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Abstract

Heparan sulfate proteoglycans play important roles in embryogenesis, including the

development of the central nervous system. However, their function in nerve regeneration is

not yet understood. We previously reported that nerve injury induces the expression of

heparan sulfate glycosaminoglycans and syndecan-1, a heparan sulfate proteoglycan, in

injured hypoglossal motor neurons. In this study, we examined the expression of syndecan

family members, including syndecan-1, in injured hypoglossal motor neurons after

hypoglossal nerve axotomy. We could not detect any changes in expression after axotomy,

except for syndecan-1. The expression of syndecan-1 was markedly increased on

post-operative day 7. Syndecan-1 was localized not only in the cell bodies of hypoglossal

motor neurons, but also in the injured hypoglossal nerve, and it accumulated in the terminals

of regenerating fibers. Similarly, facial nerve axotomy and vagus nerve axotomy induced the

expression of syndecan-1 in the facial nucleus, dorsal nucleus of vagus and ambiguous

nucleus, respectively. However, sciatic nerve axotomy induced very little syndecan-1

expression in injured spinal motor neurons. These results suggest that syndecan-1 may have a

crucial role in the survival of injured motor neurons and in nerve regeneration after injury.

Our observations also reveal the diversity of peripheral motor neurons.
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Introduction

Axonal regeneration after nerve injury is a very complex process, which involves the

detection of axonal injury, changes in gene expression, inflammatory responses, cytoskeletal

changes, as well as interactions with glial cells, inflammatory cells and extracellular matrix

(ECM) [22]. ECM components play critical roles, and either promote or inhibit axonal

regeneration [4, 10, 11]. Heparan sulfate proteoglycans (HSPGs) are glycoproteins containing

heparan sulfate glycosaminoglycans (HS-GAGSs), which are long sulfated sugar chains.

HS-GAGs consist of repeating disaccharide units composed of D-glucosamine and

D-glucuronic acid or L-iduronic acid [1]. HSPGs have a variety of functions in numerous

tissues, affecting cell growth, cell adhesion, cell migration, angiogenesis and coagulation [1,

9, 20]. In the nervous system, HSPGs are involved in several processes, including the

patterning of the central nervous system (CNS) [14], axon guidance [19, 26], synaptogenesis

[16] and synaptic plasticity [17, 24].

Syndecans are a major family of HSPGs comprised of four members in mammals. They

are type-1 transmembrane proteins and are composed of three domains; an extracellular

domain, which is variable for each syndecan, a transmembrane domain, which is conserved

among syndecans, and a short cytoplasmic domain. HS-GAGs are attached to the

extracellular domains where they mediate their functions [5].



Syndecan-1/CD138 was originally isolated from normal murine mammary gland

(NMuMG) cells [25]. In physiological conditions, syndecan-1 is mainly expressed in

epithelial tissues, such as epidermis and cornea, and plasma cells [2]. Syndecan-1 is also

expressed in the embryonic CNS, particularly strongly in neuroepithelial cells [8]. Moreover,

syndecan-1 is expressed in several pathological conditions, such as breast and prostate

cancers [6], skin wounds [1] and following brain injury [15].

We previously reported that hypoglossal nerve injury induces the expression of EXT2, a

glycosyltransferase required for HS-GAG synthesis, in the injured hypoglossal motor neurons,

and the amount of HS-GAG is increased in the hypoglossal nucleus ipsilateral to the lesion

[21]. In the same report, we also showed that syndecan-1 mRNA was expressed in the injured

hypoglossal motor neurons, but not in the intact motor neurons, suggesting the possibility that

syndecan-1 and its HS-GAG play functional roles in the regeneration of injured axons.

In this study, we investigated in detail the expression and distribution of syndecan-1 in

the hypoglossal nucleus and hypoglossal nerve after hypoglossal nerve axotomy. Moreover,

we investigated the expression of syndecan-1 in the facial nucleus, dorsal nucleus of vagus,

ambiguous nucleus and spinal motor neurons after facial nerve axotomy, vagus nerve

axotomy and sciatic nerve axotomy, respectively.

