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Foreword

Current understandings of the biology of the intervertebral disc is predicated on comprehen-
sion of the processes of aging in the human body. Its generalized nature has often led to flawed
surgical strategies with focal attention on what is now understood to be a widespread and uni-
versal process throughout the spine. The global nature of aging and degenerative changes of
the spine has led to an epidemic of disease and disability affecting primarily the aged. As our
population achieves greater longevity, these changes become increasingly manifest and the
demands for improved understanding become more vital. Age changes in the disc are not dis-
similar from those found throughout the connective tissues of the body including the skin,
aorta, ligaments, and peripheral joints. Biomechanical weakness of the annulus can lead to
local breakdowns in the integrity of the disc with nuclear herniation and nerve root compres-
sion. For those discs that are unresponsive to medical therapy, surgical intervention can be
extraordinarily successful providing dramatic and usually lasting relief. When the annular
changes are more generalized and the facet joints become incompetent, instability can occur
provoking a condition known as degenerative spondylolisthesis. Rather than nerve root com-
pression, this provokes instability and back pain and again is reasonably amenable to surgical
stabilization. Generalized mechanical insufficiency can provoke arthritic changes, narrowing
of the spine, and neurologic symptoms associated with the entity known as spinal stenosis.
Again, if localized, this is amenable to surgical decompression and possible stabilization.
Diffuse age-related disc degeneration is provocative of axial spine pain and substantial dis-
ability and yet is the least responsive to surgical and, indeed, nonsurgical intervention. This
wide spectrum of degenerative changes are predicated on aging and matrix degeneration that
only later provoke mechanical disorders.

Thus, a true understanding of spinal disease requires the study of the molecular and cell
biology of the normal, aging, and pathologic spine and the pathogenesis of neurologic and
non-neurologic pain syndromes and careful controlled studies of both surgical and nonsurgical
interventions.

In this authoritative book, the reader is privileged to benefit from an elegant and careful
educational process moving from basic biology to common disease entities and the intended
hope for ultimate biologic regeneration. This should be a mandatory reading for all of those
who hope to understand and effectively treat what is today’s leading cause of skeletal dis-
ability, i.e., diseases of the intervertebral disc.

Richard H. Rothman, MD, PhD
James Edwards Professor and Founder,

The Rothman Institute at Thomas Jefferson University,
Philadelphia, PA, USA






The major reason for embarking on the daunting task of editing a book on the intervertebral
disc is that the available literature is either too clinical for most newcomers to the field or too
fragmented for the expert. Accordingly, there is a critical need for a book that will provide a
holistic overview of advanced topics in molecular, mechanical, developmental, and cellular
aspects of intervertebral disc research, while serving as a useful text for graduate students,
postdocs, and fellows. It should be noted that the target audience is not confined to basic sci-
entists as the import of much of the information contained in the book impacts the need of
many neurosurgeons and neurologists, orthopedic surgeons, pain and rehabilitation specialists,
physicians, chiropractors, and kinesiologists. These individuals work tirelessly to understand
and expand the repertoire of treatment modalities available to relieve the pain and loss of func-
tion associated with the degeneration of the intervertebral disc, a widespread condition that
afflicts a huge percentage of the global population.

Indeed, in comparison with the plethora of books on the clinical management of spinal
disease, only one book has been published within the past 50 years that is entirely focused on
the disc. To provide continuity with the past, the preface of the current book is written by one
of the authors, the eminent surgeon-clinician scientist, Dr. Richard Rothman. A comparison of
his earlier book with the current volume shows just how far knowledge of the disc and the
pathogenesis of disease has advanced in the past half century. However, even now, despite the
explosion of interest in degenerative disc disease, from an investigative point of view and in
comparison with cartilage and bone research, discal biology in health and disease can be
regarded as the last frontier of connective tissue research. Obviously, there is still much to be
accomplished and hopefully this book will energize investigators and clinicians to define the
limits of current knowledge and to develop novel insights into the many outstanding questions
concerning the function of the intervertebral disc and the cause of disease.

To assemble this book, the editors have brought together an international galaxy of experts,
many of whom have influenced their own discipline in a very significant way. The contributors
were asked to summarize the current state of their field while at the same time to critique cur-
rent research strategies, approaches, and the interpretation of accepted and projected therapies.
So as to preserve their “voice,” the editors have tried to maintain, almost intact, each of the
contributions. While this has allowed the reader to view the topic through the mind of the con-
tributor, it has resulted in some duplication of the written word that hopefully will be
forgiven.

