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Abstract

Motor neurons send out axons to peripheral muscles while their cell bodies remain in the ventral
spinal cord. The unique configuration of motor neurons spanning the border between the CNS and
PNS has been explained by structural barriers such as boundary cap (BC) cells, basal lamina and
radial glia. However, mechanisms in motor neurons that retain their position have not been
addressed yet. Here we demonstrate that the Isletl (IsI1) and Islet2 (Isl2) transcription factors,
which are essential for acquisition of motor neuron identity, also contribute to restrict motor
neurons within the neural tube. In mice that lack both Isl1 and Isl2, large numbers of motor
neurons exited the neural tube, even prior to the appearance of BC cells at the ventral exit points.
Transcriptional profiling of motor neurons derived from Isl1 null embryonic stem cells revealed
that transcripts of major genes involved in repulsive mechanisms were misregulated. Particularly,
expression of Neuropilinl (Nprl) and Slit2 mRNA was diminished in Islet mutant mice, and these
could be target genes of the Islet proteins. Consistent with this mechanism, Robo and Slit
mutations in mice and knockdown of Npr1 and Slit2 in chick embryos caused motor neurons to
migrate to the periphery. Together, our study suggests that Islet genes engage Robo-Slit and
Neuropilin-Semaphorin signaling in motor neurons to retain motor somata within the CNS.
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Introduction

Motor neurons that control locomotion are a unique population of the CNS whose cell
bodies lie in the neural tube but whose axons exit the neural tube and project toward muscles
in the periphery. Numerous studies have investigated the initial acquisition of motor neuron
identity and axon pathfinding. However, the key mechanisms that direct axons toward the
motor exit points (MEPSs) located in the ventral spinal cord while retaining the motor somata
within the CNS are still unclear. Around embryonic day 9 (E9.0) in mice, motor neurons are
born in the pMN domain of the ventral spinal cord (Nornes and Carry, 1978). Subsequently,
they migrate laterally to occupy ventro-lateral positions, and their axons converge and pass
through MEPs. Although several structural barriers such as neural crest-derived boundary
cap (BC) cells, radial glia and basal lamina have been proposed to prevent motor neuron
somata from escaping the neural tube, motor neurons are frequently found outside the neural
tube when the specification of motor neurons is defective (Lee and Song, 2013,
Niederlander and Lumsden, 1996, Thaler, et al., 2004, Vermeren, et al., 2003). Thus,
mechanisms that retain cell bodies within the neural tube appear to include factors located
within the motor neurons themselves.

Members of the LIM homeodomain (LIM-HD) transcription factor family play a role in
numerous aspects of motor neuron development, including the initial acquisition of motor
neuron identity and the diversification of motor columns (Ericson, et al., 1992, Kania and
Jessell, 2003, Song, et al., 2009, Thaler, et al., 2004, Tsuchida, et al., 1994). The LIM-HD
proteins Isl1 and IsI2 are very similar with 72% protein identity (98% in HD domain and
82% in the LIM domains). Isl1 first appears in all motor neurons when motor neurons exit
the cell cycle, and the expression of Isl2 follows (Pfaff, et al., 1996, Thaler, et al., 2004).
Later, expression of Isl1 and Isl2 becomes restricted to some of the motor columns, and this
is important for assigning motor columnar identity. Consistent with an important function in
motor neuron identity, conditional elimination of Isl1 in the CNS results in a loss of motor
neurons and the formation of ectopic V2a interneurons (Song, et al., 2009). In IsI2 null mice,
however, only visceral motor neurons are affected and mis-positioned on the dorsal side of
the spinal cord (Thaler, et al., 2004). Thus, Isl1 and IsI2 may serve only partially
overlapping functions in motor neuron development.

In this study, we identify a new function of Isl1 and Isl2, which allows axons but not cell
bodies to penetrate MEP. In Islet mutant mice, many motor neurons exit from the neural
tube regardless of their subtype, and this exit begins even before BC cells appear at the
MEP. We find that the emigration of motor neurons in these animals is accompanied by
downregulation of Neuropilinl and Slit2 transcripts, raising the possibility that the latter
genes may be targets of Islet proteins and that they may be responsible for preventing
neuronal migration. Consistent with this hypothesis, we demonstrated that Robo and Slit
mutant mice, as well as chick embryos with depleted Nrpl and Slit2 transcripts, have motor
neuron cell bodies that emigrate out of the neural tube. Our results suggest that repulsive
activity in motor neurons controlled by the Islet proteins is a key mechanism maintaining the
boundary between CNS and PNS.
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Material and Methods

Mice

Isl1 hypo, Isl2 null mice and Hb9::GFP mice were described previously (Lee, et al., 2004,
Song, et al., 2009, Sun, et al., 2008, Thaler, et al., 2004). The Robo and Slit mutant strains
were gifts of Dr. Marc Tessier-Lavigne, Rockefeller University (Long, et al., 2004).
Wildtype C56BL/6 and CD-1 mice (6—8 weeks old) were purchased from Damul Science
and Charles River Laboratories, respectively. Robo and Slit PCR genotyping was performed
as previously described (Grieshammer, et al., 2004, Long, et al., 2004, Plump, et al., 2002).
All experiments used protocols approved by the Animal Care and Ethics Committees of the
Gwangju Institute of Science and Technology (GIST), or by the University of Nevada, Reno
Institutional Animal Care and Use Committee, in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals. The day when a vaginal plug was
detected was designated embryonic day 0.5 (EO.5).

