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Abstract

Introduction: Synovial mesenchymal stem cells (MSCs) have high proliferative and chondrogenic potentials, and
MSCs transplanted into the articular cartilage defect produce abundant extracellular matrix. Because of similarities
between the articular cartilage and the intervertebral disc cartilage, synovial MSCs are a potential cell source for
disc regeneration. Here, we examined the effect of intradiscal transplantation of synovial MSCs after aspiration of
nucleus pulposus in rabbits.

Methods: The nucleus pulposus tissues of rabbit’s intervertebral discs were aspirated to induce disc degeneration,
and allogenic synovial MSCs were transplanted. At 2, 4, 6, 8, 16, 24 weeks postoperatively, we evaluated with
imaging analyses such as X-ray and magnetic resonance imaging (MRI), and histological analysis. To investigate
interaction between synovial MSCs and nucleus pulposus cells, human synovial MSCs and rat nucleus pulposus
cells were co-cultured, and species specific microarray were performed.

Results: The existence of transplanted cells labeled with Dil or derived from green fluorescent protein (GFP)-
expressing transgenic rabbits was confirmed up until 24 weeks. X-ray analyses demonstrated that intervertebral disc
height in the MSC group remained higher than that in the degeneration group. T2 weighted MR imaging showed
higher signal intensity of nucleus pulposus in the MSC group. Immunohistological analyses revealed higher
expression of type Il collagen around nucleus pulposus cells in the MSC group compared with even that of the
normal group. In co-culture of rat nucleus pulposus cells and human synovial MSCs, species specific microarray
revealed that gene profiles of nucleus pulposus were altered markedly with suppression of genes relating matrix
degradative enzymes and inflammatory cytokines.

Conclusions: Synovial MSCs injected into the nucleus pulposus space promoted synthesis of the remaining
nucleus pulposus cells to type Il collagen and inhibition of expressions of degradative enzymes and inflammatory
cytokines, resulting in maintaining the structure of the intervertebral disc being maintained.
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Introduction

Intervertebral discs lie between adjacent vertebrae in the
spine and are composed of three major structures called
nucleus pulposus, annulus fibrosus, and cartilage end
plates [1]. The nucleus pulposus of normal disc includes
sparse chondrocytes surrounded by extracellular matrix
which mainly consist of type II collagen and proteogly-
can. It functions as a shock absorber against mechanical
load due to its highly hydrophilic structure. Interverteb-
ral disc degeneration accompanies aging, and it causes
low back pain [2,3]. To regenerate intervertebral discs,
various approaches applying cytokines [4,5], gene trans-
fection [6], and nucleus pulposus cells [7] have been
attempted in animal models. Some reports have demon-
strated that transplantation of bone marrow mesenchy-
mal stem cells (MSCs) delayed degeneration of the
nucleus pulposus [8-10].

An increasing number of reports have shown that MSCs
can be isolated from other various mesenchymal tissues
other than bone marrow, and that their similarities as
MSCs and the specificities dependent of their MSC source
are emerging [11-13]. Our comparative in vivo study
showed that bone marrow MSCs and synovial MSCs pro-
duced a higher amount of cartilage matrix than adipose
MSCs and muscle MSCs after transplantation into articu-
lar cartilage defect of the knee in rabbits [14]. We also
demonstrated that synovial MSCs expanded faster than
bone marrow MSCs when cultured with 10% human auto-
logous serum [15]. Synovial MSCs and bone marrow
MSCs have a similar chondrogenic potential, but synovial
MSCs are more useful from the standpoint of yield when
cultured with human autologous serum.

Histologically and biochemically, some similarities exist
between the nucleus pulposus and the articular cartilage.
In this study, we investigated whether intradiscal trans-
plantation of synovial MSCs delayed disc degeneration in
a rabbit model. MSCs labeled with Dil or derived from
green fluorescent protein (GFP) expressing transgenic rab-
bit [16] were used for tracking of transplanted cells.
Furthermore, human synovial MSCs and rat nucleus pul-
posus cells were co-cultured in vitro, and their interaction
was clarified by a species specific microarray system.
Finally, we demonstrated the effectiveness and limitations
of this method and advocated a possible mechanism to
prevent intervertebral disc degeneration in a rabbit model.