Materials and methods



In all experiments, we used 6 to 8-week-old BALB/c mice. Before axotomy, mice were

anesthetized with sodium pentobarbital (50 mg/kg). Nerves were cut with a pair of scissors.

For hypoglossal nerve axotomy, an incision was made in the skin of the neck, and the right

hypoglossal nerve was cut. For facial nerve axotomy, an incision was made in the skin of the

left temporal region, and a branch of the left facial nerve was cut in front of the parotid gland.

For vagus nerve axotomy, an incision was made in the skin of the neck, and the right vagus

nerve along with the common carotid artery was cut. For sciatic nerve axotomy, an incision

was made in the skin of the right mid-thigh, and the right sciatic nerve was cut. All

experiments were conducted in accordance with the guidelines published in the U.S. National

Institutes of Health Guide for the Care and Use of Laboratory Animals, implemented by

Asahikawa Medical University. All efforts were made to minimize the number of animals

used and their pain and suffering.

For in situ hybridization, the following cDNA fragments were used as probes:

syndecan-1 (GenBank ID: NM_011519): nucleotides 358-677; syndecan-2 (GenBank ID:

NM_008304): nucleotides 693-1017; syndecan-3 (GenBank ID: NM_011520): nucleotides

292-593; syndecan-4 (GenBank ID: NM_011521): nucleotides 131-425; activating

transcription factor 3 (ATF3) (GenBank ID: AY329367): nucleotides 23-460. In situ

hybridization was performed using digoxigenin (Roche Diagnostics, Indianapolis, IN,

USA)-labeled cRNA probes. Hybridization was performed on fresh-frozen mouse brain



sections (18-um-thick) at 0, 1, 3, 7, 14 and 28 d after hypoglossal nerve axotomy, using a

previously described method [30].

For mRNA detection in the axotomized hypoglossal nuclei, reverse

transcription-polymerase chain reaction (RT-PCR) was performed on 4 mice for each time

point examined. The mice were killed by decapitation on 0, 1, 3, 7, 14 and 28 d after axotomy,

and the hypoglossal nuclei were harvested. Total RNA was extracted from the samples using

TRIzol reagent (Life Technologies, Carlsbad, CA, USA). Aliquots containing 2 ug of total

RNA were used for RT with AMV Reverse Transcriptase (Promega, Madison, USA)

according to the manufacturer's protocol. Aliquots from the RT reaction were then amplified

by PCR. The primers used and their product sizes were as follows: syndecan-1: forward,

5-CATGAGACCTCGGCTCCCAC-3,, reverse, 5-TTCCTTCCTGTCCAAAAGGC-3' (270

bp); ATF3: forward, 5-GATGCTTCAACATCCAGGCCAGG-3, reverse,

5-TTAGCTCTGCAATGTTCCTTC-3' (438 bp); glyceraldehyde-3-phosphate

dehydrogenase (GAPDH): forward, 5-CTACATGGTCTACCTGTTCCAGT-3', reverse,

5-AGTTGTCATGGATGACCTTGG-3' (380 bp). The number of PCR cycles used for the

amplifications were: 35 cycles for syndecan-1; 32 cycles for ATF-3; 25 cycles for GAPDH.

The reaction conditions were as follows: denaturation at 94 °C for 30 s, annealing at 62 °C

(syndecan-1) or 60 °C (ATF3 and GAPDH) for 30 s, and extension at 72 °C for 30 s. The

reaction products were separated by electrophoresis in 1.5% agarose gels, and visualized



using a transilluminator after staining with ethidium bromide. For guantitative analysis, the
LightCycler rapid thermal system (Roche Diagnostics) was used according to the
manufacturer's protocol. The primers used and PCR conditions were the same as above. A
serially-diluted cDNA from mouse kidney was used as a standard. The quantified data were
analyzed with the LightCycler analysis software. Differences in expression during the various
time points were assessed using ANOVA with post hoc Tukey-Kramer test.

