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Spinal pathologies occupy a particular place in the
classification of locomotor system diseases in general,
for a series of reasons. First of all, this situation is
explained by the serious disability statistics of patients
with spinal diseases and, apart from this, a significant
loss of their quality of life in many other cases [52].
Spinal diseases and traumas account for up to 15% of
the cases of disabilities in the developed countries;
thus the economic significance of this group of impair!
ments would be difficult to overestimate [27]. In Rus!
sian clinical practice, spinal diseases make up a size!
able share in the total number of neurological and
orthopedic outpatient consultations. Spinal diseases
affect people in different age groups, including rela!
tively young patients, but the involvement of age! and
sex!related factors is an obvious fact; the male popula!
tion suffers from spinal impairments more frequently
than females do [36]. Spinal deformations and osteo!
chondrosis are the commonest complaints across eld!
erly age groups. According to the available estimates
based on different criteria, 16 to 39% of all people over
the age of 70 suffer from spinal deformation [20, 22,
38] and about 24% suffer from osteochondrosis of the
spine [39]. Spinal impairments may be of different eti!
ologies and are characterized by a broad complex of
significant and diverse symptoms. At the same time,
the lower back pain (as well as back pain, BP) syn!
drome tops the list [23]. This syndrome is likely to be
observed about equally often in men and women and
affects up to 80% of all people during their lifetime
with development of a chronic form occurring in 10%
of all BP cases [50, 53, 54].

The etiological spectrum of the lower back!pain
syndrome is very broad and includes such diverse
causes, as urolithiasis and adnexitis (in women) [1].
Nevertheless, the main cause for the development of
this syndrome is degenerative disc disease (DDD), an
irreversible disc!related structural disorder of a non!
specific nature, although its mechanism is incom!
pletely clear thus far [26]. The combination of degen!
erative changes in intervertebral discs with clinical
manifestations allows us to classify it as degenerative
disc disease. DDD onset may be based on some
genetic component [5, 12], while histological and bio!
chemical changes that are observable in the nucleus
pulposus (jelly!like) of a intervertebral disc during a
generative process are characterized by great diversity;
in particular, DDD is characteristic of a decrease in
the proteoglycan and water content, as well, substitu!
tions are reported to occur in the collagen types that
are represented in the discs, etc. [3, 4, 34]. Such
changes lead to structural disorders in intervertebral
discs and, as a result, to their flattening.

The structural changes in the intervertebral discs
are, certainly, an age!related process. Moreover, these
changes may be secondary to an entire array of other
spinal diseases. DDD!accompanying compression of
nerve roots or the spinal cord leads to the emergence
of a markedly expressed pain syndrome, which in
severe cases forces physicians to prescribe traumatic
bone plastic surgeries. It deserves to be particularly
mentioned that DDD may be a result of failed surgical
treatment of spinal disease and trauma, such as nucle!
otomy, a recently popularized and minimally!invasive
method that is based on the removal of a disc fragment
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that is pressing on a nerve. It is significant that a surgi!
cal intervention into even a single intervertebral disc
may foster generative processes in the adjacent discs
[14, 33].

In any case, the regeneration of the nucleus pulpo!
sus or annulus fibrosus in intervertebral discs is impos!
sible. Endoscopic (transcutaneous) nucleotomy or
discectomy, nucleoplasty, electrothermotherapy of
intervertebral discs or their plastic surgery are indi!
cated in severe and disabling lesions (the frequency
rate of such an outcome may reach 10% of the total
sum of clinical cases) for this disease [30].

One of the recognized therapeutic methods for the
treatment of severe spinal impairments is spinal stabi!
lization, an operation that consists in the rigid and
permanent fixation of two or more vertebrae as one
conglomerate [7, 48]. This surgery is indicated in
severe forms of osteochondrosis, herniated interverte!
bral disc, spinal segment instability (this syndrome is
also known as segmental instability, a condition where
an extra range of movements may occur between two
vertebrae), scoliosis, spondylolysis (a defect in the
interarticular part of the vertebral arch) and its com!
plication, which is called spondylolisthesis (where the
top vertebral body slips forward onto the one below it).
In the last two cases the bone tissue of the vertebra is
filled with cartilage or connective tissue. Spinal stabi!
lization surgery is usually combined with the decom!
pression of nerve structures, which is aimed at reliev!
ing the spinal cord and nerve roots from compression
due to a herniated disc, osteophytes, hypertrophied
ligaments, or facet joints.

