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Abstract

Background: In developing neurons, somal migration and initiation of axon outgrowth often occur simultaneously and
are regulated in part by similar classes of molecules. When neurons reach their final destinations, however, somal
translocation and axon extension are uncoupled. Insights into the mechanisms underlying this process of disengagement
came from our study of the behaviour of embryonic spinal motor neurons following ablation of boundary cap cells. These
are neural crest derivatives that transiently reside at motor exit points, central nervous system (CNS):peripheral nervous
system (PNS) interfaces where motor axons leave the CNS. In the absence of boundary cap cells, motor neuron cell
bodies migrate along their axons into the periphery, suggesting that repellent signals from boundary cap cells regulate
the selective gating of somal migration and axon outgrowth at the motor exit point. Here we used RNA interference in
the chick embryo together with analysis of null mutant mice to identify possible boundary cap cell ligands, their receptors
on motor neurons and cytoplasmic signalling molecules that control this process.

Results: We demonstrate that targeted knock down in motor neurons of Neuropilin-2 (Npn-2), a high affinity receptor
for class 3 semaphorins, causes their somata to migrate to ectopic positions in ventral nerve roots. This finding was
corroborated in Npn-2 null mice, in which we identified motor neuron cell bodies in ectopic positions in the PNS. Our
RNA interference studies further revealed a role for Plexin-A2, but not Plexin-Al or Plexin-A4. We show that chick and
mouse boundary cap cells express Sema3B and 3G, secreted semaphorins, and Sema6A, a transmembrane semaphorin.
However, no increased numbers of ectopic motor neurons are found in Sema3B null mouse embryos. In contrast,
SemabA null mice display an ectopic motor neuron phenotype. Finally, knockdown of MICAL3, a downstream
semaphorin/Plexin-A signalling molecule, in chick motor neurons led to their ectopic positioning in the PNS.

Conclusion: We conclude that semaphorin-mediated repellent interactions between boundary cap cells and immature
spinal motor neurons regulates somal positioning by countering the drag exerted on motor neuron cell bodies by their
axons as they emerge from the CNS at motor exit points. Our data support a model in which BC cell semaphorins signal
through Npn-2 and/or Plexin-A2 receptors on motor neurons via a cytoplasmic effector, MICAL3, to trigger cytoskeletal
reorganisation. This leads to the disengagement of somal migration from axon extension and the confinement of motor
neuron cell bodies to the spinal cord.
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Background

The migration of neurons is a key process in the develop-
ment of the nervous system since sites of neurogenesis are
often separated by long distances from final destinations.
Neuron migration is complex, requiring synchronisation
of multiple stepwise processes that differ in important
respects from other types of migrating cells. In non-neuro-
nal cells, nucleokinesis or somal translocation is tightly
coupled to that of the exploratory lamellopodia. Neuron
migration, in contrast, is initiated independently of the
cell soma by the extension of long processes preceded by
an exploratory growth cone [1]. Somal translocation
occurs only after the leading process becomes consoli-
dated by sustained movement in one direction [2-4]. On
reaching its destination, the cell body stops and somal
migration and axonal extension become irreversibly dis-
engaged by unknown mechanisms. Since the guidance of
migrating neurons appears to be regulated by cues similar
to those that govern the guidance of axons, how do these
mechanisms become uncoupled within individual post-
migratory neurons? For example, motor neuron subtypes
arise from a common source of ventricular zone progeni-
tors that migrate into the ventral neural tube where they
are initially intermingled. Later, however, motor neurons
with similar muscle targets and sensory afferent inputs
cluster together into columns and sort out into distinct
pools [5]. Expression of a combinatorial code of transcrip-
tion factors belonging to the ETS and homeodomain fam-
ilies regulates both the distinct settling positions of motor
neuron soma within the ventral spinal cord and the target-
ing of their axons in the periphery [6]. Evidence suggests
that this may be achieved by the column- and pool-spe-
cific expression of receptors for guidance cues that may be
distinct from those that control axon guidance. Thus, Eph-
rinA- EphA4 interactions regulate axon guidance along
the dorsoventral axis of limbs but appear to have no influ-
ence on motor neuron settling positions [7]. Similarly, the
chemokine receptor Cxcr4 has been implicated in the
choice between dorsal and ventral exit points by the axons
of spinal accessory motor neurons but does not affect
migration of their soma [8,9]. Conversely, class II cadher-
ins play an important part in pool-specific sorting of
motor neuron subtypes but have not so far been impli-
cated in the control of motor axon guidance [10]. In other
instances, however, both axon guidance and cell position-
ing mechanisms rely on the same ligand-receptor com-
plexes. Thus, in zebrafish neuropilin (Npn)-la
morphants, motor axons have abnormal branching and
exit the spinal cord at inappropriate levels whilst at the
same time the somata of some motor neurons migrate to
ectopic positions [11]. Likewise, in Caenorhabditis elegans,
mutation in the Eph kinase homologue vab-1 causes both
the anterior overshooting of mechanosensor posterior lat-
eral motor (PLM) axons and the mispositioning of PLM
neurons [12].
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The question of the uncoupling of axonal growth and cell
body stabilisation in post-migratory neurons is high-
lighted in the case of developing spinal motor neurons
whose cell bodies and axons come to reside in separate
nervous system compartments, that is, the central nervous
system (CNS) and peripheral nervous system (PNS)
respectively. We previously described evidence that after
motor axons first emerge from the CNS but before motor
neurons acquire their final settling positions, interactions
with neural crest derivatives located at motor exit points,
boundary cap (BC) cells, influence somal migration. Abla-
tion of BC cells led to the ectopic positioning of many
motor neuron cell bodies that escape the spinal cord by
apparently translocating along their axons into ventral
nerve roots. This result suggested that disruption of this
interaction influenced a key process in the maturation of
motor neurons: the positional stabilisation of their soma.
We proposed that the mechanism for uncoupling somal
migration from axonal extension in immature motor neu-
rons requires localised repellent signalling from BC cells
to restrain the innate tendency of cell bodies to follow the
path taken by their axons. In the search for possible repel-
lents that could mediate this process, several lines of evi-
dence suggest the semaphorin family and its receptors
deserve closer scrutiny. Thus, semaphorins and their mul-
timeric surface receptors, neuropilins and/or plexins, have
been implicated in the control of the guidance, fascicula-
tion and target selection of motor axons in the periphery
[13] and have been suggested to be involved in motor
pool sorting [14,15]. Also, both secreted and membrane
bound semaphorins have been implicated more generally
in neuronal migration, including the sorting of striatal
from cortical interneurons [16] and the radial migration
of cerebellar granule cells [17].

Here we use genetic approaches in chick and mouse
embryos to show that BC cell-motor neuron interactions
that regulate somal migration are mediated by neuropilin
and/or plexin interactions with semaphorin ligands. We
show that targeted knock down in motor neurons of Npn-
2, a high affinity co-receptor for secreted class 3 sema-
phorins, cause motor neuron cell bodies to migrate to
ectopic positions in ventral nerve roots, a finding corrob-
orated in Npn-2 null mice. BC cells express semaphorin-
3B, a Npn-2 ligand, and semaphorin 6A, a transmem-
brane semaphorin. Ectopic motor neurons are found
when SemaGA short hairpin RNA (shRNA) but not
Sema3B shRNA is expressed in chick neural crest and in
SemaGA but not Sema3B null mice. RNA interference
(RNAI) in chick targeting potential Npn-2 and Sema6A
co-receptors reveals a role for Plexin-A2 but not Plexin-A1l
or Plexin-A4. The knockdown of MICAL3, a cytoplasmic
semaphorin/plexin signalling molecule, in motor neu-
rons results in a very large number of ectopic motor neu-
ron somata in the PNS. Together, our data point to the
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involvement of BC cell semaphorin-induced signalling
pathways controlling motor neuron somal positioning in
the embryonic ventral spinal cord.

