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Abstract: Glial cell line-derived neurotrophic factor (GDNF) family ligands (GFLs) contribute to the
sensitization of primary afferents and are involved in the pathogenesis of inflammatory pain. The
purpose of this preliminary study was to examine the expression of other GFLs (neurturin [NRTN],
artemin [ARTN], persephin [PSPN]) and receptors in human IVD cells and tissues exhibiting early
and advanced stages of degeneration. Human IVD cells were cultured as a monolayer after isolation
from the nucleus pulposus (NP) and anulus fibrosus (AF) tissues. The mRNA expression of NRTN,
ARTN, PSPN, and their receptors (GFRA2-GFRA4) was quantified using real-time PCR. Protein
expression was evaluated by immunohistochemistry and Western blotting. The expression of NRTN,
ARTN, PSPN, and their co-receptors (GFRA2-GFRA4) was identified in human IVD cells at both
mRNA and protein levels. A trend was noted wherein the mRNA expression of ARTN, PSPN, and
GFRA2 was upregulated by IL-1p3 treatment in a dose-dependent manner. The percentages of im-
munopositive cells in the advanced degenerate stage of ARTN, PSPN, and GFRA2 were significantly
higher than those in the early degenerate stage. Their expression was enhanced in advanced tissue
degeneration, which suggests that GFLs (ARTN and PSPN) may be involved in the pathogenesis of
discogenic pain.

Keywords: intervertebral disc degeneration; glial cell line-derived neurotrophic factor family
ligands; human

1. Introduction

Low back pain (LBP) is one of the most common health concerns that affect activities
of daily living and the quality of life [1]. The global point prevalence of LBP reported in a
systematic review including a total of 165 general population studies from 53 countries
was reported to be 11.9% and the prevalence at 1 month was 23.2% [2]. In the United States,
the total medical costs of LBP exceed $100 billion per year [3]. Multifactorial causes and
anatomical features of the lumbar spine contribute to the pathogenesis of chronic LBP [1].
Recent epidemiological studies in large population samples [4-6] and cross-sectional clin-
ical studies have provided evidence that intervertebral disc (IVD) degeneration is one of
the main causes of LBP.

IVDs lying between adjacent vertebrae, consist of interwoven fibrous layers of tissues
in the annulus fibrosus (AF), which surrounds an inner gelatinous tissue and the nucleus
pulposus (NP). IVD degeneration is characterized by changes in both the cellular and ex-
tracellular matrix and gradually leads to structural breakdown and impaired IVD func-
tion [7]. Normal IVDs are basically avascular and are non-neural tissues; however, sen-
sory and post-ganglionic sympathetic nerve fibers originating from the sinuvertebral
nerve are present only in the outer layer of the AF under normal conditions [8,9].
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Glial cell line-derived neurotrophic factor (GDNF) family ligands (GFLs), belonging
to the transforming growth factor (TGF)-f3 superfamily, include GDNF, neurturin (NRTN),
artemin (ARTN), and persephin (PSPN). GFLs signal through glycosylphosphatidylinosi-
tol (GPI)-anchored co-receptors (GDNF family receptor alpha 1 to alpha 4 [GFRA1-
GFRAA4]) as the binding component of the ligand and are rearranged by transfection (RET)
receptor tyrosine kinase as a signaling component [10]. GDNF preferentially binds to one
of the cognate co-receptors (GFRA1), NRTN to GFRA2, ARTN to GFRA3, and PSPN to
GFRA4 (Figure 1) [11]. GFLs have been well described to exert growth and maintenance
functions in the peripheral and central nervous systems; however, GFLs are also ex-
pressed outside of the nervous system [12]. Previous studies have reported that GFLs are
expressed in several human tissues in association with immune cells, including the skin,
thymus, lung, and spleen, and their expression is upregulated in inflammatory environ-
ments [12,13]. There is also accumulating evidence that GFL signaling is involved in the
pathogenesis of inflammatory pain [12]. GFLs have been reported to contribute to the sen-
sitization of primary afferents of the skin [14,15], muscle, and bone tissues [16,17].
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Figure 1. Glial cell-line-derived neurotrophic factor (GDNF) family ligands and GDNF family re-
ceptor alpha 1 to alpha 4 (GFRA1 to A4) are rearranged during transfection (RET). GDNF preferen-
tially binds to GFRA1, neurturin (NRTN) to GFRA2, artemin (ARTN) to GFRA3, and persephin
(PSPN) to GFRAA4 (Solid line). Crosstalk between ligand and co-receptors (Dotted line).