Immunohistochemistry, immunocytochemistry and in situ hybridization

Embryos were obtained and processed for immunohistochemistry or in situ hybridization as
described previously (Song, et al., 2009). The following antibodies were used: rabbit and
guinea pig anti-Hb9 (Thaler, et al., 1999), guinea pig anti-Lhx3 (Sharma, et al., 1998),
guinea pig anti-Chx10 (Thaler, et al., 2002), rabbit anti-Foxpl (Abcam), rabbit anti-Krox20
(Covance), rabbit and guinea pig anti-1sl1/2 (Ericson, et al., 1992), mouse anti-
Neurofilament (DSHB), mouse anti-GFP (Sigma), rabbit anti-p-111-tubulin (Covance), rabbit
anti-B-galactosidase (Cappel) antibodies. For immunocytochemistry, dissociated cultured
cells were fixed and immunostained with antibodies including rabbit anti-Robol and Robo?2
(kind gift of Dr. Elke Stein, Yale) and mouse anti-Isl1 (DSHB). Previous characterization of
the Robol and Robo2 antisera confirmed that specific labeling was lost in homozygous
mutants. For in situ hybridization, embryonic cDNA at E10.5 or E12.5 was used to generate
riboprobes using an Advantage cDNA PCR kit (Clonetech).

Chick in ovo electroporation

Nrpl siRNA/scrambled siRNA (Bron, et al., 2004), Slit2 morpholino/control morpholino
(Giovannone, et al., 2012) and siRNAs/scrambled siRNA against Semaphorin ligands (see
Supplementary Methods) were electroporated with GFP into the chick spinal cord at
Hamburger and Hamilton (HH) stages 10 to 12 and harvested at HH stages 20 to 25.
Electroporation was carried out using a square wave electroporator (BTX) with 5 pulses of
25V, 50 ms at 1 s intervals.

Microarray analysis

Embryonic stem (ES) cells were derived from littermate blastocysts of Isl1 heterozygous
intercrosses (also containing Hb9::gfp transgenes) and cultured in standard ES cell
conditions as described (Macfarlan, et al., 2011). To induce motor neuron differentiation, ES
cells were adapted to gelatinized dishes for two passages, and 10° trypsinized cells were
seeded in mDiff medium (1:1 Knockout DMEM:DMEM/F12 (Invitrogen), 5% Knockout™
Serum Replacement (Invitrogen), 1X NEAA (Mediatech), 2 mM L-glutamine, 14.3 mM 2-
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mercaptoethanol) in bacterial grade 10 cm? dishes, and the medium was changed every two
days. RA (1 uM) and smoothened agonist (1 uM, Calbiochem) were added to induce motor
neuron differentiation after 2 days of EB formation. Hb9::gfp positive cells were then
collected on day 6 by FACS. RNA was prepared from mES-derived MNs using an RNEasy
kit (Qiagen) with on-column DNAse digestion. dscDNA was generated from 100 ng-1 pg of
total RNA using a GeneChip3’ IVT Express Kit (Affymetrix), fragmented, and hybridized to
Affymetrix Mouse Genome 430 2.0 expression arrays. Differentially expressed genes in four
wild type ES cell lines (heterozygous and homozygous) and three knockout lines
(independent replicates from a single ES cell line) were identified using Vampire and the
default settings (http://genome.ucsd.edu/microarray/).

Quantification and statistics

Results

At least 6 sections from 3 embryos were analyzed for each genotype and axial level. Limb
levels were determined by Raldh2 expression in adjacent sections. To measure % of sections
with ectopic motor neurons in the chick spinal cord, the proportion of sections that contained
ectopic motor neurons on either side of the neural tube was calculated. Statistical
significance was analyzed by unpaired Student’s t-test and the Kruskal-Wallis test for
multiple comparisons.

Soma emigration of motor neurons occurs when the level of Islet protein expression is low

Since Isl1 and Isl2 co-exist in spinal motor neurons, they may play redundant roles that
might be revealed only when both gene products were eliminated (Hutchinson and Eisen,
2006, Thaler, et al., 2004). To test this idea, we investigated motor neuron formation in Isl1
hypomorphic (Isl1 hypo) mice and Isl2 null (Isl2 KO) mice (Sun, et al., 2008, Thaler, et al.,
2004). 1sl1 hypo mice make low level of IsI1 due to the insertion of a neo cassette that
reduces the splicing efficiency of Isl1 transcripts (Sun, et al., 2008). We examined
expression of Isl1 and IsI2 in these mice by immunohistochemistry using antibodies against
Isl1 at subsaturating concentrations (Sup. Fig. 1A-D, H). Isl1 protein was reduced to as little
as 19.8% of normal in Isl1 hypo mice and to 6.2% in Isl1 hypo; Isl2 KO mice. In Isl1 hypo
mice, Isl2 expression was reduced and it was almost undetectable in Isl2 KO and Isl1 hypo;
IsI2 KO mice (Sup. Fig. 1E-G, I). Thus, the level of total Islet proteins decreased in the
order Isl2 KO, Isl1 hypo and Isl1 hypo; Isl2 KO.

