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Abstract

Purpose The potential of stem cell niches (SCNs) in the
intervertebral disc (IVD) region, which may be of great
significance in the regeneration process, was recently pro-
posed. To the best of our knowledge, no previous in vitro
study has examined the characteristics of stem cells derived
from the potential SCN of IVD (ISN). Therefore, increasing
knowledge on ISN-derived stem cells (ISN-SCs) may pro-
vide a greater understanding of IVD degeneration and
regeneration processes. We aimed to demonstrate the exis-
tence of ISN-SCs and to compare their characteristics with
bone marrow mesenchymal stem cells (BMSCs) in vitro.
Methods Sprague-Dawley rats (male, 10-week-old) were
used in this study. ISN tissues were separated by oph-
thalmic surgical instruments under a dissecting microscope
according to the anatomical areas. BMSCs and cells iso-
lated from the ISN tissues were cultured and expanded
in vitro. Passage 4 populations were used for further
analysis with respect to colony-forming ability, cellular
immunophenotype, cell cycle, stem cell-related gene
expression, and proliferation and multipotential differenti-
ation capacities.

Results In general, both of ISN-SCs and mesenchymal
stromal cells (MSCs) met the minimal criteria for the defi-
nition of multipotent mesenchymal stromal cells, including
adherence to plastic, specific surface antigen expression, and
multipotent differentiation potential. Especially, ISN-SCs
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even showed greater potential of osteogenesis and chon-
drogenesis. The ISN-SCs also expressed stem cell-related
genes that were comparable to those of BMSCs, and had
colony-forming and self-renewal abilities.

Conclusions To the best of our knowledge, this is the first
in vitro study aimed towards determining the existence and
characteristics of ISN-SCs, which belong to the MSC
family and with greater osteogenic and chondrogenic
abilities than BMSCs according to our data. This finding
may be of great significance for additional studies that
investigate the migration of ISN-SCs into the IVD, and
may provide a new perspective on different biological
approaches for IVD self-regeneration.

Keywords Intervertebral disc - Stem cell niches -
Mesenchymal stem cells - Cell differentiation - Cellular
immunophenotype

Introduction

Presently, low back pain (LBP) has evolved into a serious
health problem affecting approximately 80 % of the pop-
ulation, resulting in huge medical costs [1]. Among the
numerous and complex causes of LBP, lumber interverte-
bral disc degeneration (IVDD) is believed to be the most
crucial and strongly associated with LBP, especially in its
unstable stage [2]. In recent years, biological strategies
accompanied with biotechnological developments have
emerged for various diseases. Cell therapies for IVDD have
made significant headway, mainly focusing on stem cell
transplantation [3-5]. Bone marrow mesenchymal stem
cells (BMSCs) are highly studied stem cells of different
origins, including synovium, periosteum, skeletal muscle,
and adipose tissues. Our previous studies demonstrated the
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excellent repair efficiency of BMSCs transplanted into
rabbit intervertebral discs (IVDs) [6]. Besides, adipose-
derived stem cells have also been extensively used for
repair of IVDD with the advantage of convenient avail-
ability and abundance [7], and even improve the viability
of nucleus pulposus cells in degenerated intervertebral
discs [8]. However, the defects of stem cell transplantation
were also exposed, such as puncture injury and damage in
the process of extracting stem cells from the tissues, also,
how to promote survival rate and restore matrix of foreign
cells in the hostile environment (acidic, hypoxic and poor
in nutrients) of degenerating disc remains a challenge.
Another stem cell-based therapeutic strategy is the
induction of endogenous stem cell activity. Since the
concept of stem cell niches (SCNs) was introduced by
Schofield [9], niches in a variety of tissues and organs have
come under observation, including those in the respiratory,
digestive, and nervous systems, as well as in the skin, bone
marrow, heart, adipose tissue, and feto-placental tissue
[10]. SCN is defined as a dynamic microenvironment
consisting of the extracellular matrix (ECM) and neigh-
boring cells with the ability of regulating the stem cells
present within [9—11]. Migration of endogenous stem cells
within the niches into adjacent target regions is a crucial
process for tissue self-repair. Therefore, the ability to direct
and promote the migration of stem cells within the niche
represents a promising strategy for self-rehabilitation in
stem cell-based therapies and regenerative medicine. For
example, cardiac stem cells (CSCs) can be recruited to
infarcted myocardial areas. Furthermore, Wang et al. [12]
demonstrated that the repair effect is strongly enhanced by
facilitating the migration process. This similar promoting
migration to repair (PMR) effect has also been observed in
many other tissues [13—16]. Until now, stem cells derived
from various parts of the IVD such as the nucleus pulposus
(NP), annulus fibrosus (AF), and cartilage endplate (CEP)
have been isolated and characterized [17-20], whereas
little is known about endogenous stem cell migration with
respect to difficulties in labeling target stem cells in vivo.
Recently, a potential SCN within the IVD region (ISN),
which may be of great significance in IVD regeneration
processes, was proposed by Henriksson et al. [21], repre-
senting a new strategy for IVD self-repair. The ISN area
was defined as the perichondrium region adjacent to the
epiphyseal plate (EP) and outer zone of the AF (AFo),
where existing slow cycling cells (a feature of stem cells)
were detected by means of an established in vivo labeling
method using 5-bromo-2-deoxyuridine (BrdU) [21]. This
result was confirmed by a series of in vivo studies where
the stem cell migration route was defined from the niches
to the AF and inner part of the IVD (Fig. 1) [22-24]. As a
consequence, ISN-derived stem cells (ISN-SCs) are likely
to be involved in self-regenerative attempts in the IVD.
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Target ISN