Materials and methods

Cell isolation and culture

This study was approved by the Animal Experimentation
Committee of Tokyo Medical and Dental University.
Wild type Japanese white rabbits and GFP transgenic
rabbits [16] (Kitayama Labes Co., Ltd., Nagano, Japan)
were anesthetized with an intramuscular injection of
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25 mg/kg ketamine hydrochloride and 150 ug/kg mede-
tomidine hydrochloride. Synovium was harvested asepti-
cally from knee joints of the rabbits, and bone marrow
was obtained from their femurs by flushing with Hanks’
balanced salt solution (Invitrogen, Carlsbad, CA, USA).

The harvested synovium was digested in a 3 mg/ml col-
lagenase type V (Sigma-Aldrich Co., St. Louis, MO, USA)
in o.-minimal essential medium («¢ MEM) (Invitrogen) for
three hours at 37°C. The digested tissues were filtered
through a cell strainer (Becton, Dickinson and Company,
Franklin Lakes, NJ, USA) with 70-um pore size. The
obtained cells were seeded at 5 x 10* cells/cm” in 145-cm®
culture dishes (Nalge Nunc International, Rochester, NY,
USA) and cultured with complete medium, a MEM
containing 10% fetal bovine serum (FBS), 100 units/ml
penicillin, 100 pg/ml streptomycin, and 250 ng/ml ampho-
tericin B. The medium was replaced to remove nonadher-
ent cells two days later. After being cultured for seven
days, the cells were harvested with 0.25% trypsin-EDTA
(Invitrogen) and cryopreserved at 1 x 10° cells/ml in
oMEM with 5% dimethylsulfoxide (Wako, Osaka, Japan)
and 10% FBS.

The harvested bone marrow was filtered through a cell
strainer with 70-pum pore size and plated in 145-cm? cul-
ture dishes with the medium described above and then
incubated at 37°C with 5% humidified CO,. The medium
was replaced the next day. After being cultured for
14 days, the cells were harvested with 0.25% trypsin-
EDTA, replated in 145-cm? culture dishes, and cultured
as passage 1. Passage 1 cells were harvested and cryopre-
served after the culture for 14 days.

The frozen cells from synovium and bone marrow were
thawed, plated at 3 x 10 cells/cm? in 145-cm? culture
dishes, and incubated for five days. Harvested cells derived
from wild type rabbits with 0.25% trypsin-EDTA were
resuspended at 1 x 10 cells/ml in « MEM, and a Dil
(Molecular Probes, Eugene, OR, USA) fluorescent lipophi-
lic tracer was added at 5 pul/ml in a MEM. After incubation
for 20 minutes at 37°C with 5% humidified CO,, the cells
were centrifuged at 450 g for five minutes and washed
twice with PBS. The obtained cells were used for further
analyses.

Colony-forming unit assay

One thousand cells were plated in 60-cm? dishes, cul-
tured in complete medium for 14 days, and stained with
0.5% Crystal Violet in methanol for five minutes.

In vitro differentiation assay

Five hundred cells from rabbit synovium were plated
in 60-cm? dishes and cultured in complete medium for
14 days. For adipogenesis, the medium was then switched
to adipogenic medium that consisted of complete
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medium supplemented with 10”7 M dexamethasone,
0.5 mM isobutylmethylxanthine, and 100 uM indometha-
cin. After four days, the adipogenic cultures were stained
with 0.3% Oil Red-O solution. For calcification, the med-
ium was then switched to calcification medium that con-
sisted of complete medium supplemented with 10° M
dexamethasone, 10 mM f-glycerol phosphate, and 50 pg/
ml ascorbate-2-phosphates for an additional six weeks.
These dishes were stained with 0.5% Alizarin Red solu-
tion. For chondrogenesis, 2 x 10° cells were plated in a
15 ml polypropylene tube (BD Falcon, Bedford, MA,
USA) and pelleted by centrifugation at 450 g for 10 min-
utes. The pellets were cultured for 21 days in chondro-
genic medium which contained 1,000 ng/ml bone
morphogenetic protein 7 (Stryker Biotech, Boston, MA,
USA), 10 ng/ml transforming growth factor-$3 (R&D
Systems Inc., Minneapolis, MN, USA), and 100 nM dexa-
methasone. For histological analysis, the pellets were
embedded in paraffin, cut into 5-um sections, and stained
with 1% Toluidine Blue.