We have previously reported that GDNF and its associated co-receptors (GFRA1 and
RET) are expressed in human IVDs [18]. Furthermore, the percentage of immunopositive
GDNF cells was significantly increased in human IVD tissues with the advanced stage of
degeneration compared to those in the early stages. Therefore, we suggested the possibil-
ity that the increased expression of GDNF within degenerated IVDs may be associated
with the pathogenesis of discogenic pain. However, at present, it has not been investigated
whether the other GFLs, including NRTN, ARTN, and PSPN and their co-receptors
(GFRA2 to GFRA4), are expressed in human IVDs.

The purpose of this study was (1) to examine the expression of NRTN, ARTN, and
PSPN and their co-receptors (GFRA2 to GFRA4) and (2) to evaluate the effects of a pro-
inflammatory cytokine on their expression in human IVD cells, and (3) to immunohisto-
chemically examine their expressions in human IVD tissues with different grades of de-
generation.
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2. Results
2.1. Detection of mRNA Expression of the GFL Genes in Human IVD Cells

The expression of NRTN, ARTN, PSPN, GFRA2, GFRA3, and GFRA4 was quantified
using real time-PCR, and mRNA expression were clearly identified in human AF and NP
cells. There were no significant differences in the mRNA expression of NRTN, ARTN,
PSPN, GFRA2, GFRA3, and GFRA4 between the AF and NP cells (relative expression [AF
vs. NP]: NRTN, 1.30 + 1.13 vs. 0.65 + 0.07; ARTN, 0.43 + 0.79 vs. 0.11 + 0.09; PSPN, 0.35 +
0.37 vs. 0.98 + 1.60; GFRA2, 0.18 + 0.21 vs. 0.10 + 0.11; GFRA3, 1.98 + 2.54 vs. 1.03 + 0.05;
and GFRA4, 13.8 + 14.6 vs. 2.11 + 2.64).

2.2. Effect of IL-1p Stimulation on Gene Expression

IL-1p stimulation did not show any significant changes in NRTN mRNA expression
in AF and NP cells (Figure 2a). ARTN mRNA expression was stimulated by IL-1§3 treat-
ment in a dose-dependent manner in the AF and NP cells (Figure 2b); however, this did
not reach a statistical significance. PSPN mRNA expression in the AF and NP cells tended
to be upregulated by IL-1f3 stimulation in a dose-dependent manner (Figure 2c).

IL-1p stimulation upregulated the mRNA expression of GFRA2 in the AF and NP
cells in a significant and dose-dependent manner (Figure 2d). The expression was signifi-
cantly higher in IL-1B-treated cells (IL-1f3: 10 ng/mL) than in the controls for both the AF
and NP cells (p < 0.05 for both). However, the mRNA expression of GFRA3 did not differ
significantly between the control and IL-1p3-treated cells (IL-1p: 0.1, 1.0, and 10 ng/mL) for
both the AF and NP cells (Figure 2e). GFRA4 mRNA expression in the AF and NP cells
was not significantly stimulated by IL-1f3 treatment (Figure 2f).
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Figure 2. Effects of interleukin-1 beta (IL-1f) on the mRNA expression of neurturin (NRTN) (a),
artemin (ARTN) (b), persephin (PSPN) (c), GDNF family receptor alpha 2 (GFRA2) (d), GFRAS3 (e),
and GFRA4 (f) in human anulus fibrosus (AF) and nucleus pulposus (NP) cells. * p <0.05 and ** p <
0.01, one-way analysis of variance followed by post hoc analysis (Fisher’s least significant difference).
Error bars: standard error (S.E.).

2.3. Protein Expression by Western Blotting Analyses

Western blot analyses of cell lysates clearly showed the presence of a single protein
band for NRTN (65 kDa), ARTN (24 kDa), PSPN (31 kDa), GFRA2 (46 kDa), GFRA3 (72
kDa), and GFRA4 (50 kDa) in both the NP and the AF cells. 3-actin expression was similar
between AF and NP cells (Figure 3).
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Figure 3. Western blotting showing neurturin (NRTN) (a), artemin (ARTN) (b), persephin (PSPN)
(c), GDNF family receptor alpha 2 (GFRA2) (d), GFRA3 (e), and GFRA4 (f) expression in cultured
human anulus fibrosus (AF) and nucleus pulposus (NP) cells. 3-actin (g) served as a loading control.

2.4. Immunohistochemical Analyses

Immunohistochemical analyses of human IVD tissues showed immunoreactive cells
of NRTN, ARTN, PSPN, GFRA2, GFRA3, and GFRA4 in both AF and NP tissues in both
the early degenerate stage and the advanced degenerate stage.

