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Purpose—To elucidate the effects of growth differentiation factor-6 (GDF6) on: (i) gene
expression of inflammatory/pain-related molecules and structural integrity in the rabbit
intervertebral disc (IVD) degeneration model, and (ii) sensory dysfunction and changes in pain-
marker expression in dorsal nerve ganglia (DRGS) in the rat xenograft radiculopathy model.

Methods—~Forty-six adolescent rabbits received anular-puncture in two non-consecutive lumbar
IVDs. Four weeks later, phosphate-buffered saline (PBS) or GDF6 (1, 10 or 100 pug) was injected
into the nucleus pulposus (NP) of punctured discs and followed for four weeks for gene expression
analysis and 12 weeks for structural analyses. For pain assessment, eight rabbits were sacrificed at
four weeks post-injection and NP tissues of injected discs were transplanted onto L5 DRGs of 16
nude rats to examine mechanical allodynia. The rat DRGs were analyzed immunohistochemically.

Results—In GDF6-treated rabbit NPs, gene expressions of interleukin-6, tumor necrosis factor-
a, vascular endothelial growth factor, prostaglandin-endoperoxide synthase 2, and nerve growth
factor were significantly lower than those in the PBS group. GDF®6 injections resulted in partial
restoration of disc height and improvement of MRI disc degeneration grades with statistical
significance in rabbit structural analyses. Allodynia induced by xenograft transplantation of rabbit
degenerated NPs onto rat DRGs was significantly reduced by GDF6 injection. Staining intensities
for ionized calcium binding adaptor molecule-1 and calcitonin gene-related peptide in rat DRGs of
the GDF6 group were significantly lower than those of the PBS group.

Conclusion—GDF6 injection may change the pathological status of degenerative discs and
attenuate degenerated IVD-induced pain.

Keywords

intervertebral disc degeneration; growth differentiation factor-6; rabbit anular puncture model; rat
xenograft radiculopathy model; pain behavior; inflammatory cytokines

INTRODUCTION

Degenerative disc disease is a common disorder causing low back pain and dysfunction [1,
2]. During intervertebral disc (IVD) degeneration, the inflammatory response modulated
degradation of the extracellular matrix (ECM) with increased levels of matrix-degrading
enzymes [3]. In human VD cells, pro-inflammatory cytokines, such as interleukin-1p
(IL-1B) and tumor necrosis factor a (TNFa), stimulated nerve growth factor (NGF) [4] and
vascular endothelial growth factor (VEGF) [5, 6], both of which can promote nerve and
vascular ingrowth into IVDs. Degenerating and painful human IVDs released increased
levels of NGF [7-9]. Furthermore, NGF increased the expression of the nociceptive
neuropeptide calcitonin gene-related peptide (CGRP) in the dorsal root ganglion (DRG);
these DRG neurons innervate the 1VD, acting as a sensitizer of discogenic pain [10, 11].
Consequently, this evidence suggests a structural and biological role of IVD degeneration
associated with inflammation and pain. The optimal treatment for I\VD degeneration should
not only restore biomechanical properties and biological features of the I\VVD matrix, but
should also ensure relief from IVD-associated pain.

Recent studies revealed that growth factors, such as bone morphogenetic protein 2 (BMP2)
[2], BMP7 [12], and growth differentiation factor 5 (GDF5) [13] had positive effects on
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ECM metabolism /n vitro and induced structural repair of 1\VDs /n vivo [14]. GDF6 (also
known as BMP13) played an essential role in skeletal development by enhancing cartilage
growth and down-regulating bone formation [15-18]. Endogenous GDF6 was found to be
expressed in human degenerative 1VVDs [19]. GDF6 increased the expression of type |
collagen (Col-I) and Col-II with increasing proteoglycan (PG) accumulation by human
nucleus pulposus (NP) and endplate cells in vitro [19]. Moreover, a single injection of GDF6
at the time of anular stab in an /n vivo sheep model resulted in preventing the loss of disc
height, increasing PG and collagen synthesis, and maintaining cell number in the 1D [20].