Results

Semaphorin receptors Npn-1 and -2 and Plexin-Al, -A2
and -A4 are expressed by developing spinal motor neurons
Previously, we proposed that neural crest BC cells at the
motor exit point (MEP) express repellent signals that help
confine motor neuron somata within the chick embryo
spinal cord as their axons first emerge into the periphery
[18]. This requires that candidate receptors for putative
repellents should be expressed by motor neurons from
embryonic day (E) 2 when the first motor axons exit the
spinal cord at the MEP. Available expression data in
mouse and chick embryos suggested that prominent
amongst these were the multimeric surface receptors for
secreted class 3 semaphorins, neuropilins and/or plexins
[13-15]. We therefore analysed in detail expression of
chick neuropilins and the three known members of the
chick Plexin-A family, Plexin-A1, -A2 and -A4 (there is no
chick Plexin-A3 orthologue [15]) during the appropriate
period. Our results confirm and extend those of Mauti et
al. [15], showing dynamic patterns of expression in spinal
motor neurons, with Npn-1, and Plexin-A1 and -A2
already present in progenitors at Hamburger Hamilton
(HH) stage 18 (not shown). We found that Npn-2 is also
expressed in motor neurons (or their progenitors) as early
as HH stage 18, and in rostral parts of the embryo and
throughout the embryo by HH stage19 (not shown). At
HH stage 20 all Npn and Plexin-A receptors are expressed
by motor neurons to some extent (Figure 1b-f), with Npn-
1 most prominently and distinctly expressed. Plexin-A1l
and -A2 are widely expressed throughout the ventral spi-
nal cord at this stage. Within the spinal cord, Npn-2 and
Plexin-A4 expression is restricted to laterally positioned
motor neurons.

At the stage when we observed ectopic migration of motor
neuron cell bodies following neural crest ablation (HH
stage 23) [18], we found strong expression of npn-1 in
most motor neurons (Figure 1h). Npn-2 is expressed in
medial and lateral subsets of motor neurons but excluded
from motor neurons located between these (Figure 1i).
Plexin-A1 (Figure 1j) is more diffusely expressed through-
out the ventral spinal cord, whereas Plexin-A2 (Figure 1k)
and -A4 (Figure 11) expression is restricted to lateral and
medial motor pools, respectively. These expression stud-
ies show that all chick neuropilin and Plexin-A receptors
examined could potentially regulate motor neuron cell
body positioning.
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Targeting Npn-2 and Plexin-A2 by RNAi in the chick
induces ectopic migration of motor neuron cell bodies

To assess the involvement of these receptors we applied a
loss-of-function strategy in the chick, with vectors co-
expressing shRNA and enhanced green fluorescent protein
(EGFP), which marks those cells targeted by RNAIi in an
otherwise wild-type background [19].

We first knocked down Npn-1 and Npn-2, using shRNA
vectors described previously [19,20]. We used an electro-
poration protocol that targets the plasmid DNA towards
the ventral neural tube (for details see Materials and meth-
ods and Additional file 1). By doing so, effects on migra-
tion of the neural crest derivatives, including BC cells, can
be excluded, an important consideration since both Npn-
1 and Npn-2 have been implicated in neural crest migra-
tion [21,22].

We quantified the effect of shRNA-EGFP electroporation,
compared to that of EGFP only, by counting ectopically
positioned, EGFP-positive motor neurons. These were
localised outside the spinal cord, along the ventral roots,
and were characterised by their large soma linked to both
trailing and leading EGFP-positive processes. Their identi-
ties were confirmed by dual labelling with antibodies to
the transcription factors Islet-2 and motor neuron
restricted protein (MNR)2. In our initial experiments with
Npn-2 specific shRNA, we consistently observed ectopic
EGFP/Islet-2/MNR-2 positive motor neurons in presump-
tive white matter and ventral roots (Figure 2a,b), but not
with Npn-1 specific shRNA (Figure 2g). We subsequently
generated four more vectors targeting Npn-2 and screened
these for the potential to reduce Npn-2 expression in a co-
expression assay [19]. One of these constructs, Npn-2 E
shRNA, was as efficient as Npn-2 B shRNA in reducing
Npn-2 expression (Additional file 2) and also consistently
induced ectopic motor neurons, when electroporated in
the ventral neural tube (Additional file 3).

Neuropilins do not signal independently but upon ligand
binding associate with other molecules to confer an intra-
cellular signal. Members of the Plexin-A family in particu-
lar have been implicated as obligate co-receptors [23] (for
a recent review, see [24]). Therefore, we generated shRNA
vectors targeting the three known members of the chick
Plexin-A family, Plexin-Al, -A2 and -A4 (for details on
shRNA vectors see Materials and methods and Additional
file 4). When we screened these Plexin shRNA constructs
for the potential to induce ectopic migration of motor
neurons, one shRNA vector, targeting plexin-A2 (Plexin-
A2A shRNA), substantially and selectively knocked down
expression in motor neurons and triggered ectopic migra-
tion of motor neurons (Figure 2e,f; Additional files 5 and
6). In contrast, those vectors targeting Plexin-A1 (Figure
2¢,d) or -A4 (not shown) that efficiently reduced expres-
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Figure |
Expression of semaphorin receptors Npn-1 and Npn-2, and Plexin-Al, -A2, and -A4 by motor neurons in the chick embryo spinal

cord. In situ hybridisations on transverse cryosections (20 pum) of chick embryo spinal cord (hindlimb level) from (b-f) HH
stage 20 and (h-I) HH stage 23, show that Npn-1I (b,h), Npn-2 (c,i) and Plexin-Al (d,j), Plexin-A2 (e,k), and Plexin-A4 (f,l) are all
expressed by motor neurons. (a,g) Comparable sections from the same stage embryos immunolabelled with the motor neu-
ron specific antibodies MNR2/islet2 (red) and counterstained with neurofilament antibody (NF; green). Bars = 50 um.
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Figure 2

shRNA mediated selective knockdown of Npn-2 or Plexin-A2
mRNA:s in the chick ventral spinal cord induces ectopic posi-
tioning of motor neurons. (a-f) Confocal micrographs of
transverse vibratome sections (75 um) of HH stage 24
embryo spinal cord 2 days after electroporation in the ven-
tral neural tube. MNR?2/Islet2 positive ectopic motor neu-
rons (red; white arrows) are found in embryos
electroporated with shRNA-EGFP vectors specific for Npn-2
(a,b) and Plexin-A2 (e,f), but not for Plexin-Al (c,d). The pres-
ence of the shRNA vector is indicated by EGFP expression
(green) such that MNR2/Islet2 positive motor neuron
somata in ectopic positions are yellow (arrows in (a,e)). Bar
= 150 um. (g) Histogram showing percentage of HH stage
24 embryo sections containing dual labelled EGFP and
MNR?2/Islet2 positive ectopic motor neurons after ventral
electroporations at HH stage 12—15 with shRNA-EGFP vec-
tors targeting Npn-1, Npn-2, Plexin-Al, Plexin-A2 and Plexin-A4,
or EGFP control vector. Only those shRNA constructs tar-
geting Npn-2 and Plexin-A2 induced ectopic positioning of
motor neurons. ***P < 0.001; two-tailed t-test.

sion of their target genes (Additional file 5) had no effect
on motor neuron cell body positioning (Figure 2g and
Additional file 3).

We constructed three more shRNAs targeted at Plexin-A2
and one of these, Plexin-A2D, also generated many
ectopic motor neurons (Additional file 3).

In conclusion, quantitative analysis of these loss-of-func-
tion studies (Figure 2g) clearly identified Npn-2 and
Plexin-A2 as receptors for ligands regulating motor neu-
ron cell body position.