2.4.1. NRTN Expression

Relatively weak immunoreactivity against NRTN was found sparsely in cells within
the AF (Figure 4a,c) and NP (Figure 4b,d) tissues, both in the early and advanced stages
of degeneration. High magnification images revealed that the weak to mild immunoreac-
tivities were identified around the nuclei of the cells in the AF (Figure 4f,h) and NP (Figure
4g,i) tissues. No immunoreactivity was found in the isotype controls (Figure 4e,j). There
were no significant differences in the percentage of immunopositive cells for NRTN in
both AF and NP tissues between the early stage (AF: 14.7 + 2.7%, NP: 17.4 + 3.5%) and
advanced degenerate stage (AF: 18.0 + 3.5%, NP: 21.0 + 3.7%) (Figure 5a). No significant
differences in the percentages of 1+ and 2+ positive cells were found between the degen-
eration stages (Figure 5b).
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Figure 4. Inmunohistochemical staining reveals neurturin (NRTN) in human intervertebral disc
(IVD) cells in the anulus fibrosus (AF; a,¢f,h) and nucleus pulposus (NP; b,d,g,i) tissues at the early
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(a,bf,g) and advanced (c,d h,i) stages of degeneration. Low magnification images (x200; a—e) and
high magnification images (x400; f—j) are shown. Isotype control (e,j). Blue arrows indicate 1+ im-
munostaining cells, whereas red arrows indicate 2+ immunostaining cells. Scale bar: 200 um (a—e),
50 um (f=j).
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Figure 5. Percentage of immunopositive cells for neurturin (NRTN) in human intervertebral disc
tissues from the early and advanced stages of disc degeneration (a) and subtype analysis by the
intensity of immunostaining (b). AF, anulus fibrosus; NP, nucleus pulposus. * p <0.05 and ** p <0.01
for comparisons between the early and advanced stages of degeneration by the unpaired Student’s
t test. Error bars: standard error (S.E.).

2.4.2. ARTN Expression

Normal-to-intense immunoreactivity against ARTN was frequently identified in cells
within AF tissues (Figure 6a,c) and NP tissues (Figure 6b,d) in the early and advanced
stages of degeneration. High magnification images revealed the ARTN-immunoreactivi-
ties around the nuclei of the cells in the AF (Figure 6f,h) and NP (Figure 6g,i) tissues. No
immunoreactivity was found in the isotype controls (Figure 6e,j). The percentage of
ARTN-immunopositive cells in AF (79.9 + 2.7%) and NP (86.0 + 2.2%) tissues in the ad-
vanced degenerated stage was significantly higher than those in the early degenerated
stage (AF: 56.9 + 4.6%, p <0.05; NP: 69.2 + 3.6%, p < 0.01, Figure 7a). The percentage of 2+
cells of ARTN in the AF (29.8 +3.5%) and NP (45.5 + 4.8%) tissues of the advanced degen-
erated stage was significantly higher than those in the early degenerated stage AF (15.5 +
4.9%, p <0.05) and NP (26.9 £ 3.9%, p <0.01) tissues (Figure 7b).
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Figure 6. Immunohistochemical staining reveals artemin (ARTN) in human intervertebral disc
(IVD) cells in the anulus fibrosus (AF; a,c,f,h) and nucleus pulposus (NP; b,d,g,i) tissues at the early
(a,bf,g) and advanced (c,d h,i) stages of degeneration. Low magnification images (x200; a—e) and
high magnification images (x400; f) are shown. Isotype control (e,j). Blue arrows indicate 1+ im-
munostaining cells, whereas red arrows indicate 2+ immunostaining cells. Scale bar: 200 um (a—e),
50 pum (f-j).
a: ARTN immuno-positive cells b: Subtype analysis
AF NP AF NP AF NP
— 1004 = = .0 —_ 100+ . -
é [ ] n (™ * .g é
2wl o Sga| il TR 2w .
8 °® v gt o* 8 i I :
'g 60 "&‘ - : g s .: " .o . ,::
= A 5 e I R I I
g 404 o, A 8_ 40 .*. ™ | F}—‘ T;__. ] R
: ° 4 LI . PN
§ g 20 ' . Y : ;:t_: L : *
£ 20+ E o . L ! A;:
§ g “ A
Ealrly Advalnced Ea'rly Advalnced positive 1+ positive 2+

e Early = Advanced 4 Early + Advanced

Figure 7. Percentage of immunopositive cells for artemin (ARTN) in human intervertebral disc tis-
sues from the early and advanced stages of disc degeneration (a) and subtype analysis by the inten-
sity of immunostaining (b). AF, anulus fibrosus; NP, nucleus pulposus. * p <0.05 and ** p < 0.01 for
comparisons between the early and advanced stages of degeneration by the unpaired Student’s ¢
test. Error bars: standard error (S.E.).