In vivo transplantation

Mature female Japanese white rabbits weighing an aver-
age of 3.0 kg were anesthetized as mentioned above. The
anterior surface of the lumbar spine was exposed through
the anterolateral approach, and then L3 to L4, L4 to L5,
and L5 to L6 intervertebral discs were identified. Nucleus
pulposus tissues at L3 to L4 and L5 to L6 discs were aspi-
rated using a 21-gauge needle on a 10 ml syringe to
induce disc degeneration [10]. Then, L3 to L4 discs were
untreated and referred to as the “degeneration group.” L5
to L6 discs were injected with 100 ul of 1 x 107 allogenic
MSCs/ml in PBS using a 27-gauge needle immediately
after the nucleus pulposus aspiration, and referred to as
the “MSC group.” L4 to L5 discs were approached but
not treated and referred to as the “normal group.” After
the operation, all rabbits were allowed to move in a cage
freely. At 2, 4, 6, 8, 16, 24 weeks postoperatively, the rab-
bits were sacrificed with an overdose of sodium pento-
barbital, and the lumbar spine was harvested.

Imaging analysis

Radiographs were taken immediately after harvest of the
lumbar spine using X-ray equipment (CMB-2; SOFTEX,
Kanagawa, Japan). Intervertebral disc height and verteb-
ral body height were measured, and the disc height
index (DHI) [17] was calculated. Alterations in the DHI
were normalized to the DHI before aspiration of the
nucleus pulposus and are indicated as “%DHI”.

MR imaging at 3.0T (Achieva; Philips Medical Systems,
Andover, MA, USA) was used with an 8-cm diameter sur-
face dual coil. T2-weighted turbo spin-echo images (TE
130 ms, TR 3,200 ms, FOV 140 mm, matrix 320 x 360,
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slice thickness of 3 mm) of the lumbar spine were
obtained at each time point.

Histology and fluorescent microscopy

The intervertebral discs including the adjacent vertebral
bodies were fixed in 4% paraformaldehyde, decalcified
with 20% EDTA, dehydrated in a gradient series of etha-
nol, and embedded in paraffin. Midline sagittal sections
of the intervertebral discs were stained with Hematoxy-
lin and Eosin.

For fluorescent microscopy, the nucleus pulposus was
harvested, fixed in 4% paraformaldehyde, and transferred
to 20% sucrose solution. Specimens were flash-frozen
and cut in a cryostat. Sections were mounted on a slide
and observed under epifluorescent microscopy.

Immunohistochemistry

Paraffin-embedded sections were deparaffinized in
xylene, rehydrated through graded alcohol, and
immersed in PBS. The samples were pretreated with
0.4 mg/ml proteinase K (DAKO, Carpinteria, CA, USA)
in Tris-HCI buffer for 15 minutes at room temperature
for antigen retrieval. Any residual enzymatic activity was
removed by washing with PBS, and nonspecific staining
was blocked by preincubation with PBS containing 10%
normal horse serum for 20 minutes at room tempera-
ture. Mouse monoclonal antibody against human type II
collagen (1:1,000 dilution; Daiichi Fine Chemical,
Toyama, Japan) was placed on each section for one
hour at room temperature. After extensive washing with
PBS, the sections were incubated in the secondary anti-
body of biotinylated horse anti-mouse IgG (Vector
Laboratories, Burlingame, CA, USA) for 30 minutes at
room temperature. Immunostaining was detected with
VECTSTAIN ABC reagent (Vector Laboratories), fol-
lowed by DAB staining. Counter staining was performed
with Mayer-Hematoxylin.

Co-culture experiments and RNA isolation
Human synovium was obtained during anterior cruciate
ligament reconstruction surgery for ligament injury and
digested with 3 mg/ml collagenase type V in a MEM for
three hours at 37°C. The digested tissues were filtered
through a 70-pm pore cell strainer. The obtained cells
were incubated with complete medium as human syno-
vial MSCs. Nucleus pulposus tissues were harvested
from wild type Wister rat, minced, digested for 30 min-
utes at 37°C with 0.01% trypsin-EDTA, and filtered
through a 70-pum pore cell strainer. Nucleated cells were
seeded in 60-cm” culture dishes (Nalge Nunc Interna-
tional) with o MEM containing 10% FBS.

For co-culture, both passage 2 human synovial MSCs
and passage 0 rat nucleus pulposus cells were seeded
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together in 60-cm” culture dishes at 3 x 10° cells/cm?,
respectively. For the control, only human synovial MSCs
or only rat nucleus pulposus cells were seeded at 6 x
10? cells/cm®. After seven days, total RNA was isolated
from cultured cells with the RNeasy Total RNA Mini
Kit (Qiagen, Valencia, CA, USA).