The book is divided into three parts. The first section deals with the basic biology, develop-
mental biology, and biomechanics of the normal healthy disc, topics that have received consid-
erable study although some glaring gaps in knowledge still exist. For example, there is debate
concerning cell type in the aging disc: does it contain viable and functional notochordal cells
or are the embryonic cells replaced by other cell populations? The second part is devoted to
intervertebral disc disease and disc herniation, raising questions concerning epidemiology and
pathogenesis. The authors question whether discogenic pain is directly linked to the degenera-
tive state. Following on from the discussion of discogenic pain are chapters dealing with surgi-
cal and nonsurgical modes of treatment. Authors of these chapters ask the following question:
are the advances in knee and hip surgery transferable to the disc? Since all clinical treatments
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are dependent on the availability of model systems, the last section of the book discusses the
value of in vitro systems and small and large animal models to mimic the environment of the
human disc. Closely aligned with these concerns are discussions of the use of transgenic mouse
models, stem cell biology, and gene therapy to promote disc repair. In the chapter on the future
use of tissue engineering systems to effect biological repair, it is stated that the technology will
likely be “personalized to the individual and influenced by the extent of disease.” Concomitant
with the development of tissue engineering approaches for biological repair, the important
concept is reiterated that it is necessary to delineate the mechanism(s) leading to back pain so
that the twin goals of all new therapies are to ameliorate pain and maintain function.

The editors have a number of people to thank for their help in preparing this book. First and
foremost, they must acknowledge the responsiveness of the individual contributors who have
risen to the challenge of preparing each of their chapter with such flare and imagination. The
editors also thank F. Michael Angelo, MA, University Archivist for the reproduced images of
rare books, courtesy of the Archives and Special Collections at Thomas Jefferson University,
Philadelphia. Second, the authors thank Katrina Lenhart, Wilma McHugh, and the team at
Springer for all of their help. Lastly the editors must thank their own families for giving up
time for completion of this endeavor.

IMS dedicates this book to two unique individuals: Dr. Michael Bush OBE, punnist extraor-
dinaire and a great friend and cousin, who devoted much of his life to preventing and treating
AIDS in Africa. His untimely death brought great sadness to his family and to the patients who
depended on him. And to Dr. Susan H. Shapiro who traded her spinal pain for resolution, hope,
and courage. The fortitude with which she endured the pain now empowers her to follow her
heart and intuition. MVR dedicates this book to his parents Swati V. and Vinayak Y. Risbud for
their unconditional love. In addition, MVR thanks Rashmi, the love of his life, for her constant
encouragement and support and Aditya and Akshay for the fun and happiness they generate
each day.

Finally, appealing to our inner futurist, it is fun to contemplate the focus of a similar book
on the disc published 50 years hence. Indeed, will there be a book or will new knowledge
transmit directly from the bench into ganglia and neurons of the central nervous system? Will
surgery be regarded as an inhuman and savage approach to treating a chronic health problem?
Will the new molecular therapies be based on those described in this book or will there be
approaches that are as yet unimaginable at this time? Or will nutrient excess and lack of exer-
cise promote devolution of the human spine to the notochord of a sessile wormlike creature
discussed in Chap. 1? If we can avoid the last scenario, there is reason to hope that the pain of
disc disease will be like quinsy and polio, remnants of a bygone era eliminated by the ground-
breaking work of many of the clinicians and scientists who contributed to this book.

March 2013 Irving M. Shapiro
Philadelphia, PA, USA Makarand V. Risbud

Introduction
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Introduction to the Structure, Function,
and Comparative Anatomy of the Vertebrae
and the Intervertebral Disc

Irving M. Shapiro and Makarand V. Risbud

The spine is composed of vertebrae, and it extends from the head down to the loins. The vertebrae are all
perforated, and, above, the bony portion of the head is connected with the topmost vertebrae, and is

designated the ‘skull’.
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Aristotle

1.1 Introduction

1.1.1 Evolutionary Considerations

The goal of this introductory chapter is to provide an
overview of the design, evolution, and basic characteris-
tics of the disc and the vertebrae that comprise the human
spine. As with any survey, the state of current knowledge
reflects the work of earlier cohorts of individuals whose
insightful observations relied almost entirely on observa-
tion, argument, and inductive reasoning. Over the centu-
ries, sequential observations by men like Aristotle,
Vesalius, Hunter, and Winslow have all contributed to
understanding how the oversized human head can restric-
tively swivel on the multiple bones of the vertebrate spine
and in doing so provide our species with its huge biologi-
cal advantage.