However, due to the difficulty of assessing pain and behavior change in large animals,
outcome measures have been limited to biochemical and structural features of 1\VDs, which
are different from the primary outcomes (pain and activity) anticipated for use in clinical
studies for discogenic pain patients. A rat model, in which degenerated 1'\VDs placed on
nerve roots could produce painful radiculopathy and alter pain-related behavior, has been
established by Kawakami et al. [21] The authors have taken advantage of this rat model to
test the potency of rabbit discs, recovered from the anular-puncture disc degeneration model,
to induce pain in the two-step disc xenograft radiculopathy model.

In this study, we hypothesized that structural and biological modifications of 1VDs by GDF6
injection will be associated with relief from pain induced by degenerated 1VVDs. First, discs
after GDF6 injection in the rabbit anular-puncture model were characterized. The recovered
NP tissues were transplanted onto nude rat DRGs as a xenograft transplant to assess potency
for pain generation; the status of pain markers in DRGs was then assessed. Finally, the long-
term effects of GDF6 injection were assessed for structural modifications of degenerative
discs.

MATERIALS AND METHODS

The study protocol was approved by the Institutional Animal Care and Use Committee
(IACUC).

Rabbit Anular-puncture Disc Degeneration Model

Surgeries and Injection of GDF6—The rabbit anular-puncture disc degeneration model
was utilized in the current study [22]. Under general anesthesia, lumbar 1\VVDs of female New
Zealand white rabbits (n=46, 3.3-4.5 kg, five months-old) were exposed, and anular-
puncture (18-gauge, 5 mm depth) was performed at two non-continuous discs (L2/3 and
L4/5), with the disc (L3/4) between the punctured discs left intact as a control. Four weeks
after the initial puncture, either vehicle (phosphate-buffered saline [PBS]; 10 pL per disc) or
GDF6 (1, 10 or 100 pg in 10 pL PBS per disc; Carrier free; PEPROTECH, Rocky Hill, NJ,
USA) was injected into the center of the NP using a fine tip needle (approximately 26.5-
gauge, OD 0.43, XX*MS16, Ito Corporation, Japan) attached to MS*GFN25 syringe (Ito
Corporation, Shizuoka, Japan). Eight weeks after puncture (four weeks after injection of
PBS or GDF6 [100 pg/disc]), six rabbits were euthanized for quantitative real-time
polymerase chain reaction (QPCR) analysis and eight rabbits were euthanized for the rat
xenograft radiculopathy model described below. Sixteen weeks after puncture (12 weeks
after injection of PBS or GDF6 [1, 10, or 100 pg/disc]), the remaining 32 rabbits were
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euthanized for micro-computed tomography (UCT), magnetic resonance imaging (MRI) and
histological analyses (Fig. 1).

Gene Expression Analyses of Degenerated/Treated Rabbit Disc Tissues Four
Weeks after Injection—Four weeks after injection (either PBS or 100 ug/disc of GDF6),
three rabbits from each group were euthanized and the experimental IVDs were removed.
Total RNA in NP and anulus fibrosus (AF) tissues was extracted by bead disruption and
Qiazol (Qiagen, Valencia, CA, USA) with further purification by chloroform separation
followed by the MinElute Cleanup kit (Qiagen). Whole transcriptome cDNA libraries were
synthesized using the QuantiTect Whole Transcriptome kit (Qiagen). After preamplification
using SsoAdvanced™ PreAmp Supermix (Bio-Rad, Hercules, CA, USA), gPCR using a
SYBR Green kit (Qiagen) was carried out on a Rotor-Gene Q (Qiagen) for quantification of
the mRNA. Gene expressions for aggrecan (ACAN), Col-11, IL-1p, IL-6, TNFa, VEGF,
prostaglandin-endoperoxide synthase 2 (PTGS2), and NGF in both NP and AF tissues were
analyzed with standards using pre-designed primers (Table 1). Gene expressions were
calculated as the number of copies of each gene relative to that for glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and further normalized to relative gene expressions in
the non-punctured disc (L3/4). The data are represented on a log scale.