Oligonucleotide microarray

Three pg of total RNA from each sample was first
reverse transcribed to synthesize the first-strand cDNA
using a T7-Oligo(dT) promoter primer by the One-
Cycle cDNA Synthesis Kit (Affymetrix, Santa Clara, CA,
USA). Following RNase H-mediated second-strand
cDNA synthesis, the double-stranded cDNA was puri-
fied and served as a template in the subsequent in vitro
transcription (IVT) reaction. The IVT reaction was car-
ried out in the presence of T7 RNA Polymerase and a
biotinylated nucleotide analog/ribonucleotide mix for
complementary RNA (cRNA) amplification and biotin
labeling using a GeneChip IVT Labeling kit (Affymetrix,
Santa Clara, CA, USA). The biotinylated cRNA targets
were then cleaned up, fragmented, and hybridized to
GeneChip® Rat Genome 230 2.0 probe arrays (Affyme-
trix) and/or GeneChip® Human U-133 plus 2.0 probe
arrays according to the manufacturer’s instructions [18].

Data analysis was performed with GeneSpring soft-
ware version 7.2 (Agilent Technologies, Palo Alto, CA,
USA). To normalize the variations in staining intensity
among chips, the ‘signal’ values for all genes on a given
chip were divided by the median value for expression of
all genes on the chip. To eliminate genes containing
only a background signal, genes were selected only if
the raw values of the ‘signal’ were more than the lower
limit of the confidence interval. Expression of the gene
was judged to be ‘present’ by the GeneChip Operating
Software version 1.4 (Affymetrix). The microarray data
were deposited in the Gene Expression Omnibus [19],
[GEO:GSE24612]. Genes filtered with this quality cri-
teria were subjected to further analysis.

A hierarchical-clustering analysis was performed using a
minimum distance value of 0.001, a separation ratio of 0.5
and the standard definition of the correlation distance.
A dendrogram was obtained from hierarchically clustering
analysis using average linkage and distance metric equal to
one minus the Pearson correlation applied to the microar-
ray data.

Statistical analysis

To assess differences, two-factor ANOVA and Tukey-
Kramer post-hoc tests were used. P-values less than 0.05
were considered statistically significant.
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Results

Characteristics of synovial cells as MSCs

A GFP rabbit showed green under its skin, especially in
its muscles and bones under fluorescence (Figure 1a).
Colony forming cells derived from GFP rabbit synovium

A GFP transgenic rabbit

Fluorescence

Colony-forming cells

C Chondrogenesis

Macro

Oil Red-O

Calcification

Toluidine Blue
Alizarin Red

At A1

Figure 1 Cells from rabbit synovium have characteristics of
MSCs. (a) Right hindlimb of GFP transgenic rabbit. (b) Colony
forming cells derived from GFP transgenic rabbit synovium.

(c) Differentiation potentials.
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demonstrated green under fluorescence (Figure 1b).
These cells differentiated into chondrocytes and adipo-
cytes, and were calcified when cultured in the appropri-
ate differentiation medium (Figure 1c). As MSCs are
defined by adherence to plastic and trilineage differen-
tiation [20], our results indicate that the rabbit syno-
vium-derived cells had characteristics of MSCs.

Existence of transplanted MSCs

Dil labeled synovial MSCs could be detected in the
nucleus pulposus one day after intradiscal injection of
the cells into the normal disc (Figure 2a). After aspira-
tion of nucleus pulposus and injection of labeled syno-
vial MSCs, Dil or GFP positive cells could be observed
at 2, 8, and 24 weeks (Figure 2b).

Imaging analyses for discs

The disc height index was defined as the ratio of disc
height to vertebral body height by lateral radiographs of
the spine (Figure 3a). The disc height index in the
degeneration group decreased gradually and reached
bottom at six weeks. The disc height index in the MSC
group was comparable to that in the normal group up
until 24 weeks. The disc height index in the MSC group
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was statistically higher than that in the degeneration
group at two weeks and thereafter (Figure 3b).

We also used injections of bone marrow MSCs instead
of synovial MSCs, and compared the disc height index in
both groups at two weeks. There was no significant dif-
ference of the disc height index between the bone mar-
row MSC group and the synovial MSC group, though the
disc height index in each MSC group was significantly
higher than that in each degeneration group (Figure 3c).