For immunohistochemistry, mice were fixed with 4% paraformaldehyde in 0.1 M
phosphate buffer (PB, pH 7.4) by transcardial perfusion at 0, 1, 3, 7, 14 and 28 d after
axotomy. The tissues were removed, postfixed overnight in the same fixative and immersed
in 20% sucrose in 0.1 M PB for 2-3 days. Next, the samples were frozen in powdered dry ice
and sectioned using a cryostat. The sections (18-um-thick) were treated with 0.3% H>O; for
5 min, washed with 0.1 M phosphate-buffered saline (PBS; pH 7.4), blocked with 5% bovine
serum albumin in 0.1 M PBS for 1 h and incubated with an anti-syndecan-1 antibody (281-2,
rat monoclonal, BD Bioscience, Franklin Lakes, New Jersey, USA; 1:2,000), an anti-ATF3
antibody (rabbit polyclonal, sc-188, Santa Cruz Biotechnology, Santa Cruz, California, USA;
1:500), an anti-glial fibrillary acidic protein (GFAP) antibody (rabbit polyclonal, G9269,
Sigma, Saint Louis, Missouri, USA; 1:500), an anti-lbal antibody (rabbit polyclonal,
019-19741, Wako, Osaka, Japan; 1:500) and an anti-tubulin beta-3 chain antibody (TUJ1,

rabbit monoclonal, MRB-435P, Covance, new Jersey, USA; 1:500) at 4 °C overnight. After a



wash with 0.1 M PBS, the sections were incubated with a biotinylated 1gG (Vector

Laboratories, Burlingame, CA, USA; 1:500) for 3,3'-diaminobenzidine (DAB) visualization

or Alexa 488 or 568-conjugated secondary antibodies (Life Technologies, 1:1,000) for 2 h at

room temperature. For DAB visualization, the sections were incubated with an ABC reagent

mixture (Vector Laboratories) for 2 h at 4 °C and visualized using DAB (DOJINDO

LABORATORIES, Kumamoto, Japan). To evaluate the proportion of syndecan-1-positive

motor neurons, we used three mice in each experiments.

Results

Because we previously reported that syndecan-1 mRNA is induced in hypoglossal motor

neurons after hypoglossal nerve axotomy [21], we first investigated the mRNA expression of

other syndecan family members in the hypoglossal nuclei 7 days after hypoglossal nerve

axotomy using in situ hybridization. Syndecan-1 mRNA was strongly expressed in the

hypoglossal nucleus ipsilateral to the lesion, but not in the contralateral nucleus (Fig. 1A).

However, we were unable to detect mRNA for syndecan-2, 3 or 4 in either the ipsilateral or

contralateral hypoglossal nucleus (Fig. 1B-D).

To evaluate changes in syndecan-1 mRNA expression after axotomy, we examined the

amount of mMRNA in the hypoglossal nucleus ipsilateral to the lesion using RT-PCR (Fig.1E,

F). Prior to axotomy, syndecan-1 mRNA was not detected in the hypoglossal nucleus.



Syndecan-1 mRNA expression was induced in the hypoglossal nucleus on post-operative day

(POD) 1 after axotomy. It significantly increased by POD 7, and then gradually decreased

until the last day examined, POD 28. RNA from skin was used as a positive control for the

syndecan-1 RT-PCR. ATF3 was used as a marker of injured neurons.

Next, we performed in situ hybridization to identify cells expressing syndecan-1 mRNA

(Fig. 1G-N). Syndecan-1 mRNA was not detected in the hypoglossal nucleus prior to

axotomy, consistent with the RT-PCR result (Fig. 1G). On PODs 3 and 7, the number and

intensity of the hybridization signals were markedly increased in the hypoglossal nucleus

ipsilateral to the lesion. Subsequently, the hybridization signal decreased until POD 28 (Fig.