Radiographic Analysis of Disc Height—Lateral radiographs of the lumbar spine were
obtained at two-week intervals up to 16 weeks after initial puncture. IVD height was
expressed as disc height index (DHI), which was calculated as previously described [23].
The average percent change in DHI of injected discs (both L2/3 and L4/5) was calculated for
each postoperative disc as a ratio to its preoperative DHI [%DHI = (postoperative DHI/
preoperative DHI) x100] and further normalized to the DHI of the non-punctured disc
(L3/4): [Normalized %DHI = (punctured %DHI/non-punctured %DHI) x100]. All
radiographs were assessed by an observer blinded to this experiment.

Micro-computed Tomography (LCT) and Three-dimensional Disc Height
Distribution (DHD)—ATfter sacrifice at 16 weeks, isolated spine segments were imaged by
a UCT scanner (Skyscan 1076, Bruker micro CT, Kontich, Belgium). Using Mimics
(Materialise, Plymouth, M1, USA), three-dimensional (3D) surfaces were reconstructed and
the minimum distance between apposing bony endplates was then calculated (Fig. 7Error!
Reference sour ce not found.a) and averaged to determine disc height distribution (DHD)
using a custom-written Microsoft Visual C++ software [24]. Within each spine segment, the
normalized DHD was calculated by dividing the average DHD of punctured discs (L2/3 and
L4/5) by the DHD of the non-punctured control disc (L3/4). To determine regional repair
variations, DHDs in five sub-regions were computed: posterior, central, anterior, right-
lateral, and left-lateral regions (Fig. 7b). These analyses were performed by three observers
blinded to this experiment.

Magnetic Resonance Imaging Analyses—After sacrifice at 16 weeks, MRI
examinations on isolated spine segments were performed using a 7-Tesla BioSpec 70/30
(BRUKER, Billerica, MA, USA). The MRI degeneration grade of I1VDs was classified
according to Pfirrmann grade [25] using T2 weighted sagittal images; the evaluations were
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performed by two observers blinded to the experimental groups. The average degeneration
grade of injected discs (L2/3 and L4/5) was calculated.

Histological Analyses—Midsagittal sections (5 um) of each experimental IVVD from
rabbits sacrificed at 16 weeks were stained with either hematoxylin and eosin or safranin-O.
An observer blinded to this experiment analyzed the histologic sections and graded them
using our established protocol (Table 2) [13]. In addition, cellular changes including cell
cloning or the presence of chondrocyte-like cells in either the inner or outer AF or in the NP
were analyzed.

Nude Rat Disc Xenograft Radiculopathy Model

Xenograft Surgery—Rabbit NP tissues recovered four weeks after injection were used to
test pain induction in the rat radiculopathy model as previously described with modification
as a xenograft transplantation model [21]. Female NIH-Foxn1™ nude rats (n=16, 150-200
g, two months-old) were used for this study. The right L5 DRG was exposed by partial
laminectomy and facetectomy under general anesthesia. Degenerated NPs from punctured/
injected IVDs (either L2/3 or 4/5) of anular-punctured rabbits (either PBS or 100 pg/disc of
GDF6 injected group; four rabbits per group) were placed on exposed DRGs as xenografts
(Fig. 2). Mechanical allodynia was assessed up to three weeks after surgery, and all rats were
then sacrificed for DRG collection with perfusion fixation.

Analyses of Mechanical Allodynia—Mechanical allodynia was evaluated by the
threshold of 50% paw withdrawal response to mechanical stimulation with Von Frey hair
filaments (Muromachi Kikai, Tokyo, Japan) for both ipsilateral (right) and contralateral hind
paws. The rats were placed in a plastic cage with a wire mesh bottom and acclimated for 15
minutes. Von Frey filaments (0.4, 0.6, 1, 2, 4, 6, 8, and 15 g) were pressed onto the plantar
surface using the up-down method [26, 27].