Historically, spinal stabilization surgery has con!
sisted of removing a larger part of an intervertebral disc
with replacement of the defect with an autograft, viz.,
a fragment of the patient’s pelvic bone [28]. Support!
ive fixation was provided by a rigid jacket that the
patient had to wear during many postoperative
months. We should point that the efficacy this
approach (i.e., the formation of bone conglomerate)
was rather high. Spinal stabilization is performed
today using fixing systems made of high!strength
materials (titanium or titanium alloys). This allows
clinicians to minimize a patient’s postoperative acti!
vation period. So called “cages,” i.e., intervertebral
disc prostheses, have recently become more applicable
[8, 9]. These prostheses resemble a hollow cage made
of metal or composite materials that is filled with
autologous bone powder.

Nevertheless, all these methods, despite their
undeniable importance in the contemporary vertebral
(spinal) surgical practice, are in no way radical. The
treatment with such means is symptomatic, i.e., aimed
at managing the manifestations rather than treating
the nature of the degenerative process. The huge sums
are that are spent in developed countries on DDD treat!
ment and DDD!related disability coverage (for example,
by 2005 these costs had exceeded $30 billion per year in
the USA and 12 billion sterling pounds per year in

Great Britain [2]) compel these countries to actively
search for alternative therapies in the management of
this group of diseases.

The successful achievements of molecular medi!
cine over the last decade are invaluable in view of this
situation. The experimental study of the biology of
intervertebral discs has allowed us to expand our
knowledge about their structure, mechanics, and
functions. As a result, an entire series of new
approaches aimed at slowing degenerative processes in
the intervertebral discs are under development and
testing today. It is indicative that these approaches are
based not only on creating novel medicinal prepara!
tions, but also on stimulating the production of cytok!
ines and growth factors in the intervertebral discs and
on genetic therapy. In particular, attempts are being
made to perform DDD therapy with transforming
growth factor!β, fibroblast growth factor, growth/dif!
ferentiation factor 5, and bone morphogenetic protein 2
[35, 51, 55]. Cell therapy has become a separate and
one of the most important approaches to DDD treat!
ment. Some time ago autografting of the nucleus pul!
posus cells to intervertebral discs was believed to be the
most encouraging technique of this type. In particular,
this technique was tested on the diurnal sand rat
(Psammomys obesus), i.e., the gerbil, which is the rec!
ognized experimental models for age!related DDD
[15]. However, this method has not achieved wide
clinical recognition due to the fact that the chondro!
cyte!related sampling procedure is traumatic for an
unaffected intervertebral disc and even the adjacent
ones, a factor that accelerates the degenerative process
in the adjacent intervertebral discs as well. Apart from
this, this procedure requires more cells than are
obtainable from one disc that is unaffected by the
degenerative process.

As in the cases of Parkinson’s disease or diabetes
mellitus, the loss of a predominantly single cell popu!
lation that is localized in a particular anatomical struc!
ture makes the development of cell replacement ther!
apy!based approaches very attractive. The practical
realization of such approaches requires the availability
of a source of cellular material, while, as in the two
other cases, the use of stem cells seems to be an attrac!
tive alternative to autologous, allogeneic, and xenoge!
neic tissue grafts.

One of the most advantageous factors that distin!
guish this methodology from the above examples (Par!
kinson’s disease and diabetes mellitus) is the relative
simplicity that characterizes the application of a
patient’s autologous somatic stem cells to DDD ther!
apy. Both mesenchymal stem cells (MSCs) and
hematopoietic stem cells isolated from bone marrow
were tested as substrates for experimental grafting. We
should note that red bone marrow is the largest niche
of somatic stem cells in the human body, while bone
marrow aspirations (in a small volume) are minimally
invasive procedures that are routinely performed in
specialized clinics for diagnostics and monitoring.
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One of the key biological functions of MSCs is the
reproduction of cartilage and bone!tissue cells. Since
a considerable number of the cells from the nucleus
pulposus and annulus fibrosus of intervertebral discs
are of a cartilagenous nature, MSCs are a rather rea!
sonable choice for use as a cell!replacement therapy
substrate. In 2003 a group of Japanese clinicians per!
formed the first MSC grafting to the degenerative
intervertebral discs of model animals (rabbits, in this
case) [46]. Moreover, atelocollagen, i.e., solubilized
(liquefied or semi!liquefied) collagen, a hypoimmune
material that is actively used in the manufacture of
cosmetic products (such as creams) and is produced
worldwide in the hundreds of tons, was chosen to serve
as the MSC “carrier” to provide support. Further
technological progress allowed researchers to finally
confirm the significant efficacy of MSCs in DDD
management. By lowering the grade of DDD in model
animals, the same group of authors [44] made another
large achievement in 2006. After 24 weeks had passed
since MSC grafting, both the height of the lumber spi!
nal discs and their structure regenerated to a consider!
able degree (although incompletely) in model ani!
mals. The interest of the scientific community was also
drawn to another experimental work, where fluores!
cent marker!stained MSCs mixed with hyaluronic gel
(as a component of synovial fluid, hyaluron is actively
used for the treatment of articular diseases) were
injected into the intervertebral discs of rats. At 1 to
2 weeks after the injection, the count of dye!labeled
living cells significantly decreased, but after 4 weeks
the count returned to the initial level [11]. These data
indicate that MSCs can actively proliferate in the con!
ditions of a medium that is typical of intervertebral
discs.

