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Abstract

The secreted glycoproteins, Slit1-3, are classic axon guidance molecules that act as repul-
sive cues through their well characterised receptors Robo1-2 to allow precise axon pathfind-
ing and neuronal migration. The expression patterns of Slit1-3 and Robo1-2 have been
most characterized in the rodent developing nervous system and the adult brain, but little is
known about their expression patterns in the adult rodent peripheral nervous system. Here,
we report a detailed expression analysis of Slit1-3 and Robo1-2 in the adult mouse sciatic
nerve as well as their expression in the nerve cell bodies within the ventral spinal cord
(motor neurons) and dorsal root ganglion (sensory neurons). Our results show that, in the
adult mouse peripheral nervous system, Slit1-3 and Robo1-2 are expressed in the cell bod-
ies and axons of both motor and sensory neurons. While Slit1 and Robo2 are only
expressed in peripheral axons and their cell bodies, Slit2, Slit3 and Robo1 are also
expressed in satellite cells of the dorsal root ganglion, Schwann cells and fibroblasts of
peripheral nerves. In addition to these expression patterns, we also demonstrate the expres-
sion of Robo1 in blood vessels of the peripheral nerves. Our work gives important new data
on the expression patterns of Slit and Robo family members within the peripheral nervous
system that may relate both to nerve homeostasis and the reaction of the peripheral nerves
to injury.

Introduction

The Slit axon guidance molecules and their receptors, known as Robo (Roundabout), form
one of the most crucial ligand-receptor pairings among the classic axon guidance signaling
pathways by serving as a repellent to allow precise axon pathfinding and neuronal migration
during development [1-10]. So far, three Slit ligands (Slit1-3) have been identified in verte-
brates with a spatio-temporal expression pattern in the nervous system as well as in the periph-
eral tissue and other organs during development [11-14]. Using Slit or Robo gene null fruit
flies or mice as research models, Slit-Robo interactions have been shown to act as a repulsive
signal to regulate actin dynamics for axon guidance at the midline for commissural, retinal,

PLOS ONE | DOI:10.1371/journal.pone.0172736 February 24, 2017

1/30


http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0172736&domain=pdf&date_stamp=2017-02-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0172736&domain=pdf&date_stamp=2017-02-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0172736&domain=pdf&date_stamp=2017-02-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0172736&domain=pdf&date_stamp=2017-02-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0172736&domain=pdf&date_stamp=2017-02-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0172736&domain=pdf&date_stamp=2017-02-24
http://creativecommons.org/licenses/by/4.0/
http://www.nsfc.gov.cn
http://www.mrc.ac.uk

@° PLOS | ONE

Slit1-3 and Robo1-2 expression in the adult mouse peripheral nervous system

olfactory, cortical and precerebellar axons [1-10]. Validated by numerous studies, the repul-
sive function of Slit1-3 though their Robo receptors is conserved in worms, flies and verte-
brates [1-10]. In addition to these functions, more recent studies have also shown that they are
important regulators for cell migration and angiogenesis during development [15-16].

Based on their homology, four Robo receptors (Robol-4) have been identified in mammals
[1-4, 17-18]. Robol and Robo2 are highly expressed in the nervous system during embryonic
development and play a key role in axon guidance and cell migration in the developing ner-
vous system [19]. Robol and Robo2 also show a tissue and organ specific expression pattern
outside of the nervous system and their expression is required to regulate morphogenesis, for
example, in the kidney, the lung and the heart [2, 11-14, 20]. In contrast, Robo3 is expressed
only by commissural neurons and it plays a crucial role in the control of commissural axons
crossing the midline of the central nervous system [17, 21-24]. Robo4 was first identified in
2002 and is a much smaller protein compared to Robo1-3 [18]. Robo4 possesses only two of
the five immunoglobulin (Ig) domains and two of the three fibronectin domains present in the
extracellular component of Robo1-3 [18]. Intensive studies have been carried out on Robo4
since its discovery and these studies have confirmed that Robo4 is an endothelial cell specific
protein required for maintaining blood vessel integrity [25-30].

Although four Robo receptors have been identified in mammals, to date, Slit1-3 have been
shown to bind only to the Robol and Robo2 receptors with high affinity in mammals [1-10].
Recently, Evans et al have reported that Drosophila midline glia express Robo2 and that Robo2
acts in trans to inhibit Slit-Robol repulsion and promote midline commissural axon crossing.
This effect is mediated by Robo2-Robol interaction between their extracellular Igl and Ig2
domains [31]. The key amino acid residues required for Slit1-3 binding in Robol and Robo2
receptors have been identified by studying the crystal structure of human Slit2 and Robol
interacting domains and consist of the second leucine rich domain in Slit1-3 and the immuno-
globulin domain 1 (Igl) in Robo1-2 [32]. Studies have revealed that mammalian Robo3 does
not bind Slit1-3 with high affinity [17, 21-24]. In support of this finding, a recent study has
shown that a few key residues required for Slit1-3 binding in the Igl domain of Robol and
Robo2 have been substituted in the mammalian Robo3 receptor [33]. Instead of binding to
Slit1-3, these changed residues now favour mammalian Robo3 forming a complex with the
deleted in colorectal cancer (DCC) protein, a Netrin-1 receptor, to transduce Netrin-1 medi-
ated attractive signaling [33]. It has been found that a conserved tyrosine residue in the intra-
cellular domain of Robo3 could be phosphorylated upon Netrin-1 binding to its receptor
DCC, providing more evidence for a functional interaction between the DCC and Robo3
receptors [33]. This conserved tyrosine residue phosphorylation in Robo3 contributes to the
attractive actions of Netrin-1 thought its DCC receptor [33]. As for Robo3, there is little evi-
dence for Robo4 acting as a receptor for Slit-dependent signaling [25-30]. In searching for
Robo4 binding proteins, it has been found that Robo4 binds Unc5B, another Netrin-1 receptor
expressed in endothelial cells [34]. The interaction between Robo4 and Unc5B on adjacent
endothelial cells has been shown to be required for the maintenance of adult blood vessel
integrity [34]. Robo4 is also expressed in hematopoietic stem cell where it cooperates with the
Cxcr4 receptor to localize hematopoietic stem cells to bone marrow niches [35-36].

Slit1-3 have been well characterised as a potent repellent for axon pathfinding by binding to
Robol and Robo2 receptors present on the growth cone [1-10]. However, recent studies have
revealed that Slit or Robo could interact with other guidance molecules or receptors to initiate
attractive signaling [37-38]. During development, the Drosophila embryonic contractile tissue
is established by the migration and adhesion of muscles towards their corresponding tendon
cells. In an effort to identify a tendon-specific signal that is essential for the guidance of migrat-
ing muscles towards tendon cells, Wayburn and Volk identified a novel tendon-specific
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transmembrane protein, which was named LRT due to the presence of a leucine-rich repeat
domain in its extracellular region. LRT forms a protein complex with Robo and the LRT-Robo
interaction initiates an attractive signaling for muscle migration towards the tendon cells [37].
Studies in sensory axons branching and arborization have shown that Slit has a dual branch-
repelling and branch-promoting functions, and that Slit could also function as a positive mole-
cule to stimulate sensory axon branching and arborization [39]. Recently, Daseenco et al have
identified Down syndrome cell adhesion molecule 1 (Dscam1) as the receptor to mediate the
Slit positive function for sensory axon branching and arborisation. They found that Slit directly
binds to Dscam1 and enhances Dscam1 interacting with the receptor tyrosine phosphatase
69D. This interaction stimulates Dscam1 dephosphorylation and confers axon branching [38].

