International Orthopaedics (SICOT) (2015) 39:149-159
DOI 10.1007/500264-014-2481-0

ORIGINAL PAPER

Evaluation of intervertebral disc regeneration with implantation
of bone marrow mesenchymal stem cells (BMSCs) using
quantitative T2 mapping: a study in rabbits

Feng Cai - Xiao-Tao Wu + Xin-Hui Xie - Feng Wang -
Xin Hong - Su-Yang Zhuang - Lei Zhu - Yun-Feng Rui -
Rui Shi

Received: 6 June 2014 / Accepted: 24 July 2014 /Published online: 13 August 2014

© SICOT aisbl 2014

Abstract

Purpose The aim of the study was to investigate the curative
effects of transplantation of bone marrow mesenchymal stem
cells (BMSCs) on intervertebral disc regeneration and to
investigate the feasibility of the quantitative T2 mapping
method for evaluating repair of the nucleus pulposus after
implantation of BMSCs.

Methods Forty-eight New Zealand white rabbits were used to
establish the lumber disc degenerative model by stabbing the
annulus fibrosus and then randomly divided into four groups,
i.e. two weeks afterwards, BMSCs or phosphate-buffered
saline (PBS) were transplanted into degenerative discs
(BMSCs group and PBS group), while the operated rabbits
without implantation of BMSCs or PBS served as the sham
group and the rabbits without operation were used as the
control group. At weeks two, six and ten after operation, the
T2 values and disc height indices (DHI) were calculated by
magnetic resonance imaging (MRI 3.0 T), and the gene ex-
pressions of type II collagen (COL2) and aggrecan (ACAN) in
degenerative discs were evaluated by real-time reverse tran-
scription polymerase chain reaction (RT-PCR). T2 values for
the nucleus pulposus were correlated with ACAN or COL2
expression by regression analysis.

Results Cell clusters, disorganised fibres, interlamellar gly-
cosaminoglycan (GAG) matrix and vascularisation were ob-
served in lumber degenerative discs. BMSCs could be found
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to survive in intervertebral discs and differentiate into nucleus
pulposus-like cells expressing COL2 and ACAN. The gene
expression of COL2 and ACAN increased during ten weeks
after transplantation as well as the T2 signal intensity and T2
value. The DHI in the BMSCs group decreased more slowly
than that in PBS and sham groups. The T2 value correlated
significantly with the gene expression of ACAN and COL2 in
the nucleus pulposus.

Conclusions Transplantation of BMSCs was able to promote
the regeneration of degenerative discs. Quantitative and non-
invasive T2 mapping could be used to evaluate the regenera-
tion of the nucleus pulposus with good sensitivity.

Keywords Bone marrow mesenchymal stem cells -
Intervertebral disc degeneration - T2 mapping - Quantitative
analysis - Aggrecan - Type Il collagen

Introduction

It is well known that lower back pain is one of the most
common orthopaedic diseases. The annual health costs be-
tween US$19.6 and US$118.8 billion in the USA were attrib-
utable either directly or indirectly to lower back pain, about
20 % of which was caused by intervertebral disc degeneration
(IVDD) [1]. Current treatments for lumber disc degeneration
include non-operative approaches and surgery such as
discectomy and spinal fusion. The shortcoming of these treat-
ments was that the function of the intervertebral disc (IVD)
could not be preserved [2]. Moreover, surgery reduced the
mobility of spinal segments and increased the mechanical load
and stress on adjacent discs [3].

Mesenchymal stem cells (MSCs) or multipotent stromal
cells are non-haematopoietic progenitor cells that can differ-
entiate into multiple cell lineages including adipogenic,
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osteogenic and chondrogenic cells [4-6]. Recent studies have
shown that bone marrow mesenchymal stem cell (BMSC)-
based therapy was effective in the treatment of IVDD by
histological grading, immunohistochemistry and Western
blotting. Though the data yielded by these methods are valid
and reliable, they cannot be used for clinical evaluation be-
cause of their invasive nature. It is important for us to translate
the laboratory findings or methods to clinical application
according to the requirements of translational medicine [7].
So it is necessary to find a non-invasive and effective way to
measure the biological effects of [VDD treatment and facili-
tate future clinical application.

