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Concentration-Dependent Requirement for Local Protein
Synthesis in Motor Neuron Subtype-Specific Response to
Axon Guidance Cues
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Formation of functional motor circuits relies on the ability of distinct spinal motor neuron subtypes to project their axons with high
precision to appropriate muscle targets. While guidance cues contributing to motor axon pathfinding have been identified, the intracel-
lular pathways underlying subtype-specific responses to these cues remain poorly understood. In particular, it remains controversial
whether responses to axon guidance cues depend on axonal protein synthesis. Using a growth cone collapse assay, we demonstrate that
mouse embryonic stem cell-derived spinal motor neurons (ES-MNs) respond to ephrin-A5, Sema3f, and Sema3a in a concentration-
dependent manner. Atlow doses, ES-MNs exhibit segmental or subtype-specific responses, while this selectivity is lost at higher concen-
trations. Response to high doses of semaphorins and to all doses of ephrin-A5 is protein synthesis independent. In contrast, using
microfluidic devices and stripe assays, we show that growth cone collapse and guidance at low concentrations of semaphorins rely on
local protein synthesis in the axonal compartment. Similar bimodal response to low and high concentrations of guidance cues is observed
in human ES-MNs, pointing to a general mechanism by which neurons increase their repertoire of responses to the limited set of guidance

cues involved in neural circuit formation.

Introduction

Function of the nervous system depends on the formation of
precise neural circuits. Specificity of neuronal connections is well
illustrated in the motor system, where individual axons emanat-
ing from hundreds of spinal motor neuron subtypes follow pre-
scribed trajectories to innervate defined muscle groups (Dasen
and Jessell, 2009). In vivo and in vitro studies established that two
families of repulsive guidance cues—secreted semaphorins and
ephrins—play a crucial role in motor axon navigation (see Fig.
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1A, B) (Bonanomi and Pfaff, 2010). However, limited access to
primary motor neurons prevented detailed molecular analysis of
intracellular pathways underlying subtype-specific responses of
motor axons to guidance cues.

In the past few years, pharmacological studies established that
axonal protein translation is a key component of axon guidance,
necessary for the attraction and repulsion of growth cones by
multiple guidance molecules (Jung and Holt, 2011). However,
these studies were recently challenged by a report concluding that
responses to guidance cues do not require local protein synthesis
(Roche et al., 2009). Several parameters might contribute to the
reported discrepancy. First, dissection of primary neurons from
embryos often leads to axon injury and to subsequent changes in
axonal mRNA transport and translation (Gumy et al., 2010).
Therefore, differential handling of tissue after dissection might
influence whether local protein synthesis is involved during axon
guidance. Second, different concentrations of guidance cues
might elicit qualitatively different growth cone collapse pro-
grams, only some of which might be dependent on local protein
synthesis (Li et al., 2004; Brown et al., 2009; Jaffrey, 2009).

Here we used an embryonic stem cell (ESC)-based system that
provides a virtually unlimited source of ESC-spinal motor neu-
rons (ES-MNs) (Wichterle et al., 2002; Peljto et al., 2010) to
examine motor neuron subtype specificity of axon guidance re-
sponses and its dependence on protein synthesis. Unlike primary
motor neurons, whose axons are often injured during dissection,
ES-MNss plated as embryoid bodies never undergo axotomy. Fur-
thermore, ESCs can be differentiated into distinct motor neuron
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Growth cone collapse assay as a tool to study the response of ES-MN axons to repulsive guidance cues. 4, B, Schematic representation of spinal motor neuron projections at brachial and

cervical/thoracic level of the spinal cord. LM, lateral subdivision of the LMC. Guidance cues and receptors previously implicated in motor neuron subtype-specific axon guidance are indicated. C, D,
Brachiothoracic (€) and cervical (D) ES-MNs show profuse axon outgrowth on laminin substrate. Scale bar, 80 um. E, Typical growth cones (arrowheads) observed at the tip of ES-MN axons (cervical).
Scale bar, 15 wm. F, Following exposure to ephrin-A5, growth cone collapse leading to the disappearance of filopodia and lamellipodia and the formation of a retraction bulb. Scale bar, 15 um. G,
Growth cones of brachiothoracic and cervical motor axons collapse efficiently when exposed to ephrin-A5 (n = 5). Two-way ANOVA with post hoc analysis, ***p << 0.001. n.s., No significance; GC,

growth cone. Error bar indicates SD.

subtypes, which, upon implantation in the developing chick neu-
ral tube, exhibit subtype-specific axon pathfinding comparable to
in vivo motor neurons (Peljto et al., 2010). In vitro generated
ES-MNs might thus represent a valuable and powerful tool for
systematic pharmacological and biochemical study of axon guid-
ance (Soundararajan et al., 2010). Here we demonstrate that in
vitro cultured ES-MNs, which were never exposed to the embry-
onic environment, acquire expected subtype-specific respon-
siveness to guidance cues. We show that these responses are
concentration dependent and that only the response to low con-
centrations of semaphorins is dependent on axonal protein syn-
thesis. Therefore, ES-MNs can serve as a pharmacologically and
biochemically accessible system to define motor neuron subtype-
specific signal transduction pathways activated in response to
varying concentrations of guidance cues.