The expression patterns of Slit1-3 and Robo1-2 have been most characterized in the devel-
oping rodent embryonic nervous system and the adult rat brain [5, 17-19], but a systematic
study of their expression pattern in the adult rodent peripheral nervous system has not yet
been performed. We are interested in the role of axon guidance molecules in adult peripheral
nerve regeneration and we use the mouse sciatic nerve injury as a research model for our stud-
ies. In order to understand the function of Slit/Robo signaling in adult peripheral regeneration,
our first approach was to fully map their expression in the adult peripheral nervous system.
Here, we report a detailed expression of Slit1-3 and Robo1l-2 in the intact mouse sciatic nerve
as well as their expression in the nerve cell bodies localizing in the ventral spinal cord (motor
neurons) and dorsal root ganglion (DRG, sensory neurons). Our results show that, in the adult
mouse peripheral nervous system, Slit1-3 and Robol-2 are expressed in the cell bodies and
axons of both motor and sensory neurons. While Slitl and Robo2 are only expressed in
peripheral axons and their cell bodies alone, we also see expression of Slit2, Slit3 and Robol in
the satellite cells of the DRG, Schwann cells and fibroblasts of peripheral nerves. Finally, we
also demonstrate the expression of Robol in the blood vessels of peripheral nerves.

Materials and methods
Animals

All work involving animals was carried out according to Home Office regulation under the
UK Animals (Scientific Procedures) Act 1986. Ethical approval for all experiments was granted
by Plymouth University Animal Welfare and Ethical Review Board. Mice were housed in a 12
hour light/dark cycle with ad libitum access to food and water. Equal numbers of males and
females were used for these experiments. Slitl and Slit3 knockout mice used for antibody veri-
fication purposes have been previously described [40-41]. C57BL/6 mice were purchased from
Charles River UK limited and GFAP-GFP (green fluorescent protein) mice were purchased
from Jackson laboratory (Stock number: 003257). The GFAP-GFP mice express cytoplasmic
GFP driven by the Glial fibrillary acidic protein gene promoter [42]. Homozygous PLP-GFP
mice were obtained from Professor Thomas Misgeld (Technische Universitit Miinchen, Ger-
many) with permission from Professor Wendy Macklin (University of Colorado, USA). The
PLP-GFP mice express cytoplasmic GFP driven by the mouse myelin proteolipid protein
(PLP) gene promoter in both myelinating and non-myelinating Schwann cells [43].

RT-PCR and qRT-PCR

Lumbar (L) 4-L5 spinal cord, L4 and L5 DRG and sciatic nerve samples were dissected out
from two month old C57BL/6 mice. Total mRNA was extracted with miRNeasy Mini Kit (Qia-
gen, 217004) and first stand cDNA was synthesised with M-MLYV reverse transcriptase (Pro-
mega, M368) using random hexanucleotide primers (Promega, C1181). Quantitative (q) PCR
was performed in the PCR LightCycler480 Real-Time PCR Instrument (Roche Applied Science)
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using SYBR Green I Master mix. The following primers were used for both RT-PCR and
qRT-PCR: Slitl (forward: 5’ -CTGCTCCCCGGATATGAACC-3' ; reverse: 5’ -TAG
CATGCACTCACACCTGG-3"), S1it2 (forward: 5’ ~AACTTGTACTGCGACTGCCA-
3’ ; reverse: 5’ -TCCTCATCACTGCAGACAAACT-3"), S1it3 (forward: 5" -
AGTTGTCTGCCTTCCGACAG-3’ ; reverse: 5’ -TTTCCATGGAGGGTCAGCAC-3"),
Robol (forward: 5’ -GCTGGCGACATGGGATCATA-3’ ; reverse: 5’ -AATGTGG
CGGCTCTTGAACT-3") ; Robo2 (forward: 5’ ~-CGAGCTCCTCCACAGTTIGT-3" ;
reverse: 5’ -GTAGGTTCTGGCTGCCTTCT-3’ ), Robo3 (forward: 5’/ -CCTGTTC
AAACCCAGGACAGC-3’ ; reverse: 5’ ~ACACACGGAATCCTTGCACC-3") , Robo4
(forward: 5’ ~AAGCCCAGGTCCAAACTCTG-3’ ; reverse: 5’ ~-GTTGCGGTGAAG
TTGTGGTC-3") ; GAPDH (forward: 5’ —~-AAGGTCATCCCAGAGCTGAA-3' ; reverse:
57 ~CTGCTTCACCACCTTCTTGA-3") . Cross point (Cp) values were calculated by using the
software of the LightCycler480 Real-Time PCR Instrument. Relative Slit1-3 and Robol-4
mRNA level were calculated by the -2*““T method [44] using GAPDH as a reference gene for
normalization. All reactions were carried out in triplicate for statistical analysis. As a positive
control for the Robo3 PCR primers, a plasmid containing mouse Robo3 (a gift from Professor
Alain Chédotal, Institut de la Vision, Paris, France) was used [33].

Primary and secondary antibodies for immunohistochemistry

The following primary antibodies were used for this study: Rabbit polyclonal to Slitl (Sigma,
SAB1307048, immunogen: synthetic peptide of N terminal human Slit1). Rabbit polyclonal to
Slit2 (Chemicon, AB5701, immunogen: KLH-conjugated synthetic peptide corresponding to
amino acids 1453-1528 of human Slit2). Rabbit polyclonal to Slit3 (Sigma, SAB2104337,
immunogen: synthetic peptide of N terminal human Slit3, PRRLANKRISQIKSKKFRCSGSE
DYRSRFSSECFMDLVCPEKCRCEGTIV) . Rabbit polyclonal to Robol (Abcam, ab7279,
immunogen: KLH conjugated synthetic peptide corresponding to amino acids 1632-1644 of
human Robol). Rabbit polyclonal to Robo2 (Santa Cruz, sc-25673, immunogen: amino acids
1281-1380 of human Robo2). NeuN (Merck Millipore, ABN91), Neurofilament heavy chain
(Abcam, ab4680), CD31 (BD Pharmingen, 550274), Fibronectin (Santa Cruz, SC-6592).

Hoechst 33342 nuclear dye (H3570) and species specific secondary antibodies conjugated
with Alexa Fluor 488 or 568 dyes were purchased from Thermo Scientific. The Hoechst dye
(Ho) stain identifies cell nuclei within the tissue section.

Immunohistochemistry

In total, 12 C57BL/6 adult animals were used to obtain L4-L5 spinal cord, L4 and L5 DRG and
sciatic nerve samples for immunohistochemistry studies. L4-L5 spinal cord, L4 and L5 DRG
and sciatic nerve samples were dissected out and fixed overnight in 4% paraformaldehyde/
phosphate buffered saline (PBS) pH 7.4 (PFA) at 4°C. Samples were then washed in PBS (3x10
minutes) and dehydrated in 30% sucrose (in PBS) overnight at 4°C. Subsequently, samples
were embedded into Optimal Cutting Temperature (OCT) medium and sectioned on a cryo-
stat at 15um thickness. For each tissue type, 4 sections from 4 different animals were randomly
selected under light microscope for each antibody staining. 3 independent repeats have been
stained for these studies. Tissue sections were permeabilised with 0.25% Triton X-100 plus 1%
bovine serum albumin (BSA) in PBS for 30 minutes and then blocked with blocking buffer
(3% BSA plus 0.05% Triton X-100 in PBS) for 45 minutes at room temperature. Subsequently,
sections were incubated with primary antibodies (diluted in blocking buffer) overnight at 4°C.
The following day, sections were washed with PBS (3x10 minutes) and then incubated with
species specific secondary antibodies plus Hoechst dye (diluted in blocking buffer) for 1 hour
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at room temperature. Finally, sections were washed with PBS (3x10 minutes) and mounted
with Citifluor (Agar Scientific, R1320) for imaging.