Practically simultaneously with the above!
described pilot work, bone marrow stem cells were
used in an experiment that was conducted by a group
of American authors. Using dogs as model animals,
they compared the efficacy of the standard bone pros!
thesis consisting of fragments of spongy bone tissue of
donors (hound dogs) with a prosthesis that was insem!
inated with the autologous bone marrow aspirate of
the recipients diluted in blood [32]. Despite the death
of some of the experimental animals due to faults in
the surgical equipment, the authors successfully dem!
onstrated that it is possible to improve spinal stabiliza!
tion efficacy through the application of bone!marrow
cells. They also supposed that the effect of bone mar!
row and blood stem cells was in part due to physical
and humoral factors, rather than due to cellular ones,
e.g., due to the creation of both the support and the
microenvironment for osteoprogenitor cells by a
fibrinous clot and the release of numerous cytokines
and growth factors (platelet!derived growth factor
(PDGF), epidermal growth factor (EGF), fibroblast
growth factor family members (FGF) and transforming
growth factor β (TGF!β)) from the cells.

A similar experiment was simultaneously con!
ducted by a team of researchers at Peking University
[21]. Using rabbits, they studied the efficacy of
ceramic materials inseminated with autologous bone
marrow MSCs. With the ceramic + bone!marrow cell
composite the success rate of spinal stabilization was
even higher than that using an autologous bone tissue
fragment (the iliac bone ridge) and significantly higher
than when using a “hollow” ceramic intervertebral
disc [21]. The stabilization efficacy increased even fur!
ther when human recombinant bone morphogenetic
protein 2 (rhBMP!2) was added to the application
protocol.

Another experimental series has shown that the
efficiency of the approach based on the use in pros!
thetic intervertebral discs of autologous bone marrow
aspirates increases with their enrichment in cells
(including cells with osteoprogenitor potential).
Researchers initially used simple devices based on
centrifugation for this purpose. However, the technical
problems associated with the mandatory processing of
cellular material in the operating room gave rise to an
alternative approach that is based on the application of
powdered and demineralized compact bone tissue
[31]. Sedimentation of the adhesion!specific bone
marrow cell types on bone!tissue particles leads to the
formation of a so!called “cell matrix.” The use of such
a substrate (as an alternative to a cell suspension) in
tissue engineering in order to populate the pores of the
bone prosthetic material according to the above!
described technology has proven to be an interesting
and attractive approach [31].

As has been reliably shown in some of the recently!
accomplished experimental works (based on both rab!
bits and rats), stem cells can not only survive a grafting
procedure but also actively initiate proliferation and
successfully regenerate the proteoglycan composition
of intervertebral discs. We should note that the enthu!
siasm of specialists working in this field fell somewhat
after the report that was published by physicians from
the MicroSpine Center (for minimally invasive verte!
bral surgery), DeFuniak Springs (USA), where alloge!
neic stem cells were grafted to the members of a group
of ten voluntary patients (males and females in equal
proportion). Endoscopic discectomy did not achieve a
result in any of the subjects. An autologous bone mar!
row aspirate in the volume of 1 mL was introduced
into their affected intervertebral discs with local anes!
thesia. The transplantation procedure was followed by
a 2!week course of hyperbaric oxygenation therapy
and a prescribed gentle loading regimen for the spine
for the recipients [16]. However, by 1 year after the
stem!cell grafting, none of the ten patients demon!
strated any improvement: a majority of them chose to
undergo considerable surgical interventions, including
the use of a prosthetic intervertebral disc.