2.4.3. PSPN Expression

Immunoreactive cells against PSPN were unevenly distributed in AF (Figure 8a,c)
and NP (Figure 8b,d) tissues both in early and advanced stages of degeneration. High
magnification images revealed PSPN-immunoreactivities around the nuclei of the cells in
the AF (Figure 8f,h) and NP (Figure 8g,i) tissues but not in the isotype control (Figure 8e,j).
The percentage of PSPN-immunopositive cells in the AF in the advanced degenerated
stage (35.1 + 3.6%) was significantly higher than that in the AF in the early degenerated
stage (18.2 + 5.4%, p < 0.01, Figure 9a), and the percentage of 1+ cells of PSPN in the AF in
the advanced degenerated stage (24.0 + 2.6%) was significantly higher than that in the AF
in the early degenerated stage (14.3 + 4.1% p < 0.01, Figure 9b). No significant differences
in the percentage of PSPN-immunopositive cells in the NP were found between the early
and advanced stages of degeneration (Figure 9a).
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Figure 8. Immunohistochemical staining reveals persephin (PSPN) in human intervertebral disc
(IVD) cells in the anulus fibrosus (AF; a,c,f,h) and nucleus pulposus (NP; b,d,g,i) tissues at the early
(a,bf,g) and advanced (c,d h,i) stages of degeneration. Low magnification images (x200; a—e) and
high magnification images (x400; f—j) are shown. Isotype control (e,j). Blue arrows indicate 1+ im-
munostaining cells, whereas red arrows indicate 2+ immunostaining cells. Scale bar: 200 um (a—e),
50 pum (f-j).
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Figure 9. Percentage of immunopositive cells for persephin (PSPN) in human intervertebral disc
tissues from the early and advanced stages of disc degeneration (a) and subtype analysis by the
intensity of immunostaining (b). AF, anulus fibrosus; NP, nucleus pulposus. * p <0.05 and ** p <0.01
for comparisons between the early and advanced stages of degeneration by the unpaired Student’s
t test. Error bars: standard error (S.E.).

2.4.4. GFRA2 Expression

Weak to intense immunoreactivity against GFRA2 was frequently found in cells
within the AF (Figure 10a,c) and NP (Figure 10b,d) both in the early and advanced stages
of degeneration. The immunoreactivities were mainly found in the cytoplasm of the AF
(Figure 10fh) and NP (Figure 10g,i) cells as compared to in the cytoplasm of the isotype
control cells (Figure 10e,j). The percentage of GFRA2-immunopositive cells in the NP in
the advanced stage (67.5 = 8.1%) was significantly higher than that in the NP in the early
stage (45.3 + 7.8%, p < 0.05, Figure 11a). The percentages of 1+ cells of GFRA2 in the AF
and NP in the advanced stage (AF: 40.6 + 6.2%; NP: 40.2 + 3.5%) were significantly higher
than those in the AF and NP in the early degenerate stage (AF: 19.1 +3.2%; NP: 14.2 +1.9%,
p <0.01, Figure 11b).
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Figure 10. Inmunohistochemical staining reveals GDNF family receptor alpha 2 (GFRA2) in human
intervertebral disc (IVD) cells in the anulus fibrosus (AF; a,c,f,h) and nucleus pulposus (NP; b,d,g i)
tissues at the early (a,b,f,g) and advanced (c,d,h,i) stages of degeneration. Low magnification images
(x200; a—e) and high magnification images (x400; f—j) are shown. Isotype control (e,j). Blue arrows
indicate 1+ immunostaining cells, whereas red arrows indicate 2+ immunostaining cells. Scale bar:
200 um (a—e), 50 um (fj).
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Figure 11. Percentage of immunopositive cells for GDNF family receptor alpha 2 (GFRA2) in human
intervertebral disc tissues from the early and advanced stages of disc degeneration (a) and subtype
analysis by the intensity of immunostaining (b). AF, anulus fibrosus; NP, nucleus pulposus. * p <
0.05 and ** p < 0.01 for comparisons between the early and advanced stages of degeneration by the
unpaired Student’s t test. Error bars: standard error (S.E.).