Nude Rat Dorsal Root Ganglion Immunohistochemistry—The expressions of
ionized calcium binding adaptor molecule-1 (Iba-1), which is a microglia/macrophage
specific calcium binding protein, and CGRP in the nude rat DRGs were analyzed.
Cryosections (10 um) were incubated with primary antibody for Iba-1 (Waco Chemical,
Richmond, VA, USA) and CGRP (Thermo Fisher Scientific, Carlsbad, CA, USA) overnight
at 4°C, and then in the appropriate secondary antibody, Alexa Fluor® 594 or 488 (Molecular
Probes, Eugene, OR, USA) for 1 hour at room temperature followed by nuclear staining
using 4’,6-diamidin-2-phenylindol (DAPI). Images were taken using fluorescence
microscope Leica AF6000 (Leica Microsystems Inc, Buffalo Grove, IL, USA). At least four
sections from each rat were used and two random fields were analyzed with Image-J. The
numbers of Iba-1 positive microglia were quantified and expressed as microglia/mm?2. The
numbers of CGRP-positive or -negative neurons in DRGs were counted and represented as
percentages of CGRP-positive neurons.

Statistical Analysis

Data are shown as the mean = standard error. Two-way repeated measurement analysis of
variance (ANOVA) with the least significant difference (LSD) as a post hoc test was used to
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assess DHI and mechanical allodynia. One or two-way ANOVA with LSD test was used for
gene expression and DHD analyses. The Kruskal-Wallis test was used to assess MRI and
histological grading analyses. The unpaired t-test was used for analysis of
immunohistochemistry. Statistical analysis was performed using IBM SPSS (IBM, Chicago,
IL, USA). Statistical significance was established as p < 0.05.

The Effect of GDF6 (100 pg) on Gene Expressions in NP and AF Tissues Four Weeks after
Injection (Short-term Period) in the Rabbit Anular Puncture Model

ECM Genes—In both NP and AF tissues, there were no significant differences in gene
expressions of ACAN and Col-Il between the PBS and GDF6 groups (100 ug) (Fig. 3a, 3b).

Pro-inflammatory Genes—In the NP, IL-6 and TNFa gene expressions with GDF6
treatment were significantly lower than those with PBS treatment (o < 0.05). Although
IL-1B gene expression was similarly down-regulated by GDF6 treatment in the NP, there
were no significant differences between the groups (Fig. 3a). In the AF, there were no
significant differences in gene expressions of IL-1p, IL-6, and TNFa between the PBS and
GDF6 groups (Fig. 3b).

Pain-related Molecules—In the NP, gene expressions of VEGF, PTGS2, and NGF were
significantly down-regulated by GDF6 treatment compared to the PBS group (o < 0.05, Fig.
3a). In the AF, there were no significant differences in VEGF, PTGS2, and NGF gene
expressions between the PBS and GDF6 groups (Fig. 3b).

The Nude Rat Xenograft Radiculopathy Model

Mechanical Allodynia—Our preliminary experiment demonstrated that rats transplanted
with rabbit non-punctured NPs or fat tissue did not exhibit mechanical allodynia (data not
shown). In both PBS and GDF6 (100 ug) groups, the 50% paw withdrawal threshold in the
ipsilateral hind paw was significantly reduced at day 7 compared to baseline values (p <
0.05). In the PBS group, the threshold continued to reduce until day 10, but had largely
recovered on day 14. On the other hand, in the GDF6 group, this reduction recovered from
day 10 and had essentially returned to baseline by day 14. Significant differences in the
threshold withdrawal force between the groups were observed on both days 10 and 14 (p <
0.05) (Fig. 4).

