plastic Packaging) and incubated at 38°C until har-
vesting at HH stage 28/29. The efficiency of electroporation varied be-
tween 5 and 30% of total LMC neurons electroporated, depending upon
the size of construct and DNA concentration used. When untagged ex-
pression plasmids were electroporated with GFP expression plasmids or
other plasmids fused with GFP, their concentration was at =3 times that
of GFP-fused plasmids to ensure high efficiency of coexpression. siRNA
duplex oligonucleotides with 3" TT overhang were purified over Micro-
Spin G-25 columns (GE Healthcare) in TE buffer with 20 mm NaCl
(Sigma-Aldrich). One microgram per microliter of GFP expression plas-
mid was coelectroporated with the siRNA solution to label motor axons.
siRNA sequences (sense strand) are as follows: [ephexinl]siRNA, 1:1
mixture of CCTTCCTGATTCTGCCATT and GCACATAAGGAGCTG-
GAAA; scrambled [ephexinl [siRNA, 1:1 mixture of CCTGTCTTAGTC-
CCTCATT and GCAGAATCGAGGGTACAAA.

HRP retrograde labeling of LM C motor neurons. Retrograde labeling of
mouse motor neurons was performed as described previously (Luria et
al., 2008; Poliak et al., 2015). In brief, E12.5 embryos of either sex were
dissected at thoracic level and incubated in aerated DMEM/F12 medium
(Invitrogen) at room temperature. The retrograde tracer used was a 20%
solution of HRP (Roche) made by dissolving 100 mg of HRP in 450 ul of
PBS with 50 ul of 10% lysophosphatidylcholine (Fluka) in PBS. The HRP
solution was injected into either the dorsal or ventral forelimb proximal
muscle group and embryos were incubated at 32°C under an infrared
lamp and aerated with 95% air and 5% CO,. Fresh medium was added
every 30 min for 5 h.

In vitro stripe assay. Protein carpets were made using silicon matrices
with a channel system as described previously (Knéll et al., 2007). Car-
pets contained an alternating stripe pattern deposited in the following
order: the first stripe contained a mixture of ephrin-Fc (or netrin-1) and
Fc-specific Cy3 conjugated (4:1 weight ratio) while the second stripe
contained only Fc reagents without Fc-specific Cy3 conjugated. E5 chick
spinal motor columns were dissected and collected as described previ-
ously (Gallarda et al., 2008; Kao and Kania, 2011). In brief, E5 chick
embryos of either sex were collected in ice-cold motor neuron medium
[Neurobasal (Invitrogen), B-27 supplement (1:50, Invitrogen), 0.5 mm
L-glutamate (Sigma-Aldrich), 25 mm L-glutamine (Invitrogen), and
penicillin-streptomycin (1:100; Wisent)]. The lumbar spinal cord was
opened at the dorsal midline to allow the excision of motor columns
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under a stereomicroscope. Spinal motor columns were recognizable as
the bulge part of the open-book spinal cord. Sharp tungsten needles
(World Precision Instruments) were used to remove the dorsal spinal
cord at the lateral part and the floor plate and the medial motor column
at the middle part of the open-book spinal cord. The excised motor
column was then trimmed into square-shaped explants with ~1/4 width
of motor column. Ten to 20 explants were then plated on laminin-
precoated (20 ug/ml; Invitrogen) 60 mm tissue culture dishes (Sarstedt)
containing different combinations of stripe carpets in motor neuron
medium and incubated in an atmosphere of 95% air and 5% CO, at 37°C
for 18 h.

In situ mRNA detection and immunostaining. Chick and mouse em-
bryos were fixed in a 4% solution of paraformaldehyde (Sigma-Aldrich)
in PBS, equilibrated with 30% sucrose in PBS, embedded in O.C.T.
(Sakura Finetek), and stored at —80°C. Twelve micrometer sections were
collected using a cryostat microtome (Leica).

In situ mRNA detection was performed as described previously
(Schaeren-Wiemers and Gerfin-Moser, 1993; Kania and Jessell, 2003). In
brief, tissue sections were first fixed in 4% solution of paraformaldehyde
in PBS for 10 min at room temperature, washed three times with PBS,
and digested in Proteinase K solution [1 ug/ml Proteinase K (Roche) in
6.25 mm EDTA, pH 8.0, and 50 mm Tris, pH 7.5 (Invitrogen)]. Samples
were acetylated for 10 min by immersion in a mixture of 6 ml of trieth-
anolamine (Sigma-Aldrich), 500 ml of double-distilled H,0, and 1.30 ml
of acetic anhydride (Sigma-Aldrich). After PBS washes, samples were
incubated with hybridization buffer [50% formamide, 5X SSC (0.75 Mm
NaCl, 0.075 M NaAc), 5 X Denhardt’s solution (Sigma-Aldrich) and 500
ug/ml salmon sperm DNA (Roche)] for 2 h at room temperature fol-
lowed by incubation overnight at 72°C with DIG-labeled RNA probes
(see above) in the hybridization buffer at a concentration of 2-5 ng/ul.
After hybridization, samples were immersed in 5X SSC at 72°C, followed
by two washes in 0.2 X SSC at 72°C for 45 min each and 0.2 X SSC at room
temperature for 5 min. Tissues were then rinsed with B1 buffer (0.1 m
Tris, pH 7.5, and 0.15 M NaCl) for 5 min, blocked with B2 buffer (10%
heat-inactivated horse serum in B1) for 1 h at room temperature, and
incubated with anti-DIG antibody (1:5000 in B2; Roche) overnight at
4°C. Samples were then rinsed with B1 and equilibrated with B3 buffer
(0.1 M Tris, pH 9.5, 0.1 M NaCl, 0.05 M MgClL, ). To detect bound anti-DIG
antibodies, samples were incubated with B4 buffer [100 mg/ml NBT, 50
mg/ml BCIP (Roche), and 400 mmM levamisol (Sigma-Aldrich) in B3] in
the dark. The reaction was stopped by immersion in H,O.

Immunostaining was performed as described previously (Kao et al.,
2009; Kao and Kania, 2011). In brief, sectioned tissue or cultured ex-
plants were washed in PBS, incubated in blocking buffer [1% heat-
inactivated horse serum in 0.1% Triton-X/PBS (Sigma-Aldrich)] for 5
min, followed by incubation overnight at 4°C in selected primary anti-
bodies diluted in blocking solution. After the incubation in primary an-
tibodies, samples were washed with PBS and incubated with appropriate
secondary antibodies for 1 h at room temperature. See Table 1 for the list
of antibodies used.