The main pathological change in IVDDs was the degrada-
tion of the extracellular matrix including aggrecan (ACAN)
and type II collagen (COL2) [8]. ACAN provides interverte-
bral discs with the ability to resist compressive loads, while
COL2 confers tissue shape and tensile strength. Localised
high concentrations of ACAN provide the osmotic properties
necessary for normal tissue function. ACAN produces swell-
ing pressure that counters the compressive loads on the tissue
through their interaction with water. This function is depen-
dent on a high ACAN concentration present in the extracel-
lular matrix [9]. Synthesis and degradation of the extracellular
matrix are investigated for their important roles in the IVD
during disc degradation and aging [10].

It is known that increased matrix synthesis indicates disc
regeneration after BMSC transplantation [11, 12]. In this
study, we aimed to develop a non-invasive and practical
measure for monitoring increases in disc matrix content such
as ACAN and COL2.

Magnetic resonance imaging (MRI) is a non-invasive pro-
cedure commonly used in the clinical setting. T2 signal inten-
sity is widely used to estimate the degenerative changes in
IVDs. However, T2 signal intensity is affected by many
factors such as the pulse sequence, type of scanners and
various image parameters, so it is hardly possible to obtain
stable values of signal intensities for comparison. Unlike the
signal intensity, T2 relaxation time is the decay constant of
MRI T2 signal intensity and neither scanner nor image pa-
rameter dependent. T2 relaxation time is an intrinsic property
of tissue, reflecting the molecular environment therein, espe-
cially the water content. It is known that T2 relaxation time is
positively correlated with both the proteoglycan and water
content of IVDs [13—16]. The water content of the nucleus
pulposus depends principally on the concentration of
glycosaminoglycan (GAG), which is the primary com-
ponent of ACAN. Thus, T2 mapping is indicative of the
nucleus pulposus changes occurring in the early stages
of IVDD [16-18]. T2 mapping has a high potential for
non-invasive assessment of the nucleus pulposus and
cartilage and was used in many studies because of its
ability to quantify biochemical tissue characteristics
[13-16, 19-22].
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To our knowledge, quantitative T2 mapping has not yet
been used in evaluation during regeneration of the nucleus
pulposus after BMSC transplantation. Therefore, the objective
of this study was to explore the curative effects of BMSC
transplantation on intervertebral disc regeneration and to in-
vestigate the feasibility of the quantitative T2 mapping meth-
od for evaluating repair of the nucleus pulposus after implan-
tation of BMSCs.

Methods
Laboratory animals and groups

All experiments were conducted with the approval of the
Animal Care and Use Committee of Southeast University,
Nanjing, China. Forty-eight adult New Zealand white rabbits
(Jiangsu Academy of Agricultural Sciences) weighing 2.0 kg
were randomly divided into four groups: BMSCs or
phosphate-buffered saline (PBS) were transplanted into de-
generative discs (BMSCs group and PBS group); the rabbits
with operation but without implantation of BMSCs or PBS
served as the sham group and the rabbits without operation
used as the control group.

Isolation and culture of autologous BMSCs

The bone marrow was aspirated with 10-ml syringes that were
rinsed with 1,000 units of heparin. The 5 ml of bone marrow
obtained from each iliac crest was collected and mixed with an
equal volume of PBS. BMSCs were isolated from the marrow
aspirate by gradient centrifugation for 30 minutes at room
temperature, using Ficoll-Paque PLUS (1.077 g/ml, GE
Healthcare Life Sciences) as reported previously [23]. Cells
were cultured in Dulbecco’s modified Eagle’s medium with
low glucose (DMEM-LG, Gibco, Invitrogen, Carlsbad, CA,
USA), supplemented with 10 % (v/v) fetal bovine serum
(FBS, Wisent Inc., St-Jean-Baptiste, QC, Canada) and incu-
bated at 37 °C in a humidified atmosphere containing 5 %
CO, with regular replenishment of medium every two to
three days. Cells were digested by 0.05 % trypsin/
ethylenediaminetetraacetate (EDTA) (Gibco, Invitrogen,
Carlsbad, CA, USA) upon 80-90 % confluence and
subcultured as passage 1 (P1).