Expression of Iba-1 and CGRP by Nude Rat DRGs—Representative images of nude
rat DRGs transplanted with NPs from both PBS and GDF6 (100 pg) injected groups are
shown in Fig. 5a. The average number of Iba-1-positive microglia/mm? in the GDF6 group
was significantly lower than that in the PBS group (p < 0.05, Fig. 5b). The average
percentage of CGRP-positive neurons in the GDF6 group was also significantly lower
compared to the PBS group (p< 0.01) (Fig. 5b).
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Structural Analyses 12 Weeks after Injection (the Rabbit Anular Puncture Model: Long-

term Period)

Radiographic Assessment of Disc Degeneration—In all groups, normalized %DHI
four weeks after anular puncture decreased by approximately 25% with no significant
differences among the groups, indicating that disc degeneration was sufficiently achieved
after initial puncture. Treatment with GDF6 (10 or 100 pg/disc) significantly affected
normalized %DHI (GDF6 1 ug; p=0.17, 10 pg; p < 0.05, 100 ug; p< 0.01 vs. PBS group,
two-way repeated ANOVA). Sixteen weeks after puncture, GDF6 10 and 100 pug groups
showed significantly higher normalized %DHI than the PBS group (GDF6 1 ug; p=0.07, 10
ug; p<0.01, 100 pug; p< 0.01 vs. PBS group) (Fig. 6a, b).

Micro-computed Tomography (UCT) Assessment of 3D Disc Height
Distribution (DHD)—There were no significant differences in average normalized DHD
12 weeks after injections of PBS or GDF6 (1, 10 or 100 pg/disc). However, the normalized
zonal DHD of the posterior region in GDF6 groups was significantly higher than that in the
PBS group (GDF6 1 pg; p< 0.05, 10 ug; p < 0.01, 100 ug; p< 0.01 vs. PBS group) (Fig.
7c).

MRI Assessment of Disc Degeneration Grade—Twelve weeks after PBS or GDF6
injection, L3/4 control discs in all groups did not exhibit disc degeneration (Fig. 8a).
Significantly lower Pfirrmann scores (less degeneration) were observed in GDF6 10 and 100
ug groups compared to the PBS group (GDF6 1 ug; p=0.15, 10 ug; p< 0.05, 100 ug; p<
0.05 vs. PBS group) (Fig. 8b).

Histological Grading—The injection of GDF6 did not show a significant effect on the
overall histological score of disc degeneration 12 weeks after PBS or GDF6 injection (data
not shown). However, the analysis of cell morphology revealed that chondrocyte-like cell
cloning occurred in some GDF6 1- and 100 ug-treated discs. On the other hand, these cell
clones were not found in non-puncture control and PBS-treated discs (PBS; 0%, GDF6 1 ug;
12.5%, 10 pg; 0%, 100 ug; 37.5%, Fig. 9).

DISCUSSION

Our newly developed two-step xenograft rat radiculopathy model revealed that rabbit NP
tissues with excessive expression of pro-inflammatory cytokines and pain-related molecules
generated by the rabbit anular-puncture model can induce mechanical allodynia.
Importantly, the intradiscal injection of GDF6 (100 pg/disc) into these rabbit 1\VDs
attenuated degenerated disc tissue-induced pain.

Gene expression analyses of four-week post-GDF6 injection NP tissues from the rabbit
anular-puncture model demonstrated significant inhibitory effects of GDF6 on gene
expressions of IL-6, TNFa,, VEGF, PTGS2, and NGF, compared to PBS injection, while, in
AF tissues, there were no significant differences in these gene expressions between the
GDF6 and PBS groups. Notably, these results aligned with the effect of GDF6 on
mechanical allodynia in the subsequent rat radiculopathy model. Because recent literature
indicates that degenerated discs are often associated with upregulation of inflammatory
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cytokines and catabolic enzymes [3, 28, 29], the involvement of pro-inflammatory factors,
such as IL-1pB, IL-6, and TNFa, in the biological repair of the IVD needs to be addressed.
Moreover, the release of these inflammatory cytokines induced significant increases of NGF
and VEGF in the 1VVD, which can promote neuronal and vascular ingrowth resulting in
painful IVDs [4, 5, 7]. In the current study, the decreased inflammatory condition, supported
by gene expression analyses, corresponded with less pain generation in the rat radiculopathy
model. The pain status in these rats was further supported by the immunohistochemistry
results (low Iba-1 and CGRP staining) in DRGs of the GDF6-injected VD transplanted
group. Thus, these results suggest that pain generation induced by molecules released by
degenerated discs may be ameliorated by treatment with GDF6 through the inhibition of
inflammatory/pain-related molecules. Our previous work indicated that GDF6 had a
predominant effect on chondrocyte-like cells in the human NP as opposed to fibroblastic
cells in the human AF [19, 20]. Therefore, these distinct responses to GDF6 in NP cells
compared with those in AF cells may be due to different sensitivities dependent on cell
phenotype.