2.4.5. GFRA3 Expression

Immunoreactivity against GFRA3 was sparsely identified in cells within the AF (Fig-
ure 12a,c) and NP (Figure 12b,d) both in the early and advanced stages of degeneration.
High magnification images showed the distribution of the immunoreactivities in the cy-
toplasm of cells in the AF (Figure 12f,h) and NP (Figure 12g,i) tissues. No immunoreactiv-
ity was found in the isotype control (Figure 12e,j). There were no significant differences in
the percentage of GFRA3-immunopositive cells in both the AF and NP between the early
and advanced degenerated stages (Figure 13a). However, the percentage of 2+ cells of
GFRA3 in the NP in the advanced stage (5.3 = 1.3%) was significantly higher than that in
the NP in the early stage (3.6 + 0.8% p < 0.05, Figure 13b).
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Figure 12. Inmunohistochemical staining reveals glial cell line-derived neurotrophic factor family
receptor alpha 3 (GFRA3) in human intervertebral disc (IVD) cells in the anulus fibrosus (AF; a,c,f,h)
and nucleus pulposus (NP; b,d,g,i) tissues at the early (a,b,f,g) and advanced (c,d,h,i) stages of de-
generation. Low magnification images (x200; a—e) and high magnification images (x400; f—j) are
shown. Isotype control (e,j). Blue arrows indicate 1+ immunostaining cells, whereas red arrows in-
dicate 2+ immunostaining cells. Scale bar: 200 um (a—e), 50 pm (f-j).
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Figure 13. Percentage of immunopositive cells for glial cell line-derived neurotrophic factor family
receptor alpha 3 (GFRA3) in human intervertebral disc tissues from the early and advanced stages
of disc degeneration (a) and subtype analysis by the intensity of immunostaining (b). AF, anulus
fibrosus; NP, nucleus pulposus. * p < 0.05 and ** p < 0.01 for comparisons between the early and
advanced stages of degeneration by the unpaired Student’s t test. Error bars: standard error (S.E.).

2.4.6. GFRA4 Expression

Relatively intense immunoreactivity against GFRA4 was often detected in cells
within the AF (Figure 14a,c) and NP (Figure 14b,d) tissues in the early and advanced
stages of degeneration. High magnification images revealed GFRA4-immunoreactivities
mainly in the cytoplasm of the cells in the AF (Figure 14f h) and NP (Figure 14g,i) tissues.
No immunoreactivity was found in the isotype control (Figure 14e,j). No significant dif-
ferences were observed in the percentage of GFRA4-immunopositive cells between the
early stage (AF: 50.6 + 4.4%, NP: 48.8 + 3.8%) and the advanced stages of degeneration
(AF: 55.1 £4.0%, NP: 56.8 + 5.5%, Figure 15a). No significant differences in the percentages
of 1+ or 2+ positive cells were found between the degeneration stages (Figure 15b).
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Figure 14. Inmunohistochemical staining showing glial cell line-derived neurotrophic factor family
receptor alpha 4 (GFRA4) in human intervertebral disc (IVD) cells in the anulus fibrosus (AF; a,c,f h)
and nucleus pulposus (NP; b,d,g,i) tissues at the early (a,b,f,g) and advanced (c,d,h,i) stages of de-
generation. Low magnification images (x200; a—e) and high magnification images (x400; f—j) are
shown. Isotype control (e,j). Blue arrows indicate 1+ immunostaining cells, whereas red arrows in-
dicate 2+ immunostaining cells. Scale bar: 200 um (a—e), 50 um (f-j).
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Figure 15. Percentage of immunopositive cells for glial cell line-derived neurotrophic factor family
receptor alpha 4 (GFRA4) in human intervertebral disc tissues from the early and advanced stages
of disc degeneration (a) and subtype analysis by the intensity of immunostaining (b). AF, anulus
fibrosus; NP, nucleus pulposus. * p < 0.05 and ** p < 0.01 for comparisons between the early and
advanced stages of degeneration by the unpaired Student’s ¢ test. Error bars: standard error (S.E.).

3. Discussion

This study showed, for the first time, that NRTN, ARTN, PSPN, and their co-recep-
tors (GFRA2, GFRA3, and GFRA4) were expressed in human IVD cells at both the mRNA
and protein level. ARTN, PSPN, and GFRA2 tended to be upregulated by pro-inflamma-
tory stimuli (IL-1P) in both the AF and NP cells in vitro. Corresponding to in vitro results,
the percentages of ARTN-, PSPN-, and GFRA2-immunopositive cells were significantly
higher in human IVD tissues in the advanced stage of degeneration than in those in the
early stage of degeneration.

Previous studies have reported that GFLs expression outside the nervous system was
found in several human organs and tissues [12]. GFLs have been reported to play an im-
portant role in the development of epithelial structures during embryogenesis [19] and in
the regulation of hematopoietic cell differentiation [20]. Interestingly, GFLs are expressed
in human peripheral blood mononuclear cells, including monocytes, B lymphocytes, and
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T cells, which implies that GFLs may have a role in modulating immune cell responses
[12,21]. In response to inflammatory stimuli, several types of immune and epithelial cells
release GFLs and express their co-receptors in several tissues, which is considered to be
associated with the maintenance of epithelial tissues. In the musculoskeletal system, little
is known about their expression in the articular cartilage, bone, and tendon. A single study
reported by Yi et al.[22] showed that GDNF mRNA expression was detected in preosteo-
clasts from bone marrow-derived mice mesenchymal stem cells (BMMSCs); they showed
that GDNF had the potential to simulate osteogenic differentiation of BMMSCs.[22] The
expression of GDNF in muscle has been well investigated [23-27]. Previous studies have
demonstrated that the expression of GDNF in the rat skeletal muscle was increased by
mechanical stress or denervation. Nonetheless, none of the studies assessed the overall
expression of GFLs and their related receptors in the musculoskeletal system.