Differentiation of BMSCs

Osteogenic differentiation: BMSCs at P3 were trypsinised and
cultured in six-well culture plates at a concentration of 2x 10°
cells/em®. The osteogenic induction medium contained 10 %
(v/v) FBS, 100 nM dexamethasone (Sigma, St. Louis, MO,
USA), 10 mM beta-glycerophosphate (Sigma) and 0.05 mM
ascorbic acid (Sigma) in DMEM with high glucose. The
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medium was changed every three days. The osteogenic differ-
entiation of the cells was detected by staining for calcium
nodules, using 2 % Alizarin Red S at four weeks after induction.

Adipogenic differentiation: BMSCs at P3 were trypsinised
and cultured in six-well culture plates at a concentration of 2 x
10% cells/cm?. The adipocyte induction medium contained
10 % (v/v) FBS, 1 uM dexamethasone, 200 uM indomethacin
(Cyagen, Guangzhou, China), 0.5 mM 3-isobutyl-1-methyl-
xanthine (IBMX, Cyagen) and 10 pg/ml insulin (Cyagen).
The medium was changed every three days. Cells differenti-
ated into adipocytes were identified by staining with Oil Red
O at four weeks after induction.

Chondrogenic differentiation: BMSCs (2.5%10° cells)
were placed into 15-ml polypropylene tubes and centrifuged
for five minutes at 1,500 rpm until a three-dimensional cell
pellet developed. The chondrogenic induction medium was
gently added; the medium contained 10 nM dexamethasone,
10 ng/ml transforming growth factor, beta 3 (TGF-f33,
Cyagen), 50 mg/ml ascorbic acid (Sigma) and 50 mg/ml
ITS+Premix (Cyagen) in DMEM with high glucose. The
tubes were incubated at 37 °C in a humidified atmosphere
under 5 % (v/v) CO,. Medium changes were made every
three days for four weeks. Pellets were formalin-fixed and
frozen-sectioned (thickness: 8 pum) for Alcian Blue staining.

Establishment and evaluation of the IVDD model in rabbits

Lumbar IVDD was induced in rabbits by stabbing the annulus
fibrosus (AF) as previously described [24]. Briefly, under
general anaesthesia, the left anterolateral vertebral column
from L3 to L6 was exposed via a retroperitoneal approach.
The L3-L4, L4-L5 and L5-L6 lumbar IVDs were stabbed
with a 20-gauge hypodermic needle to a depth of 5 mm in the
left anterolateral AF (Fig. 1) and surgical wounds were rou-
tinely closed. The spine of the rabbits was scanned using 3.0-T
MRI 2 weeks after stabbing.

Two weeks after model establishment, one test animal and
one normal animal were euthanised by intravenous injection
of high-dose pentobarbitone sodium (120 mg/kg) (Sigma).
The L3-L4, L4-L5 and L5-L6 discs were excised immedi-
ately, together with the cranial and caudal vertebral bodies.
Then the vertebral body-disc-vertebral body units were fixed
in 10 % (v/v) formalin in neutral buffer, decalcified in 10 %
(w/v) EDTA, dehydrated in a graded series of ethanol baths
(70, 90 and 99 %, all v/v) and individually processed after
paraffin embedding. Paraffin blocks were sectioned trans-
versely, using a microtome (thickness: 4 pum). Sections were
stained with haematoxylin and eosin (H&E).

Transplantation of BMSCs

Cultured BMSCs at P3 were transplanted into degenerative
discs at L3-L4, L4-L5 and L5-L6 in anaesthetised rabbits

Fig. 1 Lumbar IVDD was induced in all rabbits by stabbing the annulus
fibrosus. The front edge of annulus fibrosus was explored and then
released from the needle shown in the upper left (arrow)

two weeks after stabbing. BMSCs were diluted in PBS to 1 x
10° cells/ml, and 20-pl amounts of cell suspension were
carefully injected into each disc through a 27-gauge insulin
microinjector.