From the structural analyses at 12 weeks after injection in this /n7 vivo rabbit disc
degeneration model, this study demonstrated that a single injection of GDF6 (10 and 100 pg/
disc) in the NP induced restoration of disc height in a dose-dependent manner after disc
degeneration caused by anular-puncture. The zonal analysis of disc height revealed that this
restoration was significant in the posterior zone. Moreover, MRI degeneration grade
assessment suggested that GDF6 (10 and 100 pg/disc) protected the VD from degenerative
changes. No apparent acceleration of bone formation was found in pCT analysis. These
results suggest that a single injection of GDF6 four weeks after anular-puncture changes the
pathological status of degenerated discs. In our previous work, a single injection of GDF6 at
the time of anular-puncture could modify structural changes of the 1D following anular-
puncture, including protection from disc narrowing and stimulation of PG production in both
the NP and AF and collagen production in the inner AF in a sheep model of disc
degeneration.[20] Considering prior evidence, GDF6 may also be effective at stimulating
repair of the IVD through ECM production in this rabbit degenerative disc model. To prove
biological efficacy of GDF6, further metabolic studies of PG and collagen synthesis at
multiple time points may shed light on the mechanism of disc repair. The current work
demonstrated that GDF6 injection at 100 pg/disc induced inhibition of inflammatory/pain-
related molecules in rabbit NP cells at four weeks after injection; this supports our
contention that GDF6 shifts the metabolic status to anabolism, thus inducing structural
repair and reducing the progression of disc degeneration. Interestingly, the delay in disc
height recovery (four-six weeks post-injection) is similar to that of BMP7 [12, 13] or GDF5
[22]. This may be because of a delayed biological response of IVD cells to the injection.
Furthermore, the stimulation of GDF6 may induce a cascade of events eventually resulting
in the recovery of disc height.

While the issue of superiority of one BMP molecule or the other can only be determined in a
clinical setting with long term follow up of human data; Clark et al. demonstrated, in a series
of elegant /n vitro studies, that stem cells of varying origin demonstrated a much superior
response to GDF6 stimulation when compared to GDF5 [30]. The established use in the
clinic of BMP2 and BMP7 for bone formation may be a cause of concern for their use in
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regenerating the disc; hence a disc cell-forming molecule with potential for pain relief, like
GDF6, has potential for clinical use.

To apply our findings to a clinical investigation, additional studies may be required. The
current experimental analyses were conducted at limited time points (four weeks after an
injection for gene expression analysis and xenograft surgery and 12 weeks for structural
analyses). Further investigations at different time points would be informative to compare
chronic pathology in the human. In addition, this study did not address the bio-distribution
of GDF6 that was injected into the center of the NP. Because the presence of endogenous
GDF6 made an experimental design to address this question difficult without the use of
radiolabeled GDF6, a decision was made to elucidate the half-life of injected GDF®6 in a
separate experiment. These results may provide the frequency of injections needed for
effective clinical treatment.