1I-L). We could not detect any hybridization signal in the contralateral nucleus at any time

point examined (Fig. 1M). The hybridization signals were observed in large cells,

corresponding to typical motor neurons in the nucleus, but not in surrounding glial cells.

We also examined the expression of syndecan-1 protein by immunohistochemistry using

a syndecan-1-specific antibody (Fig. 2). Consistent with the RT-PCR and in situ

hybridization results, syndecan-1 protein was not detected in the hypoglossal nucleus prior to

axotomy (Fig. 2A). The expression of syndecan-1 protein was observed in the hypoglossal

nucleus ipsilateral to the lesion on POD 1 (Fig. 2B), and was markedly increased on PODs 7

and 14 (Fig. 2D, E). On POD 28, we could not detect any signal for syndecan-1 protein in the

ipsilateral nucleus (Fig. 2F). There was no signal in the contralateral nucleus at any time
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point examined (Fig. 2G). The syndecan-1-expressing cells were large motor neurons, as

observed with in situ hybridization (Fig. 11-L). The GFAP immunoreactivity, a marker of

astrocyte, was not colocalized with syndecan-1. A part of Ibal immunoreactivity, a marker of

microglia, was seemingly colocalized with syndecan-1 around the motor neurons, possibly

due to close apposition of microglial processes to damaged motor neurons (Supplementary

Figure 1).

After hypoglossal nerve axotomy, we could detect syndecan-1 protein labeling along the

hypoglossal nerve tract in the medulla (data not shown). This indicates transport of

syndecan-1 along injured nerves; therefore, we investigated the distribution of syndecan-1

protein in these nerves using immunohistochemistry (Fig. 2H-K). In the intact hypoglossal

nerve, the epineurium and vascular structures were stained; however, no syndecan-1-positive

nerve fibers were detected (Fig. 2H). On POD 7, many syndecan-1-positive fibers were

observed proximal to the lesion (Fig. 21). The number of syndecan-1-positive fibers and the

intensity of syndecan-1 immunoreactivity in the distal stump of the injured nerve were

greater than in the more proximal portion (Fig. 2J). We could also detect several fibers

exhibiting strong syndecan-1 immunoreactivity in the distal portion (Fig. 2K). The

syndecan-1 immunoreactivity was colocalized with tubulin beta-3 chain immunoreactivity, a

marker of neurons (Supplementary Figure 2).
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To determine whether syndecan-1 expression after nerve injury is specific to hypoglossal

motor neurons, we investigated the expression of the proteoglycan in the facial nucleus,

dorsal nucleus of vagus, ambiguous nucleus and spinal motor neurons after facial nerve

axotomy, vagus nerve axotomy and sciatic nerve axotomy, respectively. Prior to axotomy,

none of the motor neurons examined expressed syndecan-1 protein (Fig. 3A, E, I, M, Q). On

POD 7, hypoglossal nerve axotomy, facial nerve axotomy and vagus nerve axotomy induced

the expression of ATF3 protein in the hypoglossal nucleus, facial nucleus, dorsal nucleus of

vagus and ambiguous nucleus ipsilateral to the lesion, respectively (Fig. 3C, G, K, O), and

syndecan-1 protein was expressed in ATF3-positive motor neurons (Fig. 3B-D, F-H, J-L,

N-P). Interestingly, not all ATF3-positive motor neurons expressed syndecan-1 protein (Fig.