It needs to be acknowledged that the spine as we know it
with the intervening intervertebral discs is a relatively late
phylogenetic development in the animal kingdom. It was
preceded by the appearance of a stiff rodlike structure, the
notochord. In animals that lack backbones, the notochord
provides rigidity and some resilience to the organism, pro-
motes formation of an extended shape, and protects the
overlying spinal cord. The defining characteristic of verte-
brates, the backbone, first appeared in the fossil record
about 500 million years ago, during the Ordovician period.
While details of the transition (notochord to spine) are
missing, the 500-million-year-old tiny Middle Cambrian
fossil chordate, Pikaia, possessed a notochord that sepa-
rated the distinct head and tail regions; Haikouichthys—a
small early Cambrian fish-like fossil—exhibited well-
developed eyes as well as muscle blocks typical of early
vertebrates (Shu et al. 2003). Box 1.1 shows the metameric
structure of Pikaia.
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Box 1.1

Fossil of Pikaia gracilens, a 505-million-year-old creature,
found in the Burgess Shale fossil beds in Canada. There is
evidence of a notochord, a dorsal nerve, and myotome-
like structure. Pikaia was originally thought to be a chor-
date which would thus make it an early vertebrate ancestor
(Courtesy of Smithsonian Institution)

The appearance of the spine probably signaled the most
critical event in evolution of higher organisms. The stimulus
for invertebrate chordates to develop the complex mineral-
ized metameric structure that characterizes the vertebrate
subphylum is still unknown; even less understood is how
evolutionary pressures prompted the development of the
intervertebral disc, an event that permitted rapid locomotion
and flexion. Remarkably, evidence is mounting that this evo-
lutionary jump might be the result of the development and
expression of microRNAs (Iwama et al. 2013). Rather than
viewing this type of transformation as a slow evolutionary
process, Garstang (1928) has proposed that both cephalo-
chordates and vertebrates evolved along separate pathways
in prehistory. This worker proposed that as a result of neo-
tenic! evolution, our ancestor may have been a sessile, ascid-
ian wormlike organism.

As organisms evolved a mineralized vertebrate axial skel-
eton, the biological advantages offered by the spine motion
segment provided functions that profoundly influenced the
activities of other organ systems. Not surprisingly, aside
from allowing extension of the body with some flexibility,
the vertebral bone protects the spinal cord. Other advantages
of the vertebral bones are that they provide sites for attach-
ment of the axial skeleton to the appendicular bones via the
pectoral and pelvic girdles; additionally, the attachment of
muscles and ribs to vertebrae facilitates functional changes
required for locomotion and respiration. With respect to the
discs that separate each of the vertebrae, specific functions

Term used to describe the retention in the adult of traits or phenotype
expressed in the immature state.

are to allow movement of the individual vertebrae, transmit
forces between vertebrae, and serve as hydrodynamic shock
absorbers.

In humans and other primates, the spine permitted adop-
tion of a vertical posture facilitating the transition from arbo-
real to terrestrial locomotion. The upright bipedal stance
afforded evolutionary advantages including extended three-
dimensional vision: enhanced depth perception would be
expected to enhance manual dexterity, which in turn would
promote skills linked to tool creation. That these same
influences also promoted weaponization added to the unique-
ness of the human race and its determination to limit its own
growth and development. Away from the appendicular skel-
eton, the stable, strong, flexible, and vertical spine permitted
evolutionary changes in the bones of the skull, allowing
marked cranial growth and development. Thus, over time,
the head, albeit balanced precariously at the tip of the verti-
cal spine, together with the bones of the arms, ribs, and legs,
would undergo phenotypic alterations that characterize pri-
mates and humans. Moreover, the change in the biomechani-
cal status of the appendicular skeleton would impact the size,
shape, and depth of the pelvis. These evolutionary changes
provided animals with an enormous biological advantage,
moving the organism away from the wormlike characteris-
tics of our distant ancestors to the frenetic and often random
activities of modern day bipedal hominids.

Other chapters of this book will ask the following ques-
tions: Why did these transitions take place, and what or how
are the biomechanical forces accommodated by the skeleton
and the musculature? What gene clusters are altered to sup-
port this critical evolutionary change, and what is the fate of
the notochord itself—can notochordal remnants influence the
functional and developmental biology of the spine? Hopefully,
insights generated by these developmental, molecular,
mechanical, physiological, and biochemical studies of the
spine will provide answers to questions concerning the health
and function of the intervertebral disc—answers that could
not be derived through extant anatomical and pathological
analysis.

1.1.2 Development of the Vertebrae
and Intervertebral Disc

The vertebrae develop from individual ossification centers
which are well documented historically (Kerkring 1717;
Albinus 1737; Rambaud and Renault 1864). Probably the
most detailed report in the twentieth century was by Peacock
(1951). The reader is urged to review the latter report for more
details; the developmental biology of the intervertebral disc
and the vertebrae is discussed in great detail in Chap. 3.