Fig. 1 Schematic graph of the target ISN region and the potential
cellular migration pathways (arrows). AFo outer zone of AF, AFi
inner part of AF, NP nucleus pulposus, CEP cartilage endplate, EP
epiphyseal plate, VB vertebral body

This finding of the potential ISN shed new light on bio-
logical approaches for IVD self-regeneration, facilitating
stem cell migration directly into the IVD. To the best of our
knowledge, there has been no report on the isolation and
culturing of ISN-SCs in vitro. Moreover, little is known
about the characteristics of ISN-SCs, preventing further
exploration on the migratory mechanisms and PMR
methods in the IVD. To this end, it is meaningful to
determine the existence and characteristics of ISN-SCs
within the potential ISN using in vitro studies.

In the present study, we isolated and cultured ISN-SCs
in vitro and determined the characteristics with regard to
colony formation, cellular immunophenotype, cell cycle,
stem cell-related gene expression, and proliferation and
multipotential differentiation capacities. Rats were chosen
as the experimental model since they are commonly used in
IVD research [24-26]. Considering that the perichondrium
region adjacent to the EP may be the common origin of
stem cells in the NP, CEP, and AF (including AFo), we
chose this region as the target ISN area [24]. As expected,
ISN-SCs exhibited characteristics that met the minimal
criteria [27, 28] for multipotent mesenchymal stromal cells
(MSCs). Such findings set the stage for intensive studies on
self-regeneration in IVD.

Materials and methods
Isolation and culture of ISN-SCs and BMSCs

Sprague-Dawley (SD) rats (male, 10-week-old) were used
for this study. All of the procedures specified below were
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approved by the Institutional Animal Care and Use Com-
mittee of Southeast University (Nanjing, China). Animals
were killed by an intraperitoneal overdose injection of
10 % chloral hydrate. For the isolation of ISN-SCs, the
functional spinal units (FSUs) of L3-L6 were separated
under aseptic conditions. The FSUs were then placed under
a sterile dissecting microscope (Leica, Germany) to further
remove the attached muscular and ligamentous tissues by
ophthalmic surgical instruments. Moreover, IVD tissues,
including the NP, AF, and CEP, were all carefully detached
from the FSUs to expose the subchondral bone. After
washing with phosphate-buffered saline (PBS) several
times, tissues of the target ISN regions were separated with
a surgical knife blade according to the anatomical areas
previously described [24]. Specifically, the perichondrium
region outside of the EP was separated from the secondary
ossification center to 500 um below that of the EP line
(width, ~100 pm; Figs. 1, 2). ISN tissues were then
digested with 0.15 % collagenase II in Dulbecco’s Modi-
fied Eagle Media: Nutrient Mixture F-12 (DMEM/F12, 1:1,
Gibco, USA) containing 3 % fetal bovine serum (FBS,
HyClone, USA) for 6 h at 37 °C. The suspension was then
filtered using a 70-um cell filter before centrifugation at
1000 rpm for 5 min. The cell pellet was then resuspended
in DMEM/F12 supplemented with 10 % FBS and 1 %
penicillin—streptomycin (Gibco, USA), and seeded into
25-cm? cell culture flasks maintained in a humidified
incubator containing 5 % CO, at 37 °C. Medium was
changed every 3 days, and the growth status of the cells
was observed under an optical microscope. When cells
reached 90 % confluency, they were harvested with 0.25 %
trypsin/EDTA (Gibco, USA) and subcultured at 1:3. Pas-
sage 4 (P4) populations were used for subsequent analyses.
For the isolation of BMSCs, femurs and tibias were

Fig. 2 The FSU was separated and the IVD tissues were carefully
detached to expose the target ISN (the black arc area indicated by the
arrow). The white circular region indicated by the arrowhead stands
for spinal cord

harvested from the animals, a 22-gauge needle was inserted
into the medullary space, bone marrow was then flushed
out with 1 mL PBS. After being size-fractionated using
Ficoll-Paque PLUS (1.077 g/mL, GE Healthcare Life
Sciences), BMSCs were isolated by centrifugation for
30 min at room temperature. Cells were cultured in
DMEM/F12 supplemented with 10 % FBS and 1 % peni-
cillin—streptomycin (Gibco, USA), incubated in a humidi-
fied incubator containing 5 % CO2 at 37 °C. P4
populations were used for further analyses.