Materials and Methods

Embryonic stem cell culture and differentiation. To generate cervical motor
neurons, differentiation of ESCs (HBG3 male ESC line) under retinoic
acid (RA) and Hedgehog agonist (Hh) conditions was performed as
previously described (Wichterle et al., 2002). Brachiothoracic motor
neurons were obtained by differentiation of ESC under conditions rely-
ing on endogenous sources of caudalizing and ventralizing (CV) signals
(CV differentiation) as described by Peljto et al. (2010). ESC-derived

human motor neurons were differentiated from the HuES-3-Hb9:GFP
ESC line (male ESC line) as described by Boulting et al. (2011).

Collapse assays. Six to seven embryoid bodies at day 6 of differentiation
were plated on polyornithine-coated (20 ug/ml, overnight at 37°C),
laminin-coated (5 pg/ml, 2 hat 37°C) coverslips in 50% ADMEM/F12, 50%
Neurobasal medium, supplemented with N2 (Invitrogen). After 16 h,
Sema3a-Fc, Sema3f-Fc, ephrin-A5-Fc, Bmp4 (R&D Systems), or RA
(Sigma) was applied in the culture medium. To block protein synthesis,
cycloheximide (10 um) was added 5 min prior to addition of the cues. To
block the interaction between Neuropilin-1 (Nrpl) and Sema3a, an anti-
Nrp1 antibody (AF 566, R&D Systems) was added 30 min prior to Sema3a
addition. Cells were fixed with a prewarmed (37°C) solution of 4% parafor-
maldehyde containing 10% sucrose. Coverslips were mounted, and the col-
lapse rate of GFP-positive axons was assessed using a 40X objective. Ninety
to 300 growth cones were counted per condition. To assess the specific col-
lapse rate of lateral motor column (LMC) axons, fixed embryoid bodies were
stained with rabbit anti-RALDH?2 antibody (Sockanathan and Jessell, 1998)
and a donkey anti-rabbit Cy3 (1/1500) secondary antibody (Jackson Immu-
noresearch). Human motor neurons were stained for GFP (rabbit anti-GFP,
Invitrogen) and F-actin (Phalloidin Alexa-594, Invitrogen). Collapse rate
was then assessed as mentioned above. A minimum of three independent
experiments were performed per condition. Percentages are means between
experiments. Error bars represent the SDs between replicates. Statistical
analysis were performed using one-way or two-way ANOVA followed by
post hoc analysis (SigmaPlot software).
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Collapse assays in microfluidic chambers. Mi-
crofluidic chambers (Shi et al., 2010) were assem-
bled on glass coverslips. Glass was coated
sequentially with polyornithine (20 ug/ml, 1 h at
37°C) and laminin (7 pg/ml, 2 h at 37°C). Em-
bryoid bodies differentiated into motor neurons
were placed in the cell body compartment of the
chamber and cultured for 24 h in 50% ADMEM/
F12, 50% Neurobasal, supplemented with B27
(Invitrogen). To provide optimal trophic sup-
port for motor neurons without interfering with
the response to guidance cues, the medium on
the cell body side of the chamber is supplemented
with growth factors (final concentration: GDNF
5 ng/ml, BDNF 5 ng/ml, hepatocyte growth fac-
tor (HGF) 5 ng/ml, CNTF 5 ng/ml; R&D Sys-
tems). Twenty minutes before the addition of
Sema3a or Sema3f, 10 pum cycloheximide or
DMSO is added on the axon side of the chamber.

O | Hb9-GFP Foxpl RADLH2
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Microfluidic chambers and micropatterning.
Stripe assays in microfluidic chambers were
performed as described by Shi et al. (2010).
Briefly, Protein A stripes are patterned on glass
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idic chambers were applied on the coverslip,
aligned with the stripes. A 3% fetal bovine se-
rum/3% BSA solution containing 10 ug/ml
Sema3f-Fc in PBS was applied to the Protein-A
stripes for 30 min then washed thoroughly with
PBS. Coverslips were then coated with polyor-
nithine and laminin as described above. Cul-
tures of ES-MNs are performed as described
above. Sixteen hours after plating of the cells,
10 uMm cycloheximide (Wichterle et al., 2002;
Peljto et al., 2010) or DMSO is added in the
axon compartment, and neurons are cultured
for additional 8 h before being fixed and pro-
cessed for imaging.

Quantification of stripe assays. GFP intensity
was measured in abutting windows of equivalent size, one covering the
Sema3fstripe and another one in the adjacent laminin stripe. The ratio of
the two signals determines the “guidance” index. For each condition, 8
stripes in two independent chambers have been analyzed (16 stripes per
conditions). Statistical analyses were performed using the # test.

Fluorescent in situ hybridization and immunohistochemistry on dissoci-
ated ES-MN . Dissociated ES-MNs were plated on glass coverslips (5000
cells/em?) and cultured overnight. Cells were fixed with 4% paraformal-
dehyde for 15 min at room temperature, washed three times with PBS,
and processed for immunostaining or in situ hybridization (ISH). ISH
was performed as described by Batish et al. (2011). Briefly, 48 individual
TAMRA single-labeled 20 mer oligonucleotides complementary to
mouse Slit2 and the B-actin mRNA sequence were designed as described
by Raj etal. (2008) and were obtained from Biosearch Technologies. Cells
were then processed for ISH.

For the detection of P ribosomal proteins and eIF4E, fixed cells were
incubated with a human autoantibody against PO, P1, and P3 ribosomal
proteins (generous gift of Dr. Morris Reichlin, University of Oklahoma,
Oklahoma City, OK), a rabbit anti-eIF4E antibody (Ab 9742, Cell Signaling
Technology) at 4°C overnight. Cy3 goat anti-human IgG or anti-rabbit sec-
ondary antibodies (Jackson Immunoresearch) were used to visualize the
immunostaining.