Image quantification. Images were acquired using a Leica DM6000
microscope or a EVOS FL microscope (Thermo Fisher Scientific). GFP-
labeled axonal projections were quantified by combining over-threshold
pixel counts in limb-section images containing limb nerves (10—15 limb
sections with 12 um thickness each) using Photoshop (Adobe). The
dorsal or ventral limb nerve was selected by gating on the neurofilament
channel and using the Lasso Tool, and pixel counts from the threshold to
the maximal level were those indicated in the Histogram window of the
GFP channel. Motor neuron numbers were quantified by combining cell
counts of a series of spinal cord section images (5-10 limb sections from
each embryo) using Photoshop. Proportions of GFP-labeled or EphA4-
labeled neurites of cultured motor neuron explants growing on each
stripe type were quantified by combining over-threshold pixel quantifi-
cation over either first or second types of stripes in multiple images using
Photoshop. To minimize possible experimental bias, multiple limb sec-
tions were selected every 2—3 sections anterioposteriorly until covering
the entire crural plexus of limb nerves in each embryo, while cultured
LMC explants were selected randomly for quantification. In addition, the
proportions of total and electroporated motor neuron cell numbers were
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Table 1. Antibodies and Fc reagents used

Antigen/pure protein  Source species  Dilution Source/reference
EphA4 Rabbit 1:500 Santa Cruz Biotechnology
EphB1 Goat 1:500 Santa Cruz Biotechnology
Ephexin1 Rabbit 1:500 Abcam
Mouse (2H3)  1:100 DSHB
Neurofilament Mouse (3A10)  1:100 DSHB
Is1/2 Mouse 1:100 DSHB
Lim1/2 Mouse 1:100 DSHB
HRP Goat 1:2000 Roche
Foxp1 Rabbit 1:1000 Abcam
GFP Guinea pig 1:1000 AbD Serotec
GFP Rabbit 1/1000 Molecular Probes
Ephrin-A5-Fc Human 10 wg/ml R&D Systems
Ephrin-B2-Fc Mouse 10 pg/ml R&D Systems
Fc Human 10 wg/ml R&D Systems
Mouse 1:4 mass ratio to ephrin ~ Sigma-Aldrich
Anti-Fc Goat 1:4 mass ratio to ephrin  Sigma-Aldrich

quantified for most experimental groups to ensure little change of cell
identity or abnormal cell death before the subsequent analysis of axon
growth preferences (dorsal/ventral, medial/lateral, or first stripe/second
stripe).

Statistical analysis. Data from the experimental replicate sets were eval-
uated using Microsoft Excel. Means of the combined proportions or cell
numbers were compared using the Fisher’s exact test for the proportions
of medial/lateral LMC neurons in retrograde labeling experiments or
Mann—Whitney U test for the proportions of dorsal/ventral preference of
limb nerves or cultured LMC neurites growing on first stripe/second
stripe with the threshold for significance set at 0.05 (Poliak et al., 2015).

Results

Ephexinl expression in LMC motor neurons

Previous studies have proposed a role of ephexin1 in axon repul-
sion of RGCs and motor neurons (Shamah et al., 2001; Knoll and
Drescher, 2004; Egea et al., 2005; Sahin et al., 2005). To further
investigate ephexinl function in motor axon guidance in vivo and
to define its role in specific axon guidance pathways involved in
this context, we first determined whether ephexinl is expressed
in LMC when motor axons grow into the limb mesenchyme,
between HH stages 25 and 27 in chick embryos and between
E10.5 and E11.5 in mouse embryos (Hamburger and Hamilton,
1951; Tosney and Landmesser, 1985; Kania et al., 2000). We thus
checked ephexinl expression in the lumbar spinal cord of HH
stage 25/26 chick embryos and both brachial and lumbar spinal
cord of E11.5 mouse embryos. Subpopulations of LMC neurons
innervating the dorsal and ventral limb muscles were identified
by the expression of the lateral LMC marker Lim1 and the medial
LMC neuron marker IslI (Fig. 1 A,B,D,E,G,H ). Ephexin] mRNA
was found to be highly expressed in both lateral and medial LMC
neurons in chick and mouse embryos (Fig. 1C,F,I). We also
detected the expression of ephexinl protein in mouse LMC neu-
rons (see Fig. 4D). No obvious difference in ephexinl expression
levels was observed between medial and lateral LMCs in chick
and mouse or between the brachial and lumbar spinal cords of
the mouse embryos.

Ephexinl is required for the selection of limb trajectory by
LMC axons

Previous studies have suggested a role for ephexinl in regulating
LMC axon growth when spinal nerves just reach the base of the
limb at HH stage 23 in chick embryos (Sahin et al., 2005). To test
whether ephexinl functions in the selection of dorsal or ventral
limb nerves by LMC axons, we knocked down ephexinl expres-
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Figure 1.  Expression of ephexin in chick and mouse LMC motor neurons. A-1, Detection of
mRNAin consecutive sections of spinal cords: all chick sections are HH stage 25/26 lumbar spinal
cords; all mouse sections are E11.5 lumbar spinal cords. 4, B, Detection of Lim1 (A) and /s/1 (B)
mRNA in the chick spinal cord, highlighting lateral and medial LMC neurons, respectively. C,
Detection of ephexin7 mRNA in both medial and lateral LMC neurons. D, E, G, H, Detection of
Lim1 (D, G) and /s/1 (E, H) mRNA in mouse LMC neurons. F, I, Detection of ephexinT mRNA in
both medial and lateral mouse LMC neurons. M, Medial; L, lateral. Scale bar: (in /) A1, 30 um.

sion by introducing inhibitory siRNA against ephexin] mRNA
([ephexinl]siRNA) into LMC neurons. To do this, we coelectro-
porated siRNA with a GFP expression plasmid into the chick
lumbar neural tube before LMC neuron specification and axon
entry into the limb at HH stage 18/19, and examined GFP * mo-
tor axons in dorsal and ventral divisional nerve branches exiting
the crural plexus at HH stage 28/29 (Kania and Jessell, 2003).
Coelectroporation of [ephexinlJsiRNA and GFP plasmid signifi-
cantly reduced ephexinl mRNA expression compared with
embryos electroporated with a control GFP plasmid or with
scrambled [ephexinl[siRNA (Fig. 2A-D; p = 5.25*10 > vs GFP,
p = 8.62*10 "> vs scrambled [ephexin] JsiRNA; Table 2). In addi-
tion, it did not cause obvious changes in LMC neuron numbers
expressing the marker Foxp1 nor did it change the proportions of
lateral LMC (Foxpl ™, Isll 7) versus medial LMC (Foxpl ™,
Isll 7) neurons when compared with embryos electroporated
with a control GFP plasmid or scrambled [ephexinl [siRNA (Fig.
2G,H; p = 05919 vs GFP, p = 0.7707 vs scrambled
[ephexinl JsiRNA for total Foxpl ™ neuron numbers/section; p =
0.1310 vs GFP, p = 0.5788 vs scrambled [ephexin] [siRNA for the
proportions of lateral or medial LMC neurons). Similar numbers
of electroporated neurons were also shown in both LMC divi-
sions when comparing groups coexpressing [ephexinl[siRNA
and GFP with controls (Fig. 2I; p = 0.7284 vs GFP, p = 0.1755 vs
scrambled [ephexinl |siRNA).

Chang, Chang et al. @ EphexinT in Spinal Motor Axon Guidance

To determine whether ephexin1 knockdown affects the choice of
limb trajectory by LMC axons, we quantified the proportions of
GFP ™ axons in the dorsal and ventral limb nerve branches by inte-
grating fluorescence intensities of a series of hindlimb section images
in multiple embryos for each experimental condition (Kania and
Jessell, 2003; Luria et al., 2008). In embryos coelectroporated with
[ephexinl]siRNA and GFP, a significantly higher proportion of
GFP * axons were observed in the dorsal nerve branches when com-
pared with both GFP or scrambled [ephexinl [siRNA controls (Fig.
2J-L; p = 441710 * vs GFP, p = 2.19*10™* vs scrambled
[ephexinl]siRNA). This axon misrouting effect was rescued by
mouse ephexinl coexpression (Fig. 2L,N; p = 6.64*10 ~°). These
findings indicate that ephexinl knockdown causes a significantly
greater proportion of LMC motor axons to enter the dorsal limb.