Ectopic motor neurons are found in Npn-2 null mice

In order to test whether this mechanism was conserved in
a mammalian species, we examined Npn-2 null mice for
evidence of ectopically positioned motor neurons. Npn-2
mutant mice have been analysed extensively in a number
of studies of axon guidance phenotypes [13,25-27] and
neuron migration [16,22,28] but defects in spinal motor
neuron migration have not been reported. Yet we identi-
fied large numbers of ectopically positioned HB9-positive
motor neuron cell bodies in Npn-2 null mouse embryos
(Figure 3b). Interestingly, this phenotype appeared to be
confined to more caudal regions of the trunk, prompting
an analysis of the incidence of ectopic motor neurons
throughout the rostro-caudal axis. A typical result of such
an analysis in serial cryosections taken throughout the
trunk revealed ectopically positioned HB9-positive motor
neurons were largely restricted to the hindlimb level (Fig-
ure 3c). At forelimb and thoracic levels there was no sig-
nificant increase above the background level in wild-type
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Figure 3 (see previous page)

Motor neurons migrate to ectopic positions in Npn-2 null mice. (a,b) Dual immunostaining of transverse cryosections (20 pm)
of El 1.5 wild-type (a) or Npn-2 null (b) littermate mouse embryo spinal cord with antibodies against HB9 (red) or neurofila-
ment (NF; green) reveal numerous HB9-positive ectopic motor neurons located in the marginal zone and ventral nerve root in
mutant but not wild-type embryo sections ((b) white arrows). Bar = 150 um. (c) A quantitative analysis of the distribution of
HB9-positive ectopic motor neurons along the rostro-caudal axis of Npn-2 null (triangles) or heterozygous (squares) and wild-
type (diamonds) littermate embryos indicates that the number of ectopic motor neurons is normal at forelimb level (red box)
but peaks at hind limb level (yellow box). (d) A comparison of pooled and averaged number of HB9-positive ectopic motor
neurons in the anterior (forelimb containing half) and the posterior (hindlimb containing half) of the trunk, for E12.5 Npn-2
wild-type, heterozygous and null littermate embryos (n = 4). Consistent with the quantitative analysis shown in (c), there is a
significant increase in ectopic motor neurons in the hindlimb region of Npn-2 null mice. **P < 0.01; two-tailed t-test.

littermate embryos. The pooled results of several E12.5
embryos analysed in this manner (n = 4 for each geno-
type) confirmed the presence of large numbers of ectopic
motor neurons in the hindlimb region of Npn-2 null mice
(Figure 3d).

Although the outcome of targeted Npn-2 RNAi in the
chick spinal cord indicates that the ectopic motor neuron
phenotype could be a cell-autonomous effect, it remained
a possibility that a reduced prevalence of BC cells at the
MEP might contribute to the phenotype in Npn-2 null
mice since the absence of Npn-2 leads to aberrant neural
crest migration [22]. Therefore, using a specific marker for
BC cells (Egr2/Krox20 [29]) we tested for the presence of
these cells in Npn-2 null mouse embryos. The results
(Additional file 7) show that at hindlimb level there was
no obvious difference in egr2 expression at the MEP
between Npn-2 null mice, and heterozygous and wild type
littermates. Since in earlier grafting experiments in chick
embryos we showed that small numbers of BC cells at the
MEP were sufficient to confine motor neuron soma within
the spinal cord [18], this supports the idea that the ectopic
migration of motor neurons in Npn-2 null mice is a cell-
autonomous effect.

The Npn-2 ligands Sema3B and Sema3G and the Plexin-A2
ligand SemaéA are expressed by BC cells

When expression patterns of potential Npn-2 ligands in
the chick were examined we found that Sema3B and
Sema3G [30] are distinctly expressed by cad-7 expressing
BC cells (Figure 4a) both at the dorsal root entry zone
(DREZ; Figure 4b,b',e,e', red arrows) and the MEP (black
arrows). In contrast, neither Sema 3C, prominently
expressed in motor neurons (Figure 4¢,c'), nor Sema3F,
expressed broadly within somites (Figure 4d,d'), were
localised to BC cells.

The finding that knockdown of Plexin-A2 compared to
Npn-2 gave rise to greater numbers of ectopic motor neu-
rons suggested that its role was more extensive than as just
a Npn-2 co-receptor. Since the repellent activity of the
transmembrane semaphorin Sema6A is mediated in sym-

pathetic axons and hippocampal mossy fibres by direct
interactions with Plexin-A2 and -A4 [31,32] we next
looked for evidence of its expression. We found that
Sema6A is expressed by both dorsal and ventral BC cells
(Figure 4f f').

Thus, we conclude that BC cells express at least three can-
didate repellent ligands for receptors on motor neurons
identified in the RNAi screen, Sema3B, Sema3G and
SemaoGA.

Genetic ablation of the Npn-2 ligand Sema3B does not
induce ectopic migration of motor neurons

When we targeted Sema3B expression in the chick embryo
neural crest by RNAi, we found no increase in the number
of ectopic motor neurons (data not shown). However,
since only small numbers of transplanted BC cells at the
MEP suffice to stabilise motor neuron cell body position
in the crest-ablated chick spinal cord [18], the possibility
remained that residual untransfected BC cells were suffi-
cient to mask the effects of RNAi.

Therefore, we next analysed Sema3B mutant mice [27].
We first confirmed that Sema3B is also strongly expressed
in mouse BC cells (Figure 5a). Analysis of the incidence of
ectopic motor neurons throughout the rostro-caudal axis,
however, did not reveal a difference between Sema3B
mutant mice and heterozygous and wild-type littermates
(Figure 5b). Therefore, loss of Sema3B expression despite
its distinct expression by BC cells has no effect on posi-
tioning of motor neuron cell bodies.

Loss of SemaébA expression in BC cells induces ectopic
motor neuron positioning

The finding of sema6A expression in chick motor exit
point BC cells led us to examine expression in mouse. At
E11.5 a distinct Sema6A signal is seen in motor exit point
BC cells (Figure 6a, black arrowheads), in addition to
prominent expression in the neural tube ventricular zone.
Co-labelling with Egr2 (Krox-20) in an adjacent section
(Figure 6a') confirmed expression was in BC cells. This
prompted us to look for evidence of ectopic motor neuron
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Figure 4

Expression of semaphorin genes in the trunk reveals putative repellent ligands are localised to ventral BC cells. (a-f') In situ
hybridisations of HH stage 23 chick embryo transverse cryosections (b-f), in parallel with cad7(green) and neurofilament (NF;
red) antibody staining on adjacent sections (a,b'-f') show that cad7-positive BC cells at the spinal cord DREZ (red arrows) and
MEP (black arrows) express Sema3B (b), Sema3G (e) and SemaéA (f). In contrast, Sema3F (d) is not expressed at the MEP.
Prominent expression of Sema3C (c) in motor neurons contrasts with a weak signal in ventral nerve roots. Bar = 100 pum.

positioning in Sema6A null mice [33]. Like in Npn-2 null
mice, here we found numerous ectopic motor neurons in
ventral nerve roots (Figure 6b,c). Also, in common with
Npn-2 null mice, HB9-positive ectopic motor neurons are
most prevalent at the level of the hindlimb (Figure 6d,e).
An effect on neural crest migration and on the formation
of boundary caps could account for this phenotype. How-
ever, as judged by Egr2 expression, there was no difference
between Sema6A mutants and wild-type littermates (Fig-
ure 6f,g) in the arrangement of BC cells at the MEP and
DREZ.