In situ hybridization

Slit1-3 and Robo1-2 in situ probes were provided by Dr William Andrews (University College
London, London, UK). L4 and L5 DRG were fixed in 4% PFA at 4°C overnight and then
embedded in OCT for cryostat sections. 15um thick sections were placed onto SuperFrost™"
Plus slides and then a Frame-Seal™ incubation chamber (Bio-rad, SLF1201) was added onto
each slide. OCT was washed away with PBS and then 150ul of hybridisation buffer containing
individual digoxigenin (DIG) labelled Slit1-3 or Robo1l-2 probe was added into each incuba-
tion chamber. The incubation chambers were then sealed with cover slips. Slides were placed
into a hybridisation box and kept at 65°C overnight for hybridisation. The following day, cov-
erslips were removed from the incubation chambers and sections were washed 3 x 1 hour with
a wash solution (50% formamide, 0.1% Tween-20, 150 mM NaCl and 15 mM sodium citrate)
at 65°C. Sections were then washed 2 x 30 minutes with the MABT solution (100mM maleic
acid, 150mM NaCl, 0.1% Tween-20, pH 7.5) at room temperature. Next, the sections were
blocked with 500pl blocking solution (10% BSA in MABT solution) for one hour at room tem-
perature. Anti-digoxigenin-alkaline phosphatase antibody (1:1500 in blocking solution) was
applied to the chambers and incubated overnight at 4°C. Sections were washed 3 x 15 minutes
with MABT solution at room temperature and signals were developed with nitroblue tetrazo-
lium/5-bromo-4-chloro-3-indolyl phosphate solution (Roche Diagnostics GmbH; 1681451) at
37°C overnight. Slides were then washed 3x10 minutes in water and mounted for imaging on
a Nikon fluorescence microscope (Eclipse 80i).

Peripheral nerve surgery

Mice were anaesthetised with isoflurane, the right sciatic nerve was exposed and transected at
approximately 0.5 cm distal to the sciatic notch. The muscle wound was closed with an 8.0
suture and the skin was closed with a surgical clip using an Autoclip applier (Fine Science
Tools, 12020-09). All animals undergoing surgery were given appropriate post-operative anal-
gesia (0.05% bupivacaine solution, topically applied above the muscle suture before applying
surgical clip) and monitored daily. Four days after sciatic nerve transection, animals were
euthanized humanely by cervical dislocation in accordance with UK Home Office regulations.
Following this, the uncut control side sciatic nerve and the proximal and the distal nerve
stumps of the transected nerve were then dissected out for western blotting analysis.

Western blotting

Samples were directly lysed into a 1X SDS loading buffer. Proteins were separated on an 8%
SDS polyacrylamide running gel and then transferred onto a polyvinylidene fluoride (PVDF,
0.45pum) transfer membrane using the wet transfer method. Membranes were blocked with 5%
milk in TBST (Tris Buffered Saline plus 0.1% Tween-20) for one hour at room temperature.
Slitl (Sigma, SAB1307048) and Robo2 (Santa Cruz, sc-25673) primary antibodies were diluted
(1:500 in TBST containing 5% milk) and the membranes were incubated in primary antibodies
overnight at 4°C. The next day, the membranes were washed in TBST (3x10 minutes) and then
incubated with HRP conjugated secondary antibody (1:5000 in 5% milk TBST) for one hour at
room temperature. After three 10 minute TBST washes, Pierce ECL western blotting substrate
was added onto the membrane and incubated for five minutes to develop the chemiluminescent
signal. Amersham Hyperfilm™ ECL films were used to obtain the intensity of the chemilumines-
cent signal. Exposed films were then developed in a Compact X4 automatic film processor.
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Imaging

Immunostaining images were obtained using a Leica confocal microscope (TCS SP8). Several
images were captured covering the entire field of interest. The individual images were then
combined into one image using Adobe Photoshop software (Adobe Systems).

Results
Validation of Slit1-3 and Robo1-2 antibodies

Before beginning the mapping of Slit/Robo expression in the adult mouse spinal cord and
peripheral nervous system, we performed some preliminary analysis to verify the specificity of
the Robo and Slit antibodies used in this study. Slit1-3 and Robo1l-2 antibody selection were
based upon previous publications: Slitl [45], Slit2 [46-47], Robol [48-52] and Robo2 [53-54].
We are currently using Slit1-3 and Robo1-2 gene knockout mice [40-41, 55-56] in our work,
and so these animals have been used, where possible, for antibody verification. The Slit1-/-
mice are grossly normal [40] and 42% Slit3-/- mice survive longer than 5 months [41]. There-
fore, we have validated the specificity of the Slitl and Slit3 antibodies using sciatic nerve sam-
ples from two month old Slit1 null (-/-) and Slit3-/- mice. Slit1 antibody and Slit3 antibody
show positive staining on sciatic nerve samples from Slit1 wild-type (+/+) and Slit3+/+ mice
respectively (Fig 1A and 1C), but the staining pattern was not observed in sciatic nerve samples
from Slit1-/- and Slit3-/- mice (Fig 1B and 1D). The Slit2-/-, Robo1-/- and Robo2-/- mouse
pups die shortly after birth [40, 55-56], so we are unable to obtain adult sciatic nerve samples
for staining with these antibodies. Therefore, we omitted Slit2, Robol and Robo2 primary anti-
bodies to validate Slit2, Robol and Robo2 antibody staining using sciatic nerve samples from
C57BL/6 mice. Staining signal is clearly visible with the Slit2, Robol and Robo2 antibodies
(Fig 1E, 1G and 1I) but the signal is absent when the primary antibodies are omitted (Fig 1F,
1H and 1J). Therefore, we used these Slit1-3 and Robol-2 antibodies for our immunohis-
tochemistry studies.

Measurement of the mRNA levels of Slit1-3 and Robo1-4 in adult spinal
cord, dorsal root ganglion and sciatic nerve

The sciatic nerve contains two populations of axons, motor axons whose cell bodies localize in
the ventral horn of spinal cord (L3-L6) and sensory axons, the cell bodies of which localize in
the dorsal root ganglion (DRG) (L3-L6). As a first approach to analyse Slit and Robo expres-
sion, we used RT-PCR to analyse Slit1-3 and Robo1-4 expression in two month old C57BL/6
mouse sciatic nerve (SN), spinal cord (SP, L4-L5) and DRG (L4 and L5). Our RT-PCR results
showed that Slit1-3, Robol-2 and Robo4 mRNA are abundantly expressed in the adult mouse
spinal cord and DRG but Robo3 mRNA is undetectable in both these tissues (Fig 2A). In the
sciatic nerve, we could only detect Slit2, Slit3, Robol and Robo4 mRNA:s. Slitl, Robo2 and
Robo3 mRNA were all undetectable in the sciatic nerve (Fig 2A). We were also unable to detect
Robo3 in spinal cord, DRG and sciatic nerve samples. Therefore, we used a mouse Robo3
cDNA plasmid as positive control to validate the Robo3 primers. Using mouse Robo3 cDNA
as a positive control, we show that the Robo3 primers strongly amplifies Robo3 cDNA but
Robo3 mRNA is not expressed in the adult mouse spinal cord, DRG or sciatic nerve (Fig 2B).
As revealed by our RT-PCR (Fig 2A and 2B), Robo3 is not expressed in the spinal cord,
DRG or sciatic nerve. Next, we used quantitative (q) RT-PCR to compare the relative mRNA
levels of Slit1-3, Robol-2 and Robo4 between the spinal cord, DRG and sciatic nerve samples.
qRT-PCR analysis was not performed for Slitl and Robo2 in sciatic nerve as no expression was
detected by RT-PCR in this tissue (Fig 2A). This quantitative analysis showed that Slit1 has its
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Fig 1. Validation of Slit1-3 and Robo1-2 antibodies. Staining with Slit1-3 and Robo1-2 antibodies is shown
in green; staining with neurofilament heavy chain antibody is shown in in red. The yellow signal in panels A, C,
E, G and | shows co-localization of the Slit1-3 and Robo1-2 signal with neurofilament staining. (A-B) Slit1
staining on transverse sections of sciatic nerve from Slit1 control (+/+, A) and Slit1 null (-/-, B) mice. (C-D) Slit3
staining on sciatic nerve samples from Slit3+/+ (C) and Slit3-/- (D) mice. (E-J) Slit2, Robo1 and Robo2
staining on sciatic nerve samples from C57BL/6 mice. Slit2, Robo1 and Robo2 primary antibodies were used
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in E, G and | but were omitted in F, H and J. Staining with Hoechst dye is also shown (blue) to identify cell
nuclei within the tissue.