Several recent studies have shown that GFLs expression is regulated in the inflam-
matory environment by lipopolysaccharides (LPS) and inflammatory cytokines (see re-
view in [12]). In a tumor-inflammatory environment, pancreatic cancer cells upregulate
GDNF release by activated macrophages following LPS stimulation [28]. GDNF mRNA
expression in primary cultures of rat macrophages, microglia, and astrocytes is upregu-
lated by LPS stimulation [29,30]. In this study, to mimic the pro-inflammatory cytokine-
rich microenvironment characterizing degenerated human IVDs [31], human AF and NP
cells were stimulated with IL-1p in vitro. The mRNA expression of ARTN, PSPN, and
GFRA2 showed a tendency to be upregulated by IL-13 treatment in a dose-dependent
manner. Accordingly, the immunohistochemical study using human IVD tissues showed
that ARTN-, PSPN-, and GFRA2-immunopositive cells were significantly more abundant
in the advanced degenerate discs tissues than in those of early degenerate discs. Similarly,
IL-1B has been reported to significantly enhance the expression of GDNF mRNA in hu-
man AF and NP cells, with the percentage of GDNF-immunopositive cells being higher in
advanced degenerate AF and NP [18].

There is increasing evidence supporting the contribution of GFLs and GDNF-sensi-
tive neurons to regulating inflammatory pain in peripheral tissues [12]. In 2006, Malin et
al. reported that GDNF, NRTN, and ARTN activated the activity of the transient receptor
potential vanilloid 1 (TRPV1) in vitro [32]. They also showed that ARTN induced thermal
hyperalgesia when injected into the skin, suggesting that GFLs have the potential to reg-
ulate the sensitivity of thermal nociceptors and are implicated as an essential inductor in
inflammatory hyperalgesia [32]. In 2018, Nencini et al. [16] reported that inflammatory
bone pain (associated with skeletal pathology, including bone cancer, osteomyelitis, oste-
oarthritis, fracture, etc.) was associated with activation and sensitization of peptidergic
neurons by the ARTN/GFRA3 signaling pathway and non-pepdidergic neurons by
GDNF/GFRA1 and NRTN/GFRAZ2 signaling pathways. They suggested that GFLs signal-
ing pathways were involved in the pathogenesis of bone pain.

Recently, Minnema et al. [33] reported that the GFRA3 and TRAPV1 receptor were
upregulated in the dorsal root ganglion of the monoiodoacetate (MIA)-induced knee os-
teoarthritis (OA) dog model. They found that serum ARTN concentration was signifi-
cantly elevated in this animal model compared to that of a healthy dog. More recently, the
same group showed that systemic administration of anti-ARTN antibody attenuated me-
chanical hypersensitivity, and restored limb use in an MIA-induced knee OA mouse
model [34], suggesting that ARTN/GFRA3 signaling is associated with chronic knee OA
pain. In normal human IVDs, the nociceptive nerve endings (e.g., sinvertebral nerves) are
distributed in the outer layer of the posterior AF [8,9]. However, along with IVD degener-
ation, IVD ruptures, especially AF fissures, promote the ingrowth of sensory nerve fibers
immunohistochemically labeled with the protein gene product 9.5 (PGP 9.5), (calcitonin
gene-related peptide) CGRP, neurofilament, or substance P toward the inner AF and NP
lesions [35-38]. Using human IVD tissues, our study revealed that more than 50% of cells
in AF and NP tissues express GDNF [18], ARTN, and NRTN, and that expression in-
creased with the progression of IVD degeneration. Therefore, we speculated that
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enhanced expression of GFLs within degenerated human IVDs may sensitize sensory neu-
rons that innervate corresponding IVDs and contribute to the pathogenesis of discogenic
LBP.

In non-neural tissues, the function of GFLs in several types of epithelial cells has also
been evaluated (see review in [12]). GFLs participate in protecting the intestinal epithe-
lium by inhibiting the expression of pro-inflammatory cytokines [39]. In the human cor-
neal epithelium, GDNF enhances cell proliferation and survival [40] and inhibits the ex-
pression of inflammatory cytokines in vitro [41]. These previous reports suggest that GFLs
plays a role in the process of tissue repair against injury or infection by modulating the
inflammatory environment.