MRI evaluation

MRI examinations were performed using a 3.0-T MRI unit
(Verio 3.0 T MR, Siemens Medical Solutions, Erlangen, Ger-
many) at weeks two, six and ten after transplantation. Rabbits
were placed supine on a quadrature surface coil and sagittal
images were obtained through the lumbar spine, with detailed
parameters summarised in Table 1.

All images were evaluated by two radiologists for consen-
sus. One had more than six years relevant experience and a
special interest in musculoskeletal radiology, and the other
had more than ten years experience in musculoskeletal radi-
ology. Assessment was performed using region of interest
(ROI) analysis. ROIs were delineated in the area of the nucle-
us pulposus and were required to cover the entire nucleus
when T2 relaxation time was evaluated.

The disc height index (DHI) of Lu et al. [25] was calculated
to allow comparisons between groups. Changes in the DHI
were expressed as %DHI values and normalised to measured
preoperative IVD heights (%DHI=postoperative DHI/
preoperative DHIx 100 %) (Fig. 2).

Real-time reverse transcription polymerase chain reaction
(RT-PCR) for evaluating the expression of matrix-specific
genes of the nucleus pulposus

After MRI examination, rabbits were killed by intravenous
injection of an overdose of phenobarbitone sodium
(120 mg/kg, Sigma). The L3-L4, L4-L5 and L5-L6 discs
were excised immediately, in continuity with their cranial and
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Table 1 MRI parameters

Sequence Tlw FSE T2w FSE T2 map
sagittal sagittal sagittal
Slices 11 11 11
Field of view 140x140 mm  140x140 mm  140x140 mm
Slice thickness 2.0 mm 2.0 mm 2.0 mm
TR/TE 722/11 3,000/102 4,000/10,122,234
Average 9 9 8
Image matrix 288x384 288x384 240%320
Echo trains/slice 5 21 11

Tiw FSE T1-weighted fast spin echo sequence, 72w FSE T2-weighted
fast spin echo sequence, TR repetition time, TE echo time

caudal vertebral bodies. The columnar tissues were removed,
as were muscles and nerves, and the vertebral body-disc-
vertebral body units were separated and stored in liquid
nitrogen.

Real-time RT-PCR was used to analyse the expression of
COL2 and ACAN. Total RNAs were isolated from L3-L4,
L4-L5 and L5-L6 nucleus pulposus immediately after sepa-
ration. Briefly, each nucleus pulposus was minced using a
sterile scalpel, snap-frozen and pulverised in liquid nitrogen.
The tissue powder was homogenised with the Isogen reagent
(TaKaRa, Otsu, Shiga, Japan) according to the manufacturer’s
instructions. RNA samples were then reverse-transcribed into
c¢DNA using PrimeScript® First Strand cDNA Synthesis Kits
(TaKaRa).

Real-time quantitative PCR using gene-specific primers
(Table 2) was performed on cDNA derived from nucleus
pulposus samples employing the SYBR Green method, as
previously described. Reactions were conducted on a 7,300
Real-Time PCR System (Applied Biosystems, Foster City,
CA, USA), in triplicate, in 96-well plates in final volumes of

!b“d

DHI= (b*id) / (atc)

Fig. 2 Representative axial MRI image of a rabbit disc and the measure-
ment protocol yielding the disc height index (DHI)
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20 pl, under standard conditions. Reaction mixes contained
10 pl 2x SYBR Green Mastermix (TaKaRa), 0.4 pl (10 uM
solution) forward primer, 0.4 pul (10 uM solution) reverse
primer, 0.4 pul ROX Reference Dye (50%), 6.8 ul water and
2 ul (5 ng/ul) cDNA. The 2°2C and 2722€" methods were
used to calculate the relative expression levels of target genes.
The housekeeping gene GAPDH was used as a reference to
normalise PCR data, expressed as gene of interest to GAPDH
ratios.