We then performed gain-of-ephexinl-function experiments
by coelectroporating ephexinl and GFP expression plasmids into
LMC neurons and analyzed motor axon trajectories in the limb.
The specification and survival of LMC neurons were normal in
embryos expressing both ephexinl and GFP compared with GFP
controls (Fig. 2E-H; p = 0.6486 for total Foxpl © neuron num-
bers/section; p = 0.1012 for the proportions of lateral or medial
LMC neurons), and GFP™ LMC neurons indicated similar
amounts of electroporated cells in both LMC divisions (Fig.
2E,EL p = 0.4302). In embryos expressing both ephexinl and
GFP, a significantly higher proportion of GFP " axons was ob-
served in ventral nerves when compared with GFP controls (Fig.
2J,M; p = 9.33*10 %), suggesting that ephexinl overexpression
causes a significantly greater proportion of LMC motor axons to
enter the ventral limb. Together, these findings demonstrate that
ephexinl expressed by LMC motor neurons is essential for the
fidelity of LMC axon guidance in the limb.

Two possible scenarios could explain the increased proportion of
LMC neurons projecting into the dorsal nerve branch following
ephexinl knockdown: (1) some medial LMC axons enter the dorsal
limb nerve, or (2) both medial and lateral LMC axons project into
both limb nerves, but with a greater proportion of medial LMC
axons projecting into the dorsal limb nerve. In either case, we ex-
pected aloss of fidelity of medial LMC trajectory selection caused by
ephexinl knockdown. To determine whether ephexinl knockdown
results in redirection of medial LMC axons into the dorsal limb
mesenchyme, we coelectroporated [ephexinl]siRNA with the
e[Isl1]::GFP plasmid, which preferentially labels medial LMC motor
neurons and their axons (Kao et al., 2009). In controls, we electro-
porated the e[Isl1]::GFP plasmid only. In embryos coelectroporated
with [ephexinl]siRNA and with the e[Isl]]::GFP, a significantly
higher proportion of GFP * axons was observed in the dorsal limb
nerve when compared with e[Isl1]::GFP-electroporated controls
(Fig. 2N, 0; p = 1.51*10 *). These findings indicate that ephexin1 is
required for the fidelity of limb trajectory selection by medial LMC
axons.

The GFP* axon-counting experiments do not allow us to
compare the extent to which both medial and lateral divisions are
sensitive to ephexinl loss of function. To determine whether
ephexinl function is required for the selection of appropriate
LMC axon trajectory, we labeled LMC neurons by HRP retro-
grade tracer injection into the dorsal or ventral shank muscles of
HH stage 28/29 embryos electroporated with [ephexinl JsiRNA
and GFP expression plasmids or with GFP alone, and determined
the LMC divisional identity of labeled neurons (Kania and Jessell,
2003; Kao et al., 2009). The proportion of electroporated medial
LMC neurons labeled by dorsal limb HRP injections was signifi-
cantly higher in ephexinl-knockdown embryos when compared
with controls, indicating that ephexinl is required for the choice
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Figure 2.

Ephexin1 function is required for the selection of limb axon trajectory. Allimages are from chick HH stage 28/29 lumbar levels. A—C, Detection of Foxp1, Isl1, GFP, and ephexin in LMC

neurons of chick embryos electroporated with GFP (A), scrambled [ephexin1]siRNA, and GFP (B), or with [ephexin1]siRNA and GFP (C). D, Quantification of effects of GFP electroporation, of scrambled
[ephexin1]siRNA and GFP electroporation, or of [ephexin1]siRNA and GFP electroporation on ephexinT mRNA levels. The ratio of immunoreactivity signal levels in LMC neurons of the electroporated
to the unelectroporated contralateral side (e/u ratio) was obtained in =20 sections of six embryos. E, F, Detection of IsI1, Foxp1, and GFP protein and mouse ephexin7 mRNA in the LMC of chick HH
stage 28/29 electroporated with GFP (E) or ephexin1 and GFP (F) expression plasmids. G, Number of LMC motor neurons expressed as the average number of total (Foxp1 ) LMC neurons per section
(#Foxp1 ™ MNs/section). Number of embryos: n = 5 for all groups. H, I, Number of total or electroporated medial (Foxp1 *1s11 ") and lateral (Foxp1 * 1511 ~) LMC motor neurons in lumbar spinal
cord expressed as the percentage of total motor neurons [Foxp1 ™ MNs (%); H] or electroporated motor neurons [GFP * MNs (%); /]. Number of embryos: n = 5 for all groups. J~P, Neurofilament
and GFP detection in the limb nerve branches in the crural plexus of chick embryos electroporated with the following expression plasmids and siRNAs: GFP (J); scrambled [ephexin]siRNA and GFP
(K); [ephexin1]siRNA and GFP (L); ephexin1 and GFP (M); [ephexin1]siRNA, mouse ephexin1, and GFP (N); medial LMC axonal marker e[Is/1]::GFP (0); or [ephexin1]siRNA and e[Is/1]::GFP (P).
Quantification of GFP signals in all electroporation experiments expressed as, respectively, percentage in dorsal and ventral limb nerves [GFP Fluo (%)]. Number of embryos: n = 5 for all groups. d,
Dorsal; v, ventral; error bars, SD; n.s., not significant; ***p << 0.007; statistical significance computed using Mann—Whitney U test; all values are mean = SD. Scale bar: (in F) A-C, E, F, 45 m; (in

P)J-0,150 pum.

of limb axon trajectory by medial LMC neurons (Fig. 3A-G; p =
2.77*10 ~*). On the other hand, the proportion of lateral LMCs
labeled by ventral limb HRP injections was also significantly higher
in ephexinl-knockdown embryos when compared with controls
(Fig. 3H-M; p = 0.0072). These observations thus confirm that
ephexinl knockdown results in a loss of fidelity of limb trajectory
choice by LMC axons, and that medial LMC axons, compared with
lateral LMC axons, rely more on ephexinl expression.

Asymmetric ephexinl-knockdown sensitivity of the LMC
trajectory choice

To ascertain whether ephexinl function is required for LMC
axon trajectory selection, we examined the LMC axon trajectory
in ephexinl mutant mice (Fig. 4A—H ). The specification and sur-
vival of LMC neurons were normal in ephexinl /~ mice com-
pared with wild-type littermates (Fig. 4I; p = 0.5125; Fig. 4]; p =
0.8397). To trace the trajectory of LMC axons, we labeled LMC
neurons by HRP retrograde tracer injection into the dorsal or
ventral shank muscles of E12.5 ephexinl '~ and wild-type litter-
mate embryos and quantified the proportions of tracer-filled
LMC neurons that expressed Isll and Lim1 (Kania et al., 2000;
Kao etal., 2009). The proportion of medial LMC neurons labeled
by dorsal limb HRP injection was significantly higher in

ephexinl '~ embryos when compared with control embryos
(Fig. 4K-0; p = 5.18*10 ~°). The proportion of lateral LMC neu-
rons labeled by ventral limb HRP injection was also significantly
higher, but to a lesser extent, in ephexinl '~ embryos when com-
pared with control embryos (Fig. 4Q-U; p = 7.79*10 ~>). These
observations demonstrate that ephexinl function is required for
the selection of appropriate LMC axon trajectories and that the
dependence on ephexinl function is different between medial
and lateral LMC neurons (Fig. 4P, V).