The vertebral bodies are formed by fusion of sclerotome
from two adjacent somites: thus, tissue from the caudal
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portion of one sclerotome fuses with cranial sclerotome of
the succeeding somite. The dense connective tissue of the
two halves of each sclerotome becomes two centers of chon-
drogenesis. At each putative vertebrae, two more chondro-
genic centers appear laterally and grow backwards to form
the cartilage precursor to the neural arch. During this phase
of development, the notochord becomes compressed by the
pressure exerted by the cartilage and may persist for a while
as a “mucoid streak.” However, between the developing ver-
tebrae, notochordal tissue is retained and subsequently forms
the intervertebral disc. At these sites, notochordal cells
become enclosed in a dense ring of connective tissue, the
putative annulus fibrosus. Noteworthy, some notochordal
cells may remain in the cartilage; at a later time, cells buried
in the bone of the centrum may serve as a site for tumor for-
mation (see Chaps. 3 and 17). The nucleus pulposus is thus
formed early in fetal life from notochordal elements and
grows rapidly in late fetal life and early infancy. By birth, it
occupies half of the intervertebral space in the lumbar region,
and by 1 year it occupies almost three quarters of the space.
It is thought that there is some remodeling of the interverte-
bral space early in life (Taylor 1975).

By the seventh week of life, the cartilage undergoes endo-
chondral ossification. Dorsal and ventral blood vessels invade
the two cartilage anlagen and trigger their replacement with
bone. Subsequently, the anterior and posterior portions of the
calcified centrum fuse. Along the anterior and lateral periph-
ery of the vertebrae, cartilage plates appear to form the apo-
physis. This is the site for insertion of the fibers of the annulus
fibrosus. As the centrum ossifies, the cartilage anlage of the
neural arch is replaced by bone. The two sides of the arch
fuse and then join together with the centrum. The process
begins in the upper cervical region and extends caudally. The
laminae are also formed in cartilage—they join together after
birth and then fuse with the rest of the vertebrae between the
third and seventh years of life. Vertebrae growth is mediated
by chondrogenic activity at the growth plate. Actually, as the
centrum has two centers of growth, it should be labeled as a
synchondrosis. Histologically, prior to closure in the 17th—
25th year, a well-defined zone of hypertrophic chondrocytes
is visible. Once growth has ceased, the only remaining carti-
lage is the endplate.

Anatomical and Molecular Structure
of the Intervertebral Discs

1.2

Medieval anatomists were the first to recognize that the ver-
tebrae were separated by soft “gristle”-like structures, the
intervertebral discs. In his intricate drawings of the spine,
Winslow (1776) provided a detailed description of the disc,
which considering the limitations posed by the distortions
of hand lenses was remarkably accurate. Another analysis

of spinal anatomy and the intervertebral disc in health and
disease was performed by one of the most prolific anato-
mists of the nineteenth century, Hubert von Luschka. In his
monograph Die Halbgelenke des menschlichen Korpers
(1868), von Luschka described the gross and microscopic
structure of the intervertebral discs from birth to death.
Almost at the same time, Humphrey (1858) in his book A
Treatise on the Human Skeleton provided a detailed descrip-
tion of each of the discs. He reported the looping fibrils of
the annulus fibrosus and noted the absence of blood vessels
in the nucleus and inner annulus fibrosus. Studies of age
changes in the disc were subsequently noted by Henle
(1872), Poirier and Charpy (1899), Fick (1904) and Petersen
(1930), and Bohmig (1930). As far as we can tell, the earli-
est comment on the relationship of the disc to the notochord
was reported by the Austrian anatomist Schaffer early in the
twentieth century (1910).

1.2.1 Form and Function

of the Intervertebral Discs

Depending on age, time of day, occupation, and disease state,
the discs make up approximately 15-20 % of the length of
the spinal column. Aside from absorbing biomechanical
forces, each disc permits movement of the spinal column.
Undoubtedly, flexibility decreases with age, while spinal
movements at all stages of life can be severely limited by
disease. Since vertebrae themselves are relatively inelastic,
movement in the spine is mediated notably by the tissues of
the intervertebral disc. Although the mobility of contiguous
vertebrae (motion segments) can be viewed as limited, the
integrated motion of the 33 intervertebral discs together with
movement at the zygapophyseal joints permits all of the criti-
cal movements of the spine without compromising nerve or
muscle function.

The famous English anatomist Henry Gray (1827-1861)
classified articulations between vertebrae as “amphiarthroses
in which the contiguous bony surfaces are either connected
by broad flattened discs of fibrocartilage, of a more or less
complex structure.” By definition, these joints permit very
little motion. Shapiro et al. (2012) compared the structure-
function relationships of both the intervertebral disc and syn-
ovial joints. On first consideration, the intervertebral disc
could be seen as being very different from the generic syn-
ovial joint. However, on reflection, the separate tissues of the
intervertebral disc are very similar to that of the diarthrodial
joint: both types of joints are lined by cartilage, they are lim-
ited by an external ligament, and the joint space contains
molecules that promote lubrication (lubricin and hyaluronan)
and elevate the osmotic pressure (aggrecan). Indeed, even
the presence of a band of nucleus pulposus tissue across the
joint is not out of line with what is known of complex
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diarthrodial joints that contain cartilage and fibrocartilage
discs and menisci. Related to the function of the nucleus pul-
posus and the inner annulus, it is not yet clear whether a dis-
tinct synovial-like membrane exists in the intervertebral disc.
Whether inner annulus is derived from the notochordal
sheath has not been determined. Nevertheless, like the cells
of the synovium, the resident disc cells do have the ability to
mount a robust defense against bacterial attack (Nerlich et al.
2002; Jones et al. 2008).