Quantification of phospho-4EBP]I following exposure to guidance cues.
Three to four minutes after addition of the guidance cues in the culture
medium, the cells were fixed and processed for immunostaining as de-
scribed above with a rabbit anti-P-4EBP1 (Ab 2855, Cell Signaling Tech-
nology). The intensity of the P-4EBP1 signal was measured in 20 growth
cones (10 growth cones per experiment in two independent experi-
ments) and normalized to the GFP signal. Statistical analyses were per-
formed using one-way ANOVA on ranks.

Figure 2.
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ESC-derived LMC motor neurons [(Foxp1 *; Hb9 ), arrow] and not by other motor neuron subtypes [(Foxp1 ~; Hb9
head]. Scale bar, 10 wm. B, Immunostaining on mouse embryo section (E12.5) for RALDH2 (red) shows that the enzyme specifi-
cally labels LMC axons projecting toward the forelimb but is not present in other motor branches. SC: Spinal cord; Limb Br.: limb
axonal branch (LMCaxons); Axial Br.: axial axonal branch. Scale bar, 100 m. ¢, RALDH2 is observed in a subset of axons growing
from ESC-derived brachiothoracic motor neurons plated on laminin substrate. Scale bar: 15 um. D, ephrin-A5 at 50 ng/mlinduces
preferentially the collapse of non-LMC motor axons (HB9-GFP */RALDH2 ~ axons) compared with LMC axons (HB9-GFP */
RALDH2 * axons) (n = 3), while 300 ng/ml leads to similar collapse of both populations. GC, Growth cone. Scale bar, 15 um. E,
Dose response of brachiothoracic ES-MNs to ephrin-A5 in absence or presence of cycloheximide (CHX). All significantly active
concentrations of ephrin-A5 (starting at 30 ng/ml; n = 3) induce collapse in a protein synthesis-independent manner. Two-way
ANOVA. n.s., No significance. Error bar indicates SD.
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Results

ES-MN axons respond to biologically relevant guidance cues
The formation of precise neuronal connections relies on the dif-
ferential interpretation of guidance cues by related groups of neu-
rons innervating distinct targets. ESCs can be differentiated into
subtypes of motor neurons appropriately innervating their ex-
pected targets in vivo (Yohn et al., 2008; Peljto et al., 2010).
RA/Hh treatment generates primarily cervical motor neurons of
median motor column (MMC) and hypaxial motor column (HMC)
identities (Fig. 1 A, B) (Wichterle et al., 2002). Differentiation under
CV condition generates more posterior brachiothoracic motor neu-
rons, including limb-innervating LMC ES-MNs (Fig. 1 A, B) (Peljto
etal., 2010).

We took advantage of ES-MN subtype diversity to determine
whether in vitro generated neurons acquire the ability to respond
to guidance cues independent of transplantation into the embry-
onic spinal cord. Growth cone collapse assay is a simple and
quantitative method to assess cervical and brachiothoracic
ES-MN responses to guidance molecules. On day 5-6 of differ-
entiation (equivalent of mouse E9.5-E10.5), ES-MNs undergo a
period of active axon outgrowth when plated on permissive sub-
strate (Fig. 1C,D). Motor axons exhibit well elaborated growth
cones (Fig. 1 E) that can be specifically identified by the expres-
sion of GFP under the control of the motor neuron-specific Hb9
promoter (Wichterle et al., 2002). First, we determined by time-
lapse microscopy the kinetics of the ES-MN response to ephrin-
A5, a chemorepulsive cue previously implicated in the guidance
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ES-MNs). Scale bars, 20 um.

of motor axons in vivo and shown to induce motor neuron
growth cone collapse in vitro (Ohta et al., 1997; Eberhart et al.,
2000; Helmbacher et al., 2000; Kania et al., 2000; Marquardt et al.,
2005; Gallarda et al., 2008; Kao and Kania, 2011). At 300 ng/ml
ephrin-A5, a concentration of ephrin-A used in previous studies
(Marquardt et al., 2005; Gallarda et al., 2008), we observed that
nearly all ES-MN growth cones collapsed and axon shafts re-
tracted in 15-20 min (data not shown) (Fig. 1 F). Ephrin-A5 (300
ng/ml) induces a strong collapse response of both cervical and
brachiothoracic ES-MN growth cones (84.1% and 79.4%, respec-
tively; p < 0.001) (Fig. 1G). Based on these observations, we
concluded that a 20 min growth cone collapse assay can be used to

Axons of ES-MNs contain components of the translation machinery and 3-actin mRNA. Immunocytochemistry
revealed the presence of ribosomal P proteins and the translation initiation factor elF4E in ESC-derived motor neuron axons (4,4’,
B, B, cervical ES-MNs; C, brachiothoracic ES-MNs). Many motor axons also contain 3-actin mRNA, as revealed by in situ hybrid-
ization with a mixture of TAMRA-labeled oligo-probes, while S/iz2 mRNA is observed in cell bodies but not in axons (D, E, cervical
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assess the responsiveness of cervical or
brachiothoracic ES-MNs to relevant guid-
ance cues.