Colony-forming assay

To compare the colony-forming abilities of ISN-SCs and
BMSCs, P4 populations were plated in cell culture dishes
at various seeding densities (100, 500, 1000, and 2000
cells/10 cm?). After growth in culture for 14 days, crystal
violet staining was performed to count the cell colonies as
previously described [29]. Briefly, cells were washed three
times with PBS, fixed in 4 % paraformaldehyde for
15 min, stained with 0.1 % crystal violet (Keygen Biotech,
Nanjing, China) for 15 min, and washed twice with PBS
before counting the number of colonies. A colony con-
taining less than 30 cells was ignored. Colony-forming
efficiency was calculated by dividing the number of colo-
nies by the initial number of adherent cells.

Proliferation assay

To compare the proliferation abilities of ISN-SCs and
BMSCs, the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenylte-
trazolium bromide (MTT) method was used [30]. P4 cells
were plated in 96-well cell culture plates at a density of
1000 cells/well, and were cultured in a humidified incu-
bator. Wells were divided into 10 groups assigned to dif-
ferent time points (days 1-10). At each time point, 20 pL
MTT (5 mg/mL, Sigma, USA) was added to each well of
the corresponding group before incubation at 37 °C for 4 h.
The medium containing MTT was aspirated, and 150 pL
dimethyl sulfoxide (DMSO, Sigma) was added to the wells
prior to incubation at 37 °C for 30 min. Finally, cell pro-
liferation was determined by measuring the optical density
(OD) values at 492 nm using a microplate reader (Thermo
Scientific, USA).

Cell cycle assay

Cell cycle analysis was performed using the Cell Cycle
Detection Kit (Keygen Biotech, Nanjing, China) according
to the manufacturer’s instructions. Briefly, at least 2 x 10°
P4 cells were harvested and washed with PBS before
resuspension in 100 pL. PBS. The cell suspension (50 pL)
was then transferred into a 15-mL sterile centrifuge tube.
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Reagents A, B, and C were added sequentially, and incu-
bated at room temperature (RT). Measurements were car-
ried out on a FACSCalibur flow cytometer (BD, USA).
Data were acquired by CellQuest software (BD, USA), and
cell cycle distribution was analyzed by ModFit software
(Verity Software House, USA).

Identification of immunophenotypes

To compare the immunophenotypes of ISN-SCs and
BMSCs, P4 cells were harvested and washed with PBS.
Every 1 x 10° cells were transferred into a 15-mL cen-
trifuge tube and resuspended in 100 pL cold PBS. Phyco-
erythrin (PE)- and fluorescein isothiocyanate (FITC)-
coupled monoclonal antibodies were added to the corre-
sponding tubes, and were incubated with the cell suspen-
sion at 4 °C for 30 min in the dark. Isotype control
antibodies served as controls. Cells were washed with cold
PBS, and were resuspended in 300 puL cold PBS for single-
channel flow cytometry (FCM) analysis (BD, USA). The
percentage of positively stained cells was calculated rela-
tive to the isotype control. Fluorochrome-coupled anti-rat
monoclonal antibodies, including CD29-PE, CD90-PE, and
CD45-PE were purchased from eBioscience (USA). CD34-
PE, CD44-PE, and CDI19-FITC were purchased from
Abcam (USA), and CD11b-FITC was purchased from BD
Biosciences (Shanghai, China).

Identification of multipotential differentiation
capacities

Osteogenic differentiation

Induction procedure Passage 4 cells were harvested with
0.25 % trypsin/EDTA, seeded into multi-well cell culture
plates, and cultured in growth medium (DMEM/F12 sup-
plemented with 10 % FBS and 1 % penicillin—strepto-
mycin) at 37 °C in a 5 % CO, humidified incubator. After
24 h, when the cells were adherent, the growth medium
was carefully aspirated from each well, and SD Rat Mes-
enchymal Stem Cell Osteogenic Differentiation Medium
(10 % FBS, 1 % penicillin—streptomycin, 0.01 % dexam-
ethasone, 1 % B-glycerophosphate, and 0.2 % ascorbate;
Cyagen Biosciences, Guangzhou, China) was added. Cells
were re-fed every 3 days with fresh differentiation medium
over the total induction period of osteogenic differentiation
(3 weeks). Cells cultured with growth medium only served
as controls.

Quantitative analysis of alizarin red staining for mineral-
ization To quantitatively determine the degree of miner-
alization, P4 cells were seeded into 96-well plates at a
density of 1.5 x 10* cells/well, and subsequently
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underwent the osteogenic induction procedure described
above. At the end of the induction period, the Stem Cell
Osteogenic Differentiation Quantitative Detection Kit
(Genmed, Shanghai, China) was used for further analysis
according to the manufacturer’s instructions. The wells
were washed carefully with cleaning fluid prior to fixation
(fluid was pre-chilled at —20 °C). After incubation for
60 min at —20 °C, the fixation fluid was aspirated, and
wells were cleaned gently followed by the addition of
alizarin red for 10 min at RT. The dye solution was then
aspirated and wells were cleaned thoroughly. Alizarin red
staining was observed under a microscope. Finally, lysis
fluid was added to the wells, and cells were incubated on a
shaking table at 50 revolutions per minute (RPM) for
15 min at RT. The intensity of the dissolved dye was
immediately determined by measuring OD values at
562 nm in a microplate reader.