In terms of movement, the current classification of the
disc as an amphiarthrosis would indicate very limited mobil-
ity. However, biomechanical studies of the motion segment
with or without contributions from the zygapophyseal joints
indicate that there is wide range of motion between verte-
brae. Moreover, the actual movement of the cervical, tho-
racic, and lumbar vertebrae includes flexion-extension, axial
rotation, and lateral bending, as well as translatory motions.
These three-dimensional movements are more in line with
those of a diarthrodial joint rather than an amphiarthrosis
where movements are slow and motion is limited. Probably
the major difference between appendicular diarthrodial
joints and the axial intervertebral joints lies in their develop-
ment. Although the joints originate from different mesen-
chymal elements, the nucleus pulposus is derived from a
unique embryonic tissue, the notochord; deletion studies
indicate here too there are considerable similarities in the
expression of genes that govern organ development and
maturation. Recent investigations indicate that joint forma-
tion and even function are dependent on the expression of a
number of genes including those of the Hox family, BMPs,
and GDF5 (Brunet et al. 1998; Archer et al. 2003; Pacifici
et al. 2005). Indeed, deletion of Extl influences not just the
development of limb joints but also the formation of the
intervertebral disc (Mundy et al. 2011). This topic is consid-
ered further in Chap. 3.

Based on the overt structural and functional similarities
between the intervertebral disc and the synovial joint and
recognizing that while some differences exist between these
articulations, it would seem logical to place the disc in the
same grouping as the diarthrodial joint. Further, since the
intervertebral motion segment displays movement in three
dimensions and the spine itself provides further rotatory
movements, Shapiro et al. (2012) were of the opinion that it
should be classified not as an amphiarthrosis, “a slightly
moveable joint,” but as a complex polyaxial joint.

1.2.2 Spinal Curvature

While the intervertebral discs and the zygapophyseal
joints provide sites for vertebral motion, the overall shape
of the spine as well as curvatures in specific regions of the
spine is dependent on intrinsic genetic factors as well as

Fig. 1.1 Spinal curvature: kyphosis and lordosis. Anterior-posterior
radiographs of the spine showing (a) kyphosis (excessive posterior
bending of the thoracic motion segments) and (b) lordosis (extreme
anterior bending of the lumbar and often the cervical spine). (¢) The

complete spine showing the natural curvature in the cervical, lumbar,
and sacral regions (From Bougery and Jacob (1833). Plate 6)

biomechanical forces mediated through the pull of muscles,
ligaments, and gravity. Encoded curvatures are seen in the
cervical, lumbar, and sacral regions of the spine. On adop-
tion of a vertical stance, and with maturation, these curva-
tures become more distinct (Fig. 1.1c). However, about
2-3 % of the population exhibit deficits in axial curvature,
which vary from simple bending with little functional
implications to excessive bending which impacts not just
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Fig. 1.2 Human vertebrae. (a—c) show vertebrae from the cervical
spine (below C2); (d—f) show vertebrae from the thoracic region of the
spine; (g—i) show lumbar vertebrae. a, d, and g anterior-posterior aspects
of the vertebrae; b, e, and h are superior views; c, f, and i are lateral
views of the spine. VB vertebral body or centrum, P pedicle, L lamina,

locomotor activities, but other critical functions associ-
ated with the spinal nerves. The “hunchback” spine,
kyphosis, is due to excessive posterior bending of the tho-
racic motion segments (Fig. 1.2a); when the cervical and
lumbar anterior spinal curvatures become excessive, this

TP transverse process, VF vertebral foramen, SP spinous process, TF
transverse foramen, SAS superior articular surface, SCF superior costal
facet, TCF transverse costal facet, AP accessory process, SAF superior
articular facet (From Bougery and Jacob (1833). Plates 8 and 9)

condition is termed lordosis (Fig. 1.2b). While these latter
conditions are deviation in the anterior-posterior (cephalic-
caudal) axis of the spine, abnormal bending is also seen in
the lateral (side-to-side) dimensions. Scoliosis can affect
any part of the spine; the most common regions are in the



thoracic and the lower lumbar spine. These exaggerated
musculoskeletal warps in spinal architecture are evident
almost entirely in human populations even in royalty
(Richard III); their occurrence in rodents is infrequent.
Thus, from an experimental viewpoint, rodents and lago-
morphs make useful models to investigate the molecular
control of spinal curvature.