doi:10.1371/journal.pone.0172736.9001

highest mRNA level in the DRG compared to the spinal cord (Fig 2C). Similar to Slit1, Robo2
also has its highest mRNA level in the DRG with less expression in the spinal cord (Fig 2F).
Slit2, Slit3 and Robo4 show their highest expression in the sciatic nerve (Fig 2D, 2E and 2H),
whereas Robol has it highest mRNA level in spinal cord (Fig 2G).

To further validate our qRT-PCR expression data, we also analysed published microarray
data sets from other studies in the Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/
geo/) that have studied gene expression signatures in adult mouse or rat sciatic nerve, DRG
and motor neurons. In order to compare the level of Slit1-3 and Robol-2 between sciatic
nerve, DRG and motor neurons, we searched for microarray data sets that have analysed gene
expression from at least two different tissue types of spinal cord, DRG or sciatic nerve in the
same microarray. We found only two data sets (GSE30165 and GSE51650) matching this
requirement. GSE30165 data set (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE30165) measured gene expression in the adult rat (Sprague-Dawley, male, 180-220g) DRG
and sciatic nerve in the same microarray [57]. The GSE51650 data set (http://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE51650) measured gene expression in two month old
C57BL/6 mouse motor neurons (isolated by laser capture microdissection) and sciatic nerve at
the same time [58]. Both data sets have used sciatic nerve samples and we know from our anal-
ysis above that only Slit2, Slit3, Robol and Robo4 mRNAs are present in the sciatic nerve (Fig
2A). Therefore, we have compared the relative expression levels of Slit2, Slit3, Robol and
Robo4 in both of these previously published data sets (Fig 21 and 2J). In agreement with our
qRT-PCR data, analysis of both published microarray data sets also shows that Slit2, Slit3 and
Robo4 have a higher relative expression in sciatic nerve as compared to DRG (GSE30165, Fig
2I) and motor neurons (GSE51650, Fig 2]). For Robol in the GSE51650 data set, it has its high-
est level in motor neurons (Fig 2]) as compared to sciatic nerve, correlating with the high rela-
tive expression we see in spinal cord as compared to DRG and sciatic nerve (Fig 2G).

Our qRT-PCR amplification curves in the sciatic nerve showed that Robol required the
highest number of amplification cycles to reach the cross point, Robo4 was second and Slit2
third. In contrast, Slit3 requires the lowest amplification cycles to reach the cross point.
Although the amplification efficiency may be different between Slit2, Slit3, Robol and Robo4
primers, the amplification cycle number would suggest that Slit3 has the highest relative
mRNA level in the sciatic nerve, Slit2 is second highest and Robo4 is the third. Robol has the
lowest mRNA level in the sciatic nerve. Correspondingly, both published microarray data sets
showed that Slit3 has the highest expression value and Robol the lowest expression value in
sciatic nerve (expression values not shown [57-58]).

From the above results, we know that Robo3 is not expressed in the adult mouse spinal
cord and peripheral nervous system. In addition, Robo4 is known to be an endothelial cell spe-
cific protein and the evidence that the Slit1-3 ligands bind to Robo4 is currently very poor
[25-30]. Therefore, in the following experiments, we focused on the mapping of Slit1-3 and
Robo1-2 expression in the spinal cord, DRG and sciatic nerve.

Sensory neurons in the DRG express Slit1-3 and Robo1-2

Sensory neurons are part of the peripheral nervous system and they project an axon that has
split into two branches, one branch runs to the periphery and the other into the spinal cord,
while the cell bodies of the sensory neurons are within the DRG. First, we double stained DRG
tissue sections with Slit1-3 or Robol-2 antibodies together with the neuronal marker

PLOS ONE | DOI:10.1371/journal.pone.0172736 February 24, 2017 8/30
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Fig 2. Slit1-3 and Robo1-4 mRNA expression in adult mouse (C57BL/6) spinal cord, DRG and sciatic
nerve. (A) RT-PCR shows Slit1-3 and Robo1-4 mRNA expression in spinal cord (SP), DRG and sciatic nerve
(SN). Slit1-3, Robo1-2 and Robo4 mRNA are expressed in spinal cord and DRG. In sciatic nerve, only Slit2,
Slit3, Robo1 and Robo4 mRNA are detectable. Robo3 mRNA is not expressed in the adult mouse spinal cord
and the peripheral nervous system. (B) Validation of Robo3 primers with a mouse Robo3 cDNA plasmid
(Robo3). (C-H) gRT-PCR compares Slit1-3, Robo1-2 and Robo4 relative expression levels between spinal
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cord, DRG and sciatic nerve samples. The highest mRNA level has been set as 100% for each individual
graph. Error bars show one standard deviation of the mean from 3 repeat experiments. Slit1 and Robo2 have
their highest relative mRNA level in the DRG. Slit2, Slit3 and Robo4 have their highest mRNA level in the
sciatic nerve. Robo1 has its highest mRNA level in spinal cord. (I-J), comparison of Slit2, Slit3, Robo1 and
Robo4 relative levels from two microarray data sets (GSE30165 and GSE51650). As for Panels C-H, the
highest mMRNA level has been set as 100% for each individual graph. This analysis also shows that Slit2, Slit3
and Robo4 appear to have their highest mRNA level in the sciatic nerve. Robo1 appears to have its highest
mRNA level in the motor neurons of the spinal cord.

doi:10.1371/journal.pone.0172736.9002

neurofilament heavy chain antibody to reveal Slit1-3 and Robol-2 expression in the cell bodies
of sensory neurons. The neurofilament heavy chain is a neural maker for large diameter sen-
sory neurons in the DRG [59]. Double staining of neurofilament heavy chain with Slit1-3 and
Robol-2 antibodies showed that all the large diameter sensory neurons express Slit1-3 and
Robol-2 protein (Fig 3). Additional Slit1-3 and Robo1l-2 staining also appeared to show
expression of these proteins in other cell types within the DRG (see below). Next, we used the
neuronal marker NeuN to label both large and small diameter sensory neurons. Double stain-
ing of NeuN with Slit1-3 and Robol-2 antibodies showed that all sensory neurons in the DRG
express Slitl-3 and Robol-2 (Fig 4). To confirm this finding, we also performed in situ hybrid-
ization for Slitl1-3 and Robol-2 mRNAs in DRG tissue. In confirmation of the immunostain-
ing results, the in situ hybridization shows that all the sensory neurons within the DRG appear
to express Slitl-3 and Robol-2 mRNAs (Fig 5).