Calcium cobalt staining for alkaline phosphatase A
Calcium Cobalt Staining Kit (Keygen Biotech, Nanjing,
China) was used for the qualitative detection of alkaline
phosphatase (ALP). P4 cells were harvested and seeded
into 24-well plates at a density of 6 x 10 cells/well. When
the 3-week osteogenic induction period was complete, the
staining procedure was performed according to the manu-
facturer’s instructions. Briefly, cells were fixed in 70 %
alcohol, washed with distilled water, and incubated in
incubation working liquid at 37 °C for 180 min. After
washing with distilled water for 5-10 min, staining solu-
tion A (cobalt nitrate) was added for 5 min at RT. Wells
were subsequently washed, and staining solution B (am-
monium sulfide) was added. After incubation at RT for
1 min and washing for 5 min, the staining results were
observed under a microscope.

Chondrogenic differentiation

Induction procedure Passage 4 cells were harvested,
seeded into multi-well cell culture plates, and cultured in
growth medium at 37 °C in a 5 % CO, humidified incu-
bator. After 24 h, the growth medium was replaced with
SD rat mesenchymal stem cell chondrogenic differentiation
medium (0.01 % dexamethasone, 0.3 % ascorbate, 1 %
ITS + Supplement, 0.1 % sodium pyruvate, 0.1 % proline,
and 1 % TGF-B3; Cyagen Biosciences, Guangzhou,
China). Cells were re-fed every 3 days with fresh differ-
entiation medium over the total induction period of chon-
drogenic differentiation (3 weeks). Cells cultured with
growth medium only served as controls.

Quantitative analysis of alcian blue staining for aggre-
can To quantitatively determine chondrogenesis capac-
ity, the extent of alcian blue staining for aggrecan was
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determined using the Stem Cell Chondrogenic Differenti-
ation Quantitative Detection Kit (Genmed, Shanghai,
China) according to the manufacturer’s instructions. P4
cells were seeded into 96-well plates at a density of
2 x 10* cells/well, and underwent the chondrogenic
induction procedure described above. When the 3-week
induction period was complete, cells were cleaned, fixed,
and incubated at —20 °C for 60 min as described above.
After aspirating the fixing solution, the dye solution (alcian
blue) was added for 15 min at RT. The dye solution was
then aspirated, and wells were thoroughly cleaned. Alcian
blue staining was then observed under a microscope.
Finally, the dye was dissolved by incubating with lysis
fluid on a shaking table at 50 RPM for 30 min at RT. OD
(595 nm) was immediately measured in a microplate
reader.

Adipogenic differentiation

Induction procedure Passage 4 cells were harvested and
seeded into multi-well plates, and cultured in growth
medium at 37 °Cin a 5 % CO, humidified incubator. Cells
were re-fed every 3 days until reaching 100 % confluency.
The induction procedure began 4 days post-confluency
with SD rat mesenchymal stem cell adipogenic differenti-
ation medium A (induction medium; Cyagen Biosciences,
Guangzhou, China) containing 10 % FBS, 1 % penicillin—
streptomycin, 1 % glutamine, 0.2 % insulin, 0.1 % IBMX,
0.1 % rosiglitazone, and 0.1 % dexamethasone. After
incubation in the induction medium for 72 h, medium was
replaced with adipogenic differentiation medium B
(maintenance medium; 10 % FBS, 1 % penicillin—strep-
tomycin, 1 % glutamine, and 0.2 % insulin; Cyagen Bio-
sciences, Guangzhou, China) for 24 h. This 96-h induction-
maintenance cycle was repeated four times before the cells
were incubated in maintenance medium for 7 days. Cells
cultured with growth medium only served as controls.

Quantitative analysis of oil red O staining for lipid dro-
plets The Stem Cell Adipogenic Differentiation Quanti-
tative Detection Kit (Genmed, Shanghai, China) was used
to quantitatively determine adipogenic differentiation
ability by detecting the extent of oil red O staining. P4 cells
were seeded into 96-well plates at a density of 1.5 x 10
cells/well, and underwent the induction procedure descri-
bed above. Briefly, the wells were cleaned, fixed, and
stained with oil red O for 15 min at RT before being
observed under a microscope and lysed on a shaking table
at 50 RPM at RT for 30 min. OD values at 520 nm were
then measured in a BioRad reader.

Quantitative real-time polymerase chain reaction Quan-
titative real-time polymerase chain reaction (QPCR) was

used to determine relative gene expression. The expression
of stem cell-related genes (NANOG, SOX-2, and OCT-4)
was compared between P4 BMSCs and ISN-SCs. In
addition, the expression of multipotential differentiation-
related genes, including those related to osteogenesis
(Runx2, OPN and OCN), chondrogenesis (SOX-9,
COL2al, and ACAN), and adipogenesis (PPARy and
C/EBPa) were compared between induced and control
groups. Cells were harvested, and total RNA was extracted
using TRIzol reagent (Invitrogen, USA). RNA (5 pL) was
then added to 595 pLL 1 x TE buffer before measuring OD
values at 260 nm and 280 nm on a spectrophotometer
(Shimadzu UV-2450, Kyoto, Japan). RNA (2 pg) was used
for cDNA synthesis using a Gradient PCR instrument (ABI
Veriti 96-well Thermal cycler, USA). Real-time PCR was
then performed in a final volume of 20 pL including 10 pL
2X Real-time PCR Master Mix (SYBR Green, TOYOBO,
Osaka, Japan), 1 pL. cDNA (diluted 10:1), 2 pLL primer mix
(F/R, 1:1; concentration, 10 uM), and 7 pL 0.1 % DEPC-
treated water. Each reaction was performed in triplicate.
The housekeeping gene GAPDH was used for normaliza-
tion. The 27T method was used to calculate the
expression level of each target gene. Primer sequences of
the target genes were designed by Primer Premier 5.0
(Premier, Canada) and synthesized by GenScript Biotech-
nology (Nanjing, China). Detailed information on the pri-
mers is shown in Table 1.