Subtype-specific response of ES-MNs

to ephrin-A5

Are ES-MNs correctly programmed and
able to respond to guidance cues accord-
ing to their subtype identity? Close to 40%
of brachiothoracic ES-MNs are limb-
innervating LMC motor neurons. The
vast majority of these acquire the molecu-
lar identity of medial LMC (LMCm) motor
neurons, predicted to project their axons to
the ephrin-As-rich ventral limb (Fig. 1B)
(Eberhart et al., 2000; Kania and Jessell,
2003; Peljto et al., 2010). LMCm ES-MNs
should be largely resistant to ephrin-A5-
induced collapse, while non-LMC neurons
should be responsive (Kania et al., 2000;
Marquardt et al., 2005; Gallarda et al., 2008;
Kao and Kania, 2011).

To examine subtype-specific guidance,
we first developed methods to distinguish
LMC and non-LMC motor axons. We ob-
served that while LMC marker Foxpl
marks only nuclei of neurons (Fig. 2A),
RALDH?2 is coexpressed with Foxpl in
LMC ES-MNs and can be traced to distal
axons in vivo (Fig. 2 B) (Sockanathan and
Jessell, 1998) and in vitro (Fig. 2C). There-
fore, RALDH2 staining provides a reliable
way to distinguish between LMC and
non-LMC growth cones.

At the ephrin-A5 concentration pre-
viously used to induce growth cone col-
lapse (300 ng/ml), we did not detect a
differential response between LMC and
non-LMC axons (Fig. 2 D). We reasoned
that a subtype-specific response might
be revealed only at lower concentrations
of guidance cues as demonstrated for
retinal ganglion cells (RGCs) (Petros et
al., 2010). We thus exposed brachiotho-
racic neurons to different concentrations of
ephrin-As and determined their dose—re-
sponse curve (Fig. 2D, E). At a submaxi-
mal dose of ephrin-A5 (50 ng/ml), we
observed preferential collapse of non-
LMC axons (73.4% of non-RADLH?2 ax-
ons; p < 0.001), while LMC axons
collapsed at a significantly lower rate (52.8% of RADLH2 * ax-
ons; p < 0.05) (Fig. 2D).

These observations demonstrate that Ephrin-A5 induces a
subtype-specific collapse response of ES-MN axons, but that
this specificity is eroded at high concentrations of the guid-
ance cue.

Ephrin-A5-dependent collapse is protein synthesis
independent

Provided that ES-MNs can be used to study specific responses to
guidance molecules, we decided to interrogate intracellular path-
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Figure 4.  Concentration-dependent and subtype-specific requirement for local protein synthesis during growth cone collapse in response to semaphorins. 4, A Sema3a concentration of 300
ng/ml induces a strong collapse of brachiothoracic ES-MN growth cones, while cervical ES-MN growth cones remain largely insensitive (n = 4). At a Sema3a concentration of 900 ng/ml, both
populations respond equally well (n = 4; two-way ANOVA with post hoc analysis). Error bar indicates SD. B, Translation inhibitor cycloheximide significantly decreases the collapse response of
brachiothoracic motor axons at 100 and 300 ng/ml Sema3a (n = 4) but not at 900 ng/ml (n = 4; two-way ANOVA with post hoc analysis). Error bar indicates SD. C, ES-MN growth cones can adapt
to a high concentration of Sema3a. At 900 ng/ml Sema3a, the rate of collapsed growth cone is back to control (CTR) level after 3 h (t test vs CTR). D-G’, 4EBP-1 staining in brachiothoracic (Brach.)
and cervical (Cerv.) ES-MN growth cones upon addition of Sema3a at low (300 ng/ml) or high concentration (900 ng/ml). Scale bar, 10 m. H, Relative fluorescence of 4EBP-1 (normalized to GFP)
in cervical or brachial ES-MN growth cones upon Sema3a or Sema3f at low (300 ng/ml) or high concentration (900 ng/ml) (one-way ANOVA on ranks). Error bar indicates SEM. I, Cycloheximide does
not affect the collapse response of cervical motor axons at 900 ng/ml Sema3a (n = 4). J, Cycloheximide significantly decreases the collapse response of cervical motor axons at 100 and 300 ng/ml
Sema3f but not at 900 ng/ml (n = 4). Error bar indicates SD. *p << 0.05, **p << 0.01, ***p < 0.001. n.s., No significance; CHX, cycloheximide.

ways important for axon pathfinding by focusing initially on the In addition, we confirmed the presence of axonally trans-

controversial role of local protein synthesis (Roche et al., 2009).
First, we examined whether components of the translational ma-
chinery are present in ES-MNs. We detected immunoreactivity
for P ribosomal proteins (Fig. 3A) and the translation initiation
factor eIF4E (Fig. 3B, C) in cervical and brachiothoracic motor
axons and growth cones in both RALDH2-positive and -negative
axons.

ported B-actin mRNA (Bassell et al., 1998) in a subset of cervical
and brachiothoracic motor axons (Fig. 3D; data not shown)
(Rossoll et al., 2003), while Slit2 mRNA (Fig. 3E) is not detected
in the axonal compartment of these neurons. Thus, ESC-derived
motor axons contain key components of the translational ma-
chinery, suggesting that growth cone responses to guidance cues
might engage this system.
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To examine the role of protein synthesis in ephrin-A-
mediated axon collapse, we performed collapse assays on motor
axons pretreated with protein synthesis inhibitor cycloheximide
(10 uM) 5 min before the addition of ephrin-A5. We observed
that neither the high concentration of ephrin-A5 that collapsed
the majority of growth cones nor the low concentration that elic-
ited subtype-specific collapse depended on protein synthesis (Fig.
2E). In conclusion, ephrin-A5-induced motor neuron growth
cone collapse does not appear to require newly synthesized
proteins.