Statistical analysis

Statistical analysis was performed using SPSS 20.0 software.
All values were presented as means+SD. The one-way anal-
ysis of variance (ANOVA) was used to compare the results
among the four groups and regression analysis was used to
reveal the correlation between T2 value and matrix expres-
sion. P values less than 0.05 were considered statistically
significant.

Results
Characteristics of BMSCs

P3 cells were incubated for 28 days in the presence of agents
triggering specific differentiation into osteoblasts,
chondrocytes and adipocytes. The results showed that the
expanded cells were BMSCs, which maintained their pheno-
type to differentiate into multiple cell types (Fig. 3).

Evaluation of the IVDD model

In the control group, cells were distributed regularly in the
nucleus pulposus. Single cells or islets composed of a few
chondrocyte-like cells (surrounded by a capsule) were evident
among sparse collagen fibres, and cell clusters were absent
under the microscope. Regularly collagen-rich lamellae with
fibrochondrocytes could be found in the annulus fibrosus,
while in degenerated discs, cell clusters and disorganised
fibres were observed in the nucleus pulposus. Highly fibrotic
lamellae and interlamellar cells in the annulus fibrosus could
be found in the degenerated discs. Layers distributed more
irregularly with increased interbundle spaces, and the loss of
distinct layers resulted in reduced ability to response to loads

(Fig. 4).
Disc height index
MRI analysis revealed significant narrowing of the intervertebral

space two weeks after induction of [IVDD. No change of DHI
could be found in the control group from week zero to week ten.
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Table 2 Oligonucleotide primers for RT-PCR analysis

Gene Gene symbol  Forward primer Reverse primer
Glyceraldehyde-3-phosphate dehydrogenase = GAPDH TCACCATCTTCCAGGAGCGA CACAATGCCGAAGTGGTCGT
Aggrecan ACAN TCTACCGCTGCGAGGTGAT TGTAATGGAACACGATGCCTTT
Collagen, type II, alpha 1 COL2A1 GGAAGAGTGGAGACTACTGGATTGAC TCCATGTTGCAGAAAACCTTCA

The mean DHI in PBS and sham groups continued decreasing
during follow-up, and there was no significant difference be-
tween the two groups. The mean DHI in the PBS group de-
creased to 82.98+4.33 %, 74.06+3.87 % and 68.86+3.84 % at
weeks two, six and ten, respectively, when compared with that of
the control group. However, the DHI in the BMSCs group
decreased to 84.55+4.25 %, 80.82+4.32 % and 78.45+3.64 %
at weeks two, six and ten, respectively (Table 3), and decreased
more slowly than that in PBS and sham groups, especially at
week ten after transplantation (P<0.05, Fig. 5).

T2 signal intensity

MRI showed a significant decrease in T2-weighted signal
intensity of the nucleus pulposus at week zero, which is the
same as results in humans with IVDD. Comparisons among
groups were made at weeks two, six and ten after cell trans-
plantation. The MRI T2-weighted signal intensity of the nu-
cleus pulposus in BMSCs, PBS and sham groups decreased
significantly two weeks after disc stabbing, and the signal
intensity was restored partially after cell transplantation only
in the BMSCs group (Fig. 6).

T2 relaxation time

The T2 relaxation time of the nucleus pulposus decreased
significantly in PBS and sham groups after induction of
IVDD. The mean T2 relaxation time of the nucleus pulposus
in the control group was ~150 ms, which decreased after
stabbing to 83.25+18.46 ms two weeks later (P<0.01), and
then plateaued. In contrast, BMSC transplantation resulted in
a significant increase in T2 relaxation time. This value was
96.62+10.49 ms, 109.97+13.34 ms and 133.62+10.04 ms at
weeks two, six and ten, respectively (Fig. 7).

Fig. 3 a—c Osteogenic,
chondrogenic and adipogenic
differentiation of BMSCs

Osteogenic

The T2 relaxation time did not differ between PBS and
sham groups at weeks two, six and ten. When the data in these
two groups were compared to that in the BMSCs group, no
significant difference could be found at week two. However,
there were significant differences seen at weeks six and ten
(P<0.05, P<0.01, respectively).