Statistical analysis

Each experiment was replicated at least three times.
Quantitative data are presented as the mean =+ standard
deviation (SD). Statistical analyses were performed using
SPSS version 20.0. Student’s ¢ test was used to compare the
quantifiable data between groups. p values less than 0.05
were considered statistically significant.

Results

Morphologies and colony-forming abilities of rat
ISN-SCs and BMSCs

After growing in culture for 4 days, both primary ISN-SCs
and BMSCs gradually formed colonies. Primary cells were
subcultured for approximately 10 days following the initial
seeding when the colonies were too intensive to extend.
The interval between adjacent passages was approximately
7 days thereafter. P4 ISN-SCs appeared as fibroblast-like
cells with multi-tentacles forming vortexes partially under
general observation, and P4 BMSCs appeared as the sim-
ilar morphology but with more slender shapes (Fig. 3). The
colony-forming assay showed that both of ISN-SCs and
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Table 1 Sequences of primers

Target gene Size (bp)

Primers sequences

T (°C) Cycles

for qgPCR

GAPDH 103 Sense: 5-GGCCTTCCGTGTTCCTACC-3/ 60 40
Antisense: 5'-CGCCTGCTTCACCACCTTC-3’

NANOG 76 Sense: 5'-TGGTTGAAGACTAGCAACGG-3’ 60 40
Antisense: 5'-AATAGCTGCAATGGATGCTG-3’

SOX-2 117 Sense: 5'-AGCAAGTACTGGCAAGACCA-3' 60 40
Antisense: 5'-CGATATCAACCTGCATGGAC-3'

OCT-4 104 Sense: 5-GAGGAAGCTGACAACAACGA-3' 60 40
Antisense: 5'-CACCTCACACGGTTCTCAAT-3’

Runx2 138 Sense: 5'-GCGTCCTATCAGTTCCCAAT-3’ 60 40
Antisense: 5'-ATCAGCGTCAACACCATCAT-3’

OPN 103 Sense: 5'-TCCAGGAGTTTCCCTGTTTC-3' 60 40
Antisense: 5'-TGACCTTGATAGCCTCATCG-3'

OCN 70 Sense: 5'-CCTAGCAGACACCATGAGGA-3' 60 40
Antisense: 5'-GTCAGAGAGGCAGAATGCAG-3’

ACAN 74 Sense: 5'-GGAGAAGAGACCCAAACAGC-3’ 60 40
Antisense: 5-GACCCTTCTGGAGAAGCAAG-3’

COL2al 70 Sense: 5-GGAAGAGCGGAGACTACTGG-3’ 60 40
Antisense: 5-TTGCAGAAGACTTTCATGGC-3’

SOX-9 110 Sense: 5'-GCCTGGACTGTATGTGGATG-3’ 60 40
Antisense: 5'-TCTGTCCGATGTCTCTCTGC-3'

PPARY 99 Sense: 5-TCTCACAATGCCATCAGGTT-3' 60 40
Antisense: 5-AGACTCTGGGTTCAGCTGGT-3’

C/EBPa 101 Sense: 5'-CCAGAAGGCTGAGTTGTGAA-3’ 60 40

Antisense: 5'-GGTCCCAGTGTCTTCATCCT-3'

Fig. 3 Morphologies of P4 ISN-SCs and BMSCs. The ISN-SCs were fibroblast-like cells with multi-tentacles forming vortexes partially, and
BMSCs appeared as the similar morphology but with more slender shapes

BMSCs acquired optimal colony-forming efficiencies (23.3
and 25.7 %, respectively; p > 0.05) at the initial seeding
densities of 100 cells/10 cm® The efficiencies gradually
declined as the initial seeding density increased, and
BMSCs showed significantly better colony-forming abili-
ties at the initial seeding densities of 500, 1000 and 2000
cells/10 cm? (Fig. 4).
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Cell cycle analysis and proliferation of rat ISN-SCs
and BMSCs

Flow cytometry analysis (Fig. 5) revealed that both of ISN-
SCs and BMSCs were mainly in the GO/G1 phase (>80 %).
The percentage of cells in GO/G1 phase was even signifi-
cantly higher in ISN-SCs than that in BMSCs
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Fig. 4 Colony forming of ISN- (a)
SCs and BMSCs. a Colonies
stained with crystal violet at
14 days after initial seeding of
the cells at different densities.
b Colony-forming efficiencies
of ISN-SCs and BMSCs at
different initial seeding
densities. *p < 0.05 was
considered as a significant
difference between compared
groups
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Fig. 5 Cell cycles of ISN-SCs and BMSCs determined by FCM
analysis. a Representative graphs of cell cycles. b Comparison of GO/
G1 phases between ISN-SCs and BMSCs, a significantly larger

(86.75 £ 2.81 versus 81.60 & 2.07 %; p < 0.05), whereas
only a small percentage of the cell population was under-
going proliferation (S, G2, and M). Regarding the prolif-
eration abilities of ISN-SCs and BMSCs, the MTT assay
(Fig. 6) showed that both of ISN-SCs and BMSCs expe-
rienced a slow growing period during the initial 3 days
before converting into a log phase. Ultimately, the growing
speed slowed again, representing an S-shape growth curve.