Clinical analysis of the types of abnormal spinal bending
indicates that the most common form of this condition is
idiopathic, i.e., of unknown origin. Nevertheless, the etiol-
ogy of this condition is likely to be multifactorial as both
environmental and genetic factors have been implicated.
A second form of scoliosis is neuromuscular which is sec-
ondary to other conditions, such as cerebral palsy or a myo-
pathy. In the elderly, abnormalities in axial bending are often
due to degenerative disc disease and spondylolisthesis.
Possibly, the most intriguing form of scoliosis is congenital
in origin, a rare condition that is evident early in childhood
(usually within the first 6-8 weeks). Radiographically, the
spine exhibits fused vertebrae, single or multiple hemiverte-
brae, a vertebral bar, block vertebrae, and wedge-shaped or
butterfly vertebrae. If left untreated, almost all of these con-
genital anomalies result in deformities and loss of normal
function. Since the anomalies occur early in development,
this form of scoliosis has been linked to patterning, particu-
larly during the period of somitogenesis (Chal and Pourquie’
2009).

As will be discussed in considerable detail in Chap. 3,
somitogenesis occurs at a very early stage in development
and is the process whereby the mesoderm of the developing
embryo undergoes a carefully timed segmentation process;
somites are generated that specify skeletal muscles, dermis,
vertebrae, ribs, and annulus fibrosus. Very recent work by
Pourquie’ (2011) has shown that the trigger for the rhythmic
production of somites involves three major signaling path-
ways: Notch (Jiang et al. 2000), Wnt/B-catenin (Dequeant
et al. 2006), and fibroblast growth factor (Benazeraf et al.
2010) which are integrated into a molecular circuit. The
oscillatory activities of this circuit generate a highly coordi-
nated developmental event that serves as a traveling wave of
gene expression along the anterior-posterior axis of the
developing embryo. Pourquie’ (2011) refers to this synchro-
nized change in gene expression in the pre-mesodermal cells
as the “segmentation clock.” Clearly any activity that inter-
feres with coordinated gene expression and the development
of the waves of gene oscillations will impact somitogenesis
which in turn will influence the subsequent formation of the
vertebrae and the intrinsic curvature of the axial skeleton.
Although this system was developed from studies in mice, it
is most likely that these new understandings will impact our
understanding and ultimately the treatment of congenital
scoliosis.

I.M. Shapiro and M.V. Risbud

1.2.3 Gross Morphology and Dimensions
of the Disc

The sizes of the discs in the human skeleton have been
assessed by a number of investigators, especially in rela-
tionship with age, underlying conditions, and responses
to surgery. Disc thickness can be assessed by radiography
and other forms of imaging analysis. Frobin et al. (1997)
made a determined effort to measure the disc and verte-
brae height using archived radiographic measurements of
the spine. This approach was complicated by a number of
factors that included artifacts due to image distortion,
axial rotation and lateral tilt, and even magnification. To
account for these problems, algorithms were developed
that generated dimensionless parameters. The study
showed that lumbar vertebrae and discs were larger in
males and females and in males there appeared to be no
or little impact of age. More recently, magnetic resonance
imaging (MRI) was used to provide direct information on
the discs of seven healthy males aged 22-30 (Belavy
et al. 2011).

Some general comments about disc dimensions are as fol-
lows. Disc height (cephalic-rostral dimensions) varies
according to the spinal region. In the cervical spine, the disc
height is about 3 mm, whereas in the lumbar spine, it is
9-17 mm; in the thoracic spine, the thickness is about 5 mm.
In the cervical spine, the discs are thicker in the anterior
region than posterior, thus helping to provide the curvature
that is characteristic of the neck. In the thoracic spine, the
discs are of constant thickness, whereas in the lumbar spine,
they are again thickest anteriorly. Radiographs have been
used to assess disc parameters in animals most commonly
used in spine research (O’Connell et al. 2007).

1.2.4 Tissues of the Intervertebral Disc

The major functional role of the disc is mechanical: it
allows movements between the axial and appendicular
skeleton and the head; it accommodates applied loads; and
to some extent the disc protects the spinal cord and nerve
roots. The discs themselves are complex tissues comprising
an outer circumferential ring of fibrocartilage, the annulus
fibrosus which encloses a central proteoglycan-rich core,
the nucleus pulposus. The nucleus is sandwiched caudally
and cephalically by the cartilage endplates of the contigu-
ous vertebrae. Since details of the biochemical, develop-
mental, and biomechanical aspects of each of the disc
tissues are provided in considerable detail in other chapters
of this book, the sections below merely highlight the major
characteristics of the endplate cartilage, nucleus pulposus,
and the annulus fibrosus.
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1.2.4.1 Annulus Fibrosus