Comparisons within each group were made at weeks zero,
two, six and ten. Within the PBS and the sham groups, no
statistical difference was found at weeks zero, two, six and ten.
There was a statistical difference with an F' value of 13.46 and
P<0.01 within the BMSCs group.

Real-time RT-PCR of matrix-specific genes

Analysis of the expression of matrix-specific genes showed
lower ACAN and COL2A1 gene expression in degenerated nu-
cleus pulposus when compared to the normal nucleus (P<0.01
and P<0.05, respectively). After BMSC transplantation, expres-
sion of ACAN and COL2A1 gradually increased (Figs. 8 and 9).

Comparisons among groups were made at the same time
points. It was shown that ACAN expression did not differ
between PBS and sham groups at weeks zero, two, six and
ten. When the data in these two groups were compared with
that in the BMSCs group, no significant differences were
apparent at weeks zero and two, while statistical differences
developed at weeks six and ten (P<0.01, P<0.01, respective-
ly). Similarly, COL2A1 gene expression did not differ between
PBS and sham groups at weeks zero, two, six and ten. When
the data from the two groups were compared to that of the
BMSCs group, it was shown that COL2A1 expression gradu-
ally increased, but there was no significant difference until
week ten (P<0.05).

Comparisons within each group were made at weeks zero,
two, six and ten. Both ACAN and COL2A1 expression in the

Adipogenic Chondrogenic

-
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Fig. 4 Morphology of discs. In
the control group, cells were
distributed regularly in the
nucleus pulposus (NP) and
annulus fibrosus (AF). In the
degenerated discs, cell clusters
and disorganised fibres were
observed in the nucleus pulposus
(solid arrow on upper right).
Disorganised fibres (asterisk on
lower right) and interlamellar
GAG matrix (hollow arrow on
lower right) were noted in the
degenerated annulus fibrosus

BMSCs group had statistical differences with an F value of
35.09 and P<0.01 and an F value of 7.704 and P<0.01,
respectively. Within the PBS and sham groups, no statistical
difference could be found.

Correlation analysis between T2 relaxation time
and the expression levels of matrix-specific genes

In general, T2 relaxation time and the gene expression of
ACAN and COL2A41 were positively correlated (R*=0.9278,
P<0.01; R*=0.7211, P<0.01, respectively), during follow-up
after BMSC transplantation (Fig. 10).

Discussion

The normal IVD was rich in extracellular matrix which
consisted of a well-organised framework of macromolecules
that attracted and retained water [26]. Water and extracellular
matrix content in IVD decreased upon aging and degeneration

Table 3 Decrease in DHI (%) at weeks 0, 2, 6 and 10 after
transplantation

Group Week 0 Week 2 Week 6 Week 10

BMSCs group
PBS group

89.44+4.16
87.56+4.20
87.34+3.79
99.85+3.26

84.55+4.25
82.98+4.33
81.75+4.02
98.79+3.05

80.82+4.32
74.06+3.87
75.90+4.37
99.44+3.54

78.45+3.64
68.86+3.84
67.38+4.47
98.23+£3.36

Sham group
Control group
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Normal

Induced

[27]. This study and previous studies indicated that BMSC-
based therapy may be effective for disc and other tissue
regeneration, as demonstrated by histological and pathologi-
cal means in the laboratory and measurement of T2-weighted
image signal intensities in clinical settings [11, 12, 28-31].
However, laboratory detection methods were invasive and
signal intensity could not be measured in absolute terms for
anumber of reasons, including problems with signal detection
and amplification [32]. Thus, we evaluated the efficiency of
absolute T2 value as a non-invasive means of detecting re-
construction of the nucleus pulposus.