Ephexinl is required for ephrin-mediated, but not
netrin-mediated, motor axon responses

Researchers have suggested that ephexinl acts as a downstream
effector of Eph signaling in several contexts (Shamah et al., 2001;
Knoll and Drescher, 2004; Egea et al., 2005; Sahin et al., 2005;
Frank et al., 2009; Defourny et al., 2013). Also, ephrin:Eph sig-
naling is sufficient to redirect LMC axons (Kania and Jessell,
2003; Luria et al., 2008). To investigate the dependence of Eph
signaling on ephexinl function, we tested the response of LMC
axons to stripes of ephrin-A or ephrin-B proteins in the context of
ephexinl loss of function (Kao and Kania, 2011). HH stage 25/26
LMC explants were dissected and placed onto carpets of two
alternating stripes: those containing a mixture of ephrin-Fcand a
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Table 2. Quantifications of figures Table 2. Continued
Figure Construct or element in figure Quantification Figure Construct or element in figure Quantification
2F GFP 1.00 = 0.14 5G N 704 +=9.7%
[ephexinT] siRNA + GFP 0.42 +0.12 Fc 29.6 + 9.7%
scrambled [ ephexin1] siRNA + GFP 0.97 +0.19 5H N 63.3 +10.3%
26 GFP 733 =88 Fc 36.7 = 10.3%
[ephexinT] siRNA + GFP 76.2 + 1.00 64 Dorsal 87.2 + 6.6%
scrambled [ ephexin1] siRNA + GFP 76.9 + 6.5 Ventral 12.8 * 6.6%
ephexinl + GFP 7431179 68 Dorsal 69.9 £ 9.0%
2H GFP medial 482 * 7.4% Ventral 30.1 = 9.0%
GFPlateral 51.8 = 7.4% 6C Dorsal 322 = 8.0%
[ephexinT] siRNA + GFP medial 50.3 = 8.0% Ventral 67.8 = 8.0%
[ephexinT] siRNA + GFP lateral 49.7 + 8.0% 6D Dorsal 55.7 + 10.6%
scrambled [ ephexinT] siRNA + GFP medial 50.2 + 9.6% Ventral 443 +10.6%
scrambled [ ephexinT] siRNA + GFP lateral 49.8 = 9.6% 6G EphB2::GFP 213 = 5.8%
ephexin1 + GFP medial 51.6 = 6.6% [ephexinT] siRNA + EphB2::GFP 55+3.3%
ephexin1 + GFP lateral 484 * 6.6% 7A eB2 29.2 £ 6.3%
20 GFP medial 48.7 =10.9% Fc 70.9 = 6.3%
GFPlateral 51.3 = 10.9% 7B eB2 155 = 5.8%
[ephexinT] siRNA + GFP medial 523 +6.1% Fc 84.5 + 5.8%
[ephexinT] siRNA + GFP lateral 47.7 = 6.1% 7C eB2 434+ 8.2%
scrambled [ ephexinT] siRNA + GFP medial 48.5 +10.2% Fc 56.6 + 8.2%
scrambled [ ephexin1] siRNA + GFP lateral 51.5+102% 7D eB2 15.1 +53%
ephexin1 + GFP medial 49.7 = 7.8% Fc 849 +53%
ephexin + GFP lateral 50.3 = 7.8% 7E eB2 4.7 = 6.3%
2 Dorsal 533*+7.3% Fc 553 +6.3%
Ventral 46.7 = 7.3% 7F eB2 313 + 6.6%
26 Dorsal 49.3 = 9.3% Fc 68.7 = 6.6%
Ventral 50.7 = 9.3% 76 eB2 46.1 = 4.5%
2 Dorsal 70.6 = 9.1% Fc 53.9 = 4.5%
Ventral 9.4 *+9.1% 7H eB2 442 +7.8%
M Dorsal 35.8 = 10.2% Fc 55.8 = 7.8%
Ventral 64.2 = 10.2% 7K GFP 772 £ 85
N Dorsal 39.1 + 8.5% ephexin1"®’ + GFP 797 76
Ventral 60.9 = 8.5% L GFP medial 511+ 6.2%
20 Dorsal 8.6 *=57% GFPlateral 48,9 = 6.2%
Ventral 91.4 + 57% ephexin1"®’F + GFP medial 523+ 57%
2P Dorsal 40.5 = 9.6% ephexin1"®’F + GFP lateral 477 £57%
Ventral 59.5 + 9.6% ™ GFP medial 48.8 = 52%
36 Control 42+ 2.6% GFPlateral 512 = 5.2%
KD 7.6 = 5.1% ephexin1"®’f + GFP medial 51.9 + 7.8%
3N Control 3.7 27% ephexin1™’ + GFP lateral 481+ 7.8%
KD 51 % 44% N Dorsal 52.1 * 8.8%
4l +/+ 107.0 = 124 Ventral 47.9 = 8.8%
—/—= 108.8 = 18.5 70 Dorsal 31.1+9.1%
4 +/+ medial 50.5 = 4.7% Ventral 68.9 = 9.1%
—/— medial 51.5 = 5.5% 7P Dorsal 58.8 & 7.4%
+/+ lateral 495 £ 4.7% Ventral 412+ 74%
—/— lateral 49.0 = 5.5% 70 Dorsal 343 = 10.2%
40 +/+ 3.1 *£1.8% Ventral 65.7 = 10.2%
—/—= 312 = 63% 7R Dorsal 62.4 = 7.9%
4 +/+ 46+ 2.1% Ventral 37.6 = 7.9%
—/—= 15.7 = 5.5%
5A eB2 27.7 = 8.8%
Fe 723 % 8.8% Cy3 secondary antibody and those containing Fc protein only.
58 eB2 419 £ 1.7% Medial LMC axons were identified by e[Isl1]::GFP electropora-
Fc 521+ 7.7% . . . .
sc N 2.4 + 104% tion, whereas la}teral LMC axons were identified by their EphA4
ko 706 + 1040  cxpression. Str1Pe preference was sc0¥ed as the.proportlon of
5p N 33.8 + 10.1% QFP or EphA4 signal found over th? different stripes after over-
Fe 662 - 101%  hight explant culture (Kao and Kania, 2011; Kao et al., 2015).
SE A5 265 + 6.9% Medial LMC neurons coelectroporated with [ephexinl [siRNA
Fc 73.5 + 6.9% and e[Isl1]::GFP exhibited significantly attenuated repulsion
5F eAs 39.2 £ 9.2% from ephrin-B2 stripes compared with controls expressing
¢ 60.8 == 9.2% e[Isl1]::GFP only, suggesting that ephexin] is required for EphB-
(Table continues)  mediated medial LMC axon repulsion from ephrin-B2 (Fig.