As an introduction to these topics, it is worth noting that the
annulus can be divided into an inner fibrocartilagenous region
and an outer or peripheral fibrous zone (Souter and Taylor
1970). It was reported that the outer annulus fibrosus is com-
posed of very well-defined collagen I fibers that bundle to
form long parallel concentric lamellae. Marchand and Ahmad
(1990) showed that the number of fiber bundles varies from 20
to 62. The thickness of lamellae varies both circumferentially
and radially and increases markedly with age, location, and
vertebral type. The central annulus fibers are inserted into the
endplate cartilage, while those at the periphery are anchored to
the vertebral bone. In terms of collagen organization and cell
content, this region is not unlike tendon or ligament.

The inner annulus fibrosus represents roughly 50 % of the
total radial thickness. Designated by some workers as the
transitional zone, it differs substantially from the outer
region. Compared with the outer annulus where the cells are
elongated and fusiform and extend in the long axis of the
fibrils, the cells of the inner annulus are spherical in shape
and many resemble chondrocytes. These cells are few in
number with short processes. A further difference between
the inner and outer annulus is their chemical composition.
The inner annulus contains collagens I and II. While aggre-
can is present in both regions of the annulus, decorin and
biglycan are found mainly in the outer annulus. The other
protein of significance is elastin which accounts for 2 % of
the dry tissue weight.

1.2.4.2 Nucleus Pulposus

The nucleus pulposus is derived from the notochord and
notochordal cells remain in the tissue after birth and into
adult life. During development, the nucleus is highly cellu-
lar: after birth, the number of cells is reduced; in the adult,
the cell density is very low. The histology of the nucleus pul-
posus cells is unique and complex: large cells arranged
mainly in clusters and separated by an abundant extracellular
matrix. Among the large notochordal cells, much smaller
cells possibly derived from the notochordal sheath can also
be seen. The large cells appear to have numerous vacuoles,
which has prompted some authorities to describe them as
“physaliphorous.” Probably the most complete TEM analy-
sis of the nucleus of the adult rabbits was described by Gan
et al. (2003). These workers showed that the nucleus pulpo-
sus contained cell clusters embedded in a proteoglycan-
collagen matrix. The cells exhibited a well-defined Golgi
system, an extensive endoplasmic reticulum, and a complex
vesicular system filled with beaded structures (proteogly-
cans). Neither necrotic nor apoptotic cells were evident.
A remarkable finding was that the cells contain few if any
mitochondria. A defining characteristic of the cells was the
presence of numerous cytoplasmic processes.

With respect to the extracellular matrix, nucleus pulpo-
sus cells secrete aggrecan, as well as collagens I and II. The
matrix also contains collagens IX and XI, and collagen X
has also been reported to be present during degeneration.
Because of the presence of aggrecan, the disc exhibits a high
osmotic pressure; moreover, since it has no blood supply,
the oxygen tension within the disc is very low. These limita-
tions have prompted the Risbud group to note that nucleus
pulposus cells “tune” their metabolism to the available oxy-
gen supply (see Chap. 6 for details). In this case, nucleus
pulposus cells evidence almost complete reliance on the
glycolytic pathway to generate metabolic energy (Agrawal
et al. 2007).

1.2.4.3 Endplate Cartilage

The caudal and cephalic ends of the disc are covered by a
layer of cartilage, the endplate. This thin layer of hyaline car-
tilage is maximally thick in the newborn and thins with age;
in the adult, the actual width is about 0.5—1 mm. It serves not
just as an interface between the soft nucleus pulposus and the
dense bone of the vertebrae, but as a biomechanical barrier
that prevents the disc from applying pressure directly to the
bone. It is the presence of the cartilage layer that provides the
motion segment with its joint-like characteristics. Some
authorities believe that the cartilage also plays a role in main-
taining the viability of cells of the nucleus pulposus (Dahia
et al. 2009). Structurally, the endplate resembles articular
cartilage. Thus, it contains chondrocytes embedded in an
aggrecan-rich and collagen II extracellular matrix. Although
the cells do not undergo terminal differentiation, collagen X
may be present in the central region of the endplate perhaps
in relationship to focal areas of endochondral bone forma-
tion. The endplate transitions into bone through a region of
calcified cartilage.