Since at later stages in the mouse Sema6A is expressed not
only in BC cells but also in spinal motor neurons [14]
(data not shown), it could not be excluded that the effect
on motor neuron positioning in SemaGA null mice was
due to its absence from motor neurons. Therefore, we next
tested in chick embryos the effects of targeted knock down
of Sema6A, either ventrally in motor neurons, or dorsally
in the neural crest (Additional file 1). We found a signifi-
cant increase in ectopic motor neurons, but only when
Sema6A shRNA was introduced in the neural crest (Figure
7a,b), not in the ventral neural tube (Figure 7c). Knock-
down of Npn-2 in the neural crest or ventral neural tube
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Genetic ablation of Sema3B in the mouse does not lead to ectopic positioning of spinal motor neurons. (a) As seen in the
chick, in the E12.5 mouse trunk, Sema3B is expressed by BC cells located at the spinal cord DREZ (red arrows) and MEP (black
arrows). Bar = 100 um. (b) A quantitative analysis of the incidence of ectopic motor neurons at hindlimb level reveals that
there is no significant difference between E12.5 Sema3B null mice and heterozygous and wild-type littermates (n = 3 each). This
is in sharp contrast to E12.5 Npn-2 null mice, which is included for comparison (n = 4). *P < 0.01; two-tailed t-test.
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Figure 6 (see previous page)

Genetic ablation of SemabA in BC cells leads to ectopic migration of motor neurons. () In situ hybridisation shows expression
of SemaébA in BC cells at the MEP (black arrows) in transverse cryosections of E12 mouse embryos. Expression of egr2/krox-20
in an adjacent section (') confirms the signal in (a) corresponds to BC cells. Bar = 100 pm. (b,c) Dual immunostaining of trans-
verse cryosections of El 3.5 SemaéA mouse embryos. Compared with wild-type littermates (b) where HB9 positive motor neu-
ron somata (red) are exclusively confined to the ventral spinal cord, in SemaéA null embryos (c) many motor neurons can be
seen in ectopic positions in the neurofilament-positive (green) presumptive white matter and ventral nerve roots. Bar = 100
pm. (d) A quantitative analysis of the distribution of HB9-positive ectopic motor neurons along the rostro-caudal axis of E13.5
mouse spinal cord shows a distinct peak at hindlimb level (yellow box) but not forelimb level (red box) in null (triangles) com-
pared with heterozygous (squares) and wild-type (diamonds) embryo littermates. (€) A comparison of the cumulative counts
of HB9 positive ectopic motor neurons in sections from posterior trunk (hindlimb containing) region of El13.5 SemabA wild-
type, heterozygous and null embryos. Consistent with the quantitative analysis shown in (d), there is a significant increase (p =
0.03; two-tail t-test) in ectopic motor neurons in the hindlimb region of SemaéA null mice (n = 4 each). (f,g) In situ hybridisa-
tion for egr2/krox-20 on transverse cryosections (30 um) of EI 1.5 mouse embryos at hindlimb level. The results show no
obvious difference in Egr2 expression at the DREZ or MEP in wild-type (f) or SemaéA null mice (g), indicating that formation of

boundary caps is not perturbed by genetic ablation of SemabA. Bar = 100 um. *P < 0.05; two-tailed t-test

had the converse effect, with ectopic motor neurons
found only after expression of Npn-2 shRNA in the ven-
tral neural tube (Figure 7c). Finally, we analysed the effect
on boundary cap formation of Sema6A knockdown in the
crest. The data show that Sema6A shRNA-expressing neu-
ral crest cells are normally positioned at the MEP and
these correspond to cad7-positive BC cells (Figure 7d,
white arrows). Together, these results support the idea
that the effect of Sema6A loss of function on motor neu-
ron positioning is explained by loss of its expression in BC
cells, disrupting a putative interaction with motor neu-
rons.

Targeting of the MICAL3 flavoprotein monooxygenase by
RNA:i in the chick induces large numbers of ectopic motor
neurons

Having demonstrated that cell surface molecules involved
in semaphorin signalling are implicated in regulating
motor neuron cell body positioning, we next looked for
possible common downstream cytoplasmic mediators.
Members of the MICAL (molecule interacting with CasL)
family of flavoprotein monooxygenases [34,35] are
among an increasing number of molecules implicated in
downstream semaphorin signalling. To investigate the
role of MICALSs in motor neuron cell body positioning, we
performed RNAI on its chick orthologues.

We identified three MICALs in the chicken genome,
MICALI on chromosome 26, MICAL2 on chromosome 5
and MICAL3 on chromosome 1. In contrast to MICAL2
and 3, MICAL1 sequences are not present in a comprehen-
sive chick expressed sequence tag (EST) expression data-
base [36], suggesting it is not highly expressed. In situ
hybridisation expression analysis for MICAL3 showed
that this gene was distinctly expressed by motor neurons
(Figure 8a; a more comprehensive study on chick MICALs
is in progress; MV, unpublished results). We constructed

shRNA expressing vectors targeting the predicted MICAL3
mRNA and electroporated these in the chick embryo ven-
tral spinal cord. We found that MICAL3 shRNA causes
substantial numbers of motor neurons to exit the spinal
cord by translocating along their axons in the ventral roots
(Figure 8b,c). The magnitude of the effect of MICAL3
shRNA (Figure 8d) is considerably larger than that found
with Npn-2 or Plexin-A2 shRNA, approaching the numbers
we observed after complete surgical neural crest ablation
in chick [18]. Ectopic migration following loss of MICAL3
in motor neurons occurs despite the presence of BC cells
at the MEP (Figure 8d,e). Together, these results support
the conclusion that the cytoskeletal re-organisation that
uncouples somal migration from axon elongation in
motor neurons involves multiple semaphorin-induced
signals that converge on a common cytoplasmic media-
tor.

Discussion

Motor neuron somal positioning is the result of a local
response to a local signal

The migration of neurons to their final destinations is a
key process in the development of the nervous system.
This process must be coordinated with the establishment
of connectivity and requires differential responses of dis-
tinct neuronal compartments to the multitude of guid-
ance cues in the environment. This could be achieved in
several ways: first by the sorting of compartment-specific
receptors, such as at the axonal initial segment [37]; the
selective accumulation of kinesin motors in axons versus
dendrites [38]; by the localised intracellular content of
modifiers, such as small cyclic mononucleotides [39]; and
lastly by the different extracellular environments in which
each compartment is located. While this is obvious at the
level of the growth cone, where localised signals lead to
the re-organisation of the cytoskeleton and growth cone
turning, an appealing idea is that the cell bodies of neu-
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shRNA mediated knockdown of SemaéA in the neural crest, but not in the ventral spinal cord, induces ectopic motorneurons.
(a,b) Confocal micrographs of vibratome sections of an HH stage 25 embryo, two days after electroporation in the neural
crest with a Sema-6A shRNA-EGFP (green). Embryos were wholemount dual immunostained with antibodies against MNR2
and Islet2 (red) and counterstained with anti-neurofilament (NF, blue). MNR2 and Islet2-positive motor neurons (white arrow-
heads) can be seen in ectopic positions in the ventral roots but only when accompanied by a large number of Sema-6A shRNA
expressing-EGFP-positive (green) neural crest derivatives. Note that EGFP-labelled cells are restricted to neural crest deriva-
tives in the ventral root and that motor neurons, including those in ectopic positions are EGFP-negative. The small amount of
EGFP labelling of structures in a ventro-medial position in the spinal cord corresponds to the axon projections of labelled com-
missural neurons in the dorsal spinal cord. Bar = 100 um. (c) Quantitative analysis of the prevalence of ectopic motor neurons
after electroporation with Sema-6A shRNA-EGFP targeted towards either the ventral neural tube (NT) or dorsal neural tube
(neural crest, NC) shows a distinct effect only for neural crest-electroporated embryos. ***P < 0.001; two-tailed t-test. Con-
versely, knockdown of Npn-2 expression in the neural crest does not induce ectopic motor neurons, unlike knockdown of
Npn-2 in the ventral neural tube, as shown earlier (Figure 2). (d) Confocal micrograph of a transverse cryosection (20 pm)
immunolabelled with cad7(red) and neurofilament (blue) of an HH23 embryo 2 days after neural crest electroporation of
SemabA shRNA. GFP-positive neural crest cells targeted with Sema-6A shRNA populate the dorsal root ganglion (DRG), the
DREZ and the MEP where they express high level of cad7 (red; white arrows), indicating that SemaéA shRNA does not inter-
fere with boundary cap formation.

rons are similarly responsive to cues in their local environ-
ment. The logistics of this problem is particularly
challenging in the case of long distance projection neu-
rons like somatic motor neurons. Their cell bodies begin
to settle in position within the ventral spinal cord at an
early phase of differentiation before their axons and den-
drites make appropriate connections with their target
cells.