T2-weighted MR images showed that the signal inten-
sity of nucleus pulposus in the degeneration group con-
siderably decreased at two weeks and thereafter.
Contrarily, the signal intensity of nucleus pulposus in
the MSC group remained high comparable with that in
the normal group at two and four weeks. Though the
intensity in the MSC group gradually reduced after six
weeks, it remained higher than that in the degeneration
group up until 24 weeks (Figure 3d).

Histological analysis

According to macroscopic views of the sagittal section of
intervertebral discs at 2 weeks after operation, in the
degeneration group, the nucleus pulposus tissue volume
was much less than that in the normal group (Figure 4a).
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Figure 2 Intradiscally injected MSCs remain in the nucleus pulposus at 24 weeks. (a) Disc in normal condition and one day after
intradiscal injection of Dil-labeld syonovial MSCs into the normal disc. Macroscopic views of interbertebral discs and fluorescent microscopic
views of nucleus pulposus are shown. (b) Fluorescent microscopic views for GFP and Dil synovial MSCs. Nucleus pulposus was aspirated in both
groups, and synovial MSCs were intradiscally injected into the MSC group.
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(n = 6 for each group). (d) Representative T2-weighted MR images of intervertebral discs at 2 to 24 weeks after operation.
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In the MSC group, the nucleus pulposus was clearly
observed.

In low magnified histologies, in the degeneration
group, the nucleus pulposus could hardly be seen at two
weeks and thereafter (Figure 4b). In the MSC group, the
nucleus pulposus looked comparable to a normal one at
two and eight weeks, and it was still visible at 24 weeks.

In high magnified histologies at two weeks, in the
degeneration group, the nucleus pulposus was replaced
with fibrous tissue (Figure 4c). In the MSC group, the
nucleus pulposus consisted of sparse cells surrounded
with matrix and looked similar to that of the normal
group. Interestingly, type II collagen expression in the
MSC group was higher than that in the normal group.
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Figure 4 Intradiscally injected MSCs maintain microstructure of nucleus pulpous. (a) Macroscopic views of the sagittal section of
intervertebral discs at two weeks after operation. (b) Sagittal sections with Hematoxylin-Eosin (HE) staining after operation. (c) Higher
magnification of the framed area with type Il collagen immunostaining.

Co-culture of human synovial MSCs and rat nucleus
pulposus cells

To investigate interaction between synovial MSCs and
nucleus pulposus cells, human synovial MSCs and rat
nucleus pulposus cells were co-cultured. Typical rat
nucleus pulposus cells attached to the culture dish were
bright and round (Figure 5a). Human synovial MSCs

were spindle-shaped. Though a similar number of rat
nucleus pulposus cells and human synovial MSCs were
co-cultured, only human synovial MSCs appeared to
increase in number at seven days (Figure 5a). Human
microarray showed that the gene profile of human MSCs
cultured alone was similar to that of human MSCs co-
cultured with rat nucleus pulposus cells (Figure 5b).
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Figure 5 Synovial MSCs affect gene profile of nucleus pulposus cells in co-culture system. (a) Morphology of mono-culture of rat nucleus
pulposus cells and human synovial MSCs at seven days, and co-culture of rat nucleus pulposus cells with human synovial MSCs at one and
seven days. (b) Human gene profile of human synovial MSCs in mono-culture and in co-culture with rat nucleus pulposus cells. (c) Rat gene
profile of rat nucleus pulposus cells in mono-culture and in co-culture with human MSCs. (d) Number of altered rat genes seven days after co-
culture of rat nucleus pulposus cells with human synovial cells by duplicate of microarray analyses.
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Contrarily, rat microarray demonstrated that the gene
profile of rat nucleus pulposus cells was widely different
from that of rat nucleus pulposus cells co-cultured with
human MSCs (Figure 5c).

We further analyzed the gene profile of rat microar-
ray. Among 31,099 transcripts, we first picked up 15,779

genes whose values were more than 50 and judged to be
“present.” Then, we selected rat genes whose expression
value were two-fold higher or lower in co-culture than
in mono-culture of rat nucleus pulposus cells. Two
independent microarray analyses demonstrated 172 up-
regulated genes and 7,922 down-regulated genes in
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common between the first and the second analysis
(Figure 5d). Approximately 80% of the up-regulated
genes and 90% of the down-regulated genes were over-
lapped as shown by the first and second microarray ana-
lyses, indicating reproducible results.