When we examined the motor columns in the spinal cords of E11.5 Islet mutant mice, we
found significant numbers of motor neurons labeled by Hb9, a transcription factor present in
postmitotic motor neurons, outside the neural tube (Fig. 1). A few ectopic motor neurons
were detected at the cervical level in IsI2 KO and Isl1 hypo mice (about 1 cell per quadrant
of the spinal cord in IsI2 KO and 4 cells in Isl1 hypo mice). This is in stark contrast to
littermate controls in which virtually no cells escaped from the neural tube. Remarkably,
more than 15 ectopic motor neurons were found in Isl1 hypo; IsI2 KO mice, indicating that
Isl1 and Isl2 cooperate to confine motor neurons. We also examined motor neurons in Isl1
conditional Nestin-Cre knockout mice that selectively remove Isl1 expression in the CNS
(Song, et al., 2009). Isl1 conditional Nestin-Cre knockout mice had lower numbers of
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ectopic motor neurons (2 cells per section), indicating that elimination of Isl1 is not
sufficient to fully emigrate motor neurons (Sup. Fig. 2). Similar results were obtained at
other segmental levels of the spinal cord (Fig. 1Q). Somatal emigration was accompanied by
corresponding reductions in motor neurons within the neural tube (Fig. 1R). Taken together,
these observations indicate that motor neurons escape the neural tube when the level of Islet
proteins is low.

Distribution and specification of motor columns are altered in Islet mutant spinal cords

We previously showed that motor neuron identity is compromised in the absence of Isl1
such that some motor neurons display V2 interneuronal traits (Song, et al., 2009). To see
whether this change was related to the emigration of motor neurons, we examined motor
columnar identity in Islet mutant mice. The medial and lateral motor columns are
determined by the combinatorial expression of Lhx3, Hb9, Isl1/2, Foxpl and Raldh2. We
also examined V2a interneurons marked by Chx10 since Isl1 mutant cells often display
ectopic Chx10 expression (Song, et al., 2009, Thaler, et al., 2004). At cervical levels, the
number of median motor column (MMC) neurons that expressed Hb9 and Lhx3 decreased in
Isl1 hypo; IsI2 KO mice (33.7 cells in control; 16.3 cells in Isl1 hypo; Isl2 KO mice) (Fig.
2A, E, F, J, U), whereas the number of Chx10-expressing cells increased (51.8 cells in
control; 69.6 cells in Isl1 hypo; Isl2 KO mice), an increase that is roughly the same as the
number of missing MMC neurons (Fig. 2B, E, G, J, U). Furthermore, the extra VV2a
interneurons were mostly found in the territory of the motor columns and they could be
labeled by an Hb9-gfp reporter, which selectively marks motor axons. This indicates that the
fates of putative motor neurons, initially labeled by Hb9-gfp reporter, were compromised in
the absence of Islet proteins and the cells became switched to VV2a interneuronal type (Fig.
2G, Q, Z). Similar increases in the numbers of MMC neurons and V2a interneurons
occurred in Isl1 hypo; Isl2 KO mice at brachial levels (Fig. 2K, L, O, Q, T, V), while the
number of lateral motor column (LMC) neurons identifiable by the presence of Foxpl and
Raldh2 was reduced by 70.3% (Fig. 2M-0, R-T, V). Thus, the number of motor neurons
decreases and the number of VV2a interneurons increases when Islet expression is low, which
could be due to altered specification as well as emigration of motor neurons.

Next, we examined the identity of the ectopic motor neurons to see whether those motor
neurons that erroneously express the V2a interneuronal marker are prone to escape the
neural tube. We did not find any sign of apoptosis in these ectopic cells at E11.5 (Sup. Fig.
3). At cervical levels, 5.4 ectopic cells on average were MMC neurons (Lhx3*Hb9™"), and
9.4 cells were V2a interneurons (Fig. 2W). Almost all the Chx10-expressing ectopic cells
were labeled by Hh9-gfp, indicating that they were originally motor neurons and their fates
had undergone conversion in the absence of Islet (Fig. 2Z-Z’). At brachial levels, MMC,
LMC and V2a interneurons were all found outside the neural tube, with more than 5 cells of
each subtype (Fig. 2P-T, X). Only a few cells were Hb9*Chx10™* hybrids (0.6 cells at
cervical levels and 0.4 cells at brachial levels) (Fig. 2AA). We observed similar changes in
the number of cells in motor columns and ectopic cells at thoracic and lumbar levels (Sup.
Fig. 4). Since not all the ectopic motor neurons were hybrid or Chx10-expressing cells, mis-
specification may not be the major cause of their positioning defect. We noted that the
organization of motor columns in Isl2 KO mice was normal, with few ectopic cells, unlike
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the situation in the Isl1 hypo; Isl2 KO mice. The Isl1 hypo mice had mild phenotypes
compared to the Isl1 hypo; IsI2 KO mice (Sup. Fig. 5). Together, all types of motor neurons
escape the spinal cord regardless of their columnar identity when both Islet genes are
downregulated.