In previous work we identified a key role for neural crest
derived BC cells in the regulation of this process. In the
absence of these cells, spinal motor neuron cell bodies fol-
low their axons at the MEP and migrate into the periphery
[18]. Here we have begun to identify the molecules

involved in the interaction between BC cells positioned at
the MEP and motor neurons that prevent somal migration
out of the spinal cord. Using loss-of-function studies in
chick and mouse, we present evidence for the involve-
ment of members of the semaphorin family in BC cells
and their receptors on motor neurons. Loss of Npn-2, a
receptor for class 3 semaphorins, in motor neurons leads
to ectopic migration of these neurons, both in chick and
mouse spinal cord, as does loss of the transmembrane
semaphorin Sema6A in BC cells. RNAi studies in chick
identified a role for Plexin-A2 in motor neurons, either as
a transducing component in a signalling complex with the
ligand binding receptor Npn-2, or as a direct receptor for
Sema6A. The requirement for semaphorin-plexin signal-
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Knockdown of MICAL3 by ventral targeted shRNA-EGFP induces large scale ectopic migration of spinal motor neurons. (a) In
situ hybridisation on HH stage 23 chick embryo transverse cryosections shows distinct expression of MICAL3 in motor neu-
rons. (b,c) Targeting of MICAL3 shRNA-EGFP in the ventral spinal cord induces large scale ectopic migration of dual labelled
GFP-positive (green (b)) Islet2/MNR2 positive (red (b,c)) motor neuron somata into ventral root (white arrows in (b,c)). The
section was counterstained with anti-neurofilament (NF; blue) to locate the dorsal and ventral roots and show the specific,
ventral targeting of the electroporation. (d) The percentage of vibratome sections from HH stage 24 embryos containing dual
labelled EGFP- and MNR2/Islet2 positive ectopic motor neurons out of the total of EGFP-positive sections, after ventral elec-
troporations with two shRNA-EGFP constructs MICAL3-A and -B, is significantly higher than when EGFP alone was electropo-
rated. ¥***P < 0.001; two-tailed t-test. (e,f) Cad-7 expressing BC cells at the MEP (red; white arrowheads) are unaffected by
MICAL3 shRNA knock down in the ventral spinal cord (green in (e)) that induces large scale motor neuron migration (arrow in
(e)). Bar = 100 um.

ling in cell body positioning is revealed by the potent
effect of loss-of-function of MICAL3, a member of a con-
served family of intracellular Plexin-A binding proteins
that have been identified as key modulators of sema-
phorin-plexin signalling [34,35].

Loss-of-function analysis in the chick with shRNA/IEGFP
vectors

We started our search for candidate molecules involved in
the control of motor neuron migration at the MEP using
an RNAi approach that we had developed in the chick, uti-
lising a vector system co-expressing shRNA and EGFP
[19]. We combined this loss-of-function approach with
protocols for targeted expression of transgenes in chick
embryos [40] (Additional file 1), which allowed us to
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selectively knock down expression of candidates in either
the ventral neural tube, where motor neurons develop, or
in the neural crest, the progenitors of BC cells. Thus, we
were able to conclude that Npn-2 and Plexin-A2 are
required in motor neurons, whereas Sema6A functions as
a BC cell expressed ligand in helping stabilise motor neu-
ron cell body position in the ventral spinal cord.

Since the emergence of RNAIi as a powerful experimental
tool, several pitfalls associated with this technique have
become apparent. First, when using randomly selected
small interfering RNA (siRNAs) duplexes or shRNAs, at
least half of the sequences will not induce any reduction
of their targets and less than 5% will reduce expression by
90% or more [41]. Therefore, we selected our RNAI targets
using an algorithm for rational siRNA design (SFOLD
[42]) that predicts target accessibility and applies empiri-
cal rules for functional siRNA duplexes [41]. Conse-
quently, approximately one in three of our constructs
proved effective, in that they significantly reduced expres-
sion of their intended targets as determined by an in vitro
co-expression assay or by in situ hybridisation (Additional
files 2, 5 and 6).

Second, off-target and non-specific effects have been
widely reported [43-45] and are a serious concern when
using RNAi. However, we are confident that the ectopic
motor neuron phenotypes we report here are related to
the loss-of-function of the intended targets of our con-
structs, as they are duplicated by constructs targeting the
mRNAs on different sites (Npn-2, Plexin-A2 and MICAL3).
During this study we tested a total of 38 shRNA hairpin
constructs aimed at 10 targets for the induction of ectopic
motor neurons after ventral electroporation. Even when
considering our collection of shRNAs as random (yet they
are all aimed at molecules involved in semaphorin signal-
ling, and all of those are expressed in the ventral spinal
cord to some extent), the probability of six hits appearing
in three pairs is quite small (p = 0.0111; using an analysis
derived from a hypergeometric test). Were we to expand
our analysis with shRNAs aimed at truly random targets,
the predicted outcome would be that the hit rate would
decrease and, concomitantly, the significance of hits
appearing in pairs would increase even further. This indi-
cates that general non-specific or random off-target effects
are a highly unlikely explanation for the set of data that we
have obtained. Finally, the fact that we were able to con-
firm the roles for Npn-2 and Sema6A in the mouse rein-
forces the main conclusion from the chick RNAi work that
multiple semaphorin-induced pathways are involved in
maintaining the stability of motor neuron somal position.

http://www.neuraldevelopment.com/content/2/1/21

A role for semaphorin-plexin signalling from BC cells in the
maintenance of motor neuron soma position is conserved
in amniotes

Our loss-of-function studies in chick and mouse implicate
two proteins in the control of motor neuron migration at
the MEP. Npn-2 is required in motor neurons and
Sema6A in BC cells. Sema6A and Npn-2 are not known to
interact with each other. Therefore, we propose the
involvement of at least two separate pathways mediating
this mechanism, although, in contrast to Npn-1 [31,46], a
contribution of Npn-2 to class 6 Sema signalling cannot
formally be ruled out. Our more extensive studies in chick
identified a role for Plexin-A2 in motor neurons. Consist-
ent with its expression in motor neurons (Figure 1le k),
chick Plexin-A2 could function as a dual receptor for both
class 6 and class 3 semaphorins. However, in the mouse
we failed to detect significant expression of Plexin-A2 in
motor neurons at any stage (results not shown). Consid-
ering there are three members of the Plexin-A family in
chick, unlike in mouse, where there are four, differences
in the individual contributions of the various members of
the Plexin-A family to chick or mouse neural development
are to be expected. The role of Plexin-A2 as a class 6 sem-
aphorin receptor in chick motor neurons could be
adopted by Plexin-A4 in the mouse, as this receptor is
more strongly expressed by mouse spinal motor neurons
(unpublished observations) and can function as a
Sema6A receptor in mouse [32]. Plexin-A3, which is
expressed by motor neurons in the mouse [47], has
already been implicated as the preferred co-receptor for
Npn-2 in mouse sympathetic neurons [48]. Clearly, our
observations warrant further studies in Plexin-A mutant
mice [31,32,47,49].