In the current study, the percentages of ARTN- and PSPN-expressing cells increased
in the advanced stage of disc degeneration; however, the percentages of cells expressing
their cognate co-receptors (GFRA3 and GFRAA4, respectively) did not increase (Figure 16).
Conversely, the percentage of NRTN-expressing cells did not increase, but that of GFRA2-
expressing cells did (Figure 16). Kokaia et al. [42] evaluated the mRNA expression of
GDNF and NRTN and of their co-receptors (GFRA1 and GFRAZ2, respectively) in a model
of rat brain insults; consistent with the results of this study, they reported that the changes
in the mRNA expression of the ligands and the receptors are region and cell-specific and
occur independently of each other. This suggests that the changes in the expression of
GFLs and their co-receptors may occur independently of each other.

Because the expression of GFLs and their co-receptors varied independently in rela-
tion to the extent of disc degeneration, we speculate that GFLs act independently on noci-
ceptive neurons and intervertebral disc cells. GFLs may be involved in the pain sensitivity
associated with discogenic LBP, while playing a role in mediating cell metabolism and
inflammatory responses in IVD degeneration.

This study had several limitations. First, human IVD tissues were obtained by spinal
surgeries; these tissues were not healthy samples, but degenerated samples with different
grades of degeneration. Therefore, the extent of tissue degeneration may affect the results
of in vitro studies. Second, the effects of GFLs on cell survival and matrix metabolism of
human IVD cells have not been examined in this study; therefore, the relevance of GFLs
with disc degeneration remains to be elucidated. Third, the extent of LBP was not evalu-
ated in the patients whose histological samples were collected; hence, it remains unknown
whether the histological expression of GHLs coincides with the extent of discogenic LBP.
Third, since human IVDs contain diverse cell populations, including chondrocyte and fi-
broblast phenotypes and their progenitor phenotypes, characterization of the GFLs-posi-
tive cells by corresponding cell markers would be important for assessing their detailed
distribution pattern in the process of degenerating human IVDs. Lastly, investigating the
expression of GFLs and their co-receptors in the inflammatory cells and/or neuronal cells
in the human disc tissues are important to understand the function of GFLs in the patho-
genesis of discogenic LBP, which should be evaluated in the future study.
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Figure 16. Summary of changes in the expression of GFLs and their co-receptors. (a) Changes in the
mRNA expression of GFLs and their co-receptors by IL-1{3 stimulation. (b) Comparison of the
changes in the percentage of immunopositive cells between the advanced and early stages of degen-
eration. Glial cell line-derived neurotrophic factor (GDNF), neurturin (NRTN), artemin (ARTN),
persephin (PSPN), GDNF family receptor (GFR) alpha 1 (GFRA1), GFR alpha 2 (GFRA2), GER alpha
3 (GFRA3), and GFR alpha 4 (GFRA4). The upward arrow indicates a significant increase, and up
arrow dotted line indicates a trend of increase. Horizontal arrow indicates no change.

4. Materials and Methods
4.1. Human IVD Tissue and Cell Isolation

This study was approved by the Institutional Committee for the Ethics of Human
Research and performed in accordance with the Declaration of Helsinki. Human IVDs
were obtained with informed consent from surgical specimens of spinal surgeries. For cell
culture, seven samples were obtained from seven women with lumbar spinal stenosis
(LSS) (age: 59-81 years [average: 72.4 years]; magnetic resonance imaging [MRI] Pfirr-
mann classification [43]: grade III [n = 1] and grade IV [n = 6]). Furthermore, for immuno-
histochemical analyses, 30 samples were obtained from 14 men and 16 women (age: 38—
85 years [average: 64.5 years]; MRI Pfirrmann classification: grade II [n = 4], grade III [n =
11], and grade IV [n =15]). Human IVD cells were primarily cultured as a monolayer after
isolation from the NP and AF tissues by sequential enzyme digestion, as previously re-
ported [44].

4.2. RNA Isolation

Total RNA was isolated from human IVD cells in monolayer culture using Isogen
(NipponGene, Toyama, Japan), according to the manufacturer’s instructions. Total RNA
was reverse transcribed using the first-strand cDNA synthesis kit (Roche Applied Science,
Mannheim, Germany) with the DNA thermal cycler (Veriti, Applied Biosystems, Foster
City, CA, USA), according to the manufacturer’s protocol.