The peripheral structural barrier is formed normally but is disrupted by emigrating motor

neurons

The presence of extraspinal motor neurons has been reported previously when peripheral
structures such as the basal lamina, boundary cap (BC) cells and radial glia were
compromised (Halfter, et al., 2002, Lee and Song, 2013, Vermeren, et al., 2003). Although
there is no report that BC cells express Isl1 or Isl2, we examined whether peripheral barrier
formation is normal in the absence of Islet proteins. BC cells originate from neural crest
cells that produce Sox10 along their migratory route, and Krox20 once they arrive at MEPs
(Vermeren, et al., 2003). At E9.75 when neural crest cells were still migrating, a stream of
cells expressing Sox10 transcripts were detected near MEPS but it was uncertain whether it
contained BC cells or not. Nevertheless, none of Krox20 protein and mRNA was detected at
MEPs, implying that BC cells have not established yet (Fig. 3C-H’). Surprisingly, motor
axons labeled by Neurofilament proteins exited the MEPs at this stage and several ectopic
motor somata appeared in Isl1 hypo; Isl2 KO mice (Fig. 3A-B’). This suggests that motor
cell bodies escape before the time when BC cells function as a barrier. At E11.5, the
Krox20-expressing BC cells in Isl1 hypo; IsI2 KO mice were scattered and intermingled
with motor somata unlike those in littermate controls, in which the BC cells were clustered
at the MEPs (Fig. 31-J). Nevertheless, a few scattered BC cells in the mutants imply that
BC cells were recruited but they failed to group properly. Perhaps BC cells are mechanically
blocked by emigrating motor neurons (Fig. 3J). We also found that the structures of the
basal lamina, radial glia and peripheral glia, were intact in the Isl1 hypo; Isl2 KO mice (Sup.
Fig. 6). Together, these findings suggest that the initial exodus of motor neurons may inhibit
BC cell formation, and that this may later aggravate the defect of the CNS/PNS border in
Islet mutant mice.

Reduced expression of Neuropilinl and Slit2 in the absence of Isl1 and Is|2

Since the Islet proteins are transcription factors, they are likely to control a set of genes
required for migrating cell bodies to be retained in the neural tube. Expression of these
genes is expected to be downregulated in the absence of Islet since Islet proteins mainly act
as activators (Pfaff, et al., 1996, Zhang, et al., 2009). To identify the gene products
responsible for the occurrence of ectopic motor neurons, we performed microarray screens
using Isl1 knockout embryonic stem cells differentiated into motor neurons with retinoic
acid and smoothened agonist (Wichterle, et al., 2002). About 275 transcripts were
significantly induced and 182 transcripts downregulated in Isl1 null cells (> 0.5 fold change
compared to the control). The expression of several genes related to axon guidance and cell
migration was altered in the Islet null cells (Fig. 41, J) (Supplementary Table 1). In
particular, Neuropilinl and Slit2 transcripts were absent from the spinal cord motor neurons
of Isl1 hypo; Isl2 KO mice but not from those of Isl2 KO or Isl1 hypo mice (Fig. 4). It is
important to note that Slit2 expression was maintained in the floor plate (Fig 4H), so that the
Islet mutant embryos have a motor neuron-specific loss of Slit expression. Expression of
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Neuropilin2, PlexinAl, Slitl, Slit3, Robol, Robo2 was unchanged in the Islet mutants (Sup.
Fig. 7).

Reduction of Semaphorin and Slit-Robo signaling triggers ectopic motor neurons outside
the neural tube

The downregulation of Nrpl and Slit2 in the absence of Isl1 and IsI2 led us to think that the
products of these genes might be responsible for preventing the emigration of motor neurons
in wild type organisms. To test this, we electroporated Nrpl siRNA and/or Slit2 morpholino
(MO) into chick neural tube, downregulated expression of the corresponding transcripts
(Bron, et al., 2004, Giovannone, et al., 2012). The introduction of Nrp1 siRNA or Slit2 MO
separately did not cause motor neuron emigration (Fig. 5A-C, 1). However, downregulation
of both transcripts resulted in the escape of more motor neurons (> 2.8-fold) than in the
control (Fig. 5D, I). Importantly, BC structures were intact in all the knockdown conditions
(Fig. 5E-H).

Nrpl interacts with Sema3 family members, which are present in the developing spinal cord
(He and Tessier-Lavigne, 1997, Kitsukawa, et al., 1997, Kolodkin, et al., 1997). Previous
studies and our in situ hybridization showed that Sema3A, 3C, 3D, 3E and 3F were present
in motor neurons but none of them were found in BC cells (Bron, et al., 2007) (Sup. Fig. 8).
Sema3B and 3G are present in BC cells but elimination of them does not affect position of
motor neurons (Bron, et al., 2007). Knockdown of individual Semaphorin ligands or
knockdown of both Sema3A siRNA and Nrpl siRNA was not sufficient to trigger motor
neuron emigration (Fig. 51, data not shown). However, when co-electroporated with Slit2
MO, Sema3A siRNA increased the escape of motor neurons by 4-fold, similar to the effect
of Nrpl siRNA (Fig. 5J). Introducing Sema3A siRNA, Nrpl siRNA and Slit2 MO did not
further enhance the induction of ectopic motor neurons (Fig. 51).