We next focused on the genes related to extracellular
matrix, and the genes which possibly affect the extracellu-
lar matrix. We found five genes related to collagen, six
genes related to proteoglycan, three genes related to tissue
inhibitor of metalloproteinase (TIMP), seven genes related
to matrix metalloproteinase (MMP), 10 genes related to
interleukin (IL), and six genes related to tumor necrosis
factor (TNF). Among these genes, up- and down- regu-
lated genes two-fold or higher in co-culture are listed in
Table 1. In collagens and proteoglycans, Col2A1, a princi-
pal component of nucleus pulposus, and Chondroitin sul-
fate proteoglycan 2, a member of the hyaluronan-binding
proteoglycan family, were significantly up-regulated,
though Aggrecan 1, another principal component of
nucleus pulposus, was stable and is not listed in Table 1.
Other collagen and proteoglycan related genes were
mostly down-regulated. In the TIMP family, TIMP-3 was
markedly up-regulated, though TIMP-1 and -2 were
down-regulated. All the MMP genes listed on the microar-
ray, especially MMP-2, -3, and -13, were down-regulated
significantly. All inflammatory cytokine-related genes were
also down-regulated. These data indicate that cartilage
catabolic factors were suppressed and anabolic factors
were enhanced, consequently contributing to the preven-
tion of intervertebral disc degeneration.

Discussion

In this study, we demonstrate that intradiscal injection
of synovial MSCs prevented intervertebral disc degen-
eration in rabbits up until 24 weeks. Several reports
have shown differentiation of bone marrow MSCs
toward a nucleus pulposus-like phenotype in vitro
[21-23] and the regenerative effects of bone marrow
MSCs after intradiscal injection [8-10]. To the best of
our knowledge, only one paper has shown in vitro dif-
ferentiation of synovial MSCs into nucleus pulposus in
which synovial MSCs and nucleus pulposus cells were
co-cultured [24]. Ours is the first report demonstrating
the effectiveness of intradiscal transplantation of syno-
vial MSC in rabbit intervertebral disc degeneration
model.

For tracking the transplanted cells, we used Dil and
GFP systems. Dil is a popular dye, highly fluorescent
and photostable when incorporated into lipid membrane
[25,26]. It exhibits low cell toxicity [27], and retains its
fluorescence for a long time in specific situations. How-
ever, there is some criticism in the use of Dil. The emis-
sion of Dil fluorescence decreases every time cells
divide. If Dil leaches out of dying cells, it may be
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doubtful whether Dil fluorescence indicates living trans-
planted cells or not. In our case, if the dye had leaked
from the injected MSCs, they would not have emitted
significant fluorescence in the extracellular matrix of
nucleus pulposus, because Dil almost never emits fluor-
escent in aqueous solutions. When leaked Dil transfers
between intact membranes, Dil is usually negligible [28].
To verify the results of tracking cells, we also trans-
planted synovial MSCs derived from a GFP transgenic
rabbit. We could observe GFP-positive and/or Dil
labeled cells at the nucleus pulposus 24 weeks after
transplantation, which demonstrates that transplanted
MSCs survived for some time in the nucleus pulposus.

According to X-ray and histological analyses, the
effect of MSCs could be observed at 24 weeks. Immuno-
histological analyses demonstrated that the amount of
type II collagen in the nucleus pulposus was higher in
the MSC group than even in the normal group at two
weeks. Generally, type II collagen functions as a frame
work in cartilage tissues [1,29]. These findings indicate
that transplantation of MSCs induced a higher amount
of type II collagen, which acted as a frame work in the
nucleus pulposus, which resulted in the maintenance of
disc height and histological features.

On the other hand, based on MR imaging, the effect
of MSCs already decreased at six weeks. High signal
intensity of T2 weighted MR imaging reflects the
amount of water in the nucleus pulposus. Possibly,
transplanted MSCs promoted synthesis of proteoglycan,
in which negative charged sulfate held water. In our
study, the ability of MSCs to maintain water was
reduced at six weeks. During the degeneration of inter-
vertebral disc in humans, reduction of water content in
the nucleus pulposus by MR imaging precedes a
decrease of disc height as shown by X-ray [30,31].