4.3. Quantitative Real-Time Polymerase Chain Reaction (PCR)

The expression levels of NRTN (Hs00177922_m1, TagqMan Gene Expression Assay,
Applied Biosystems), ARTN (Hs00754699_s1), PSPN (Hs03986122_s1), GFRAZ2
(Hs00176393_m1), GFRA3 (Hs00181751_m1), and GFRA4 (Hs00942561_g1) were quanti-
fied using real-time PCR using TagMan Gene Expression Assays (Applied Biosystems)
primer pairs for genomic TagMan genomic assays. Assays were calibrated using 18S ribo-
somal RNA (Hs99999901 s1) as an internal control. To determine the expression of NRTN,
ARTN, PSPN, GFRA2, GFRA3, and GFRA4, the resulting cDNA (three replicates) was
amplified for the target genes. The cycle used a 15-s denaturation at 95 °C and 1-min an-
nealing and extension at 60 °C, utilizing the ABI PRISM 7000 Sequence Detection System
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(Applied Biosystems). The relative expression of NRTN, ARTN, PSPN, GFRA2, GFRA3,
and GFRA4 was calculated using the comparative threshold method [45].

4.4. Effect of Interleukin-15 on Gene Expression

To examine the effects of pro-inflammatory cytokines on NRTN, ARTN, PSPN,
GFRA2, GFRA3, and GFRA4, human IVD cells isolated from AF and NP tissues were cul-
tured in the presence of interleukin-1f3 (IL-1p) (0.1, 1.0, and 10 ng/mL) for 48 h after serum
starvation. The mRNA expression of GFLs and its co-receptors was quantified as de-
scribed above.

4.5. Western Blotting

Cell lysates (containing 20 ug protein) from monolayer cultured NP and AF cells
were analyzed by Western blotting under reducing conditions, as previously reported [46].
The primary antibodies (1:500) were ARTN (ab178434, abcam), PSPN (ab198256, abcam),
and GFRA2 (sc-7136, Santa Cruz Biotechnology), GFRA3 (AF670, R&D systems), and
GFRA4 (MAB1439, R&D systems). 3-actin served as a loading control.

4.6. Immunohistochemistry of Human IVD Tissues

Human IVDs obtained from spinal surgeries were divided into two groups: early
stage degeneration (MRI Pfirrmann classification: grades Il and III, n =15 [9 men, 6 women,
38-69 years old, average age: 55.4 years old, grades II: n = 4, and grade III: n = 11]) and
advanced stage of degeneration (MRI Pfirrmann’s classification: grades IV, n = 15 [5
men,10 women, 60-85 years old, average age: 73.7 years old]), according to the extent of
disc degeneration evaluated by MRI. The samples were embedded in paraffin and serial
5-um cross-sections were processed and stained with safranin-O/hematoxylin and eosin
(safranin-O/HE) for immunohistochemical analysis. After blocking endogenous peroxi-
dase activity, sections for NRTN, PSPN, GFRA3, and GFRA4 were heated with 0.01 M
citrated buffer (pH 6.0) and those for ARTN and GFRA2 were treated with 0.04% protein-
ase K (pH 7.2-7.4). The sections were then incubated overnight at room temperature with
the same primary antibodies used in Western blotting. The appropriate rabbit IgG (Dako),
mouse IgG, or goat IgG was used as the isotype control. The sections were incubated with
the appropriate horseradish peroxidase (HRP)-conjugated secondary antibody (Dako).
Peroxidase activity was detected with 3, 3-diaminobenzidine tetrahydrochloride (DAB;
Dojindo, Kumamoto, Japan). The sections were counterstained with Mayer hematoxylin.
Immunopositive cells were classified as slightly positive (1+) or strongly positive (2+) ac-
cording to the area and intensity of staining as previously reported [47]. Positive immu-
noreactivities in the human IVD tissues were confirmed by comparing them with the cor-
responding isotype control samples. The percentages of 1+ and 2+ positive staining cells
were separately quantified for each antibody by determining the mean percentage of im-
munopositive cells from five microscopic image fields per sample at 200x magnification.

4.7. Statistical Analysis

Data are expressed as the mean + standard error. A one-way analysis of variance was
used to assess the effects of culture conditions. Post hoc analyses were performed using
Fisher’s least significant difference (LSD). For the histological evaluation of the expression
of each protein, statistical differences between the early degenerated and advanced de-
generated groups were determined using the unpaired Student’s t test. All statistical anal-
yses were performed using IBM SPSS (IBM Japan, Tokyo). Significance was accepted at p
<0.05.

5. Conclusions

We show, for the first time, that GFLs (NRTN, ARTN, PSPN), and their respective co-
receptors, were expressed in human IVD cells at both mRNA and protein levels. The
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expression of ARTN, PSPN, and GFRA2 tended to be upregulated following IL-1f stimu-
lation in vitro, and furthermore, expression was enhanced in a pro-inflammatory cyto-
kine-rich microenvironment within degenerated human IVDs. As GFLs contribute to in-
flammatory pain in peripheral tissues, their expression in degenerated human IVDs may
be involved in the pathogenesis of discogenic pain. Therefore, targeting GFLs would be
useful while developing essential therapeutics for chronic low back pain.
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