3D, H, L, arrow). The proportion of syndecan-1-positive neurons to ATF3-positive neurons

was 55.1 £ 9.6% (mean + standard deviation) in the hypoglossal nucleus, 36.7 + 5.6% in the

facial nucleus, 72.9 + 4.9% in the dorsal nucleus of vagus and 71.8 + 7.5% in the ambiguous

nucleus. Although sciatic nerve axotomy also induced the expression of ATF3 protein in

spinal motor neurons ipsilateral to the lesion (Fig. 3S), only a few ATF3-positive motor

neurons expressed syndecan-1 protein on POD 7 (3.1 £ 2.0%, Fig. 3R-T), and the intensity of

syndecan-1 immunoreactivity was very weak. A very low level of syndecan-1 expression in

spinal motor neurons was observed not only on POD 7, but also on PODs 1, 3, 14 and 28

(data not shown). We also examined the expression of syndecan-1 mRNA in injured spinal
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motor neurons by in situ hybridization. We could detect few hybridization signals of

syndecan-1 mRNA in spinal motor neurons ipsilateral to the lesion compared with injured

hypoglossal motor neurons (Supplementary Figure 3).

Discussion

In this study, we examined the expression profile of syndecan-1 in injured hypoglossal motor

neurons. Syndecan-1 expression was induced in injured hypoglossal motor neurons after

axotomy and was most intense on POD 7. Syndecan-1 mRNA and protein levels declined

until the last day examined, POD 28, when the expression was comparable to that in intact

motor neurons (Figs. 1 and 2). On POD 28, we could detect several fibers re-innervating the

tongue muscle [18] (our unpublished data). This suggests that injury-induced syndecan-1 may

play a role in the survival of injured motor neurons and in the regeneration of the injured

nerve.

Syndecan-1 functions as a co-receptor for fibroblast growth factor 2 (FGF2) [27]. FGF2

mRNA and protein are highly expressed in injured hypoglossal motor neurons [13],

providing trophic support to these cells [28, 29]. Collectively, these previous observations

and our present results suggest that injury-induced syndecan-1 may act as a co-receptor for

FGF2 in injured hypoglossal motor neurons, thereby enhancing the ability of FGF2 to

promote the survival of these cells.
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We could detect syndecan-1 protein not only in the hypoglossal nucleus, but also in the

injured hypoglossal nerve (Fig. 21-K). The number of syndecan-1-positive fibers and the

intensity of syndecan-1 immunoreactivity in the distal stump of the injured nerve were

greater than in the more proximal portion (Fig. 21, J). Moreover, several fibers in the distal

portion displayed strong syndecan-1 immunoreactivity (Fig. 2K), suggesting that syndecan-1

expressed in injured motor neurons is transported down the hypoglossal nerve and

accumulates in the terminals of regenerating fibers. Since nerve injury induces the expression

of FGF2 mRNA in the lesion [12, 13], expressed syndecan-1 may act as a co-receptor for

FGF2, not only in the hypoglossal nucleus, but also in the nerve lesion, and promote the

survival of injured motor neurons. Application of HS-GAG to the site of the lesion enhances

myelination of injured axons and helps restore conduction velocity in the injured sciatic nerve

[3]. Our present results suggest that syndecan-1, transported to the lesion, may also promote

nerve regeneration, in addition to enhancing neuronal survival. Furthermore, it has been

reported that heparan sulfate proteoglycans, including Drosophila syndecan, are important for

axon guidance during development of the nervous system [19, 23, 26]. Thus, syndecan-1,

accumulated in the terminals of regenerating fibers, may function in axon guidance to

promote proper innervation.

Facial nerve axotomy and vagus nerve axotomy also induced the expression of

syndecan-1 in injured motor neurons; however, it only very weakly induced expression of the

14



proteoglycan in injured spinal motor neurons (Fig. 3, Supplementary Figure 3). A similar

phenomenon has been reported for the expression of neuronal nitric oxide synthase (NNOS)

after nerve injury in rats. Facial, vagus and hypoglossal nerve axotomy induced the

expression of nNOS in injured motor neurons [32]. However, injury to the sciatic nerve or

ventral root did not induce nNOS expression in injured spinal motor neurons [7, 31]. These

results suggest that cranial motor neurons and spinal motor neurons react differently to nerve

injury. Moreover, not all injured motor neurons expressed syndecan-1, even in the

hypoglossal nucleus, facial nucleus or dorsal nucleus of vagus (Fig. 3D, H, L, arrows). This is

indicative of the diversity of motor neurons within the cranial nervous system.