5A,B; p = 7.75*10 ~*). Due to recent findings showing netrin-1
signaling as another major pathway to modulate LMC axon tra-
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Ephexin1 function is required for the fidelity of LMC motor axon limb trajectories. Retrograde labeling of LMC neurons by HRP injections into the dorsal or ventral limb muscles of chick

HH stage 28/29 embryos. A—F, Detection of HRP, Lim1, and GFP in the LMC regions of GFP (A—C) or of [ephexin1]siRNA and GFP (D—F ) electroporated embryos injected with HRP into dorsal hindlimb
shank muscles. Examples of HRP ™ GFP ™ neurons are indicated by arrows and arrowheads (E, F). E, F, Insets, Examples indicated by arrowheads are shown at higher magnification. G, Proportions
of electroporated medial LMC motor neurons labeled with HRP in dorsally filled embryos. Number of embryos: n = 5 for all groups. H—M, Detection of HRP, Lim1, and GFP in the LMC regions of GFP
(H-J) or of [ephexin]siRNA and GFP (K~M) electroporated embryos injected with HRP into ventral hindlimb shank muscles. Examples of HRP ™ GFP ™ neurons are indicated by arrows and
arrowheads (L, M).L, M, Insets, Examples indicated by arrowheads are shown at higher magnification. N, Proportions of electroporated lateral LMC motor neurons labeled with HRP in ventrally filled
embryos. Number of embryos: n = 5 for all groups. control, GFP electroporated groups; KD, [ephexin1]siRNA and GFP electroporated groups; error bars, SD; ***p << 0.001; **p << 0.01; statistical
significance computed using Fisher's exact test; all values are mean == SD. Scale bars: (in M) A—F, H-M, 45 um; E, F, L, M, insets, 8 m.

jectory into the limb (Poliak et al., 2015), we also tested the re-
sponse of medial LMC axons to stripes of netrin-1 proteins in the
context of ephexinl loss of function. In contrast to those chal-
lenged with ephrin-B2 stripes, medial LMC neurons coelectropo-
rated with [ephexinl|siRNA and e[Isl1]::GFP exhibited normal
avoidance of netrin-1 stripes compared with controls expressing
e[Isl1]::GFP only (Fig. 5C,D; p = 0.2872), suggesting that
ephexinl does not play an important role in netrin-1-mediated
medial LMC axon guidance in vitro.

On the other hand, lateral LMC neurons coelectroporated
with [ephexinl [siRNA and GFP exhibited significantly attenuated
repulsion from ephrin-A5 stripes compared with controls ex-
pressing GFP only, suggesting that ephexinl is required for
EphA-mediated lateral LMC axon repulsion from ephrin-A5
(Fig. 5E,F; p = 0.0371). Next, we tested the response of lateral
LMC axons to stripes of netrin-1 proteins and observed that lat-
eral LMC neurons coelectroporated with [ephexinl[siRNA and
GFP exhibited normal neurite attractive preference on netrin-1
stripes compared with controls expressing GFP only (Fig. 5G,H;
p = 0.1126), suggesting that ephexinl does not play an important
role in netrin-1-mediated lateral LMC axon guidance in vitro. In
sum, these results demonstrate that ephexinl is essential for
ephrin-A-mediated and ephrin-B-mediated LMC axon re-
sponses, but not netrin-1- mediated LMC axon responses.

Ephexinl is required for Eph signaling-directed LMC motor
axon guidance

To ascertain the role of ephexinl in Eph signal transduction in vivo,
we tested whether ephexinl loss can attenuate the axon redirection
effects of Eph overexpression (Kania and Jessell, 2003; Luria et al.,
2008). To do this, we coelectroporated [ephexinl|siRNA with the
Eph receptor-GFP fusion protein expression plasmids EphA4::GFP
or EphB2::GFP and compared them with control EphA4::GFP and
EphB2::GFP plasmid electroporations. EphA4::GFP electroporation
in control embryos, as previously demonstrated (Eberhart et al.,
2002; Kania and Jessell, 2003), induced a robust redirection of LMC

axons into the dorsal limb nerves (Fig. 6A). In embryos coelectropo-
rated with [ephexinl |siRNA and EphA4::GFP, proportions of axonal
GFP levels in ventral branches were significantly increased
compared with EphA4::GFP-electroporated controls (Fig. 6A,B;
p = 0.0250), indicating that ephexinl knockdown attenuates
EphA4-induced LMC motor axon redirection. On the other hand,
in embryos electroporated with EphB2::GFP alone, a higher propor-
tion of GFP * axons was observed in ventral LMC axons, suggesting
that EphB2 overexpression is sufficient to redirect LMC axons into
the ventral limb (Fig. 6C; Kao et al., 2009). In embryos coelectropo-
rated with [ephexinl JsiRNA and EphB2::GFP, a significantly higher
proportion of GFP levels was observed in dorsal nerve branches
compared with EphB2::GFP alone, thus indicating that ephexinl
knockdown attenuates EphB2-induced LMC motor axon redirec-
tion (Fig. 6C,D; p = 8.98*10 ~%).

To confirm whether ephexinl function is required for EphB-
mediated lateral LMC axon redirection, we labeled LMC neurons
by HRP retrograde tracer injection into the ventral shank muscles
of HH stage 28/29 embryos electroporated with [ephexinl JsiRNA
and EphB2::GFP expression plasmids or with EphB2::GFP alone
and determined the LMC divisional identity of labeled neurons
(Fig. 6 E,F). The proportion of electroporated lateral LMC neu-
rons labeled by ventral limb HRP injections was significantly
lower in ephexinl knockdown embryos when compared with
EphB2::GFP controls, indicating that ephexin1 is required for the
redirection of lateral LMC axon trajectory imposed by EphB
overexpression (Fig. 6G-I; p = 0.0055). Together, these observa-
tions argue that, in vivo, ephexinl loss attenuates LMC axon re-
direction induced by Eph receptor gain of function, suggesting
that ephexin1 participates in Eph signaling in vivo.

Ephexinl is downstream of Src in Eph signal transduction
during LMC pathfinding

Our previous work demonstrated that two Eph signaling inter-
mediaries, Src and a2-chimaerin, are involved in Eph-mediated
LMC pathfinding (Kao et al., 2009, 2015), where Src, like
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Figure4. Ephexin1isrequired for the fidelity of LMC motor axon trajectory selection. Retrograde labeling of LMC neurons by HRP injections into the dorsal or ventral limb muscles of mouse E12.5
embryos. A—H, Detection of Is|1 (green), Foxp1 (red), and ephexin1 protein in the LMC region at the brachial level of mouse e12.5 ephe)(in]”+ (A=D) or ephexin]’/’ (E-H) embryos. I, Number
of LMCmotor neurons expressed as the average number of total (Foxp1 ™) LMC neurons per section (# FoxP1 ™ /section). Number of embryos: n = 6 forall groups.J, Number of total medial (FoxP1 *
IsI1 ) and lateral (FoxP1 ™ IsI1 ) LMC motor neurons in brachial spinal cord expressed as the percentage of total motor neurons [FoxP1 * MNs (%)]. Number of embryos: n = 6 for all groups. K~N,
Detection of HRP (red), IsI1 (blue), and Foxp1 (green), which marks all LMC neurons, in the LMC regions of ephe){/n?”+ (K, L) and ephexin?’/’ (M, N') embryos injected with HRP into dorsal
forelimb muscles. Examples of medial LMC motor neurons labeled with HRP are indicated by arrows and arrowheads. Examples indicated by arrowheads are shown at a higher magpnification (N,
inset). 0, Quantification of retrogradely labeled medial LMC axon projections. The graph depicts the mean percentage ==SD of HRP ™ motor neurons that express the medial LMC marker Is|1
following a dorsal limb injection. Numbers of embryos: n = 4for all groups. P, Summary scheme of medial LMC projections in ephexin /™ mice, depicting a significant misrouting of medial LMC
axons into the dorsal limb. @-T, Detection of HRP (red), Lim1 (blue), and Foxp1 (green) in the LMC regions ofephe)(inl*”r (Q,R)and ephexinlf/f (8, T) embryos injected with HRP into ventral
forelimb muscles. Examples of lateral LMC motor neurons labeled with HRP are indicated by arrows and arrowheads. Examples indicated by arrowheads are shown at a higher magnification (T,
inset). U, Quantification of retrogradely labeled lateral LMC axon projections. The graph depicts the mean percentage ==SD of HRP * motor neurons that express the lateral LMC marker Lim1
following a ventral limb injection. Number of embryos: n = 4for all groups. V, Summary scheme of lateral LMC projections in ephexin ™~ mice, depicting a significant misrouting of lateral LMC

axonsinto the ventral limb. Error bars, SD; n.s., not significant; ***p << 0.001; **p << 0.01; statistical significance computed using Fisher’s exact test; all values aremean = SD. Scale bars: (inH) A-H,
20 pm; (in T) K-N, @Q-T, 20 wm; N, T, insets, 7 m.