Concentration-dependent response of cervical and
brachiothoracic ES-MNs to Sema3a

To determine whether ES-MN collapse is generally protein syn-
thesis independent, we investigated motor axon behavior upon
application of secreted semaphorins. Sema3a and Sema3f control
motor axon fasciculation and guidance in vivo and in vitro (Fig
1A, B) (Cohen et al., 2005; Huber et al., 2005; Moret et al., 2007;
Haupt and Huber, 2008; Haupt et al., 2010; Huettl et al., 2011)
and the dependence of Sema3a response on local protein synthe-
sis has been extensively documented (Campbell and Holt, 2001;
Li et al., 2004, 2009; Piper et al., 2005; Wu et al., 2005).

The dose response of cervical and brachiothoracic ES-MNs to
Sema3a revealed that, while both subtypes respond to a high
concentration (900 ng/ml) of Sema3a, brachiothoracic ES-MNs
were significantly more sensitive to Sema3a at 300 ng/ml (68.2%
brachiothoracic vs 42.3% cervical, p < 0.01) (Fig. 4A). We exam-
ined whether this differential response was due to an increased
sensitivity of limb-innervating motor neurons to Sema3a. We
exposed brachiothoracic ES-MNs to 300 ng/ml Sema3a and de-
termined the collapse rate of RALDH2 " (LMC) and RALDH2 ~
axons. Interestingly, both populations of axons responded
equally well (data not shown), suggesting that the higher sensi-
tivity of limb level brachial ES-MNs to Sema3a represents a seg-
mental difference between cervical and brachial motor neurons.
A similar segmental difference in Sema3a responsiveness has
been reported previously between primary lumbar and thoracic
motor neurons (Cohen et al., 2005).

Protein synthesis-dependent and -independent collapse in
response to Sema3a

Having established the dose response of ES-MNs to Sema3a, we
tested its dependence on protein synthesis. Inhibition of protein
synthesis had little effect on the collapse of brachiothoracic motor
neuron growth cones under the high (900 ng/ml) concentration
of Sema3a but significantly attenuated the collapse in response to
lower concentrations (at 300 ng/ml: 73.4% vs 56.7%, p << 0.01; at
100 ng/ml: 68.2% vs 48.4%, p < 0.001) (Fig. 4 B). These observa-
tions indicate that the synthesis of new proteins is required for
growth cone collapse at alow concentration of Sema3a. However,
a high concentration of Sema3a appears to activate a qualitatively
distinct signal transduction pathway that does not rely on protein
synthesis. We were however concerned that the high Sema3a con-
centration might trigger nonphysiological growth cone collapse
due to its potential toxicity. We therefore examined whether
long-term exposure of motor axons to 900 ng/ml Sema3a will
result in irreversible growth cone collapse, axon retraction, or
even death of spinal motor neurons. Not only that we did not
observe a significant loss of motor neurons after 16 h of treatment
with high Sema3a concentration (data not shown), but within 3 h
many axons became desensitized, recovered, and elaborated
growth cones to a degree comparable to control cultures (Fig.
4C). Furthermore, preincubation of motor neurons with an Nrp1
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Figure 5.  Bimodal response of human ES-MNs to Sema3a. A, Human ESC-derived motor
neurons (Hb9-GFP) differentiated upon RA and Hh treatment acquire LMC (GFP + Foxp1 *
arrows) and non-LMC identities (GFP+). B, Human ES-MNs grown on laminin demonstrate
elaborated growth cones with F-actin-rich filopodia (phalloidin staining in red). ¢, Human
ES-MNs are responsive to Sema3a. Growth cone collapse in response to 300 ng/ml Sema3a is
protein synthesis dependent (significantly attenuated by cycloheximide; n = 2), while re-
sponse to 900 ng/ml is protein synthesis independent (two-way ANOVA with post hoc analysis,
*p < 0.05, **p < 0.01, ***p < 0.001). n.s., No significance; CHX, cycloheximide. Error bar
indicates SD. Scale bars, 10 em.

blocking antibody fully abolished the collapse response to high
Sema3a (data not shown). Together, these results indicate that
growth cone collapse in response to a high concentration of
Sema3a is not due to overall toxicity. Instead, low and high con-
centrations are engaging different signaling pathways to induce
growth cone collapse of brachiothoracic motor neurons.

Cervical ES-MNss lack protein synthesis-dependent response
to low Sema3a

Lower sensitivity of cervical ES-MNs to Sema3a might be due to
the absence of the protein synthesis-dependent pathway neces-
sary to transmit low Sema3a signal. Alternatively, both pathways
might be still present but due to lower responsiveness, cervical
ES-MNs might require higher concentration of Sema3a to re-
spond in a protein synthesis-dependent manner. To distinguish
these two scenarios, we first determined whether low Sema3a
concentration can activate the translation machinery in ES-MN
axons. A key step in translation activation is the phosphorylation
of 4E-BP1, which disrupts the interaction between 4E-BP1 and
the cap binding protein eIF4E. Axonal phosphorylation of 4E-BP1
increases upon exposure to guidance cues in protein synthesis-
dependent guidance events (Campbell and Holt, 2001). Brachial and
cervical ES-MNs were thus exposed to low Sema3a concentration,
fixed, and stained for P-4EBP1. A low concentration of Sema3a in-
creased phospho-4E-BP1 (P-4E-BP1) compared to control (0.21 *
0.023 vs 0.36 = 0.06, p < 0.05) (Fig. 4E,H) in brachial but not
cervical motor neurons (0.24 = 0.02) (Fig. 5F,H). Application of a
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Axonal protein synthesis is required for semaphorin-mediated collapse and guidance. 4, Graphic representation of a microfluidic chamber. Differentiated embryoid bodies are plated