As in many other clinical situations, directly graft!
ing undifferentiated stem cells during DDD treatment
is only one possible approach. Considerable prospects
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are associated with approaches that are based on the
application of cells derived from in vitro stem!cell dif!
ferentiation. According to some studies, there are cer!
tain factors that guide the differentiation of different
types of stem cells (primarily, MSCs) into cells with
many properties, which are characteristic of normal
nucleus pulposus cells. Hypoxia is to be mentioned as
one of these factors [42, 49]. A significant number of
works contain reports about the importance of TGF!β
[10, 42]; other authors reported on growth/differenti!
ation factor 5 (GDF5), dexamethasone, and ascorbic
acid as additional factors for MSC differentiation into
the chondrocytes in a similar manner to that of
nucleus pulposus cells [6, 47, 49, 59]. These studies also
indicated that both the cell proliferation and the pro!
teoglycan synthesis efficiency increases with the cultur!
ing of cells in 3D structures, which are mainly based on
a variety of gel and polymer types [40, 58, 60].

Actually, an important role in the success of cell
therapies is played not only by the nature and the
amount of the grafted cells, but also by their organiza!
tion within their microenvironment. In some experi!
ments MSCs have been immobilized on a skeleton of
hyaluronic acid, collagen, or chytosan (a substance that
structurally resembles cellulose). The cells fixed in the
fibrous network turned out to be able to effectively dif!
ferentiate, producing intercellular matrix components,
cytokines, and other bioactive molecules [2].

An efficient variant for stimulating stem cell differ!
entiation into nucleus pulposus cells is associated with
their in vitro co!culturing with the cells of the nucleus
pulposus itself [25, 29, 41, 56]. In this case, the co!cul!
turing of the two cell types in a common nutrient (and
in direct contact) is a strong factor for the induc!
tion/promotion of MSC differentiation in the direc!
tion of cells with the necessary properties. The mech!
anism of such an effect is unclear, but we can suggest
that it is based on the joint action of soluble factors that
are secreted by nucleus pulposus cells into a common
nutrient and the signaling molecules that are expressed
by them on the outer surface the cell membrane [25].

An approach that is based on sampling cell material
from the affected vertebrae themselves is of particular
interest. Considering the risk of adverse effects
(including significant ones) from bone marrow aspira!
tion during sternal or iliac bone ridge puncture, the
researchers from the Thomas Jefferson University
(USA) proposed to use the bone marrow cells of the
vertebrae themselves, which are usually accessible in
the course of a surgical procedure. By comparing the
properties of the MSCs that were obtained from the
bone marrow of the iliac bone ridge and that of the ver!
tebral body in 15 patients with DDD, the authors con!
cluded that they are practically identical in a set of key
genetic and biochemical parameters, which gives
them similar osteogenic properties [43]. Moreover, the
bone marrow!isolated MSCs of the vertebral bodies
have a more expressed proliferative potential. This
makes such cells potentially usable as a substrate for

autografting with a lower risk of complications than
during the puncturing an undamaged bone. However,
the approach that is based on the application of MSC
populations isolated from sources that are alternatives
to bone marrow, in the first place, from subcutaneous
fatty tissue, is more valuable as an initial substrate for
a cell!based therapy for DDD [24, 25, 57].

It is interesting that attempts have been made in
recent years to return to the use of cells obtained from
the nucleus pulposus of intervertebral discs. However,
instead of the direct transplantation of these cells from
one (healthy) intervertebral disc into another/other
discs (that are affected by the generative process), they
are used as a substrate for cell expansion in vitro [17, 18].
The use of immortalized nucleus pulposus cell lines as
a substrate for cell replacement therapy may be of
practical significance. The first immortalized nucleus
pulposus cell lines were obtained in 2003 using genet!
ically modified (an adenoviral vector was used)
nucleus pulposus cells from a 19!year old donor, who
was a patient with a vertebral body fracture. The cell
line, which is capable of active in vitro proliferation,
was named H!NPSV (it is also known as TUNPSV
[45]); active experimental work is now under way to
work out approaches to the practical application of
such cells in clinics, in particular, in decelerating
degenerative processes in intervertebral discs [19].