Conclusions

In this study, we suggest that syndecan-1 may have functional roles in the survival of injured

motor neurons and in nerve regeneration in the peripheral nervous system. Syndecan-1 may

provide a novel target for therapeutic strategies for nerve and CNS injuries.
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Figure legends

Fig. 1. Expression of syndecan mRNA in the hypoglossal nucleus. (A-D) Expression of

syndecan-1 (A), syndecan-2 (B), syndecan-3 (C) and syndecan-4 (D) mRNA in the

hypoglossal nucleus 7 days after axotomy, examined by in situ hybridization. (E, F)

Representative images (E) and Quantification of the amount of syndecan-1 mRNA (F)

evaluated by RT-PCR. Statistical analyses were performed between all groups (*P < 0.01,

ANOVA with post hoc Tukey-Kramer test). (G-M) Representative images of in situ

hybridization for syndecan-1 in intact (G), ipsilateral (H, POD 1; I, POD 3; J, POD 7; K,

POD 14; L, POD 28) and contralateral (M, POD 7) hypoglossal nuclei. (N) In situ

hybridization images for ATF3 in the ipsilateral hypoglossal nucleus (POD 7). Scale bar =

200 pm (A-D) and 100 pm (G-N).

Fig. 2. Immunohistochemical analysis of syndecan-1 expression. (A-G) Representative

images in intact (A), ipsilateral (B, POD 1; C, POD 3; D, POD 7; E, POD 14; F, POD 28)

and contralateral (G, POD 7) hypoglossal nuclei. (H-K) Representative images of the intact

hypoglossal nerve (H), proximal region (I), distal stump (J) and distal region (K) of injured

hypoglossal nerve on POD 7. Arrows indicate syndecan-1-positive fibers. Scale bar = 100 um

(A-G), 200 um (H) and 50 um (I-K).
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Fig. 3. Immunohistochemical analysis of syndecan-1 expression in the hypoglossal nucleus
(A-D), facial nucleus (E-H), dorsal nucleus of vagus (I-L), ambiguous nucleus (M-P) and
spinal motor neurons (Q-T). Panels A, E, I, M and Q show intact nuclei, and the other panels
show the nuclei ipsilateral to the lesions 7 days after axotomy. Panel C, G, K, O and S show
ATF3 immunohistochemistry, and the other panels show syndecan-1 immunohistochemistry.

Arrows in panels D, H and L show ATF3*/syndecan-1~ motor neurons. Scale bar = 50 pum.
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Supplementary Figure Legends

Supplementary Figure 1: Immunohistochemical analysis of colocalization of

syndecan-1 protein with GFAP (A-C) or Ibal (D-F) in the hypoglossal nuclei ipsilateral

to the lesion on POD7. Scale bar = 20 pum.

Supplementary Figure 2: Immunohistochemical analysis of colocalization of

syndecan-1 protein with tubulin beta-3 chain (TUJ1) in proximal region of injured

hypoglossal nerve on POD7. Scale bar = 20 pum.

Supplementary Figure 3: Representative images of in situ hybridization for

syndecan-1 (A, B) or ATF3 (C, D) in ventral horn of spinal cord contralateral (A, C) or

ipsilateral (B, D) to the lesion. Scale bar = 400 pum.



Highlights:

» Syndecan-1 is expressed in injured hypoglossal motor neurons.

» Syndecan-1 is localized in injured neuronal cell bodies and regenerating fibers.

» Spinal motor neurons scarcely express syndecan-1 after nerve injury
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