In conclusion, an injection of GDF6 may change the pathological status of degenerated discs
and attenuate degenerated I\VVD-induced pain. It serves as a new therapeutic approach for
degenerative disc disease. This study provides preclinical evidence that GDF6 injection may
be effective in humans.
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Nude Rat

(Two months-old)

v
I
_ . M
Punctured/injected NP from rabbits were
placed on right L5 DRG

The two-step disc xenograft radiculopathy model using rabbits and nude rats. Four weeks
after injection, degenerated nucleus pulposus (NP) tissue from punctured/injected (either
phosphate buffered saline [PBS] or 100 pg/disc of growth differentiation factor-6 [GDF6])
intervertebral discs (either L2/3 or 4/5) of anular-punctured rabbits was placed on an
exposed nude rat L5 dorsal root ganglion (DRG) as a xenograft.
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Quantitative real-time polymerase chain reaction analyses for gene expressions of aggrecan
(ACAN), type Il collagen (Col-I1), interleukin-1p (IL-1p), IL-6, tumor necrosis factor-a
(TNFa), vascular endothelial growth factor (VEGF), prostaglandin endoperoxide synthase 2
(PTGS2), and nerve growth factor (NGF) eight weeks after anular-puncture (four weeks
after injection of either phosphate-buffered saline [PBS] or 100 pg/disc of growth
differentiation factor-6 [GDF6]) in both nucleus pulposus (a) and anulus fibrosus (b). Gene
expressions were calculated as the number of copies of each gene relative to that for
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glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and further normalized to those of
the non-punctured control disc. The normalized gene expressions are represented on a log
scale. Data are expressed as the mean + standard error (n = 6). One-way analysis of variance
with least significant difference as a post hoc test was used. *p < 0.05.
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Time course of mechanical allodynia in the nude rat xenograft radiculopathy model. The
effect of degenerated nucleus pulposus tissues from either phosphate-buffered saline (PBS)
control or 100 pg/disc of growth differentiation factor-6 (GDF6) injected rabbit
intervertebral discs on the paw withdrawal threshold of nude rats was measured with von
Frey filaments to assess mechanical allodynia for up to 21 days after xenograft surgery. Data
are expressed as the mean + standard error (n = 8). Two-way repeated measurement analysis
of variance with the least significant difference as a post hoc test was used. *p < 0.05.
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Fig. 5.

Dgrsal root ganglion (DRG) immunohistochemistry in the nude rat xenograft radiculopathy
model. The effect of degenerated nucleus pulposus tissues from either phosphate-buffered
saline (PBS) control or 100 pg/disc of growth differentiation factor-6 (GDF6) injected rabbit
intervertebral discs on the immunohistochemistry of rat DRGs in the rat xenograft model. a.
Representative images of immunofluorescence for 4”,6-diamidin-2-phenylindol (DAPI)
(blue), ionized calcium binding adaptor molecule-1 (Iba-1) (red), calcitonin gene-related
peptide (CGRP) (green), and merged signals in experimental and control DRGs. Bar scale is
100 pm. b. On day 21 after xenograft, the number of Iba-1-positive microglia/mm2 and
percentage of CGRP-positive neurons in DRGs of PBS and GDF6-injected discs
transplanted onto nude rat DRGs are shown. Data are expressed as the mean + standard error
(n =5). Unpaired t-test was used. *p < 0.05, **p < 0.01.
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Weeks after initial puncture

Radiographic analyses of the effect of growth differentiation factor-6 (GDF6) injection on
lumbar disc height in the rabbit anular-puncture model. a. Representative lateral radiograms
of a rabbit lumbar spine before (pre-operative), four weeks after anular-puncture with an 18-
gauge needle, and 16 weeks after puncture (12 weeks after injections of phosphate-buffered
saline [PBS] or GDF6 [1, 10, or 100 pg/disc]). b. Change in intervertebral disc height index
(DHI) after anular-puncture and injections of either PBS or GDF6. Data are expressed as the
mean = standard error (n = 8). Two-way repeated measurement analysis of variance
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(ANOVA) with the least significant difference as a post hoc test was used for comparison
among the groups during post-injection periods. At week 16, significant differences were
observed among treatment groups using one-way ANOVA with the least significant
difference. **p < 0.01.
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The effect of growth differentiation factor-6 (GDF6) injection on three-dimensional (3D)
disc height distribution (DHD) of the lumbar disc in the rabbit anular-puncture model. a.
The minimum distance between apposing bony endplates using reconstructed 3D surfaces
(yellow arrow) with 3D images from non-punctured control and punctured discs. b. DHDs in
five sub-regions. c. Zonal normalized DHDs 16 weeks after puncture (12 weeks after
injections of phosphate-buffered saline [PBS] or GDF6 [1, 10, or 100 pg/disc]). Data are
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expressed as the mean + standard error (n = 8). Two-way measurement analysis of variance
with the least significant difference as a post hoc test was used. *p < 0.05.
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The effect of growth differentiation factor-6 (GDF6) injection on magnetic resonance