in one compartment of the chamber. Axons grow through microchannels and enter the “axonal compartment” (see also Shi et al., 2010). B, Sema3a-induced collapse of brachiothoracic (Brach.)
motor axons and Sema3f-induced collapse of cervical (Cerv.) motor axons are attenuated when cycloheximide (CHX) is applied to the axonal compartment of the microfluidic chamber. (-D’,
Micropatterned Sema3fsstripes (red) are avoided by cervical motor axons (€, '), but treatment of axons with cycloheximide attenuates Sema3f avoidance (D, D"). Scale bars, 40 um. E, The repulsion
index is calculated as a ratio of GFP intensity in two adjacent regions of interest of identical size, one covering the laminin stripe (C, solid yellow line), and the second covering the Sema3f stripe (C,
dashed yellow line). The repulsion mediated by Sema3f (index 1.53) is significantly (t test, p < 0.001) attenuated by cycloheximide treatment (index 1.088) (n = 16 stripes/condition).

high concentration of Sema3a (900 ng/ml) on cervical ES-MNs
tends to increase P-4E-BP1, but the difference with the control con-
dition was not significant mostly due to a greater variability in
P-4EBP-1 between growth cones (Fig. 4G,H ). This observation sug-
gests that cervical ES-MNs do not significantly activate local protein
synthesis in response to Sema3a.

We then examined whether local protein synthesis is required for the
collapse response of cervical motor axons to the higher doses of Sema3a.
We observed that treatment of cultures with cycloheximide did not sig-
nificantly attenuate growth cone collapse elicited by 900 ng/ml Sema3a
(Fig. 41). Therefore, despite a tendency to stimulate translation, high
Sema3a recruits a signaling pathway downstream of Nrp1, which causes
growth cone collapse independently of the synthesis of new proteins.

Sema3f elicits protein synthesis-dependent growth

cone collapse

In contrast to Sema3a, both cervical and brachiothoracic motor
neurons exhibit similar sensitivity to Sema3f treatment (data not

shown). We took advantage of this response to examine whether
the absence of protein synthesis-dependent signaling guidance
pathway atlow semaphorin concentration is a general property of
cervical motor neurons. In contrast to Sema3a, Sema3f increased
P-4EBP-1 in cervical ES-MN growth cones (Fig. 4H). In addi-
tion, we observed that the collapse of cervical motor axon in-
duced by Sema3f at low and medium concentrations is protein
synthesis dependent (attenuated by cycloheximide; p < 0.001)
but becomes insensitive to cycloheximide treatment under higher
concentrations, mimicking the effects of Sema3a on brachiothoracic
motor neurons (Fig. 4]). Thus, cervical motor neurons are capable
of engaging the protein synthesis pathway in response to low con-
centrations of guidance cue, but selectively lack the high-affinity sig-
nal transduction cascade linking low concentrations of Sema3a to
the protein translation machinery. Therefore low and high concen-
trations of Sema3a and Sema3f engage two distinct (protein
synthesis-dependent and -independent) signal transduction path-
ways, both leading to growth cone collapse.



Nédelec et al.  ES-MNs Response to Axon Guidance Cues

J. Neurosci., January 25,2012 - 32(4):1496 -1506 * 1503

Cervical MN axons

Brachio thoracic MN axons

cones to Sema3f (Fig. 6B). Therefore,
axonal protein synthesis is required for

Sema3f Sema3a g .. Sema3f Sema3a growth cone collapse.
[High]  [Highl [ o0 [Highy [High] ~Sema3a Growth cone collapse assay is a simpli-
I SEMASE I [Low]  sema3f fied method to examine responses of
: ? lowl g [Low] neurons to guidance cues. To determine

\l/x?/ \1/

whether local protein synthesis might be
important for a more natural form of
axon pathfinding, we combined the mi-

\

prot. synthesis prot. synthesis
independent collapse| dependent collapse

prot. synthesis

independent collapse

crofluidic system with stripe assays. To
quantify the response of axons to pat-

prot. synthesis
dependent collapse

Figure 7.

protein synthesis pathway. prot., Protein.

Concentration-dependent pathways are conserved in human
motor neurons

The protein synthesis requirement for guidance cue response has
been demonstrated in several species including Xenopus, mouse,
and rat (Campbell and Holt, 2001; Li et al., 2004; Wu et al., 2005).
The ES-MN system provides a unique opportunity to study axon
guidance of human motor neurons, which are otherwise inacces-
sible to experimentation. Human ES-MNs derived under the
RA/Hh condition (Li et al., 2005; Boulting et al., 2011) contain a
sizable population of Foxpl LMC neurons, resembling the com-
position of mouse brachiothoracic ES-MNs (Fig. 5A4) (Patani et
al., 2011). When plated on a laminin substrate, human ES-MNs
extend axons terminated by well elaborated growth cones (Fig.
5B). The growth cone collapse assay revealed that human ES-
MNs respond to both low (300 ng/ml; p < 0.001) and high (900
ng/ml; p < 0.001) concentrations of Sema3a, and that only the
response to a low concentration of Sema3a is attenuated by the
protein synthesis inhibitor cycloheximide (62.7% vs 43.6%, p <
0.01) (Fig. 6C).