ephexinl, is required in LMC subdivisions differentially. Previ- ~ GFP alone, which confirmed that Src is required for EphB-
ous studies also suggested ephexinl as a potential target of Src  mediated medial LMC axon repulsion from ephrin-B2 (Fig.
tyrosine phosphorylation (Knéll and Drescher, 2004; Sahinetal.,,  7A,B; p = 0.0367; Kao et al., 2009). We then coelectroporated
2005). We thus examined the interaction of Src and ephexinl in  e[Isl1]::GFP with a Src expression plasmid and [ephexinl [siRNA and
EphB signal transduction during medial LMC motor axon path- ~ compared that with e[Is/]]:GFP and Src plasmid coelectroporation.
finding, where both Src and ephexinl are potentially required. =~ Medial LMC neurons coexpressing e[Isll]::GFP, Src, and
We first investigated whether ephexinl is required for Src-  [ephexinl]siRNA exhibited significantly attenuated repulsion from
mediated repulsion of medial LMC axons from ephrin-B2. Me-  ephrin-B2 stripes compared with e[Isl1]::GFP and Src plasmid co-
dial LMC neurons coexpressing e[Isl1]::GEP and Src expression electroporation (Fig. 7B, C; p = 3.52*10 *). These observations sug-
plasmids showed significantly higher levels of repulsion from  gest that ephexinl acts downstream of Src in EphB signaling to
ephrin-B2 stripes compared with controls expressing e[IslI]::  mediate the repulsion of medial LMC axons from ephrin-B2.
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Figure5. Ephexin1function is required for ephrin-mediated but not netrin-mediated guidance of cultured LMC neurites. Growth preference on protein stripes exhibited by medial or lateral LMC
axons. Each experimentis composed of three panels (left, middle, and right) and one quantification. A-D, Left, Detection of medial (GFP ) LMC neurites of explants on eB2/Fc (A) or N/F¢ (C) stripes,
and of [ephexin1]siRNA coelectroporated explants on eB2/Fc (B) or N/Fc (D) stripes. Middle, Inverted images where GFP signals are dark pixels overlaid on substrate stripes. Right, Superimposed
images of five representative explants from each experimental group, highlighting the distribution of medial LMC neurites. Quantification of medial (GFP ™) (Figure legend continues.)
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Figure6.  EphexinT loss attenuates both EphA4-induced and EphB2-induced LMC motor axon redirection. All images are from chick HH stage 28/29 lumbar levels. A-D, Neurofilament and GFP
detection in the limb nerve branches in the crural plexus of chick embryos electroporated with the following expression plasmids and siRNAs: EphA4::GFP (A), [ephexin1]siRNA and EphA4::GFP (B),
EphB2::GFP (C), or [ephexinT]siRNA and EphB2::GFP (D). Quantification of GFP signalsin all electroporation experiments expressed as, respectively, percentage in dorsal and ventral limb nerves [GFP
Fluo (%)]. Number of embryos: n = 5 for all groups. E, F, Detection of HRP, Lim1, and GFP in the LMC regions of EphB2::GFP-electroporated embryos (E) or of embryos electroporated with
[ephexin1]siRNA and EphB2::GFP (F) injected with HRP into ventral hindlimb shank muscles. Examples of HRP * GFP * neurons are indicated by arrows and arrowheads (E). Examples indicated by
arrowheads are shown at higher magpnification (E, insets). G, Proportions of electroporated lateral LMC motor neurons labeled with HRP in ventrally filled embryos. Number of embryos: n = 5 for
all groups. H, I, Summary scheme of lateral LMC projections in £phB2::GFP-electroporated embryos (H) or in embryos electroporated with [ephexin1]siRNA and EphB2::GFP (I), depicting the
attenuation of EphB2-induced lateral LMC axon misrouting by ephexin1 knockdown. d, Dorsal; v, ventral; error bars, SD; ***p << 0.001; **p << 0.01; *p << 0.05; statistical significance computed

using Mann—Whitney U test (A-D) or Fisher's exact test (G); all values are mean == SD. Scale bars: (in D) A-D, 150 wm; (in F) E, F, 45 um; E, insets, 8 pum.

To further dissect Src and ephexin1 interaction in this context,
we investigated whether Src inhibition can perturb ephexinl-
mediated repulsion of medial LMC axons from ephrin-B2. As
expected, medial LMC neurons coexpressing e[Is/1]::GFP and
ephexinl expression plasmids showed significantly higher levels
of repulsion from ephrin-B2 stripes compared with e[Isl1]::GFP
controls (Fig. 7A,D; p = 0.0220), while medial LMC neurons
coexpressing e[Isl1]::GFP and Csk showed significantly attenu-
ated repulsion from ephrin-B2 stripes compared with e[Isl1]::
GFP controls (Fig. 7A,E; p = 6.55*10 ~*), which confirmed that
ephexinl and Src are both required for EphB-mediated medial
LMC axon repulsion from ephrin-B2. We then coelectroporated
e[Isl1]::GFEP with ephexinl and Csk and compared that with (1)
e[Isl1]::GFP and ephexinl and (2) e[Isl1]::GFP and Csk coelectro-
poration. Medial LMC neurons coexpressing e[Isl1]::GFP,
ephexinl, and Csk exhibited significantly higher levels of repul-
sion from ephrin-B2 stripes compared with e[Isl1]::GFP and Csk
coelectroporation (Fig. 7E,F; p = 0.0184), suggesting that

<«

(Figure legend continued.) LMC neurites on first (pink) and second (pale) stripes expressed as a
percentage of total GFP signals. Neurites, n = =85; explants,n = =12. E-H, Left, Detection
of lateral (GFP ™ EphA4 *) LMC neurites of explants on eA5/Fc (E) or N/Fc (G) stripes, and
[ephexin1]siRNA coelectroporated explants on eA5/Fc (F) or N/Fc (H) stripes. Middle, Inverted
images where EphA4 signals are dark pixels overlaid on substrate stripes. Right, Superimposed
images of five representative explants from each experimental group, highlighting the distri-
bution of lateral LMC neurites. Quantification of lateral (EphA4 ™) LMC neurites on first (pink)
and second (pale) stripes expressed as a percentage of total EphA4 signals. Neurites, n = =82;
explants, =11. eB2, Ephrin-B2-Fc; eAS5, ephrin-A5-Fc; N, netrin-1; error bars, SD; ***p <
0.001; *p << 0.05; n.s., not significant; statistical significance computed using Mann—Whitney
Utest; all values are mean == SD. Scale bar: (in H) A-H, 150 m.