With the staining of Slit1-3 and Robo1l-2 in the DRG, we noticed that Slitl and Robo2 show
clear neuronal cell body staining only (Fig 3A and 3E). In contrast, Slit2, Slit3 and Robol also
show positive staining between the cell bodies of the sensory neurons in the DRG (Fig 3B-
3D). This indicates that cells surrounding the sensory neurons also express Slit2, Slit3 and
Robol. Satellite cells in the DRG are known to provide mechanical and metabolic support by
surrounding the cell bodies of sensory neurons [60]. To test if these Slit2, Slit3 and Robol posi-
tive cells are indeed satellite cells, we stained the DRG tissue with Slit1-3 and Robo1-2 antibod-
ies in PLP-GFP transgenic mice which express cytoplasmic green fluorescent protein GFP
within the satellite cells of the DRG [43]. Staining within the DRG tissue of the PLP-GFP mice
indicates that GFP-positive satellite cells in the DRG also express Slit2, Slit3 and Robol protein
(Fig 6). Thus, consistent with our qRT-PCR results that Slit1-3 and Robol-2 mRNA are all
expressed in the DRG, our immunohistochemistry shows that all the sensory neurons in DRG
express Slit1-3 and Robo1-2 proteins and that the satellite cells within the DRG also appear to
express Slit2, Slit3 and Robol (Fig 6).

Expression of Slit1-3 and Robo1-2 in adult mouse spinal cord

Our RT-PCR results have shown that Slit1-3 and Robol-2 mRNAs are all present in the adult
mouse spinal cord, but RT-PCR results do not reveal their expression pattern in different cell
types of this tissue. To test whether Slit1-3 and Robol-2 are expressed by the neurons in both
the dorsal and the ventral horn of the spinal cord, we double stained NeuN with Slit1-3 and
Robol-2 antibodies on spinal cord sections from the L4/L5 region. In the dorsal spinal cord,
Slit1 (Fig 7A) and Robol (Fig 7D) are not only expressed in neuronal cell bodies but also
expressed in cells surrounding the neuronal cell bodies of the grey matter. Slit2 (Fig 7B)
expression is very low in dorsal spinal cord. Slit3 (Fig 7C) and Robo2 (Fig 7E) are mainly
expressed in the neuronal cell bodies in the dorsal spinal cord. In the ventral spinal cord, Slit1-
3 and Robo2 are mainly expressed in the neuronal cell bodies (Fig 8A-8C and 8E). Similar to
its expression pattern in the dorsal region, Robol is expressed in both neuronal cell bodies and
cells surrounding the neuronal cell bodies of the grey matter in the ventral spinal cord (Fig
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neurofilament heavy chain antibody (NF) labels large diameter sensory neurons within the DRG. Merged
images show that Slit1 (A), Slit2 (B), Slit3 (C), Robo1 (D) and Robo2 (E) are seemingly all expressed by large
diameter sensory neurons. The yellow colour in merged images shows the co-localization of Slit1-3 and
Robo1-2 signal with neurofilament heavy chain staining. Slit1-3 and Robo1-2 also appear to be expressed in
small diameter cells in addition to their expression in large diameter sensory neurons. Slit1 (A) and Robo2 (E)
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show clear neuronal cell body staining. In contrast, Slit2 (B), Slit3 (C) and Robo1 (D) also show positive
staining in the gaps between the cell bodies of sensory neurons in addition to their expression in the neuronal
cell bodies.

doi:10.1371/journal.pone.0172736.9003

8D). To identify the Robol positive signal outside the neuronal cell bodies, we first double
stained Robol with neurofilament heavy chain antibody to reveal Robol expression in axons
of the grey matter. The staining showed that some axons are Robol positive (Fig 9) but the
Robol positive signal is not completely co-localized with axons, indicating that other cell types
in addition to neurons and axons in the grey matter also express Robol. To identify non-neu-
ronal Robol positive cells, we labelled with Robo1 antibodies on spinal cord tissue from both
the GFAP-GFP and the PLP-GFP mice which express cytoplasmic GFP in astrocytes and oli-
godendrocytes respectively [42-43]. The staining showed that Robol co-localized with GFP in
the spinal cord of GFAP-GFP mouse but not in the PLP-GFP mouse. Thus, in the grey matter
of spinal cord, Robol is also expressed in the astrocytes of this region (Fig 9C).

b %
¢ gg -

Fig 4. Sensory neurons in the DRG express Slit1-3 and Robo1-2. Double staining of Slit1-3 and Robo1-2
with NeuN in the DRG shows all sensory neurons in the DRG express Slit1-3 and Robo1-2. The neuronal
marker NeuN labels both large and small diameter sensory neurons. Merged images show that Slit1 (A), Slit2
(B), Slit3 (C), Robo1 (D) and Robo2 (E) are all expressed by both large and small diameter sensory neurons.
The yellow colour in merged images shows the co-localization of Slit1-3 and Robo1-2 signal with NeuN
staining. Double staining of NeuN with Slit1-3 and Robo1-2 antibodies thus confirms that all the sensory
neurons in the DRG express Slit1-3 and Robo1-2. Staining with Hoechst dye (Ho) is also shown (blue) to
identify cell nuclei within the tissue.

doi:10.1371/journal.pone.0172736.g004
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Fig 5. In situ hybridization confirms the expression of Slit1-3 and Robo1-2 in sensory neurons of the
DRG. (A) Sense mRNA probe control, no blue signal has been developed in all the control samples using
Slit1-3 and Robo1-2 sense probes for in situ hybridization (Robo1 sense mRNA probe control was shown in A,
images for Robo2 and Slit1-3 sense mRNA probe control not shown). A positive signal for Robo1 (B), Robo2
(C), Slit1 (D), Slit2 (E) and Slit3 (F) were observed in sensory neuronal cell bodies. Slit2 (E) and Slit3 (F)
signal also could be observed in the nerve in addition to their strong signal in the neuronal cell bodies of the
DRG. The in situ hybridization results thus help to further confirm the specificity of the Slit1-3 and Robo1-2
antibodies used for immunohistochemistry.

doi:10.1371/journal.pone.0172736.9005

Overall, our immunostaining on the spinal cord revealed that Slit1-3 and Robol-2 are
highly expressed in the neurons of the spinal cord including both dorsal and ventral neurons
and that Robol is also expressed within astrocytes of the spinal cord.

Slit1-3 and Robo1-2 expression in adult mouse sciatic nerve

We have confirmed that the cell bodies of both motor and sensory neurons express Slit1-3 and
Robol-2. To test whether Slit1-3 and Robol-2 protein are present in the axons of the periph-
eral nerve, we first double stained Slit1-3 and Robo1-2 antibody with the axon marker neurofi-
lament heavy chain on longitudinal or transverse sections of sciatic nerve from adult C57BL/6
mice. This staining shows co-localization of Slit1-3 and Robol-2 with neurofilament heavy
chain indicating that Slit1-3 and Robol-2 proteins are present within the axons of the periph-
eral nerves (Figs 10A-10E and 11A-11E). Slitl, Slit2 and Robo2 show strong expression in
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Fig 6. Satellite cells in the DRG express Slit2, Slit3 and Robo1. DRG tissues are from PLP-GFP
transgenic mice which express cytoplasmic GFP within the satellite cells. Signals from Slit2-3 and Robo1
staining shows co-localization with GFP-positive satellite cells surrounding the neuronal cell bodies. Lower
magnification images show Slit2 (A), Slit3 (C) and Robo1 (E) staining in the whole DRG sections. Higher
magnification images show Slit2 (B), Slit3 (D) and Robo1 (F) signals co-localize with the GFP signal in
satellite cells. Staining with Hoechst dye (Ho) is also shown (blue) to identify cell nuclei within the tissue.