The induction of extraspinal motor neurons in the absence of Nrpl could be simply
explained by a failure of motor neurons to respond to BC cells that transmit repellent agents
such as semaphorins (Bron, et al., 2007, Mauti, et al., 2007). However, we found that BC
cells did not express Robo or Slit (see Fig. 4, 6 and Sup. Fig. 7). Hence Slit-Robo signaling
may occur between motor neurons (Brose, et al., 1999, Jaworski and Tessier-Lavigne,
2012). To investigate the presence of Robo receptors in motor neurons, we examined the
distribution of p-galactosidase in spinal cord sections of heterozygous Robol1*/~ and
Robo2*/~ mice carrying Robol and Robo2 mutant alleles in which B-geo and LacZ-tau,
respectively, had been inserted (Long, et al., 2004). The spinal motor neuron cell bodies and
axons of both heterozygotes produced -galactosidase (Fig. 6A-B). In addition,
immunostaining of spinal cord sections and dissociated spinal motor neurons with anti-
Robol and anti-Robo?2 antibodies showed that both Robol and Robo?2 receptors were
present on the cell membranes and in the cytoplasm of motor neuron cell bodies (Fig. 6C-J).
The presence of Robo expression on motor neurons and not on BC cells suggests a cell-
autonomous function in motor neurons.

Next, we investigated if Slit/Robo signals were involved in keeping ventral motor neurons
inside the neural tube, using Robo and Slit knockout embryos (Fig. 6K-R). In Robol~/~;
271~ or Slit1™/=;27/=;37~ embryos, significant numbers of spinal motor neurons were
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positioned outside the spinal cord at the brachial and lumbar levels (Fig. 6K-0, Q). No
significant number of ectopic motor neurons was detected at the thoracic level, suggesting
that Slit-Robo signaling is region-specific (Fig. 60, Q). Extraspinal motor neurons in Robo
mutants were also found at E9.75 when Krox20-expressing BC cells were not found at the
MEPs (Fig. 6S-V). Hence, Slit-Robo signaling prevents motor neuron emigration prior to
BC cells. Lastly, the motor axons at the MEPs in Robo, Slit mutants and Isl1 hypo; Isl2 KO
were severely defasciculated at the MEPs, forming wider and disorganized motor nerves,
which may affect MEP structures (Sup. Fig. 9). Together, the similarity of motor neuron
emigration in Robo, Slit, and Islet mutants is consistent with a mechanism in which Islet
transcription factors are responsible for retaining motor cell bodies within the neural tube by
acting through Slit/Robo signaling.

Discussion

Overlapping and distinct roles of Islet proteins in motor neuron development

Isl1 and IsI2 share a high level of homology, especially in their DNA binding region, and
their expression overlaps in most postmitotic motor neurons, raising the possibility that they
play redundant roles in motor neuron development. However Isl1 appears to be more crucial
since it regulates the expression of Isl2, and elimination of Isl1 leads to more severe
phenotype (Hutchinson and Eisen, 2006, Pfaff, et al., 1996, Song, et al., 2009, Thaler, et al.,
2004). Although the Islet proteins have been mainly implicated in motor neuron
specification, genetic elimination of Isl1 or IsI2 alone in mice and zebrafish also results in
errors in axon pathfinding and in the retention of motor somata within columns (Hutchinson
and Eisen, 2006, Thaler, et al., 2004).

Several lines of evidence show that Isl1 and Isl2 control the transcription of similar sets of
genes. Their DNA binding-homeodomains (HD) in multiple species differ at most by one
amino acid (Gadd, et al., 2011). The introduction of IsI2 MRNA into Isl1-knockdown mice
rescued the defective production of motor neurons (Hutchinson and Eisen, 2006). Likewise,
when co-electroporated with Lhx3 into the chick neural tube, IsI2 induced extra motor
neurons, like Isl1 (Song, et al., 2009). However, some of the functions of Islet proteins may
involve distinct aspects of motor neuron development. In zebrafish, the Islet proteins have
separate functions although they co-exist in the same neurons: Isl1 is required for motor
neuron formation and Isl2 for axon projection (Hutchinson and Eisen, 2006). In mice, the
absence of IsI2 results in mis-specification of visceral neurons although Isl1 expression is
normal (Thaler, et al., 2004). In this study, we demonstrated that massive emigration of
motor neurons occurs when both Islet proteins are downregulated. This is not simply due to
errors in cell identity because both motor neurons and ectopically induced V2a interneurons
emigrate with similar extent. Removal of Isl1 or IsI2 individually resulted in few if any
extraspinal motor neurons. Since IsI2 transcript are significantly reduced in Isl1 cKO, both
Isl1 and IsI2 may be involved in positioning motor neurons (Song, et al., 2009). At least two
genes, Slit2 and Npr1, appear to be involved in motor neuron positioning. The expression of
neither of these genes is dependent on Isl1 only (or on Isl2 only), since expression of Slit2
and Nprl was normal when Isl1 or Isl2 was individually downregulated. Although a
genome-wide study is needed to determine whether they control identical sets of genes, we
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suggest that both Isl1 and IsI2 activate the transcription of major genes whose products have
repulsive activity, and they thus serve partially redundant roles in positioning motor somata.