MRI is commonly used in the clinical setting for examina-
tion of the degeneration of bone, cartilage and other tissues.
T2 mapping could be used to quantify the water content and

Disc height index decrease (in %) with time

1101

—&~ BMSCs group

1004 - PBS group

904 =&~ Sham group
= =¥ Normal control group
o 804
=

704

604

50 T T T

—'2 0 2 6 1'0
Stabbing  Weeks after BMSCs transplantation
Fig. 5 MRI analysis revealed significant narrowing of the disc space
two weeks after stabbing. The disc height in BMSCs, PBS and sham
groups gradually decreased after stabbing. A significant difference be-
tween BMSCs and PBS groups was apparent at week ten (P<0.05),
suggesting that BMSCs could slow down the degeneration of discs
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Normal

Fig. 6 The MRI T2-weighted signal intensities of the nucleus pulposus in BMSCs, PBS and sham groups all decreased significantly at the time of
transplantation (two weeks after disc stabbing), and only those of the MSCs group gradually increased after cell transplantation

identify early-stage cartilage abnormality and IVDD [16, 18,
33-35]. T2 relaxation time is the decay constant of MRI T2
signal intensity, and it is not dependent on imaging
parameters. T2 relaxation time, an intrinsic property of
tissue, can reflect the molecular environment of tissues,

especially the water and matrix contents [16]. The main
curative effect of stem cell transplantation therapy is to
promote and renew the production of extracellular ma-
trix [28]. Thus, T2 mapping might be a promising
method to reflect the water and matrix content in
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T2 value in nucleus pulposus

200+

[ BMSCs group
E=3 PBS group
=3 Sham group

@ Normal control group

1504

1004

T2 value

504

0 2 6 10
Weeks after BMSCs transplantation

Fig. 7 The T2 relaxation time of the nucleus pulposus decreased signif-
icantly in PBS and sham groups after induction of IVDD. In contrast,
BMSC transplantation resulted in a significant increase in T2 relaxation
time. The T2 relaxation time did not differ between PBS and sham groups
at weeks two, six and ten. When the data from the two groups were
compared to those of the BMSCs group, no significant difference was
apparent at week two. However, significant differences developed at
weeks six and ten (P<0.05, P<0.01, respectively). Values are presented
as means+SD (n=3 per group)

tissues, especially to evaluate disc regeneration after
BMSC transplantation.

We found that COL2 and ACAN gene expression decreased
in the degenerated disc, but increased after BMSC transplan-
tation. At week six, the gene expression in the BMSCs group
was significantly higher than that in the PBS group. Similarly,
the T2 values decreased after disc stabbing, which might
reflect the reduction in extracellular matrix and water content
[36], but increased significantly after BMSC transplantation.

The disc height in both BMSCs and PBS groups gradually
decreased after stabbing. No significant difference was appar-
ent between BMSCs and PBS groups until week ten, suggest-
ing that BMSCs could slow down the degeneration of discs.

T2 relaxation time and the gene expression of ACAN and
COL2 were positively correlated. ACAN expression increased

Gene expression of ACAN

GAPDH value = 1.0

2.0+
33 BMSCs group

@B PBS group
33 Sham group

D Normal control group
1.0+

ACAN expression

0.54

0.0

Weeks after BMSCs transplantation

Fig. 8 Analysis of the expression levels of matrix-specific genes showed
that as compared to the normal nucleus, ACAN gene expression levels were
significantly lower in degenerated nucleus pulposus (P<0.01). The expres-
sion levels of ACAN in PBS and sham groups did not differ significantly.
Comparisons between BMSCs and PBS groups indicated that ACAN gene
expression significantly differed both at weeks six and ten (P<0.01 for
both). Values are presented as means+SD (n=3 per group)
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Gene expression of COL2AI