There is no doubt that several more years will be
required before stem cells are successfully and actively
applicable in clinical practice. There are still many
technological problems to be solved within this period:
from the differentiation protocols for MSCs and other
types of stem cells to the surgical equipment that will
be used to support their successful attachment. It is
known that the nucleus pulposus cell composition
noticeably changes, not only in the course of disease,
but also with age, which makes the task of its con!
trolled regeneration even more complicated and,
respectively, stem!cell differentiation protocols may
differ depending on a patent’s age, the severity of the
damage to intervertebral discs, and other factors In
any case, this approach appears to be very promising
during the current period of its passage from the exper!
imental to the clinical stage. Elderly persons who suf!
fer from severe forms of intervertebral pathologies are
the main target group for the therapy. The encouraging
results of ongoing clinical trials [13, 37] allow us to
suggest that wide introduction of approaches based on
the application of stem cells, primarily, autologous
MSCs, to the treatment of age!related DDD will
prove to be practical in the near future.

ACKNOWLEDGMENTS

This work was supported by the Ministry of Health!
care and Social Development of the Russian Federa!
tion (State Contract no. K!32!NIR/111!3) within the
framework of the Stem Cell program of the State.



304

ADVANCES IN GERONTOLOGY  Vol. 2  No. 4  2012

ANISIMOV

REFERENCES
1. Shostak, N.A. and Pravdyuk, N.G., Degenerative Spi!

nal Injury: The Concept of Disease and Approaches to
Therapy (Own Data), Sovremennaya Revmatol., 2008,
no. 3, pp. 30–35.

2. Acosta, F.L., Lotz, J., and Ames, C.P., The Potential
Role of Mesenchymal Stem Cell Therapy for Interver!
tebral Disc Degeneration: A Critical Overview, Neuro!
surg. Focus, 2005, vol. 19, no. 3, p. E4.

3. Aigner, T., Gresk!Otter, K.R., Fairbank, J.C., et al.,
Variation with Age in the Pattern of Type X Collagen
Expression in Normal and Scoliotic Human Interverte!
bral Discs, Calcif. Tissue Int., 1998, vol. 63, no. 3,
pp. 263–268.

4. Antoniou, J., Steffen, T., Nelson, F., et al., The Human
Lumbar Inter Vertebral Disc: Evidence for Changes in
the Biosynthesis and Denaturation of the Extracellular
Matrix with Growth, Maturation, Ageing, and Degen!
eration, J. Clin. Invest., 1996, vol. 98, no. 4, pp. 996–
1003.

5. Battie, M.C., Videman, T., Kaprio, J., et al., The Twin
Spine Study: Contributions to a Changing View of Disc
Degeneration, Spine J., 2009, vol. 9, no. 1, pp. 47–59.

6. Bertolo, A., Ettinger, L., Aebli, N., et al., The in vitro
Effects of Dexamethasone, Insulin and Triiodothyro!
nine on Degenerative Human Intervertebral Disc Cells
under Normoxic and Hypoxic Conditions, Europ. Cell.
Mater., 2011, vol. 21, pp. 221–229.

7. Bono, C.M. and Lee, C.K., The Influence of Subdiag!
nosis on Radiographic and Clinical Outcomes after
Lumbar Fusion for Degenerative Disc Disorders: An
Analysis of the Literature from Two Decades, Spine,
2005, vol. 30, no. 2, pp. 227–234.

8. Brodke, D.S., Dick, J.C., Kunz, D.N., et al., Posterior
Lumbar Interbody Fusion. A Biomechanical Compari!
son, Including a New Threaded Cage, Spine, 1997,
vol. 22, no. 1, pp. 26–31.

9. Brooke, N.S., Rorke, A.W., King, A.T., et al., Prelimi!
nary Experience of Carbon Fibre Cage Prostheses for
Treatment of Cervical Spine Disorders, Brit. J. Neuro!
surg., 1997, vol. 11, no. 3, pp. 221–227.

10. Chen, W.H., Lo, W.C., Lee, J.J., et al., Tissue!Engi!
neered Intervertebral Disc and Chondrogenesis Using
Human Nucleus Pulposus Regulated through TGF!
Beta1 in Platelet!Rich Plasma, J. Cell Physiol., 2006,
vol. 209, no. 3, pp. 744–754.

11. Crevensten, G., Walsh, A.J., Ananthakrishnan, D.,
et al., Intervertebral Disc Cell Therapy for Regenera!
tion: Mesenchymal Stem Cell Implantation in Rat
Intervertebral Discs, Ann. Biomed. Eng., 2004, vol. 32,
no. 3, pp. 430–434.