doi:10.1371/journal.pone.0172736.9006
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Fig 7. Slit1-3 and Robo1-2 expression in the dorsal region of adult mouse spinal cord. Slit1-3 and
Robo1-2 double staining with NeuN to show Slit1-3 and Robo1-2 expression in the dorsal region of adult
mouse spinal cord. Spinal cord sections are from the L4/L5 region of adult C57BL/6 mice. Double staining with
NeuN showed that Slit1 (A) and Robo1 (D) are not only expressed in dorsal neuronal cell bodies but are also
expressed in other cells in the grey matter of the dorsal spinal cord. Slit2 (B) expression is low in dorsal spinal
cord and seemingly restricted to neuronal cell bodies. Slit3 (C) and Robo2 (E) are also mainly expressed in the
neuronal cell bodies in the dorsal spinal cord. Staining with Hoechst dye (Ho) is also shown (blue) to identify
cell nuclei within the tissue.

doi:10.1371/journal.pone.0172736.g007

axons, whereas the expression of Slit3 and Robol is much weaker in axons compared to their
expression in other cell types of the sciatic nerve (Figs 10A-10E and 11A-11E). Robo2 staining
shows complete co-localization with neurofilament heavy chain indicating that Robo2 is exclu-
sively expressed in the axons of the peripheral nerves (Figs 10E and 11E). In contrast, Slit1-3
and Robol show additional expression in other cell types of the sciatic nerve in addition to
their expression within axons (Figs 10A-10D and 11A-11D). Both Slitl and Robo2 mRNA
and protein are expressed in the neuronal cell bodies of DRG and spinal cord (Figs 2-5, 7 and
8) and we could not detect expression of either Slitl or Robo2 mRNAs in sciatic nerve by
RT-PCR (Fig 2). For Slit1, this would suggest that the Slit1 protein is only expressed by neu-
rons rather than other cell types in the sciatic nerve. The Slit1 positive staining outside the
axons (Fig 11A) might be due to the secretion of Slitl from axons. In order to confirm that the
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Fig 8. Slit1-3 and Robo1-2 expression in the ventral region of adult mouse spinal cord. Images show
Slit1-3 and Robo1-2 expression in the neuronal cell bodies localizing in the ventral horn of the spinal cord. (A)
Slit1, (B) Slit2, (C) Slit3, (D) Robo1 and (E) Robo2. Slit1-3 and Robo2 are mainly expressed in the neuronal
cell bodies in the ventral horn of the spinal cord. Robo1 is highly expressed in the ventral horn neuronal cell
bodies of the spinal cord but Robo1 also appears to show expression in other cells in the grey matter of the
spinal cord (D). Staining with Hoechst dye (Ho) is also shown (blue) to identify cell nuclei within the tissue.

doi:10.1371/journal.pone.0172736.9008
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PLP-GFP

Fig 9. Astrocytes of the spinal cord express Robo1. (A) Double staining for Robo1 with neurofilament
heavy chain antibody shows that very few axons within the spinal cord are Robo1 positive. (B) The Robo1
signal does not co-localize with the GFP signal in the spinal cord of PLP-GFP mice, which labels
oligodendrocytes with cytoplasmic GFP. (C) The Robo1 signal co-localizes with the GFP signal in the spinal
cord of GFAP-GFP mice, which labels astrocytes with GFP (indicated by white arrow). The staining confirms
that Robo1 positive signal from outside of the neuronal cell bodies in the grey matter is from astrocytes.
Staining with Hoechst dye (Ho) is also shown (blue) to identify cell nuclei within the tissue.

doi:10.1371/journal.pone.0172736.g009

observed Slitl protein originated from axons, we transected the sciatic nerve and used western
blotting to study Slit1 expression in the distal nerve stump. The western blotting results clearly
show that Slitl protein is present in the intact sciatic nerve and the proximal nerve stump (Fig
12). However, Slitl completely disappeared in the distal nerve stump due to the degradation
and clearance of any axonal protein in the distal nerve stump 4 days after transection injury
(Fig 12). We have also shown that Robo2 is an axonal protein by immunohistochemistry (Figs
10E and 11E). Western blot results for Robo2 show exactly the same pattern as Slitl in the
intact and injured sciatic nerve samples (Fig 12). Thus, for both Robo2 and Slit1, this suggests
that they are only expressed by neurons and their associated axons within the peripheral ner-
vous system.

Consistent with our RT-PCR results that Slit2, Slit3 and Robol mRNA are present in the
sciatic nerve, our immunolabelling results show that Slit2, Slit3 and Robol also showed posi-
tive staining in other cell types in the sciatic nerve in addition to their expression in axons
(Figs 10B-10D and 11B-11D). In order to identify these Slit2, Slit3 and Robol expressing
cells, we first stained for Slit2, Slit3 and Robol on transverse sections of the sciatic nerve from
the PLP-GFP mice which express GFP in the cytoplasm of Schwann cells within the nerve
[43]. Immunolabelling with Slit2, Slit3 and Robol antibodies in the sciatic nerve of PLP-GFP
mice demonstrated that myelinating Schwann cells expressed Slit2, Slit3 and Robo1 (Figs
13A-13C and 14). The strong staining of Slit3 in the cell body of myelinating Schwann cells
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Fig 10. Expression of Slit1-3 and Robo1-2 in the adult mouse sciatic nerve. Lower magnification images
show the expression of Slit1-3 and Robo1-2 in the adult mouse sciatic nerve by double staining of Slit1-3 and
Robo1-2 antibody with the axon marker neurofilament heavy chain (NF). (A) Double staining of Slit1 with
neurofilament heavy chain on a longitudinal sciatic nerve section shows that Slit1 is largely expressed in
axons. Slit1 shows a better staining on sciatic nerve longitudinal sections compared to transverse sections.
(B-D) Double staining of Slit2, Slit3 and Robo1 with neurofilament heavy chain on sciatic nerve transverse
sections shows that Slit2, Slit3 and Robo1 are all expressed in axons. Slit2 (B), Slit3 (C) and Robo1 (D) also
show positive staining outside the nerve fibres. In addition, the staining also shows that Slit2, Slit3 and Robo1
are expressed by cells in the nerve epineurium (indicated by white arrows). (E) Double staining of Robo2 with
neurofilament heavy chain on sciatic nerve transverse section shows that the Robo?2 signal completely co-
localizes with the signal of the neurofilament heavy chain staining. Note that Robo2 is not expressed by the
cells in the epineurium (indicated by white arrow in E). Staining with Hoechst dye (Ho) is also shown (blue) to
identify cell nuclei within the tissue.

doi:10.1371/journal.pone.0172736.9010
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Fig 11. Higher magnification images from Fig 10 show Slit1-3 and Robo1-2 expression in the sciatic
nerve. (A) Longitudinal sciatic nerve section staining with Slit1 antibody shows that Slit1 is largely expressed
in axons, Slit1 staining could also be observed outside of axons (indicated by white arrow in A). The Slit1
positive staining outside the axons might be due to the secretion of Slit1 from axons. (B-D) Transverse sciatic
nerve sections show Slit2 (B), Slit3 (C) and Robo1 (D) expression in axons and also positive staining in other
cells other than axons (indicated by white arrows). (E) Robo2 staining shows complete co-localization of
Robo?2 with neurofilament heavy chain indicating that Robo2 is exclusively expressed in the axons of the
peripheral nerves. Staining with Hoechst dye (Ho) is also shown (blue) to identify cell nuclei within the tissue.