GAPDH value = 1.0

2.04
3 BMSCs group

* % @B PBS group
=3 Sham group

XD Normal control group
1

[}
N I I“‘ | I
0.0-
0 2 6 10

Weeks after BMSCs transplantation

COL2AT expression

Fig. 9 Analysis of the expression levels of matrix-specific genes showed
that as compared to the normal nucleus, COL2A41 gene expression levels
were significantly lower in the degenerated nucleus pulposus (P<0.01).
The expression levels of COL2A41 in PBS and sham groups did not differ
significantly. Comparisons between BMSCs and PBS groups indicated
that COL2A1 gene expression was significantly different until week ten
(week 6: P=0.22, week 10: P<0.05). Values are presented as means=SD
(n=3 per group)

more significantly and earlier, whereas COL2 expression in-
creased later. Also, the calculated R*> between the ACAN
expression in the nucleus pulposus and T2 relaxation time
was 0.9278, which is greater than that between T2 relaxation
time and COL2 expression (0.7211). Thus, the T2 value
correlated with ACAN expression more obviously than
COL?2 expression. The reason might be that ACAN absorbs
more water than COL?2 does, contributing more water content
in the disc. The other reason was that the expression of ACAN
is much greater than that of COL2 in the nucleus pulposus
[37]. Similar results could be found in a study of calf and
human cadaver discs, in which the T2 relaxation time of the
whole disc was correlated with proteoglycan content with an
R?value 0f 0.859 [16]. The difference in our study was that T2
mapping was used to evaluate the extracellular matrix re-
establishment in IVDD after BMSC transplantation in an
animal model.

T2 mapping may be used in the future to evaluate the disc
regeneration process. Firstly, the T2 relaxation time is highly
correlated with ACAN expression and ACAN is the principal
component of the matrix of the nucleus pulposus. We firstly
showed that the T2 relaxation time of the nucleus increased as
ACAN expression arose after BMSC transplantation. ACAN
synthesis indicates repair taking place in the nucleus pulposus.
Secondly, T2 mapping is non-invasive and has greater advan-
tages over other methods of detecting matrix content in vivo.
It is very difficult to visualise disc regeneration after therapy in
the clinical setting, which is a limitation of translating biolog-
ical therapy from the laboratory to the clinic. Finally, T2
mapping could yield absolute values stably. T2 relaxation time
is an intrinsic property of tissue and reflects the molecular
environment. The data vary less than T2 signal intensities and
exhibit minimal measurement bias. It may be easy to examine
disc regeneration in this manner.
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Correlations for T2 relaxation time with ACAN and COL2A1 expression
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PBS group 16 0.7127 <0.0001" 16 0.5293 0.0014"
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Normal santrol. 16 0.5454 0.0011" 16 0.2819 0.0343"
group

Total 48 0.9278 <0.0001" 48 0.7211 <0.0001"

*Significant correlations have a p value less than or equal to 0.05.

Fig. 10 T2 relaxation time and the expression levels of ACAN and COL2A41 were strongly correlated (R2:0.9278, P<0.01; R?=0.7211, P<0.01,

respectively), during follow-up after BMSC transplantation

This study is the first to evaluate the disc degeneration and
regeneration process using T2 mapping, a sensitive and non-
invasive detection means, developed in a rabbit model. What
is more, T2 values can be used to define regeneration stages
quantitatively. T2 mapping could be used to evaluate the disc
degeneration and regeneration process and might be used to
detect other diseases, such as infection. Recently, studies
suggested that a dormant infection was involved in disc de-
generation, though some researchers had different opinions
[38—48]. An infection in a disc must result in inflammatory
processes and tissue oedema in the early period. The question
is whether T2 mapping could be used to detect the water and
other molecular changes in inflammatory processes non-
invasively. If it is possible, T2 mapping can provide sugges-
tions of injection regardless of contamination and show what
exactly happens in patients with disc herniation who have not
been operated on.

In summary, T2 values decreased in the degenerating nu-
cleus pulposus of the rabbit and might be used to reflect the
decrease in matrix and water contents. BMSC transplantation
partly reversed disc degeneration, which indicated the effi-
ciency of stem cells in the treatment of spine degeneration. T2
values increased as ACAN levels rose in the nucleus pulposus.
Thus, T2 mapping may be used to non-invasively evaluate the
regeneration of nucleus sensitively. We defined regeneration
stages using quantitative data. In conclusion, T2 mapping of

IVD matrix and water contents may be useful for diagnosis of
degenerative disc diseases and evaluation of treatment effi-
ciency in the clinical setting.
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