30 &0
Channels (FL2-A)

ISN-SCs

M oip 61
M oip G2

BMSCs
Il ISN-SCs

20 150

percentage of cells (%)
8

G0/G1 phase

proportion of cells in GO/G1 phase was observed in ISN-SCs, but both
of them were mainly in the GO/G1 phase (>80 %). *p < 0.05 was
considered as a significant difference between compared groups

Moreover, the OD values of BMSCs were significantly
stronger than that of ISN-SCs from day 3 to day 10, rep-
resenting a better proliferation ability of BMSCs.

Features of immunophenotypes

The expression of cell surface antigens was also analyzed
by FCM (Figs. 7, 8). Both of ISN-SCs and BMSCs were
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Fig. 6 Growth curves of P4 ISN-SCs and BMSCs determined by the
MTT method. The OD values of BMSCs were significantly stronger
than that of ISN-SCs from day 3 to day 10, representing a better
proliferation ability of BMSCs. *p < 0.05 was considered as a
significant difference between compared groups

highly positive (=95 %) for stem cell markers CD29 and
CD90, and slightly positive (<2 %) for the negative
markers CD34, CD45, CD19, and CDI11b. Particularly,
BMSCs expressed significantly higher CD44 than ISN-SCs
(99.17 £ 0.81 versus 87.57 £ 1.96 %; p < 0.05).

Multipotential differentiation capacities
Osteogenic differentiation

At the end of the osteogenic induction procedure, crowds
of calcium nodules were observed in both of induced ISN-
SCs and BMSCs by alizarin red staining (Fig. 9a). Further
quantitative analysis (Fig. 10a) showed that both of the
induced ISN-SCs and BMSCs groups exhibited much
stronger OD values at 562 nm compared to the controls
(p < 0.05). Moreover, the OD value of induced ISN-SCs
was significantly stronger than that of induced BMSCs. In
addition, the calcium cobalt staining method for ALP
revealed that extensively stained areas, which were absent
in the control groups, emerged in both of induced ISN-SCs
and BMSCs (Fig. 9b).

Chondrogenic differentiation

After the chondrogenic induction period, alcian blue
staining for aggrecan was used to determine chondrogenic
differentiation abilities. Both of the induced ISN-SCs and
BMSCs were intensively stained, whereas only a few cells
were observed in the controls (Fig. 9¢); this was in
accordance with the quantitative analysis (Fig. 10b) pre-
senting stronger OD values at 595 nm in both of the
induced ISN-SCs and BMSCs groups compared to the

@ Springer

controls (p < 0.05). Moreover, the OD value of induced
ISN-SCs was significantly stronger than that of induced
BMSCs.

Adipogenic differentiation

At the end of the adipogenic induction period, oil red O
staining showed that a range of lipid droplets developed in
both of the induced ISN-SCs and BMSCs groups, but not in
the control group (Fig. 9d). Similarly, quantitative analysis
(Fig. 10c) revealed stronger OD values at 520 nm in both
of the induced ISN-SCs and BMSCs groups compared to
the controls (p < 0.05). No significant difference of the OD
values was observed between induced ISN-SCs and
BMSCs.

gPCR analysis

Quantitative real-time polymerase chain reaction analysis
showed that the ISN-SCs expressed comparable stem cell-
related genes relative to BMSCs with respect to SOX-2 and
OCT-4. Furthermore, increased expression of NANOG was
observed in ISN-SCs (p < 0.05, Fig. 11a). Regarding the
expression of multipotential differentiation-related genes
(Fig. 11b—i) in ISN-SCs and BMSCs, the results showed
that Runx2, OPN, and OCN (osteogenic induction group),
SOX-9, COL2al, and ACAN (chondrogenic induction
group), and PPARy and C/EBPa (adipogenic induction
group) were significantly increased in both induced ISN-
SCs and BMSCs relative to the controls (p < 0.05). When
compared to induced BMSCs, induced ISN-SCs expressed
higher levels of osteogenesis- and chondrogenesis-related
genes (p < 0.05), but no difference was observed regarding
to adipogenesis-related genes. These findings were in
accordance with the quantitative analysis results of multi-
potential differentiation capacities, representing stronger
osteogenic and chondrogenic differentiation capacities of
ISN-SCs compared to those of BMSCs. Besides, when
compared to control group of BMSCs, control group of
ISN-SCs expressed higher levels of OCN, SOX-9,
COL2al, and ACAN (p < 0.05).