12. Eser, B., Cora, T., Eser, O., et al., Association of the
Polymorphisms of Vitamin D Receptor and Aggrecan
Genes with Degenerative Disc Disease, Genet. Test.
Mol. Biomarkers, 2010, vol. 14, no. 3, pp. 313–317.

13. Fassett, D.R., Kurd, M.F., and Vaccaro, A.R., Biologic
Solutions for Degenerative Disk Disease, J. Spinal Dis!
ord. Tech., 2009, vol. 22, no. 4, pp. 297–308.

14. Grob, D., Humke, T., and Dvorak, J., Degenerative
Lumbar Spinal Stenosis. Decompression with and
without Arthrodesis, J. Bone Jt. Surg. (Amer.), 1995,
vol. 77, no. 7, pp. 1036–1041.

15. Gruber, H.E., Johnson, T.L., Leslie, K., et al., Autolo!
gous Intervertebral Disc Cell Implantation: A Model

Using Psammomys Obesus, the Sand Rat, Spine, 2002,
vol. 27, no. 15, pp. 1626–1633.

16. Haufe, S.M. and Mork, A.R., Intradiscal Injection of
Hematopoietic Stem Cells in an Attempt to Rejuvenate
the Intervertebral Discs, Stem Cells Dev., 2006, vol. 15,
no. 1, pp. 136–137.

17. Hegewald, A.A., Endres, M., Abbushi, A., et al., Ade!
quacy of Herniated Disc Tissue as a Cell Source for
Nucleus Pulposus Regeneration, J. Neurosurg. Spine,
2011, vol. 14, no. 2, pp. 273–280.

18. Hegewald, A.A., Enz, A., Endres, M., et al., Engineer!
ing of Polymer!Based Grafts with Cells Derived from
Human Nucleus Pulposus Tissue of the Lumbar Spine,
J. Tissue Eng. Regen. Med., 2011, vol. 5, no. 4, pp. 275–
282.

19. Iwashina, T., Mochida, J., Sakai, D., et al., Feasibility
of Using a Human Nucleus Pulposus Cell Line as a Cell
Source in Cell Transplantation Therapy for Interverte!
bral Disc Degeneration, Spine, 2006, vol. 31, no. 11,
pp. 1177–1186.

20. Jones, G., White, C., Nguyen, T., et al., Prevalent Ver!
tebral Deformities: Relationship to Bone Mineral Den!
sity and Spinal Osteophytosis in Elderly Men and
Women, Osteoporos. Int., 1996, vol. 6, no. 3, pp. 233–
239.

21. Kai, T., Shao!qing, G., and Geng!ting, D., In vivo
Evaluation of Bone Marrow Stromal!Derived Osteo!
blasts!Porous Calcium Phosphate Ceramic Compos!
ites as Bone Graft Substitute for Lumbar Intervertebral
Spinal Fusion, Spine, 2003, vol. 28, no. 15, pp. 1653–
1658.

22. Lau, E.M.C., Woo, J., Chan, H., et al., The Health
Consequences of Vertebral Deformity in Elderly Chi!
nese Men and Women, Calcif. Tissue Int., 1998, vol. 63,
no. 1, pp. 1–4.

23. Lawrence, R.C., Helmick, C.G., and Arnett, F.C.,
Estimates of the Prevalence of Arthritis and Selected
Musculoskeletal Disorders in the United States, Arthr.
Rheum., 1998, vol. 41, no. 5, pp. 778–799.

24. Li, X., Lee, J.P., Balian, G., et al., Modulation of
Chondrocytic Properties of Fatderived Mesenchymal
Cells in Co!Cultures with Nucleus Pulposus, Connect.
Tissue Res., 2005, vol. 46, no. 2, pp. 75–82.

25. Lu, Z.F., Zandieh Doulabi, B., Wuisman, P.I., et al.,
Differentiation of Adipose Stem Cells by Nucleus Pul!
posus Cells: Configuration Effect, Biochem. Biophys.
Res. Commun., 2007, vol. 359, no. 4, pp. 991–996.

26. Luoma, K., Riihimaki, H., Luukkonen, R., et al., Low
Back Pain in Relation to Lumbar Disc Degeneration,
Spine, 2000, vol. 25, no. 4, pp. 487–492.

27. Maniadakis, N. and Gray, A., The Economic Burden of
Back Pain in the UK, Pain, 2000, vol. 84, no. 1, pp. 95–
103.

28. Mitchell, R.M., Anterior Spinal Fusion in Spinal
Tuberculosis Using an Iliac Bone Block, East Afr. Med.
J., 1966, vol. 43, no. 4, pp. 119–122.