Central and peripheral mechanisms that dictate motor neuron positioning

Motor neurons comprise motor columns with distinct locations in the CNS and thus the
mechanisms that set the position of motor somata within the neural tube are closely
associated with motor neuron specification. For instance, LIM-HD transcription factors such
as Isl12 and Lhx1 are critical for the location of visceral and limb-innervating motor neurons,
respectively, and ETS factors are implicated in motor pool formation in later periods (Livet,
et al., 2002, Palmesino, et al., 2010, Thaler, et al., 2002). Clustering of motor somata relied
on multiple mechanisms: cell-to cell adhesion mediated by cadherins, repellent activity of
Slit from the floor plate and reelin signaling that determine the mediolateral axis (Demireva,
etal., 2011, Kim, et al., 2014, Palmesino, et al., 2010).

In addition to central mechanisms that determine the three-dimensional position of motor
neurons within the neural tube, peripheral mechanisms include BC cells, perineurial glia and
Schwann cells, which set the barrier between the CNS and PNS and prevent the emigration
of motor neurons (Kucenas, et al., 2008, Vermeren, et al., 2003). Recently, CNS-derived
radial glia and MEP glia were also implicated in this process, indicating that multiple cell
types involved (Kucenas, et al., 2008, Lee and Song, 2013). BC cells comprise major
cellular structure that sets the boundary between the CNS and PNS (Kucenas, et al., 2008,
Vermeren, et al., 2003). BC cells migrate from the dorsal roof plate and arrive at the MEPs
around the time when motor axons exit the neural tube (Niederlander and Lumsden, 1996).
The exact timing of BC cell arrival is still uncertain, but recent EM examination shows that
motor axons leave the CNS before BC cells arrive, implying that BC cells may not be the
unique barrier to motor neuron emigration (Altman and Bayer, 1982, Altman and Bayer,
1984, Bravo-Ambrosio and Kaprielian, 2011, Fraher, et al., 2007, Fraher and Rossiter,
1983). This is consistent with our observation that motor somata of Islet mutant exited the
neural tube before Krox20-expressing BC cells appear at the MEPs. BC cells were recruited
to the MEPs in Islet mutant mice, although their clustering appeared to be hindered by
already emigrating motor neurons. It is unlikely that Isl1 or IsI2 play any role in BC cells
since we did not observe any expression of Isl1 or IsI2 in BC cells (see Sup. Fig. 1).
Nevertheless, disrupted BC clusters caused by initially exiting motor neurons may
contribute or aggravate the later breakout of motor neurons, raising the possible involvement
of BC cells in Islet mutant mice. Thus, Islet factors may link both central (BC cell-
independent) and peripheral (BC cell-dependent) mechanisms to control cell body
positioning.

Slit-Robo and Semaphorin-Neuropilin signaling maintains the position of motor somata

The involvement of Semaphorin signaling in motor somata has been suggested in several
studies mainly between motor neurons and BC cells: Sema6A is present in BC cell clusters,
and repel motor somata that express Npr2 or Plexins (Bron, et al., 2007, Mauti, et al., 2007).
Knockdown or genetic deletion of Npr2, Sema6A and PlexinA induces ectopic motor
neurons in BC-cell dependent manner (Bron, et al., 2007, Mauti, et al., 2007). In this study,
we demonstrated that a class 3 family member Sema3A and its receptor Nprl is also
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involved in this mechanism. In Islet mutants, Nrp1 was downregulated in motor neurons and
knockdown of Sema3A emigrated motor neurons. Thus, BC cells may utilize multiple
Semaphorin pathways to secure motor cell bodies.

Several studies have implicated Slit-Robo signals in controlling motor axons and somata.
The Slit-Robo signals prevent midline entry by motor neurons and guides motor axons
towards the MEPs, as demonstrated by studies of Robol and Robo2-deficient mice in which
many motor axons cross the midline or display projection errors (Bali, et al., 2011, Bravo-
Ambrosio, et al., 2012, Hammond, et al., 2005). In Drosophila, Robo2 and Robo3 whose
expression is controlled by motor neuron-specific transcription factor Hb9 determine the
medio-lateral position of motor axons (Santiago, et al., 2014). Significantly, the cell bodies
of hindbrain neurons are found on the floor plate in Robo1/2 null mice, indicating that the
Slit-Robo signal dictates the position of the cell bodies in addition to axons (Kim, et al.,
2011, 2015). Although the role of Slit-Robo in motor neurons seems obvious, the location
and the mode of interaction between Robos and Slits are still uncertain. Studies by us and
others show that Robos and Slits are not expressed in other relevant nearby structures
including BC cells and peripheral glia but are present in motor neurons, especially in motor
axons and cell bodies, as well as Slit expression in the floor plate (Brose, et al., 1999,
Jaworski and Tessier-Lavigne, 2012). Early motor somata in Robo mutants escaped the
neural tube when BC cells have not established yet, implying this could be BC cell-
independent.