imaging (MRI) degeneration grade of the lumbar disc in the rabbit anular-puncture model. a.
MRI T2 weight sections in the sagittal plane 16 weeks after anular-puncture (12 weeks after
injections of phosphate-buffered saline [PBS] or GDF6 [1, 10, or 100 pg/disc]). b. Pfirrmann
MRI grade scores of discs after PBS or GDF6 injections. Data are expressed as the mean +
standard error (n = 8). The Kruskal-Wallis test was used. *p < 0.05.
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Fig. 9.
Cell morphology changes 16 weeks after anular-puncture (12 weeks after injections of

phosphate-buffered saline [PBS] or growth differentiation factor-6 [GDF6]) in lumbar discs
in the rabbit anular-puncture model. On safranin-O stained sections of control (non-
puncture), PBS-, and GDF6 100 ug-treated discs, cell clones were not found in non-puncture
and PBS-treated discs, while chondrocyte-like cell clone formation was found in GDF6 100
ug-treated discs (37.5%). Bar scale is 100 um.
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Primer Information

Table 1

Company Target gene Assay/Catalog 1D

Biorad GAPDH qOcuCED0019227

Biorad Col-l1 qOcuCEDO0015663

Biorad IL-1B8 qOcuCEDO0009632

Biorad TNFa qOcuCEDO0015500

Biorad PTGS2 qOcuCEDO0018228

Qiagen IL-6 PPNOO115A

Company Target gene  Primer sequence (From 5'to 3°)

IDT ACAN Forward: GTC TAC CAC CAG CTA CGA AAT AG
Reverse: CCA GAT AGG TCT CCA CTG ACT

IDT VEGF Forward: TGG CAG AAG AAG GAG ACA ATA AA
Reverse: GAA GAT GTC CAC CAA GGT CTC

IDT NGF Forward: AGT GGG TTC CAC GCT TAT TC

Reverse: CGT CTC AGT GTT GCAGTG T

Page 24

GAPDH, Glyceraldehyde-3-Phosphate Dehydrogenase; Col-Il, type 11 collagen; IL-1p, interleukin-1p; TNFa, tumor necrosis factor a; PTGS2,
prostaglandin-endoperoxide synthase 2; ACAN, aggrecan; VEGF, vascular endothelial growth factor; NGF, nerve growth factor; IDT, Integrated
DNA Technology
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Table 2
Definition of Histological Grading Scale
I. Anulusfibrosus:
Grade:
1 normal, pattern of fibrocartilage lamellae (U-shaped in the posterior aspect and slightly convex in the anterior aspect) without
ruptured fibers and without a serpentine appearance anywhere within the anulus
2 ruptured or serpentined patterned fibers in less than 30% of the anulus
3 ruptured or serpentined patterned fibers in more than 30% of the anulus

I1. Border between the anulus fibrosus and nucleus pulposus:

Grade:
1 normal
2 minimally interrupted
3 moderate/severe interruption

111. Cellularity of the nucleus pulposus:

Grade:
1 normal cellularity with large vacuoles in the gelatinous structure of the matrix
2 slight decrease in the number of cells and fewer vacuoles
3 moderate/severe decrease (>50%) in the number of cells and no vacuoles

V. Matrix of the nucleus pulposus:

Grade:
1 normal gelatinous appearance
2 slight condensation of the extracellular matrix
3 moderate/severe condensation of the extracellular matrix

Histological grading scale based on four categories of degenerative changes with scores ranging from a normal disc with 4 points (1 point in each

category) to a severely degenerated disc with 12 points (3 points in each category).
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