29. Mochida, J., New Strategies for Disc Repair: Novel
Preclinical Trials, J. Orthop. Sci., 2005, vol. 10, no. 1,
pp. 112–118.

30. Mooney, V., When Is Surgery Appropriate for Patients
with Low Back Pain?, J. Musculoskelet. Med., 1990,
vol. 7, p. 6185.

31. Muschler, G.F., Matsukura, Y., Nitto, H., et al., Selec!
tive Retention of Bone Marrow!Derived Cells to



ADVANCES IN GERONTOLOGY  Vol. 2  No. 4  2012

CELL THERAPY 305

Enhance Spinal Fusion, Clin. Orthop. Relat. Res., 2005,
no. 432, pp. 242–251.

32. Muschler, G.F., Nitto, H., Matsukura, Y., et al., Spine
Fusion Using Cell Matrix Composites Enriched in
Bone Marrow!Derived Cells, Clin. Orthop. Relat. Res.,
2003, no. 407, pp. 102–118.

33. Nasca, R.J., Rationale for Spinal Fusion in Lumbar
Spinal Stenosis, Spine, 1989, vol. 14, no. 4, pp. 451–
454.

34. Nerlich, A.G., Boos, N., Wiest, I., et al., Immunolo!
calization of Major Interstitial Collagen Types in
Human Lumbar Intervertebral Discs of Various Ages,
Virch. Arch., 1998, vol. 432, no. 1, pp. 67–76.

35. Nishida, K., Gilbertson, L.G., Robbins, P.D., et al.,
Potential Applications of Gene Therapy to the Treat!
ment of Intervertebral Disc Disorders, Clin. Orthop.
Relat. Res., 2000, vol. 1, suppl. 1, pp. S234–S241.

36. O’Neill, T.W., McCloskey, E.V., Kanis, J.A., et al., The
Distribution, Determinants, and Clinical Correlates of
Vertebral Osteophytosis: A Population Based Survey,
J. Rheumatol., 1999, vol. 26, no. 4, pp. 842–848.

37. Orozco, L., Soler, R., Morera, C., et al., Intervertebral
Disc Repair by Autologous Mesenchymal Bone Mar!
row Cells: A Pilot Study, Transplantation, 2011, vol. 92,
no. 7, pp. 822–828.

38. Pluijm, S.M., Tromp, A.M., Smit, J.H., et al., Conse!
quences of Vertebral Deformities in Older Men and
Women, J. Bone Miner. Res., 2000, vol. 15, no. 8,
pp. 1564–1572.

39. Pluijm, S.M., van Essen, H.W., Bravenboer, N., et al.,
Collagen Type I Alpha1 Sp1 Polymorphism,
Osteoporosis, and Intervertebral Disc Degeneration in
Older Men and Women, Ann. Rheum. Dis., 2004,
vol. 63, no. 1, pp. 71–77.

40. Richardson, S.M., Curran, J.M., Chen, R., et al., The
Differentiation of Bone Marrow Mesenchymal Stem
Cells into Chondrocyte!Like Cells on Poly!L!Lactic
Acid (PLLA) Scaffolds, Biomaterials, 2006, vol. 27,
no. 22, pp. 4069–4078.

41. Richardson, S.M., Walker, R.V., Parker, S., et al., Inter!
vertebral Disc Cell!Mediated Mesenchymal Stem Cell
Differentiation, Stem Cells, 2006, vol. 24, no. 3,
pp. 707–716.

42. Risbud, M.V., Albert, T.J., Guttapalli, A., et al., Differ!
entiation of Mesenchymal Stem Cells Towards a
Nucleus Pulposus!Like Phenotype in vitro: Implica!
tions for Cell!Based Transplantation Therapy, Spine,
2004, vol. 29, no. 23, pp. 2627–2632.

43. Risbud, M.V., Shapiro, I.M., Guttapalli, A., et al.,
Osteogenic Potential of Adult Human Stem Cells of the
Lumbar Vertebral Body and the Iliac Crest, Spine,
2006, vol. 31, no. 1, pp. 83–89.

44. Sakai, D., Mochida, J., Iwashina, T., et al., Regenera!
tive Effects of Transplanting Mesenchymal Stem Cells
Embedded in Atelocollagen to the Degenerated Inter!
vertebral Disc, Biomaterials, 2006, vol. 27, no. 3,
pp. 335–345.