In this model, transplantation of MSCs into the inter-
vertebral disc delayed progression of degeneration, but
its effect was not maintained due to MRI imaging. This
result is different from that of previous studies demon-
strating regeneration of articular cartilage. After synovial
MSCs were transplanted into full thickness defect of
articular cartilage, cartilage matrix was filled in the
defect. Then the border between the bone and cartilage
was moved, and finally the thickness of the regenerated
cartilage became similar to that of the adjacent native
cartilage. The regenerated cartilage was maintained at
least for six months [14,32,33]. In our current study,
though extracellular matrix was reproduced by synovial
MSC in the nucleus pulposus, the nucleus pulposus
never thickened more than the normal one. These dif-
ferences were thought to be caused by environmental
differences. Intervertebral disc is a thicker avascular tis-
sue than articular cartilage, and it is not surrounded by
joint fluid or synovium. A severer environment around



Miyamoto et al. Arthritis Research & Therapy 2010, 12:R206
http://arthritis-research.com/content/12/6/R206

Page 10 of 13

Table 1 Rat genes up- and down- regulated two-fold or higher in nucleus pulposus cells co-cultured with human

synovial MSCs

Genes Genbank Fold change
Collagens
Col2a1 [Genbank:AF305418] 10.5
Collal [Genbank:278279] 23
Col5al [GenbankNM_134452] -7.1
Col5a3 [GenbankNM_021760] -253
Proteoglycans
Chondroitin sulfate proteoglycan 2 [Genbank:AF084544] 29
Biglycan [GenbankNM_017087] -76
Glypican 1 [Genbank:NM_030828] -134
Lumican [Genbank:NM_031050] -16.1
Chondroitin sulfate proteoglycan 4 [Genbank:NM_031022] -18.1
Tissue inhibitor of metalloproteinases
TIMP-3 [Genbank:NM_012886] 273
TIMP-1 [GenbankNM_053819] -2.1
TIMP-2 [Genbank:NM_021989] -47
Matrix metalloproteinases
MMP-23 [Genbank:NM_053606] -20
MMP-16 [Genbank:NM_080776] -30
MMP-11 [Genbank:NM_012980] -3.7
MMP-14 [Genbank:X83537] -6.0
MMP-3 [Genbank:NM_133523] -44.5
MMP-13 [Genbank:M60616] -59.7
MMP-2 [Genbank:U65656] -82.7
Interleukin related
Nuclear factor, IL-3 regulated [GenbankNM_053727] 23
IL-15 [Genbank:AF015718] -35
IL-6 signal transducer [Genbank:Al171807] -74
IL-11 receptor, alpha chain 1 [Genbank:AF347936] -93
Tumor necrosis factor related
TNF receptor superfamily, member 1a (TNFRSF1A) [GenbankNM_013091] -20
TNF-o. converting enzyme [Genbank:NM_020306] -26
TNF-a0 induced protein 6 (TSG-6) [Genbank:AF159103] -54
Type 1 TNF receptor shedding aminopeptidase regulator [Genbank:NM_030836] -9.0
TNF receptor superfamily, member 6 (TNFRSF6) [Genbank:BE108106] -12.5

A total of 15,779 rat genes consistent with the quality criteria, genes in collagens, proteoglycans, tissue inhibitor of metalloproteinases, matrix metalloproteinases,
interleukin-, and tumor necrosis factor-related genes are listed. IL, interleukin; MMP, matrix metalloproteinase; TIMP, tissue inhibitor of metalloproteinase; TNF,

tumor necrosis factor.

the intervertebral disc may reduce the regenerative
effects of MSCs.

Species specific microarray analyses in our co-culture
experiment revealed that nucleus pulposus cells drama-
tically changed their gene profile by interaction with
synovial MSCs. Contrarily, synovial MSCs did not
change their gene profile in co-culture with nucleus pul-
posus cells. These results demonstrate that synovial
MSCs influenced nucleus pulposus cells, but nucleus
pulposus cells did not affect synovial MSCs.

Co-culture of synovial MSCs increased Col2al expres-
sion more than 10-fold in nucleus pulposus cells. An
in vivo study demonstrated that transplantation of synovial

MSCs enhanced type II collagen expression in the nucleus
pulposus immunohistologically. We could not detect type
II collagen expression around labeled MSCs. It is well
known that turnover of cartilage collagen is very slow [34].
These findings indicate that synovial MSCs promoted the
remaining nucleus pulposus to synthesize type II collagen.