The fact that both the receptor Robo and the ligand Slit are co-expressed in motor neurons
raises the possibility that Slit-Robo signals are transmitted between motor neurons. Indeed,
an autocrine/juxtacrine function of Slit was implicated in the phrenic motor nerve in which
elimination of Slit2 ligand was found to defasciculate motor axons in vivo, while increase of
exogenous Slit2 could increase the fasciculation of motor axons growing out in culture
(Jaworski and Tessier-Lavigne, 2012). Interestingly, Purkinje cells in the cerebellum also
use autocrine regulation of Slit as a self-avoidance mechanism that permits complex
dendritic arborization (Gibson, et al., 2014). In the present study, we observed that the
reduction of Slit expression in motor neurons caused an increase in extraspinal motor somata
and defasciculated axons. How Slit-Robo signaling stalls motor somata and promotes motor
nerve fasciculation remains unknown. One possibility is that Slit2 proteins secreted from
motor neurons accumulate in the base membrane with the help of dystroglycan near the
MEP and repel motor somata from the MEP (Wright, et al., 2012). If this is the case, motor
neurons develop a dual barrier that retains their cell bodies: Slit2 inside the MEP and
Sema6A in BC cells outside the MEP. Alternative possibility is that bundling of axons
affects the intactness of MEP. When Slit level is low, the resulting defasciculated motor
axons could exit independently over a wider area, widening the motor exit points, and, as a
result, allowing motor somata to escape. After the normally compact exit point is formed,
the arrival of BC cells would then be important to maintain or enforce the bounds of the exit
point. Neuropilin present in motor axons may then interact with Semaphorin in BC cells to
conduct BC cell-dependent barrier mechanisms at the CNS/PNS border.

It is important that both Npr1 and Slit2 are jointly controlled by Islet factors and participate
in positioning motor somata. Our microarray analysis as well as other ChiP-related analyses
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point to Nprl and Slit2 as potential targets of Isl1 protein (Lee, et al., 2012, Mazzoni, et al.,
2013). Neither of them may fully compensate each other since the segmental levels that each
signal influences are slightly different. Ectopic motor neurons in the Robo and Slit mutants
were only present at the limb level but not at thoracic level, whereas emigration of motor
neurons was more severe at the lumbar level when Semaphorin signaling was perturbed
(Bron, et al., 2007, Mauti, et al., 2007). In addition, thoracic motor neurons are more likely
to emigrate when reelin signaling is missing (Lee and Song, 2013). Such variations in
different axis cannot be simply explained by distribution of relevant ligands and receptors
because they are broadly expressed along the rostocaudal axis of the spinal cord (data not
shown). Recently, several studies suggested the potential cross-talk between Slit and
Semaphorin signaling by sharing their receptors; Robol interacts with Nrp1, and Slit2 binds
to PlexinAl (Delloye-Bourgeois, et al., 2015, Hernandez-Miranda, et al., 2011). Thus, more
complicated and dramatic outcome may arise when both pathways are compromised.
Nevertheless, in Islet mutants, motor neurons emigrated in all segmental levels and the
number is far greater, when compared to other mutants, indicating that additional genes may
be controlled by Islet proteins more or less (Bron, et al., 2007, Lee and Song, 2013, Mauti,
etal., 2007). In our microarray analysis, we observed that expression level of more than 400
genes altered in the absence of Isl1. Although we focused on our analysis in genes
downregulated and identified two major targets of Islet, other genes may also involve in
motor neuron positioning, i.e., unknown target genes whose level was moderately altered, or
genes whose expression levels were indirectly changed in the absence of Isl1. Thus, together
with Slit2 and Nrpl, multiple genes under the influence of Islet may contribute to
constraining motor somata within the neural tube in total.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Ectopic motor neurons in the ventral roots of 11 hypo (Isllh/h) and 11 hypo; 1512
(1s1"h; 192 KO) null mice

(A-P) Motor neurons labeled with Hb9 are present in the neural tube and the periphery
(arrowheads, B, D, F-H, J-L, N-P) Control, Isl1 hypo, IsI2 KO and Isl1 hypo; IsI2 KO mice
(n >10 sections in 5 embryos). (Q, R) The number of ectopic Ho9* cells in the periphery (Q)
and Hb9* motor neurons in the column (R). Error bars represent SEM. **p < 0.01, ***p <
0.001 vs. control; #p < 0.05, ###p < 0.001 vs. Isl1 hypo; Kruskal-Wallis test. Scale bar: 50
pm.
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Figure 2. Columnar identity is compromised in |slet mutant spinal cords
(A-D, F-I1, K-N, P-S) Expression of Hb9, Lhx3, Chx10, Foxp1l, Isl1/2 and Raldh2 at

cervical and brachial levels in E11.5 mouse spinal cords of Isl1 hypo and Isl1 hypo; IsI2 KO
(11/12) mice (n > 6 sections in 3 embryos). Ectopic cells outside the neural tube are marked
with arrowheads (F, G, P, Q, R). (E, J, O, T) Diagrams of motor columns and ectopic motor
neurons of each genotype; MMC (light green), HMC (olive), LMC (blue) and V2a (red). (U,
V) Quantification of motor columns and V2a interneurons in the neural tube, as indicated.
(W, X) Quantification of ectopic cells with the indicated markers. (Y-AA) Immunolabeling
and quantification of extraspinal cells in Isl1 hypo; IsI2 KO; Hb9::GFP mice. Images are z-
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stack images (Y, Z) or single plane images Z’ (high power images in Z; Scale bar: 10 um).
Dotted lines mark Chx10*GFP* cells and solid lines mark Hb9*GFP* cells. Error bars
represent SEM. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control; unpaired Student’s t-test;
n.s., not significant. Scale bar: 50 pum.
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Figure 3. Motor somata exit the neural tube before the settlement of boundary cap (BC) cells in
Islet mutant spinal cords