ephexinl function in ephrin-B-mediated LMC pathfinding is still
at least partially retained following Src family kinase (SFK) inhi-
bition. On the other hand, these neurons exhibited significantly
attenuated repulsion from ephrin-B2 stripes compared with
e[Isl1]::GFP and ephexinl coelectroporation (Fig. 7D,F; p =
0.0231), suggesting that ephexinl activation could rely on Src
activity. To test this idea, we used ephexin1*®" expression plas-
mid, the inactive mutant form of ephexinl that can no longer be
phosphorylated by SFKs (Sahin et al., 2005). The specification
and survival of LMC neurons were normal in embryos coexpress-
ing ephexinl™* and GFP compared with GFP controls (Fig.
7I-L; p = 0.4477 for total Foxpl " neuron numbers/section; p =
0.3980 for the proportions of lateral or medial LMC neurons),
and GFP * LMC neurons indicated similar numbers of electro-
porated cells in both LMC divisions (Fig. 7L J,M; p = 0.2529).
Medial LMC neurons coexpressing ephexinl1*®"" and e[Isl1]::GFP
exhibited significantly attenuated repulsion from ephrin-B2
stripes compared with e[Isl1]::GFP-only electroporation (Fig.
7A,G; p = 1,66*10 ~3). In addition, medial LMC neurons coex-
pressing e[Isl1]::GFP, Src, and ephexinl™®’" exhibited signifi-
cantly attenuated repulsion from ephrin-B2 stripes compared
with those expressing e[Isl1]::GFP and Src only (Fig. 7B,H; p =
4.84*10 ). Together, these results confirm that ephexin1 phos-
phorylation by Src contributes to EphB-mediated medial LMC
axon repulsion from ephrin-B2.

To test this idea in vivo, we knocked down ephexinl using
[ephexinl]siRNA and checked whether the Src-induced LMC
motor axon redirection is affected. As shown previously (Kao et
al., 2009), in embryos coelectroporated with Src and GFP, a sig-
nificantly higher proportion of GFP * axons were observed in the
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Figure7. Ephexin1 functions downstream of Srcin Eph-mediated LMC axon guidance. A-H, Growth preference on protein stripes exhibited by medial LMC axons. Each experiment is composed
of three panels (left, middle, and right) and one quantification. Left, Detection on eB2/Fc stripes of medial (GFP) LMCneurites of explants expressing the following: e[ls/1]::GFP (A); Srcand e[Is/1]::GFP
(B); [ephexinT]siRNA, Src, and efls!1]::GFP (C); ephexin1 and e[ls!1]::GFP (D); Csk and e[Is/1]::GFP (E); ephexinT, Csk, and e[lsl1]::GFP (F); ephexin1"®’* and e[ls!1]::GFP (G); ephexin1"*’F, Src, and
e[lsl1]::GFP (H). Middle, Inverted images where GFP signals are dark pixels overlaid on substrate stripes. Right, Superimposed images of five representative explants from each experimental group,
highlighting the distribution of medial LMC neurites. Quantification of medial (GFP *) LMC neurites on first (pink) and second (pale) stripes expressed as a percentage of total GFP signals. Neurites,
n = 95; explants, n = 15.1, J, Detection of Is|1, Foxp1, and GFP protein and mouse ephexinT mRNA in the LMC of chick HH stage 28/29 electroporated with GFP (/) or ephexinlmf and GFP (J)
expression plasmids. K, Number of LMC motor neurons expressed as the average number of total (Foxp1 *) LMC neurons per section (# Foxp1 * MNs/section). Number of embryos: n = 6 for all
groups. L, M, Number of total or electroporated medial (Foxp1 * IsI1 ) and lateral (Foxp1 ™ IsI1 ~) LMC motor neurons in lumbar spinal cord expressed as the percentage of total motor neurons
[Foxp1 ™ MNs (%)] (L) or electroporated mator neurons [GFP ™ MNs (%)] (M). Number of embryos: n = 6 forall groups. N—R, Allimages are from chick HH stage 28/29 lumbar levels. Neurofilament
and GFP detection in the limb nerve branches in the crural plexus of chick embryos electroporated with the following expression plasmids and siRNAs: GFP (N); Srcand GFP (0); [ephexin1]siRNA, Src,
and GFP (P); ephexin1 and GFP (Q); or ephexin"®’ and GFP (R). Quantification of GFP signals in all electroporation experiments expressed as, respectively, percentage in dorsal and ventral limb
nerves [GFP Fluo (%)]. Number of embryos: n = 6 forall groups. d, Dorsal; v, ventral; error bars, SD; ***p << 0.001; **p << 0.01; *p << 0.05; n.s., not significant; statistical significance computed using
Mann—Whitney U test; all values are mean = SD. Scale bars: (in A) A-H, 150 wm; (inJ) 1,J,45 m; (in R) N-R, 150 pm.

ventral nerve branches when compared with GFP controls (Fig.  (Fig. 7N,Q,R; p = 0.0076 vs GFP, p = 6.77*107° vs
7N,0;p = 7.51*10 ~*), suggesting that Src overexpression causes  ephexinl+GFP), which confirmed the requirement of ephexinl
a significantly greater proportion of LMC motor axons to enter ~ phosphorylation by Src to mediate LMC axon pathfinding. To-
the ventral limb. In contrast, in embryos coelectroporated with  gether, these results suggest that ephexinl functions downstream
Src, GFP, and [ephexinl JsiRNA, a significantly higher proportion  of Src as an essential Eph signaling intermediary to modulate the
of GFP * axons were observed in the dorsal limb nerve compared  limb trajectory of LMC motor axons.

with embryos coexpressing Src and GFP (Fig. 70,P; p = . .

5.42*10 ~°), which indicates that ephexinl knockdown attenu- Discussion

ates Src-induced LMC motor axon redirection. In addition, in ~ Ephexinl has been proposed to function in signaling pathways
embryos coelectroporated with ephexinl1™’" and GFP expression  essential for growth-cone collapse and axon repulsion. We thus
plasmids, a significantly higher proportion of GFP * axons were  investigated ephexinl’s potential roles in vivo and demonstrated
observed in the dorsal nerve branches compared with both GFP  that it is essential for the fidelity of motor axon trajectory selec-

controls and embryos coelectroporated with ephexinl and GFP  tion in the limb. Here we discuss the involvement of ephexin1 at
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multiple LMC axon trajectory decision points, the differential
requirement of ephexinl function by LMC subpopulations,
ephexinl functional redundancy, and the role of ephexinl in Eph
signal relay.