Discussion

With increasing knowledge on stem cell transplantation,
cell-based therapeutic approaches are becoming promising
strategies for IVDD regeneration [5, 6]. Another stem cell-
based approach, which has been applied to the regeneration
of many other tissues, aims to promote endogenous stem
cell migration to the target area. However, few studies
examined endogenous stem cell migration into the IVD
until the potential ISN was proposed [21]. Nevertheless,
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Fig. 7 Immunophenotypes of ISN-SCs and BMSCs determined by FCM analysis. The percentage of positively stained cells was calculated

relative to the isotype control

ISN-SC characteristics are unknown due to a lack of
in vitro studies. In this in vitro study, ISN-SCs from rats
were successfully isolated and compared with BMSCs with
respect to colony-forming ability, cellular immunopheno-
types, cell cycle, stem cell-related gene expression, and
proliferation and multipotential differentiation capacities.
Primary ISN-SCs mainly existed in the shape of crowds
of colonies adherent to the wall of the plastic cell culture
flask approximately 4 days after the initial seeding, which
is in accordance with the first minimal criteria for defining
MSCs proposed by the International Society for Cellular
Therapy (ISCT) [27]. With respect to cellular morphology,
ISN-SCs mainly appeared as fibroblast-like cells with
multi-tentacles forming a vortex partially under general

observation, displaying excellent homogeneity. And
BMSCs appeared as the similar morphology but with more
slender shapes. In addition, the fibroblast-like cell mor-
phology is consistent with cells originating from the AFo
area, as described in an earlier study [31]. It should be
noted that the AFo represents another potential ISN region
that we did not choose as the target site in this study.
Therefore, the potential ISN, including the AFo and peri-
chondrium region adjacent to the EP (target ISN in this
study), may possess stem cells with the same morphology.
Regarding colony-forming ability, both of ISN-SCs and
BMSCs acquired optimal colony-forming efficiencies (23.3
and 25.7 %, respectively) without statistical significance at
the initial seeding densities of 100 cells/10 cm?, indicating
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a more powerful colony-forming capacity relative to the
stem cells derived from other tissues as described in pre-
vious studies [29, 32].

The specific immunophenotypic features represent the
second criteria for defining MSCs proposed by the ISCT
[27]. In the present study, FCM showed that both of ISN-
SCs and BMSCs fulfilled the majority of requirements
regarding the expression of specific surface antigen mole-
cules. The population of both cell types were positive for
CD90 (>98 %), and were negative (<2 %) for CD34,
CD45, CD19, and CD11b, consistent with the criteria
described above. The other two positive stem cell markers,
CD73 and CD105, were not detected due to the difficulty of
acquiring fluorochrome-coupled anti-rat antibodies. Thus,
two additional positive markers (CD29 and CD44) were
chosen for analysis due to their stable, positive expression
in MSCs from rats, as described in a recent review [28].
CD29 expression of ISN-SCs was comparable to that of
BMSCs and stem cells from different tissues examined in
other studies [33-35]. CD44 was mainly positive in ISN-
SCs (87.57 £ 1.96 %), which was significantly lower than
that in BMSCs (99.17 & 0.81 %) and with minor differ-
ences compared to previous findings [18, 35]. Minor dif-
ferences in CD44 expression were also observed in
previous studies on stem cells from different species, tis-
sues, and even the same cells from different passages [18,
35, 36]. These differences may be caused by the varying
culture conditions and possibly even cellular functions
[18]. Considering that CD44 is correlated with stem cell
migration [37], and that BMSCs (with high expression of
CD44) have exhibited excellent functional performance of
migration [38, 39], the high expression of CD44 may also
indicate a superior migration function of ISN-SCs, which is
crucial in the process of self-regeneration in the IVD.

The third requirement for defining MSCs suggested by
the ISCT is the multilineage differentiation capacity [27].
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Our present study demonstrated that both of ISN-SCs and
BMSCs possess the multipotential differentiation abilities
with respect to osteogenesis, chondrogenesis, and adipo-
genesis. The osteogenic efficiency was determined by ali-
zarin red staining for mineralization and calcium cobalt
staining for ALP, and the effects of chondrogenesis and
adipogenesis were detected by alcian blue staining for
aggrecan and oil red O staining for lipid droplets, respec-
tively, which are commonly used for the detection of
multilineage potential [18, 40]. It should be noted that, in
the chondrogenic test, parts of the ISN-SCs and BMSCs
from the control groups cultured in the growth medium
were also stained blue, indicating an intrinsic characteristic
of self-transformation into chondrocyte-like cells. And
further qPCR analysis revealed that the levels of chon-
drogenesis-related genes (SOX-9, COL2al and ACAN)
expression were significantly higher in the control group of
ISN-SCs than those in the control group of BMSCs, rep-
resenting a stronger self-chondrogenic capacity of ISN-
SCs. This may be of great meaning in the process of self-
regeneration in the IVD, which mainly consists of a
chondrocyte-like cell population. Furthermore, quantitative
analysis for comparing the extent of staining between
induced and control groups demonstrated strong multilin-
eage differentiation efficiencies of ISN-SCs and BMSCs.
These were further confirmed by qPCR analysis, which
revealed significantly increased expression of multipoten-
tial differentiation-related genes in the induced groups,
including osteogenesis (Runx2, OPN, and OCN)-, chon-
drogenesis (SOX-9, COL2al and ACAN)- and adipogen-
esis (PPARy and C/EBPa)-related genes that were
universally used in previous studies on the multilineage
differentiation of stem cells [18, 20]. Particularly, both of
quantitative analysis for comparing the extent of staining
and qPCR analysis demonstrated more powerful osteogenic
and chondrogenic abilities of ISN-SCs than those of
BMSCs. Thus, ISN-SCs may provide promising results in
the process of self-regeneration in the IVD.