Together, these results demonstrate that response to guidance
cues as well as signaling pathways can be studied in human motor
neurons, and that concentration-dependent protein synthesis-
mediated collapse is a conserved mechanism for motor axon
guidance.

Motor neuron response to Sema3a and Sema3f requires local
protein synthesis in axons

Several studies have provided strong evidence that protein syn-
thesis recruited during the response to guidance cues is executed
locally within distal axons or growth cones (Campbell and Holt,
2001; Ming et al., 2002; Wu et al., 2005; Hengst et al., 2009). The
in vitro system offered an opportunity to determine whether the
relatively rapid (20 min) collapse of growth cones in response to
semaphorins depends on local protein synthesis in motor axons.
We used microfluidic chambers in which distal segments
(>250 wm from cell body) of mouse ES-MN axons and
growth cones can be biochemically isolated from cell bodies
(Shi et al., 2010). We observed that application of cyclohexi-
mide to the axonal compartment significantly attenuated the
collapse of brachiothoracic growth cones to low concentra-
tions of Sema3a as well as the response of cervical growth

Subtype-dependent bimodal response to semaphorins is distinguished by protein synthesis requirement. Protein
synthesis-dependent and -independent pathways are activated by different concentrations of Sema3f in both cervical and bra-
chiothoracic motor neurons. In contrast, the low protein synthesis-dependent Sema3a pathway is observed only in brachiothoracic
motor neurons, while both populations of neurons are responsive to high Sema3a (in a protein synthesis-independent manner).
The cervical motor neurons appear to lack the receptors or the components of the transduction cascade linking low concentration
of Sema3a to the protein translation machinery. Collapse induced by ephrin-As at all tested concentrations is independent of the

terned stripes, we calculated a guidance
index as a ratio of motor axons growing
on laminin and on an adjacent pat-
terned stripe. When ES-MNs are cul-
tured on stripes made of control Fc
proteins, the guidance index is close to 1
(0.98 *= 0.09; data not shown), indicat-
ing that axons exhibit little pathfinding
preference. In contrast, ES-MN axons ex-
hibit strong repulsion to micropatterned
Sema3f (guidance index 1.53 = 0.31) (Fig.
6C,E). Interestingly, when axonal compartment is treated with
cycloheximide, ES-MN axons lose their sensitivity to Sema3fand
the guidance index is significantly decreased to 1.088 = 0.2 (p <
0.001) (Fig. 6 D,E). These results suggest that even the contact
guidance of motor axons along semaphorin territories relies on
local protein synthesis-dependent pathway.

Discussion

In this study, we established ES-MNs as a robust and convenient
system to model and study motor axon subtype-specific re-
sponses and axon guidance mechanisms. We demonstrate the
following: (1) in vitro cultured ES-MNs acquire competence to
respond to developmentally relevant guidance cues; (2) the re-
sponses are motor neuron subtype specific; (3) the subtype-
specific responses depend on the concentration of guidance cues;
and (4) responses to low and high concentrations of semaphorins
rely on qualitatively distinct intracellular processes (Fig. 7). Thus,
ES-MNss can be used for pharmacological and biochemical anal-
ysis of molecular mechanisms engaged in subtype-specific axon
guidance.

ES-MN:ss as a tool to study motor axon guidance

Several lines of evidence support our conclusion that ES-MNs
acquire axon guidance properties and specificity analogous to in
vivo motor neurons. Using growth cone collapse assay, we estab-
lished that ES-MNs possess a differential sensitivity to guidance
cues according to their columnar identity. Among the subtypes of
ES-MNs generated at brachiothoracic level, non-LMC motor
neurons respond more efficiently to ephrin-A5 compared with
LMC neurons. This is consistent with the observation that the
majority of LMC neurons generated under this condition are of
the LMCm divisional subtype that is guided by type B but not
type A ephrins in vivo (Luria et al., 2008; Peljto et al., 2010).
Furthermore, we determined that brachiothoracic ES-MNs are
more sensitive to Sema3a compared with cervical ES-MNs. Co-
hen et al. (2005) observed that primary lumbar motor neurons
are more sensitive to Sema3a than thoracic ones. These results
raise the possibility that higher sensitivity to Sema3a is a general
property of limb-level motor neurons. Indeed, Sema3a has been
implicated in the controlled ingrowth of motor axons into the
developing limb territory in vivo (Huber et al., 2005). Together,
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these results demonstrate that in vitro generated motor neurons
acquire receptors and signal transduction machinery necessary
for differential responsiveness to guidance cues with well de-
fined roles in motor axon pathfinding in vivo (Eberhart et al.,
2000; Helmbacher et al., 2000; Kania et al., 2000; Huber et al.,
2005; Marquardt et al., 2005; Gallarda et al., 2008; Haupt et
al., 2010; Huettl et al., 2011; Kao and Kania, 2011; Wang et al.,
2011). Finally, derivation of human motor neurons from em-
bryonic or induced pluripotent stem cells (Li et al., 2005; Di-
mos et al., 2008; Boulting et al., 2011), provides the first robust
platform to study axon guidance preference of human motor
neurons. Understanding the molecular mechanisms underly-
ing human motor system wiring might prove invaluable for
the development of effective cell replacement therapies for
motor neuron diseases.