doi:10.1371/journal.pone.0172736.9011

suggests that Slit3 is highly expressed in the Schwann cells of the peripheral nerves (Fig 14B).
A very weak overlap between Slit2 and Robol staining with PLP-GFP signal was also observed
(Fig 14A and 14C). In contrast, Robo2 staining did not show any co-localization with the GFP
signal, which further confirms that Robo2 is expressed only in axons (Figs 13D and 14D).
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Fig 12. Slit1 and Robo2 protein are not expressed in the distal sciatic nerve stump after injury.
Western blot shows the disappearance of Slit1 and Robo2 protein in the distal nerve stump following a sciatic
nerve transection injury. Slit1 and Robo2 protein are present in the intact sciatic nerve (Control) and also
within the proximal nerve stump 4 days after sciatic nerve transection injury. However, Slit1 and Robo2
protein completely disappeared in the distal nerve stump 4 days following a sciatic nerve transection injury.
The disappearance of Slit1 and Robo2 protein in the distal nerve stump is not due to down-regulation because
Slit1 and Robo2 mRNAs are undetectable in the intact adult sciatic nerve (see Fig 2A).

doi:10.1371/journal.pone.0172736.g012

During this study, we noticed that non-myelinating Schwann cells in the PLP-GFP mice could
be easily distinguished by the morphology of Remak bundles via the GFP signal (Fig 15).
Therefore, we were able to further show that Slit2, Slit3 and Robol are expressed in non-myeli-
nating Schwann cells and their associated axons within the Remak bundles (Fig 15A-15C).
The staining showed that Slit2 and Slit3 were also strongly expressed in non-myelinating
Schwann cells (Fig 15A and 15B). Robol was also expressed in the non-myelinating Schwann
cells but the Robol staining appeared stronger in the small diameter axons of the Remak bun-
dle rather than the non-myelinating Schwann cells themselves (Fig 15C).

Our staining in both C57BL/6 and the PLP-GFP mice has shown that Slit2, Slit3 and Robol
are also expressed by the cells in the external epineurium of the sciatic nerve (Figs 10B-10D
and 13A-13C). The external epineurium is the outermost layer of connective tissue surround-
ing the peripheral nerve. Fibroblasts are known to be the major cell component of the external
epineurium and they produce collagen fibres to form the backbone of the epineurium [61].
Therefore, we double stained Slit2, Slit3 and Robol with fibronectin (a fibroblast marker) on
sciatic nerve sections and observed that epineurial fibroblasts express Slit2, Slit3 and Robol
(Fig 16A-16C). We also stained Slit2, Slit3 and Robol with CD31 (an endothelial cell marker)
to reveal their expression in blood vessels which supply the nerve. With the CD31 staining, we
found that endothelial cells in the sciatic nerve express Robol (Fig 16D and 16E).

Thus, in the sciatic nerve, Slitl and Robo2 are expressed by axons and Robo2 is exclusively
localized to axons while Slitl could be secreted by axons (Figs 11 and 12). Slit2, Slit3 and
Robol are expressed by axons, together with myelinating and non-myelinating Schwann cells
within the peripheral nerve. Fibroblasts of the epineurium also express Slit2, Slit3 and Robol.
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PLP-GFP

Fig 13. Slit2-3 and Robo1-2 staining on the sciatic nerve transverse sections from PLP-GFP mice.
Lower magnification images show the staining of Slit2, Slit3, Robo1 and Robo2 on sciatic nerve transverse
sections from PLP-GFP mice. The PLP-GFP mice express cytoplasmic GFP in both myelinating and non-
myelinating Schwann cells. Slit2, Slit3 and Robo1 staining in the sciatic nerve transverse sections from
PLP-GFP mice shows Siit2 (A), Slit3 (B) and Robo1 (C) co-localization with the GFP signal. In contrast, Robo2
(D) doesn’t show any co-localization with the GFP signal (D). Slit2, Slit3 and Robo1 are expressed by the cells
in the epineurium (indicated by white arrows) but not Robo2 (D). Staining with Hoechst dye (Ho) is also shown
(blue) to identify cell nuclei within the tissue.

doi:10.1371/journal.pone.0172736.9013

Furthermore, Robol is expressed in the endothelial cells of the blood vessels in the sciatic
nerve.

Finally, we summarize the expression pattern of Slit1-3 and Robo1l-2 in adult mouse spinal
cord, DRG and sciatic nerve in Table 1.

Discussion

The expression patterns of Slit1-3 and Robol-2 have been best characterized in the central ner-
vous system during embryonic development [1-10, 19]. Slit2, Slit3 and Robo1-2 have been
shown to be expressed by postnatal Schwann cells and Slit2 can act as repellent signal to regu-
late the migration of cultured rat Schwann cells [46]. In the adult central nervous system, Slit1-
3 and Robo1-2 are differentially expressed at high levels in various regions of adult rat brain
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Fig 14. Slit2, Slit3 and Robo1 expression in the cell bodies of myelinating Schwann cells. Higher
maghnification images from Fig 13 show the expression of Slit2 (A), Slit3 (B) and Robo1 (C) in the cell bodies of
myelinating Schwann cells (indicated by white arrows). Slit3 is highly expressed in the cell bodies of
myelinating Schwann cells (B). In contrast, Robo2 staining does not show any co-localization with the GFP
signal in further confirmation that Robo?2 is expressed only in axons of the peripheral nerve (D). Staining with
Hoechst dye (Ho) is also shown (blue) to identify cell nuclei within the tissue.

doi:10.1371/journal.pone.0172736.g014

[5]. In the adult peripheral nervous system, Slitl and Robo2 have been reported to be
expressed in DRG neurons [55-56, 62-64]. However, a systematic study of the expression pat-
tern of Slit1-3 and Robo1-2 in the adult peripheral nervous system has not yet been carried
out. In this report, we have shown that Slit1-3 and Robo1-2 are differentially and topographi-
cally expressed in the adult mouse spinal cord and peripheral nervous system. Slit1-3 and
Robol-2 were all expressed by neurons of both the spinal cord and the DRG. In the intact sci-
atic nerve, Slitl and Robo2 were expressed in axons and Slitl may be secreted by axons. Slit2,
Slit3 and Robol were expressed by axons, as well as myelinating and non-myelinating
Schwann cells of the peripheral nerve. Fibroblasts of the epineurium also expressed Slit2, Slit3
and Robol. Furthermore, Robo1l was also expressed in the endothelial cells of the blood vessels
in the sciatic nerve.
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Fig 15. Slit2, Slit3 and Robo1 expression in the cell bodies of non-myelinating Schwann cells. Higher
magnification images from Fig 13 show the expression of Slit2, Slit3 and Robo1 in non-myelinating Schwann
cells. Non-myelinating Schwann cells in the PLP-GFP mouse nerve could be easily distinguished by the
morphology of Remak bundles via the GFP signal (A-C). Slit2 (A), Slit3 (B) and Robo1 (C) expression in non-
myelinating Schwann cells was observed (indicated by white arrows). Slit2 and Robo1 staining appeared
stronger in the small diameter axons of the Remak bundle rather than the non-myelinating Schwann cells.
Slit3 showed strong expression in non-myelinating Schwann cells.