In addition to the three minimal criteria for defining
MSCs presented by the ISCT, we also examined colony-
forming and proliferation capacities, as well as cell cycle
and stem cell-related gene expression, which may be of
concern in determining the characteristics and ‘stem-
ness’ of ISN-SCs. Stem cells are slow cycling cells,
featured by the majority of cells staying in the resting
stage (GO/G1 phase), which is closely related to cell
pluripotency [41]. A previous study demonstrated that
both BMSCs and stem cells derived from the CEP were
mainly in the GO/G1 phase [18]. In this study, FCM
analysis showed similar results, in which the majority of
ISN-SCs and BMSCs were in the GO/G1 phase (>80 %),
the percentage of cells in GO/G1 phase was even signif-
icantly higher in ISN-SCs than that in BMSCs, and only a
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and ISN-SCs. ISN-SCs expressed comparable stem cell-related genes
relative to BMSCs with respect to SOX-2 and OCT-4. Furthermore, a
significantly increased expression of NANOG was observed in ISN-
SCs. b—d Comparison of osteogenesis-related genes (Runx2, OPN,
and OCN) expression between compared groups. e—g Comparison of

small portion of the cell population was in a proliferative
state (S, G2, and M phases). This result is in accordance
with previous in vivo studies of labeling slow cycling
cells in the ISN region [21, 23, 24], further demonstrating
the existence of stem cells in the potential ISN. Cell
proliferation, as determined by the MTT assay, presented
an S-shaped growth curve of both ISN-SCs and BMSCs
with a logarithmic growth phase, similar to that of stem
cells derived from other tissues as described in previous
studies [20, 29], suggesting a strong proliferation ability
of ISN-SCs, though a better results was observed in
BMSCs. NANOG, SOX-2, and OCT-4 are transcription
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chondrogenesis-related genes (SOX-9, COL2al, and ACAN) expres-
sion between compared groups. h-i Comparison of adipogenesis-
related genes (PPARy and C/EBPa) expression between compared
groups. Con control group, Ost osteogenic induction group, Cho
chondrogenic induction group, Adi adipogenic induction group.
*p < 0.05 was considered as a significant difference between
compared groups

factors that cooperatively maintain the regulatory system
of cell self-renewal and pluripotency [42]. In light of their
high expression levels, they are also deemed as stem cell
markers [43]. A recent study demonstrated stable, high
expression of these three factors in BMSCs [44]. There-
fore, the expression of NANOG, SOX-2, and OCT-4 in
ISN-SCs were compared to those in BMSCs. ISN-SCs
expressed comparable levels of SOX-2 and OCT-4
compared to BMSCs. Moreover, increased expression of
NANOG, which is the gateway to the pluripotent status
[45], was presented in ISN-SCs. These data further
demonstrate the ‘stem-ness’ of ISN-SCs.
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Despite the strength of our findings, some critical prob-
lems need to be emphasized. First, ISN tissues may be dif-
ficult to harvest from humans during operations due to their
anatomic characteristics; this restricts the use of human ISN-
SCs in tissue engineering for IVD repair. Therefore, future
research should primarily focus on self-regeneration caused
by internal migration of ISN-SCs into the IVD. Another
problem relates to the aging of the SCN, which may result in
a loss of stem cell self-renewal capacity in many types of
tissues [46—48]; whether a similar aging process happens in
the ISN and the underlying potential mechanism remain to be
illustrated. Simultaneously, a new challenge will be the
maintenance of the liveness of the ISN. Considering that
supporting the self-regeneration of IVD is one of the
potential functions of ISN-SCs, future studies should focus
on its abilities of differentiation into NP and AF cells and
repair effects on IVDD. Moreover, the migration ability, the
impact of normal and degenerated IVD cells on the migration
process, and the potential mechanisms are needed to be
further determined. Besides, the different cellular content of
IVDs across species cannot be neglected. For example, rats
are known to retain notochordal cells almost throughout life
(age at loss of notochordal cells is 12 months), while sheep
and humans are not [49]. Although demonstrating promising
initial results, whether results regarding ISN-SC may trans-
late to an adult human disc still need to be investigated.

In summary, we successfully isolated and identified
ISN-SCs for the first time. The results from this study
demonstrate that ISN-SCs represent members of the MSC
family, with greater osteogenic and chondrogenic abilities
than BMSCs. This finding may be of great significance for
future studies that investigate the migration of ISN-SCs
into the IVD and the underlying mechanism, and may
provide a new perspective on novel biological treatment
strategies for IVDD.
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