Ephexinl involvement in multiple decision points during
LMC axon trajectory

When spinal motor axons reach the base of the limb, they nor-
mally stall without obvious outgrowth for =24 h before the sub-
sequent axon guidance decision of entering the dorsal versus the
ventral limb is made (Wang and Scott, 2000). In LMC neurons,
ephexinl is proposed to mediate this stalling behavior at the base
of the limb: ephexinl knockdown induces premature entry of
motor axons into the limb (Sahin et al., 2005). In our previous
work, we also see similar stalling effects in E4 chick LMC neurons
(HH stage 22-23) following Src function inhibition by Csk over-
expression (Kao et al., 2009; data not shown). Interestingly, both
our gain and loss of Src or ephexinl function in LMC neurons,
including Src or ephexinl mutants and chick embryos, do not
show any obvious changes of axon outgrowth at later stages in
HH stage 28 —29 chick or E11.5-E12.5 mouse embryos. Biochem-
ical evidence suggests that ephexin1 activity could be regulated by
fibroblast growth factor receptors (FGFRs), which are expressed
in subpopulations of spinal motor neurons at the corresponding
stages of E10.5-E11.5 mouse (Shirasaki et al., 2006; Zhang et al.,
2007). The potential functions of FGFs and FGFRs in axon out-
growth and guidance that have been shown in several neuronal
types imply that ephexinl function may be altered by the com-
bined actions of FGFRs and Ephs, which can form complexes and
transactivate each other to transduce signals, in LMC neurons at
later stages, when spinal nerves are in contact with ephrins and
ready to choose a dorsal versus ventral limb nerve (Biilow et al.,
2004; Shirasaki et al., 2006; Zhang et al., 2007; Ponimaskin et al.,
2008). Although the detailed mechanisms of temporary motor
axon stalling are still unclear, our findings and those of others
demonstrate only a transient role for ephexin1 in the stalling and
sorting of motor axons when they arrive the base of the limb,
followed by its more essential function in ensuring the proper
selection of limb nerve trajectory (Sahin et al., 2005).

The differential requirement of ephexinl function by medial
and lateral LMC neurons

A thorough understanding of RhoGTPase regulation in axon
guidance has been challenging, partially due to their involvement
in multiple signaling pathways and to functional redundancy in
proteins that modulate them (O’Donnell et al., 2009). Ephexinl
is expressed in most LMC neurons and is required for proper
axon trajectory of both medial and lateral LMC divisions, sug-
gesting a nonredundant role in LMC axon pathfinding. This
raises the question of how ephexinl1 relays guidance signals to the
cytoskeleton. As a Rho GEF, ephexinl can activate RhoA, Racl,
and Cdc42 with no obvious preference in the absence of stimu-
lation, but the phosphorylation of ephexinl following stimula-
tion by ephrin-A, for example, potentiates its activity toward
RhoA and inhibits Racl and Cdc42 activation (Shamah et al,,
2001). Several examples of biochemical evidence imply that
ephexinl activity is enhanced in the presence of SFKs during
growth-cone collapse events (Knoll and Drescher, 2004; Sahin et
al., 2005). Thus, a general model of ephexinl function in axon
guidance could first involve SFKs recruited by the C-terminal
domain of a guidance receptor activated by its ligand, followed by
phosphorylation of SFK targets, including ephexinl. The activa-
tion of ephexin]1 is then required for small GTPase activity result-
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ing in growth-cone turning, as shown by our observations of
misprojecting spinal motor axons in ephexinl mutants. Indeed,
our data showing the attenuation of Src-mediated motor axon
redirection by ephexinl loss or ectopic expression of nonphos-
phorylatable ephexinl implicate ephexinl as a target of SFKs in
this context.

Our data indicate that although ephexinl is expressed in most
LMC neurons, its requirement for the fidelity of LMC axon tra-
jectory selection appears to be differential: medial LMC pathfind-
ing, compared with lateral LMC pathfinding, appears to depend
more on ephexinl function. This differential requirement of
ephexinl could be due to multiple pathways being required for
guidance of either LMC division. Convincing evidence has dem-
onstrated EphA and EphB signaling in guidance of lateral and
medial LMC axons, respectively (Kania and Jessell, 2003; Luria et
al., 2008). The differential sensitivity of lateral and medial LMC
neurons to ephexinl could thus reflect the differential require-
ment of ephexinl in EphA and EphB receptor signaling (see next
section for more details). Recent findings also suggest netrin-1 as
a bifunctional ligand, attracting lateral LMC axons and repelling
medial LMC axons (Poliak et al., 2015). There is still no biochem-
ical evidence of netrin-1 receptors (Dcc and Unc5c), c-Ret, or
Neuropilin2 association with ephexinl. However, our in vitro
data showing no obvious change of LMC neurite growth prefer-
ence toward netrin-1 stripes in ephexinl knockdown suggest a
dispensable role of ephexinl in netrin-1-mediated LMC path-
finding. To thoroughly investigate the involvement of ephexinl
in other guidance systems in this context, in vitro response to
individual cues, such as GDNF or semaphorins, using similar
approaches could be measured in cultured motor neurons lack-
ing ephexinl (Huber et al., 2005; Kramer et al., 2006; Dudanova
et al., 2010; Bonanomi et al., 2012).

Ephexinl function in ephrin:Eph signaling

Our experiments implicating ephexinl in EphA signaling are in
line with previous findings in retinal ganglion cells and cortical
neurons suggesting a potential role of ephexinl in EphA-
mediated axon guidance (Shamah et al., 2001; Knéll and Dre-
scher, 2004; Egea et al., 2005). However, no clear evidence so far
has demonstrated ephexinl function in EphB-signaling and
EphB-mediated axon guidance events. Indeed, our data showing
differential requirement of ephexinl in Eph-mediated motor
axon guidance suggest that ephexinl plays an essential role in
EphB-mediated medial LMC pathfinding and only a partial role
in EphA-mediated lateral LMC pathfinding. Previous work dem-
onstrated that ephexinl is a target of SFK-dependent tyrosine
phosphorylation in Eph signaling (Knoll and Drescher, 2004;
Zhang et al., 2007). Combined with previous findings showing
the differential requirement of SFKs in Eph-mediated LMC guid-
ance (Kao et al., 2009), our data demonstrating ephexinl as a
potential target of SFKs suggest that ephexinl functions as an
essential intermediary downstream of SFKs to modulate Eph sig-
naling in LMC pathfinding. However, a comparison of our in
vitro data showing a dispensable role of ephexinl in netrin-1-
mediated LMC axon trajectory selection with recent studies
showing Src function in both Eph and netrin-1 signaling in LMC
neurons leads us to propose that there are Src targets other than
ephexinl required in other guidance pathways (Poliak et al.,
2015). Other effectors, such as the focal adhesion kinase, paxillin,
and Nck members, are also implicated in both Eph pathways.
Among these effectors, Nckl and Nck2 are expressed in spinal
motor neurons when axons grow into the limb, suggesting that
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they could relay SFK signals in LMC axons (Hall et al., 2001; Bladt
et al., 2003; Vindis et al., 2004).

Two reasonable explanations for the partial ephexinl require-
ment in lateral LMC neurons are that ephexinl is only required
for the guidance of a lateral LMC subpopulation, or that
ephexinl is redundant with other EphA effectors participating in
lateral LMC axon guidance. Other Rho family GEFs, including
kalirin and Vav2, are also implicated as Eph effectors: kalirin, like
ephexinl, is preferentially required as an EphB but not an EphA
effector to modulate cytoskeletal dynamics, but Vav2 can interact
with both Eph pathways to modulate growth-cone motility (Pen-
zes etal., 2003; Moeller et al., 2006). Further investigation of Vav2
expression and function in LMC could thus provide a better un-
derstanding of either Eph pathway in LMC pathfinding.

Conclusion

Here, we have shown that ephexinl is required for motor axon
trajectory selection in vivo. This is the first report pointing to an
important role of ephexinl in EphB signaling, and directly com-
paring its involvement in EphA-regulated versus EphB-regulated
motor axon guidance to show a differential requirement of
ephexinl in different Eph pathways in vivo. This thus highlights
the importance of the LMC motor axon projection system as a
model of a simple axon guidance decision in which the role of
receptor signaling relay machinery can be investigated.
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