Local protein synthesis-dependent and -independent
responses to guidance cues

Local protein synthesis has been shown to be necessary for
growth cone response to attractive and repulsive cues (including
netrin-1, Sema3a, Slit2, Bdnf, Ngf, En-2, ephrin-As, PACAP) in
DRGs, RGCs, hippocampal neurons, and sympathetic neurons
(Campbell and Holt, 2001; Ming et al., 2002; Guirland et al.,
2003; Li et al., 2004, 2009; Brunet et al., 2005; Wu et al., 2005;
Piper et al., 2006; Willis et al., 2007; Cox et al., 2008; Hengst et
al., 2009; Wizenmann et al., 2009; Andreassi et al., 2010).
Roche et al. (2009) recently challenged this notion by demon-
strating that Sema3a, ephrin-A2, Slit3, and Semaé6a can induce
collapse of DRG, retinal, or sympathetic neuron growth cones
in the presence of translation inhibitors (Roche et al., 2009).
We therefore performed a detailed analysis of ES-MN growth
cone collapse responses and found that, while protein synthe-
sis is dispensable for ephrin-A5-triggered growth cone col-
lapse (Mann et al., 2003; Roche et al., 2009; Nie et al., 2010),
low concentrations of Sema3f and Sema3a induce a local pro-
tein synthesis-dependent collapse.

Importantly, our study revealed that the requirement for
protein synthesis is strictly dependent on the concentration of
guidance cue tested. At higher concentrations of Sema3a or
Sema3f (900 ng/ml), the triggered growth cone collapse is
protein synthesis independent. In their study, Roche et al.
(2009) tested the responses to Sema3a at a single relatively
high concentration (500 ng/ml). Thus, our findings might
provide a rational explanation for the reported lack of protein
synthesis dependence in Sema3a-mediated growth cone col-
lapse. In summary, our study reveals that molecular mecha-
nisms engaged during growth cone collapse depend on the
following three important factors: the type of guidance cue, its
concentration, and the precise subtype of examined neurons.
Furthermore, our observation that ES-MNs, when plated as
embryoid bodies (i.e., with intact, uninjured axons), show a
protein synthesis response to guidance cues rules out the pos-
sibility that only regenerating axons require local protein syn-
thesis to respond to extracellular stimuli.

Bimodal response of motor axons to guidance cues

We found that low concentrations and high concentrations of
semaphorins induce qualitatively distinct signaling pathways in
responding growth cones (Fig. 7). The induction of different sig-
naling pathways depending on cue concentration has been pre-
viously demonstrated in other systems but was not reported for
axon guidance molecules. For example Wnt3A induces Wnt ca-
nonical and noncanonical pathways in primary human articular
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chondrocytes, depending on its concentrations (Nalesso et al.,
2011). Similarly, low and high EGF concentrations regulate dis-
tinct cellular outputs through the induction of different signaling
cascades downstream of EGF receptor in breast cancer cells and
mammary epithelial cells (Sigismund et al., 2008; Krall et al.,
2011). The ability of growth cones to differentially interpret low
and high concentrations of guidance cues might be critical for
proper axon pathfinding in a complex embryonic environment.
Axon guidance is a highly dynamic process during which growth
cones constantly adjust their responsiveness to attractive or re-
pulsive signals. This ensures that axons maintain optimal sensi-
tivity to local changes in guidance cue concentration. We found
that at a low concentration of cues ES-MNs respond in a
subtype-selective manner but that this specificity is eroded at
higher concentrations. We can speculate that high levels of
cues might be encountered by growth cones that veered off
their normal path into nonpermissive territory. General growth
cone collapse response under such circumstances might be
primarily responsible for motor axon fasciculation and re-
stricted growth along defined nerve trajectories. Indeed,
defects in fasciculation are prominent features of Nrpl- or
Nrp2-null mice and affect most motor nerves regardless of
motor neuron subtype identity (Huber et al., 2005). In con-
trast, the low concentration response might be necessary for
the discrimination of subtle differences in the guidance cue
levels at branchpoints and therefore might be critical for the
ultimate subtype-specific axon navigation to correct synaptic
targets. The existence of a bimodal response to guidance cues
might be a general property of all nerve cells. In agreement,
(R. P. C. Manns, G. M. W. Cook, C. E. Holt, and R. J. Keynes,
personal communication) have determined that exposure of DRG
growth cones to a low concentration of Sema3a activates a nitric
oxide synthase and mammalian target of rapamycin (mTOR)/
protein synthesis-dependent pathway, while a higher Sema3a
concentration induces a GSK-33 (glycogen synthase kinase-33)-
dependent/protein synthesis-independent pathway.

Overall, these results suggest that activation of discrete
pathways by low and high concentrations of guidance cues
might increase the diversity of possible responses of axons to
the arguably limited number of guidance cues involved in the
wiring of the nervous system (Kolodkin and Tessier-Lavigne,
2011). Finally, repulsive or inhibitory signals contribute to the
limited regenerative capacity of the adult nervous system
(Giger et al., 2010). If a similar bimodal response system is
active in injured axons, it might be necessary to develop com-
binatorial strategies to overcome the repulsive environment of
the adult nervous system and to promote more effective re-
generation and recovery.
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