So far we have been unable to functionally implicate a
class 3 semaphorin in the maintenance of motor neuron
position, despite the strong evidence for involvement of
Npn-2, and the distinct expression of the Npn-2 ligands
Sema3B and Sema3G in BC cells. Since at least two known
Npn-2 ligands are expressed by BC cells, a single hit loss-
of-function approach may fail as a result of compensatory
mechanisms. Experiments aimed at reducing the expres-
sion of Sema3B and Sema3G in chick neural crest simul-
taneously by RNAi have so far not demonstrated a
significant increase in the numbers of ectopic motor neu-
rons (not shown). However, considering we found that
the ectopic motor neuron phenotype after surgical abla-
tion is effectively rescued by small numbers of grafted BC
cells [18], residual levels of repellent molecules at the
MEP after partial knockdown are unlikely to produce a
strong phenotype. Therefore, a thorough analysis of the
role of Sema3B and -3G in motor neuron somal position-
ing at the MEP will probably require creating double
mutants in mouse. Such an analysis will be feasible when
Sema-3G mutant mice become available.
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It has been proposed, based on their complementary
expression patterns, that semaphorins and their receptors
could play a role in motor pool sorting in the embryonic
mouse ventral spinal cord [14]. We cannot presently
exclude the possibility that some of our loss of function
experiments could directly perturb interactions between
neighbouring motor neurons, leading to a possible dis-
ruption of pool cohesion and motor neuron positioning.
However, this seems unlikely for two reasons. Firstly, no
evidence was found in earlier studies of semaphorin and
Npn-2 null mutants of any effects on motor pool organi-
sation [13]. Secondly, in our chick electroporation exper-
iments where motor neurons were targeted, we rarely saw
HBY-positive ectopic cells that were not GFP-positive (less
than 1% of the ectopic motor neurons were GFP-negative;
for example, see Figure 2a,b,e f). Moreover, targeted dis-
ruptions by electroporation of transgenes in spinal motor
neurons engineered to induce pool sorting errors lead to
minor cell body displacements within the ventral spinal
cord [10] rather than the large scale ectopic migration we
found.

An unexpected finding is the restriction of an ectopic
motor neuron phenotype to caudal-most regions of Npn-
2 and Sema6A null mouse embryos. It seems unlikely that
BC cells in the mouse confine motor neurons to the spinal
cord only at caudal levels since we have previously
described the occurrence of ectopic motor neurons at ros-
tral levels in the Splotch (Pax3) mutant mouse [18], as
well as in Sox10 null mouse embryos (Vermeren and
Cohen, unpublished). In both mutants, embryos lack BC
cells at rostral levels and their ventral nerve roots contain
numerous ectopic motor neurons. One possible explana-
tion is that this could reflect level-specific differences in
expression of both Npn-2 and SemaG6A in spinal motor
neurons and BC cells. These differences clearly exist in the
mouse [14] (unpublished observations) but not to such
an overt extent that could explain the restricted localisa-
tion of this phenotype. Another explanation may lie in the
temporal gradient of maturation along the rostro-caudal
neuraxis, making the more immature hindlimb motor
pools more susceptible to perturbations. This is perhaps
hinted at by the higher background levels of ectopically
positioned motor neurons we saw in caudal-most regions
of wild-type mouse embryos (Figures 3¢ and 6d).

Further evidence for the involvement of semaphorin-
plexin signalling in motor neuron somal settling is the
potent effect of MICAL3 loss-of-function in the chick.
MICALSs are a family of conserved cytosolic signalling pro-
teins known to interact directly with Plexin-As and
cytoskeletal or cytoskeleton associated molecules (for a
review, see [50]). Drosophila MICAL was identified in a
yeast-two-hybrid screen using D-Plexin-A cytoplasmic
domain as bait and the D-MICAL loss of function (LOF)
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mutant has severe motor axon guidance defects, similar to
those found in Sema-1a and PlexA mutants [34]. In rela-
tion to axon guidance, MICALs have been implicated in
Plexin-A signalling only. Furthermore, D-MICAL does not
interact with PlexB [34]. Thus, the evidence so far suggests
that MICALs might be specific mediators of semaphorin-
plexin-A signalling. Experiments with a pharmacological
inhibitor of flavoprotein monooxygenases, epigallocate-
chin gallate (EGCG), suggested that axon repulsion by
class 3 semaphorins might depend on the oxidoreductase
activity of MICALS [35]. EGCG did not inhibit the repul-
sive effects of a number of other ligands, including
Sema6A. However, this does not rule out that MICALs are
intermediaries in the signalling induced by Sema6A and
other repellents, independent of their oxidoreductase
activity.

Our loss-of-function studies in the chick ventral spinal
cord suggest a ranking of targets, according to the severity
of the phenotype, MICAL3 LOF > Plexin-A2 LOF > Npn-2
LOF (quantified in Additional file 8). This ranking is con-
sistent with a signalling hierarchy, where a diverse set of
semaphorins (Sema3B, 3G, 6A) interacts with a number
of signalling receptors or receptor complexes (Plexin-A2
and Npn-2/Plexin-A). The signals emanating from these
receptors then converge on a common intermediate
(MICAL3). The effect of MICAL3 LOF approaches the
severity of the ectopic motor neuron phenotype observed
after surgical neural crest ablation [18]. This suggests that,
if they exist at all, the contributions of parallel, MICAL3-
independent pathways will be necessarily minor. We are
currently investigating the role of the two other chick
MICAL orthologues, alongside other intermediary mole-
cules known to be involved in semaphorin-plexin signal-
ling pathways, such as CRMPs [51-54].

Future directions: linking interactions at the cell surface
with the regulation of somal translocation

The saltatory motion of migrating immature neurons is
dependent on a microtubule perinuclear cage that drags
the nucleus and soma unidirectionally [55,56]. Several
intracellular proteins are known to be involved in this
process and their loss leads to pathologies characterised
by ectopic migration, such as lissencephalies and epilepsy
[4]. We propose that the effect of the localised sema-
phorin-PlexinA2-MICAL3 signal that we have identified is
to neutralise or provide an opposing force to the axon-
driven perinuclear cage drag (Figure 9).

Little is known about exactly what MICALs interact with
except an affinity for the cytoskeleton [57]. However,
MICALs have clearly been implicated in class3 sema-
phorin signalling, which is best known for its role in axon
guidance and cytoskeletal remodelling following growth
cone turning (for reviews, see [24,58]). This process relies
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Figure 9

Summary of the pathways in motor neurons implicated in
mediating a BC cell derived repellent signal that stops somal
migration. Boundary cap cells (yellow) located at the MEP
express repellent signals (red) that act either directly on
motor neuron cell bodies or retrogradely via their axons to
disengage somal migration from axon extension. Our data
suggest that these signals comprise a combination of class 3
semaphorins and SemabA (red). Plexin-A2 (purple)
expressed by the motor neurons can function as a dual
receptor for class 3 and class 6 semaphorins, the former in
conjunction with Npn-2 (blue). In this scheme, MICAL3
(green), by linking Plexin-A to the cytoskeleton, is a key
downstream mediator of the somal stabilising signal. As a
result of cytoskeletal re-organisation, the force (green
arrow) exerted from the axonal growth cone that leads to
somal translocation in migrating neurons is disrupted.