(A-B’) Motor neurons (Hb9, green) are ectopically located in the ventral roots
(Neurofilament, red) of Isl1 hypo; Isl2 KO mice at E9.75. (C-H’) BC cells labeled by
Krox20 protein or mMRNA as well as migrating neural crest cells labeled by Sox10 mMRNA
are absent in the dorsal and ventral exit points in adjacent sections of A and B. Empty
arrowheads indicate MEPs (A-H’). (I-J") At E11.5, BC cell clusters are present at MEPS in
control mice (arrows, I, I’), while scattered BC cells (arrows, J, J') intermingled with ectopic
motor neurons (arrowheads, J) are seen in Isl1 hypo; Isl2 KO mice. Expression of Krox20
was assessed by immunohistochemistry and in situ hybridization in adjacent sections. Scale
bars: 50 pm.
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Figure 4. Reduced expression of Neuropilinl and Slit2 in the absence of I1 and 1512
(A—H) Neuropilinl and Slit2 transcripts are almost undetectable at motor columns of Isl1

hypo; 1s12 KO mice. (1) List of genes altered in Isl1 null ES cells. (J) Scatter plot of the gene
expression profiles comparing Isl1 KO ES with control ES cells by cDNA microarrays.
Scale bar: 100 pum.
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Figure 5. Repression of Semaphorin and Slit-Robo signaling results in extraspinal motor
neurons

(A-D) Knockdown of Nrpl siRNA and Slit2 MO but not Nrp1 siRNA or Slit2 MO alone
causes ectopic migration of motor neurons in the chick neural tube (arrowheads, D) (n > 80
sections in 6 embryos). (E-H) Sox10™ BC cells are intact in embryos in which Nrp1 and
Slit2 are downregulated. (I, J) Quantification of % sections with ectopic motor neurons
treated with Nrpl siRNA, Sema3A (3A) siRNA and Slit2 MO (1), and semaphorin siRNAs
and Slit2 MO (J). Error bars represent SEM. ***p < 0.001 vs. control; one-way ANOVA
test, post hoc Tukey’s multiple comparison test (1); unpaired Student’s t-test (J); n.s., not
significant. Scale bar: 50 pm

Exp Neurol. Author manuscript; available in PMC 2016 July 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

Page 22

[ Robottezt ||

Isl1 B-gal

[ st |[ Robot1 |[Robotisit |[ 1si1 ][ Robo2 |[Robo2isi1 |

[ Control ][ Robot2- || Slit1*

R
150

O O Control P O Control Q o Slit1 = 0 Slitt
15 B Robo1/2 § 150 W Robo1/2 15 m Sit1/2/3' § W Slit1/2/3
0 3 0 3
z ] z o ns
S0 2100 ns S10 2 100
[t} b o
kS £ g £
g S ns 3 50 85 % 50
* @ * @
003 o0y ool % 0 % 0
Brachial Thoracic Lumbar ‘S Brachial Thoracic Lumbar Brachial Thoracic ~Lumbar : Brachial Thoracic Lumbar
#*
Isl1p-tubulin ][ Krox20 ]

[ Isip-tubulin ][ Krox20 ]
1

Control

<4
S
3
~—
[o}
Q
o}
\q

Figure 6. Disruption of Slit-Robo signaling results in ectopic motor neurons
(A, B) B-galactosidase and Isl1 labeling of cryosections of Robo1!2Z/+ (n=3 embryos, n=6

sections) and Robo2'2Z/* (n=3 embryos, n=6 sections) embryos. (C-J) Anti-Robo1 and anti-
Robo2 antibody labeling of cryosections (C, D; n=3 embryos, n=6 sections) and dissociated
cells (E-J, n=3 embryos) from ventral spinal cords. Robo receptors are present on Isl1* cell
bodies. (K-N) Isl1 antibody labeling of spinal cord sections at brachial levels. Robol~/~;
27/~ and Slit1~/=;27/=;37/~ embryos have numerous Isl1* cell bodies outside the neural
tube at the lumbar level. (O-R) Graphs show numbers of ectopic motor neurons at different
levels of the spinal cord, and the numbers of motor neurons within the spinal column of
Robo and Slit mutant embryos. (S-V) Isl1 and B—tubulin immunostaining of sections of
E9.75 Robo1~/~;27/~ embryos. Adjacent sections were immunostained for Krox20. Inset
shows high power image of IsI1* motor neurons in the periphery (U). Error bars represent
SEM. *p < 0.05, ***p < 0.001 vs. control; unpaired Student’s t-test; n.s., not significant.
Scale bars: A-D, K-N, 50 pm; E-J, 20 um; S-V, 50 pm.
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