doi:10.1371/journal.pone.0172736.g015

Our qRT-PCR results showed that Slit2 and Slit3 have their highest mRNA expression in
the sciatic nerve and we confirmed by immunohistochemistry that Slit2 and Slit3 were
expressed by Schwann cells of the sciatic nerve. By immunohistochemistry, we also noticed
that Slit2 and Slit3 were also highly expressed in the neurons of the spinal cord rather than in
other cell types in the spinal cord. Considering the total mRNA for our gqRT-PCR experiments
is prepared from all the cell types of spinal cord, it is possible that neurons of the spinal cord
express comparable levels of Slit2 and Slit3 mRNA to Schwann cells. However, the analysis of
the GSE51650 microarray data set showed that the expression of Slit2 and Slit3 was higher in
the sciatic nerve compared to the laser dissected motor neurons used in that study. Thus, we
believe that Slit2 and Slit3 have their highest expression in the Schwann cell of the peripheral
nervous system. Our qRT-PCR results showed that Slit3 required fewer amplification cycles to
reach the cross point than Slit2 in the sciatic nerve samples which may imply a higher level of
Slit3 mRNA than Slit2 mRNA in the sciatic nerve although the amplification efficiency might
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Fig 16. Slit2, Slit3 and Robo1 expression in fibroblasts and endothelial cells. Fibroblasts of the external nerve epineurium
express Slit2, Slit3 and Robo1. Endothelial cells of the blood vessels in the sciatic nerve express Robo1. (A-C) Double staining of
Slit2, Slit3 and Robo1 with fibronectin (a fibroblast marker) shows that epineurial fibroblasts also show expression of Slit2 (A), Slit3
(B) and Robo1 (C), indicated by white arrows. (D-E) Double staining of Slit2, Slit3 and Robo1 with CD31 (an endothelial cell marker)
showing that blood vessels of the sciatic nerve express Robo1 (indicated by white arrows). (D) A CD31 positive blood vessel inside
the sciatic nerve expresses Robo1. (E) Blood vessels outside the epineurium of the sciatic nerve also express Robo1. Staining with
Hoechst dye (Ho) is also shown (blue) to identify cell nuclei within the tissue.

doi:10.1371/journal.pone.0172736.9016
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Table 1. Summary of Slit1-3 and Robo1-2 expression in adult mouse spinal cord and peripheral nervous system.

L4-L5 spinal cord L4 and L5 DRG Sciatic nerve
Slit1 | Dorsal neurons (++) Ventral neurons (++) Sensory neurons (+++) AXons (++)
Slit2 | Dorsal neurons (+)Ventral neurons (++) Sensory neurons (++)Satellite Axons (++)Myelinating Schwann cells (+++) Non-
cells (++) myelinating Schwann cells (+++)Fibroblasts (++)
Slit3 | Dorsal neurons (++)Ventral neurons (++) Sensory neurons (++)Satellite Axons (++)Myelinating Schwann cells (+++)Non-myelinating
cells (++) Schwann cells (+++)Fibroblasts (++)
Robo1 | Dorsal neurons (++) Ventral neurons (+++) Sensory neurons (++)Satellite Axons (++)Myelinating Schwann cells (++) Non-myelinating
Astrocyte (+++) cells (++) Schwann cells (++) Fibroblasts (++)Endothelial cells (++)
Robo2 | Dorsal neurons (++)Ventral neurons (++) Sensory neurons (+++) Axons (++)
Robo3 | Not expressed Not expressed Not expressed

** low expression;
**medium expression;
*** high expression

doi:10.1371/journal.pone.0172736.t001

be different between Slit2 and Slit3 primers. Interestingly, both microarray data sets showed
higher expression values for Slit3 than Slit2 in the sciatic nerve. Therefore, it is highly possible
that the expression of Slit3 in the sciatic nerve is higher than that of Slit2.

Previously, Wang et al have reported that Schwann cells of the rat sciatic nerve express
Slit2, Slit3, Robol and Robo2 [46]. Our results also showed that Schwann cells of the mouse
sciatic nerve expressed Slit2, Slit3 and Robol. However, we were unable to detect any Robo2
mRNA in the mouse sciatic nerve by RT-PCR. In contrast, Robo2 mRNA could be easily
detected in both spinal cord and DRG. Our study indicates that Robo2 mRNA is not present
in the Schwann cells of the peripheral nerve. We also showed that Robo2 protein was only
present in the axons of the nerve but not in the Schwann cells by immunocytochemistry. Fur-
thermore, our western blotting results (Fig 12) showed that Robo2 protein was undetectable in
the distal nerve stump following sciatic nerve transection injury, confirming that Robo2 was
not expressed by Schwann cells under these conditions. Therefore, we conclude that Robo2 is
an axon specific protein in the peripheral nerves. In their paper, Wang et al showed that Slit2
could act as repellent to inhibit Schwann cell migration in culture and they suggested that this
effect is mediated by both Robo1l and Robo2 receptors. Our results indicate this effect is likely
mediated by only the Robo1 receptor in Schwann cells. Schwann cell migration plays a key
role to guide axons across the nerve bridge after peripheral nerve transection injury [65-67]. It
will be interesting to study how Slit-Robol signalling regulates Schwann cell migration into
the nerve bridge during peripheral nerve regeneration.

We showed that Robo2 was exclusively expressed in axons of the sciatic nerve by immuno-
cytochemistry and Robo2 mRNA was not expressed in the adult mouse sciatic nerve. Similar
to Robo2, we were unable to detect any Slitl mRNA in the mouse sciatic nerve by RT-PCR. In
line with our result, Wang et al have also shown that Slit1 is not expressed by Schwann cells
[51]. This indicates that Slit1 is only presented by axons rather than other cell types in the sci-
atic nerve. The Slit1 positive staining outside the axons might be due to the secretion of Slit1
from axons (Figs 10A and 11A). We further used Western blot analysis to show that Slit1 is
absent from the distal nerve stump 4 days after sciatic nerve transection due to the degradation
and clearance of any axonal protein in the distal nerve stump after injury (Fig 12). Thus, the
same as Robo2, we conclude that Slit1 is expressed in axons and propose that the positive Slitl
staining outside axons is due to Slit1 secretion.

Robo3 expression has only been detected in the nervous system during embryonic develop-
ment [21-24]. In the developing spinal cord and hindbrain, Robo3 is expressed at high levels
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on commissural axons before crossing and is gradually down-regulated after crossing [21-24].
Thus, it is not surprising that we couldn’t detect Robo3 expression in the adult peripheral ner-
vous system. To date, there is no biological response associated with the direct binding of Slit
ligands to Robo3 in mammals. A recent study has revealed that mammalian Robo3 does not
bind Slit1-3 with high affinity due to the substitution of a few specific key residues in its Igl
domain. Instead of binding to Slit1-3, mammalian Robo3 forms a protein complex with the
Netrin-1 receptor DCC (Deleted in Colorectal Cancer) through their cytoplasmic domain
[33]. Following Netrin-1 binding to DCC, a conserved tyrosine residue (Y1019) in the Robo3
cytoplasmic domain could be phosphorylated and this phosphorylation contributes to the
attractive actions of Netrin-1 [33].

Using the zebrafish as a research model to study motor axon regeneration, Isaacman-Beck
et al showed that regenerating motor axons select their original trajectory with high fidelity.
They further showed that Schwann cells in the ventral projecting axons tract up-regulate
col4a5 (Collagen type IV, alpha 5) after transection injury and col4a5 binds Slitla to prevent
dorsal projecting axons entering the ventral nerve track during regeneration [68]. They have
reported that Slitla is the only Slitl isoform that is expressed by Schwann cells in the distal
nerve of ventral motor axons after transection injury in zebrafish [68]. Our results show that
motor and sensory axons of the peripheral nerve express both Robol and Robo2 receptors and
that Schwann cells of the peripheral nerve express high levels of Slit2 and Slit3. It will be inter-
esting to study the dynamic expression pattern of Slit1-3 and Robol-2 in injured mouse
peripheral nerves and their role in peripheral nerve regeneration. Our results of Slit1-3 and
Robol-2 expression patterns in the intact peripheral nerves could be used to compare how
Slit1-3 and Robo1-2 change their expression pattern in response to peripheral nerve injury.
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