notably on type II myosin [59], the over-activation of
which leads in the fly to the ectopic migration of photore-
ceptor cell bodies from the single layered eye disk along
the optic nerve as far as the optic lobe [60]. In growth
cones, type Il myosin generates a force that underlies the
retrograde flow of actin. This force is antagonised by
dynein [61], part of the dynein/dynactin negative end
microtubule motor transport complex. Interestingly, null
mutation of p150 glued, a subunit of dynactin, in Dro-
sophila photoreceptors also leads to their ectopic migra-
tion into the optic lobe [62,63]. There are clear parallels
between these observations and our results: in both sce-
narios normally unipolar neurons become bipolar
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through the perturbation of a signal (or its effectors) that
antagonises perinuclear cage drag. Recently, it was shown
that knock-down of both cytoplasmic dynein and myosin
IT stalls glial-guided somal migration of neuronal precur-
sors [64]. These findings resonate with our work but leave
open the question how these changes are regulated at the
cell surface of neurons. We suggest that for motor neu-
rons, semaphorin signalling from BC cells triggers
cytoskeletal changes that lead to migration arrest. When
cell body migration stops, the stabilisation of neuronal
cell body position requires that uncoupling of the perinu-
clear cage drag be sustained throughout the lifetime of the
neuron. Since BC cells are a transient population [65],
what constraints prevent motor neuron somata from emi-
grating at later stages? The most likely explanation is that
as motor neurons mature, their polarised structure
becomes stabilised by the onset of cadherin-mediated
interactions with neighbouring motor neuron somata
[10], under the influence of a variety of environmental
factors, most importantly innervation from muscle tar-
gets, primary sensory afferents and the corticospinal tract.

Conclusion

We have found evidence that semaphorin-mediated inter-
actions between BC cells and immature spinal motor neu-
rons regulate somal positioning by counteracting an
intrinsic tendency of motor neuron cell bodies to translo-
cate along their axons into the PNS. These data support a
model in which BC cell semaphorins signal through Npn-
2 and/or Plexin-A2 receptors on motor neurons via
MICAL3, a cytoplasmic effector, to trigger cytoskeletal
reorganisation. This leads to the irreversible uncoupling
of somal migration from axon elongation at the MEP (Fig-
ure 9).

Materials and methods

Animals

All animal procedures were performed in accordance with
institutional guidelines. Npn-2 [66], Sema3B [27] and
Sema6A-deficient mice [17,67] were bred and genotyped
as described.

In ovo electroporation and shRNA constructs

Targeted electroporation towards the ventral neural tube
was essentially performed as described by [40], using an
Intracept TSS10 pulser (IntraCell Shepreth Herts, UK) or a
Grass-Telefactor SD9 stimulator and 0.25 mm silver elec-
trodes. Plasmid DNA, resuspended in TE buffer at 1 mg/
ml with 0.2% Fast Green FCF, was injected in the neural
tube of embryonic day 2 (HH stage 10-15) embryos and
3-5 square pulses of 10-12 V were applied with the posi-
tive electrode piercing the egg shell and positioned under-
neath the trunk and the bent, negative electrode above the
embryo, parallel to the positive electrode.
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For dorsal horn/neural crest targeting, the polarities of the
electrodes were reversed and 2-3 square pulses of 7-10 V
applied. To limit the size of the targeted area, the positive
electrode was positioned perpendicularly to the negative
electrode. As a consequence, expression in the dorsal neu-
ral tube is restricted to the equivalent of one or two
somites, whereas EGFP expressing neural crest derivatives
can be observed several somites away from the electropo-
ration site (Additional file 1). The embryos were left to
develop for a further two days post-electroporation (HH
22-25) before being fixed in 4% paraformaldehyde (PFA)
for antibody staining and analysis. To facilitate the rapid
generation of RNAi constructs, co-expressing shRNA and
EGFP, we created the pCAB-EGFPm5-mU6 vector. The
Apal site at position 864 in pCAB-EGFPm5 [19,68] was
removed by digestion with Apal and filling in using T4
polymerase. Subsequently, a 376 bp cassette containing
the mouse U6 promoter was cut from pBS/U6 (aka
pSilencer1.0) [69] using BamHI and inserted into the Sall
site at position 1 of the modified pCAB-EGFPm5 vector,
after blunt ending of the BamHI and Sall overhangs with
T4 polymerase.

RNAI target sites of 21 nucleotides length were selected on
the respective target mRNAs using the SFOLD algorithm
[42,70] at. The specificity of the selected targets was
checked by BLAST. Synthetic complimentary oligonucle-
otides containing hairpin sequences were designed using
the Ambion pSilencer Insert Designer [71], using the
default loop sequence of TTCAAGAGA. This oligonucle-
otide design attaches overhangs matching Apal (GGCC)
to the 3' end and EcoRI (AATT) to the 5' end of the bottom
strand. The EcoRI overhang was omitted from the design
in order to allow the annealed oligonucleotides to match
the blunt end in the vector generated by EcoRV. Oligonu-
cleotides were purchased from MWG Biotech AG (Ebers-
berg, Germany) or OPERON, (Cologne, Germany).
Annealed oligonucleotides were cloned into the unique
Apal and EcoRV sites of the pCAB-EGFPm5-mU6 vector.
Details of the shRNA constructs used in this paper can be
found in Additional file 4.

Immunohistochemistry, microscopy and quantification of
ectopic motor neurons

Whole-mount immunostaining of electroporated chick
embryos was performed as described before [18]. Mouse
monoclonal 3A10, anti-Islet-1/2 (39. 5D5), anti-Islet-2
(51. 4H9), and MNR2 (81. 5C10) were developed by Dr
Thomas Jessell. These antibodies were obtained from the
Developmental Studies Hybridoma Bank, developed
under the auspices of NICHD and maintained by the Uni-
versity of lowa, Department of Biological Sciences, lowa
City, IA, USA. Rabbit anti-neurofilament (NF1991) was
purchased from Millipore (Watford, UK); rabbit anti-HB9
from Abcam (Cambridge, UK); rabbit anti-GFP from Inv-
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itrogen (Paisley, UK). Mouse anti-V5 was obtained from
Sigma-Aldrich (Dorset, UK).

Post-staining, embryos were cleared in a glycerol series,
embedded in 20% gelatin/PBS and sectioned on a Leica
VT1000S vibratome. Sections (75 pm) were collected on
glass slides and mounted with MOWIOL or Vectashield.
For quantification of ectopic motor neurons, sections
were viewed on a Zeiss Axioskop fluorescence microscope.

The effect of each shRNA-EGFP construct was quantified
by counting the number of sections containing ectopic
Islet-2/MNR2 positive motor neurons at the EGFP-posi-
tive electroporation site (for quantification, see Addi-
tional file 8). When the ventral spinal cord was
electroporated, the ectopic neurons were EGFP-positive,
and when the neural crest was electroporated, peripheral
glia and BC cells were EGFP-positive. Since electropora-
tion results in a mosaic embryo, there were instances
where the region of the ventral spinal cord that was EGFP-
positive contained few labelled motor neurons. As results
were expressed as the number of sections containing
EGFP-Islet2/MNR2 positive neurons over the overall
number of sections containing EGFP, the proportions
obtained represent an underestimate of the incidence of
ectopic motor neurons. A minimum of six embryos were
analyzed for each construct. Representative images were
scanned on an Olympus Fluoview confocal laser scanning
microscope connected to an Olympus AX70 research
microscope. Images were processed using the software
supplied by the manufacturer.

For analysis of ectopic motor neurons in mice, embryos
were fixed for 2 h in 4% PFA on ice, followed by 2 x 30
minute washes in PBS. Subsequently, embryos were equil-
ibrated in 30% sucrose in PBS, decapitated, the bodies cut
in half at mid-trunk level and frozen in Optimal Cutting
Temperature (OCT) compound. Serial sections of 20 um
thickness (approximately 20 sections per slide) were cut
in the transverse plane on a Bright cryostat. Sections were
subsequently dual-labelled with rabbit anti-HB9 and
mouse monoclonal 3A10 antibodies and antibody bind-
ing visualised by incubating with appropriate fluorescent
second antibodies. Slides were coded before the incidence
of ectopic motor neurons (that is, HB9 positive neurons
in the presumptive white matter or within ventral roots)
was quantified by an investigator who was unaware of the
code. Images were collected using a Zeiss Axioskop fluo-
rescence microscope connected to a Spot CCD camera.