Among genes for proteoglycans, chondroitin sulfate
proteoglycan 2 expression increased to about 3-fold in
nucleus pulposus cells with co-culture of synovial
MSCs. Chondroitin sulfate proteoglycan 2, known as
versican, is one of the principal components of nucleus
pulposus, and its expression is higher in nucleus pulpo-
sus than in articular cartilage [35,36]. A possible higher
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expression of chondroitin sulfate proteoglycan 2 in
nucleus pulposus cells induced the holding of water,
resulting in improvements of MR imaging in an in vivo
study.

A number of studies have noted that degradative
enzymes and inflammatory cytokines are highly pro-
duced by nucleus pulposus cells in degenerate interver-
tebral discs [37,38]. According to our microarray
analyses, all MMP genes examined were down-regulated
in nucleus pulposus cells with co-culture of synovial
MSCs. In particular, MMP-2, -3, -13 were highly down-
regulated, and their inhibitor TIMP-3 expression
increased more than 27-fold. It is known that TIMP-3
particularly inhibits aggrecanases [38] and that MMP-
13, known as collagenase-3, has a strong effect on type
II collagen [39]. MMP-2 was also found in degenerated
discs and had a highly significant correlation with age
and histological alterations of intervertebral discs [40].
Suppression of MMPs results in an increase of type II
collagen expression in vivo.

All interleukin related and tumor necrosis factor
related genes listed were down-regulated. All of them
have inflammatory effects. Inhibition of inflammatory
cytokine-related genes could induce the suppression of
MMPs [39,41] which resulted in the preventive effects
of intervertebral disc degeneration.

For clinical application, two things should be consid-
ered. First, species differences will affect the results. We
used rabbits in which nucleus pulposus contained more
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notochordal cells than found in adult humans. Noto-
chordal cells have a higher regenerative potential than
other cells in the nucleus pulposus [42,43]. Second, the
choice of intervertebral disc degeneration model should
be considered. In this study, disc degeneration was
induced by aspiration of nucleus pulposus tissues. This
model is caused traumatically and does not mimic
human age-dependent intervertebral disc degeneration.
However, a nucleus pulposus aspiration model is useful
in that nucleus pulposus promptly decreases after
aspiration, and this method could provide rapid and
stable induction of disc degeneration.

The preventive effect of synovial MSCs was similar to
that of bone marrow MSCs in our study. Though it may
be thought that the availability of synovium in human is
lower than that of bone marrow, it really is not. We are
currently conducting a clinical study of transplantation
of autologous synovial MSCs into cartilage defect of the
knee. Synovial tissue can be harvested from the knee
joint under local anesthesia without arthroscopy in clini-
cal practice. Synovial MSCs can be expanded faster and
greater with autologous human serum than bone mar-
row MSCs [15], which is an advantage of synovial
MSCs. Synovial MSCs are a potential cell source for
intervertebral disc regeneration therapy as well as bone
marrow MSCs.

We summarize a possible mechanism of prevention
for intervertebral disc degeneration by intradiscal trans-
plantation of synovial MSCs shown in Figure 6. After

Normal disc
End plate

Annulus Nucleus
fibrosus pulposus
Aspiration
Injection

@ Host nucleus pulposus cells

4= Induction for type Il collagen
Anti-degradative and anti-inflammatory effects
# Affected host nucleus pulposus cells
Figure 6 Possible mechanism of prevention for intervertebral disc degeneration by intradiscal transplantation of synovial MSCs. After
aspiration of the nucleus pulposus, intervertebral disc space rapidly decreases. Synovial MSCs injected into the nucleus pulposus space promote

synthesis of type Il collagen for the remaining nucleus pulposus cells. Also, synovial MSCs affected the remaining nucleus pulposus cells by
inhibiting expressions of degradative enzymes and inflammatory cytokines, resulting in maintaining the structure of the vertebral disc.

@ Transplanted synovial MSCs

Degeneration
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aspiration of the nucleus pulposus, intervertebral disc
space rapidly decreases. Synovial MSCs injected into the
nucleus pulposus space promoted the remaining nucleus
pulposus cells to synthesize type II collagen. Also, syno-
vial MSCs affected the remaining nucleus pulposus cells
by inhibiting their expressions of degradative enzymes
and inflammatory cytokines, resulting in maintaining the
structure of the intervertebral disc.

Conclusions

Intradiscal transplantation of synovial MSCs prevented
intervertebral disc degeneration in vivo. Co-culture assay
in vitro revealed that nucleus pulposus cells dramatically
changed their gene profile by interaction with synovial
MSCs to inhibit expressions of the genes for degradative
enzymes and inflammatory cytokines.
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