45. Sakai, D., Mochida, J., Yamamoto, Y., et al., Immor!
talization of Human Nucleus Pulposus Cells by a
Recombinant SV40 Adenovirus Vector: Establishment
of a Novel Cell Line for the Study of Human Nucleus
Pulposus Cells, Spine, 2004, vol. 29, no. 14, pp. 1515–
1523.

46. Sakai, D., Mochida, J., Yamamoto, Y., et al., Trans!
plantation of Mesenchymal Stem Cells Embedded in
Atelocollagen Gel to the Intervertebral Disc: A Poten!
tial Therapeutic Model for Disc Degeneration, Bioma!
terials, 2003, vol. 24, no. 20, pp. 3531–3541.

47. Sheikh, H., Zakharian, K., De La, TorreR.P., et al.,
In vivo Intervertebral Disc Regeneration Using Stem
Cell!Derived Chondroprogenitors, J. Neurosurg.
Spine, 2009, vol. 10, no. 3, pp. 265–272.

48. Stewart, D.Y., The Anterior Disk Excision and Interbody
Fusion Approach to the Problem of Degenerative Disk
Disease of the Lower Lumber Spinal Segments, New
York: State J. Med., 1961, vol. 61, pp. 3252–3262.

49. Stoyanov, J.V., Gantenbein!Ritter, B., Bertolo, A.,
et al., Role of Hypoxia and Growth and Differentiation
Factor!5 on Differentiation of Human Mesenchymal
Stem Cells towards Intervertebral Nucleus Pulposus!
Like Cells, Europ. Cell Mater., 2011, vol. 21, pp. 533–
547.

50. Urban, J.P. and Roberts, S., Degeneration of the Inter!
vertebral Disc, Arthr. Res. Ther., 2003, vol. 5, no. 3,
pp. 120–130.

51. Vadala, G., Sowa, G.A., and Kang, J.D., Gene Therapy
for Disc Degeneration, Expert Opin. Biol. Ther., 2007,
vol. 7, no. 2, pp. 185–196.

52. van Schoor, N.M., Smit, J.H., Twisk, J.W., et al.,
Impact of Vertebral Deformities, Osteoarthritis, and
Other Chronic Diseases on Quality of Life: A Popula!
tion!Based Study, Osteoporos. Int., 2005, vol. 16, no. 7,
pp. 749–756.

53. Waddell, G., Low Back Disability. A Syndrome of
Western Civilization, Neurosurg. Clin. N. Am., 1991,
vol. 2, no. 4, pp. 719–738.

54. Waddell, G., Low Back Pain: A Twentieth Century
Health Care Enigma, Spine, 1996, vol. 21, no. 24,
pp. 2820–2825.

55. Walsh, A.J., Bradford, D.S., and Lotz, J.C., In vivo
Growth Factor Treatment of Degenerated Interverte!
bral Discs, Spine, 2004, vol. 29, no. 2, pp. 156–163.

56. Wei, A., Chung, S.A., Tao, H., et al., Differentiation of
Rodent Bone Marrow Mesenchymal Stem Cells into
Intervertebral Disc!Like Cells Following Co!Culture
with Rat Disc Tissue, Tissue Eng., 2009, vol. 15, no. 9,
pp. 2581–2295.

57. Xie, L.W., Fang, H., Chen, A.M., et al., Differentiation
of Rat Adipose Tissue!Derived Mesenchymal Stem
Cells towards a Nucleus Pulposus!Like Phenotype in
vitro, Chin. J. Traumatol., 2009, vol. 12, no. 2, pp. 98–
103.

58. Xu, J., Wang, W., Ludeman, M., et al., Chondrogenic
Differentiation of Human Mesenchymal Stem Cells in
Three!Dimensional Alginate Gels, Tissue Eng., Part A,
2008, vol. 14, no. 5, pp. 667–680.

59. Yang, X. and Li, X., Nucleus Pulposus Tissue Engineer!
ing: A Brief Review, Europ. Spine J., 2009, vol. 18,
no. 11, pp. 1564–1572.

60. Zeiter, S., der Werf, M., and Ito, K., The Fate of Bovine
Bone Marrow Stromal Cells in Hydrogels: A Compari!
son to Nucleus Pulposus Cells and Articular Chondro!
cytes, J. Tissue Eng. Regen. Med., 2009, vol. 3, no. 4,
pp. 310–320. 