In situ hybridisation

Digoxigenin-labelled antisense copy RNA was transcribed
from linearised cDNA templates and hybridised with 20
pm cryostat sections, as described previously [72,73]. A
cDNA probe for chick Plexin-A1 [74] was a gift from Dr
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Britta Eickholt; chick Npn-1 from Dr Jon Raper; chick Npn-
2 from Dr Gera Neufeld; chick Sema3F from Dr Yuji
Watanabe; chick Plexin-A2 (ChEST887n12), Plexin-A4
(ChEST202014), chick Sema3B (ChEST771a21), chick
Sema3C (ChEST99714), chick Sema6A (ChEST667n18),
chick MICAL2 (ChEST58n1), and chick MICAL3
(ChEST59i4) were obtained from the BBSRC chick EST
database [36] via the MRC Geneservice. Chick Sema3G
c¢DNA (clone pgfin.pk012.d10) was obtained from the
chick EST database from the University of Delaware.
Mouse Sema3B cDNA was a gift from Dr Andreas Piischel;
mouse Sema6A cDNA from Dr Alain Chedotal. Mouse
Egr-2 (Krox20) cDNA was a gift from Dr Piotr Topilko.

Images were viewed using Nomarski optics on a Zeiss Axi-
oskop and images stored on a Spot 2 DCC camera.
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Additional material

Additional file 1

Targeted delivery of EGFP expression plasmids by selective electroporation
towards either the ventral neural tube or the neural crest. Confocal micro-
graphs of transverse vibratome sections (75 um). (a) An example of a
HH23 chick embryo electroporated in the ventral neural tube with the
pCA-EGFPm5-mUG plasmid, as detailed in the Materials and methods.
Motor neurons are labelled with a mixture of anti- MNR2 and Islet-2
antibodies (red). Note that virtually all islet-2/MNR2 positive motor neu-
rons (MN) in this section appear yellow, indicating co-expression of
EGFP. No EGFP expression is seen outside the neural tube. (b) The plas-
mid was targeted towards the dorsal neural tube. The section shown was
taken several somites away from the electroporation site and shows EGFP
expression in neural crest derivates only (dorsal root ganglion (DRG),
sympathetic ganglia (Sn) and glia in ventral (VR) and dorsal (DR) spinal
nerve roots). The anti-Islet-1,2 antibody (red) labels motor neurons, DRG
neurons, sympathetic neurons and dorsal horn interneurons. Note the
complete absence of EGFP expression within the spinal cord. Bar = 100
.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1749-
8104-2-21-S1.pdf]

Additional file 2

Npn-2 B and Npn-2 E shRNA reduce expression of V5-tagged cNpn-2 in
HEK cells. Vectors co-expressing EGFP and shRNA targeted at Npn-2
were co-transfected with pcDNA3.1-V5-cNpn-2 [19] at a ratio of 5:1. At
2 days post-transfection, cells were fixed and stained with V5 antibodies.
The data show efficient knockdown of V5-tagged Npn-2 with Npn-2 B
and Npn-2 E shRNA. By contrast, the Npn-2 F shRNA construct is inef-
fective. Bar = 25 um.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1749-
8104-2-21-S2.pdf]
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Additional file 3

Screen of sShRNA vectors targeting Npn or Plexin-A receptors in the chick
for the ability to induce ectopic motor neuron migration. The prevalence
of ectopic motor neurons after ventral electroporation of sShRNA vectors
targeting plexin-A and neuropilin receptors in the chick was assessed. In
a first round of analysis, three different vectors were tested for each Plexin-
A target along with validated npn-1 and Npn-2 shRNA vectors. After
obtaining positive results for Npn-2B and Plexin-A2A shRNA, a second
batch of triplicate vectors targeting Npn-2 and Plexin-A2 was tested. Of
these vectors Npn-2 E and Plexin-A2D shRNA also induced ectopic
motor neurons, whilst Npn-2 C, -2D, -2F and Plexin-A2E and -A2F con-
structs were ineffective. ***P < 0.001; two-tailed t-test.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1749-
8104-2-21-S3.pdf]

Additional file 4

Table of sShRNA target sequences and SFOLD scores (on a 0-20 scale).
Note that the Npn-1B and Npn-2 B shRNAs we published previously
have a relatively low SFOLD score, yet efficiently reduced expression of
their targets [19].

Click here for file
|http://www.biomedcentral.com/content/supplementary/1749-
8104-2-21-S4 xls]|

Additional file 5

Confirmation of knockdown of Plexin mRNAs by ventral targeted shRNA
in the chick spinal cord. Embryos were electroporated at E2 (HH stage
13-15) in the ventral neural tube with shRNA vectors targeting (a,b)
Plexin-Al, (c,d) Plexin-A2 or (e,f) Plexin-A4. The effect of each
ShRNA on expression was assessed after 48-54 hours (HH 23-24) by in
situ hybridisation on transverse cryosections of hindlimb region spinal
cord (20 um) (b,d,f). Bar = 100 um. The data show a clear reduction of
the in situ signals of the targeted genes in the electroporated areas
(enclosed by dashed lines), compared to corresponding regions on the un-
electroporated, contralateral side.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1749-
8104-2-21-S5.pdf]

Additional file 6

Specificity of knockdown by Plexin-A2 shRNA. An embryo was electropo-
rated at E2 (HH stage 13-15) in the ventral neural tube with an shRNA
vector targeting Plexin-A2. The effect at HH stage 23 of shRNA electro-
poration (a) on expression of (b) Plexin-Al, (c) -A2 and (d) -A4 was
assessed on adjacent transverse cryosections of hindlimb region spinal cord
(30 um). Plexin-A2 shRNA was effective in reducing Plexin-A2 mRNA
(c) (marked knockdown evident in regions enclosed by dotted lines in
(a,c)) but was without effect on expression of Plexin-A1 (b) and Plexin-
A4 (d). (e) To more precisely map the region of Plexin-A2 shRNA expres-
sion onto the Plexin-A2 gene expression pattern, EGFP was visualised by
GFP antibody labelling (green) post hybridisation on a section from the
same embryo as above. The fluorescent antibody signal was superimposed
on a false colour transformation of the Plexin-A2 in situ signal ((e,f)
red). This shows that when superimposed (e) there is little overlap of the
two colours, confirming the efficacy of the Plexin-A2 knockdown. Bar =
100 um.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1749-
8104-2-21-S6.pdf]

Additional file 7

Egr2/Krox-20 expressing BC cells persist in Npn-2 mutant mice. In situ
hybridisation for Egr2 on transverse cryosections (30 um) obtained from
E11.5 mouse embryos at hindlimb level. The results show no obvious dif-
ference in Egr2 expression in BC cells located at the DREZ or MEP in (a)
wild-type, (b) heterozygous or (c) Npn-2 null mice. Bar = 100 um.
Click here for file
|http://www.biomedcentral.com/content/supplementary/1749-
8104-2-21-S7.pdf]

Additional file 8

Quantification of the number of ectopic motor neurons in chick embryos
electroporated in the ventral neural tube with EGFP-shRNAs. Table pro-
viding a quantitative analysis of the occurrence of ectopic motor neurons
after electroporation of chick embryos in the ventral neural tube with
Npn-2, Plexin-A2, MICAL3 EGFP-shRNA or empty vector. Embryos
were electroporated and processed as described in the legend to Figure 2.
Click here for file
|http://www.biomedcentral.com/content/supplementary/1749-
8104-2-21-S8.xls]
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