In his review of the cartilage, Moore noted that vascular
channels penetrate the cartilage, but at maturity the vessels
become narrow, constricted, or even obliterated. It is likely
that this change impacts the nutrient supply to both the carti-
lage and the disc (Moore 2000). Crock and Yoshizawa (1976)
reported that the central region of the endplate where there is
a high concentration of channels is freely permeable to small
molecules. On the other hand, Nachemson et al. (1970) noted
that at the tissue periphery, the cartilage is much less perme-
able to low molecular weight dyes. Clinically, it is not
uncommon to note that the central region undergoes sclero-
sis or mineralization with alterations in the mechanical prop-
erties of the cartilage. When this occurs, nucleus pulposus
tissue can be forced through the endplate into the underlying
bone of the vertebrae. This phenomenon is known as
Schmorl’s nodes which Schmorl himself considered to be
linked to degenerative changes at the cartilage bone interface
(see Box 1.2).
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1.3  Vertebral Structure

Since the book is devoted to the intervertebral disc, there is
little need to review the detailed anatomy of each of the ver-
tebrae. Instead, we herein provide broad brush strokes that
delineate the general features of human vertebrae; this is fol-
lowed by a few comments about individual vertebrae and the
sacrum. Detailed images of each of the vertebrae are shown
in Figs. 1.2 and 1.3.

At first sight, the architecture of the vertebrae appears to
be very complex, each bone being riddled with numerous
nooks, crannies, protrusions, and extrusions. However, the
basic organization of the 24 articulating bones of the spine
is quite simple: the vertebral structure reflects its two pri-
mary functions, articulation with contiguous vertebrae and
protection of the spinal cord. From an anatomical viewpoint,
a canal is formed as bone is deposited around the cord. This
canal, the vertebral foramen, houses and protects the spinal
cord. The remaining structure of the vertebrae forms in the
caudal-cephalic direction a boat-like shape (albeit designed
by a drunken engineer), while the anterior-posterior axis
exhibits a very inexact pyramidal-like structure (albeit
designed by a heat-affected Pharaonic architect). The base
of the pyramid is comprised of a robust bone, the centrum or
body, while the sides of the pyramid form a bone arch or
lamella (the hull) that surrounds the spinal cord. The apex of
the arch extends backwards to form the spinous process (the
keel). This process is very well developed in the thoracic
spine where it serves as a site for attachment of the powerful
muscles of the back. Projecting upwards and forwards from
the base of the lamellae are transverse processes (retractable
stabilizers) which are sites of origin of the pedicles that
form a base for the articulating zygapophyseal (facet) joints:
the superior (cephalic) articulating process articulates with
the zygapophyseal joints of the contiguous cephalic verte-
brae; projecting downwards and backwards from the lami-
nae is the inferior articulating process from which a facet
joint is formed with the contiguous caudal vertebrae.
“Portholes” at the junction of the “fin” and the “lateral sta-
bilizers” provide openings, “intervertebral foramina,” for
the nerves that flow from and into the spinal cord. In terms
of general anatomy, other than C1 and C2, the largest por-
tion of a typical vertebra is the bony centrum, the weight-
bearing region of the vertebrae. With increasing distance
from C3, there is a significant increase in the robustness of
the centrum and the vertebrae, thus the lumbar vertebrae
and its centrum are larger than vertebrae of either the tho-
racic or cervical spine. In cervical and even upper thoracic
vertebrae, on the cephalic bone surface, a ring-like protu-
berance, the uncus, may be present. This ossified structure,
the uncinate process, serves to limit movement at the inter-
vertebral disc and forms the so-called uncovertebral joints
(joints of von Luschka, see Box 1.2).

I.M. Shapiro and M.V. Risbud

Box 1.2

Christian Georg Schmorl (1861-1932): To spine sur-
geons, the name Schmorl is synonymous with Schmorl’s
nodes, small protrusions of nucleus pulposus tissue
which herniate through the endplate cartilage. They are
often associated with degenerative disc disease, and
while they can be painless, they can cause inflammatory
changes in the underlying bone marrow. Details of the
work that Schmorl performed come through the writings
of Ormond A. Beagle, an American surgeon who spent
time with Schmorl at the Friedrichstadt Krankenhaus in
Dresden, Germany. He reported that Schmorl removed
every spine for examination at postmortem. In a 5-year
period, he had collected about 7,000 spines and many
were preserved in the museum. Schmorl reported on
many problems of the anatomy and pathology of the
spine and the intervertebral disc.

Hubert von Luschka aka Hubert Luschka (1820-1875):
Born in Konstanz, Germany, he is the eighth of 12 sons.
He was a student of both pharmacology and medicine
at the University of Freiburg and the University of
Heidelberg. Luschka is considered among the major
anatomists of the nineteenth century and was the author
of a multivolume textbook on surgical anatomy and
numerous research publications. Testaments to the
extent of his work are the multitude of structures named
after him, especially the recurrent nerves of Luschka
(meningeal branches of spinal nerves that pass through
the intervertebral foramen and innervate the zygapo-
physeal facet joints and the annulus). He described
what are now considered to be tears of the annulus.
Also with regard to the spine, he found that individuals
lose height when they stand and that the height of an
individual decreases with age. He discovered the unco-
vertebral joints (Luschka joints) which he called “half
joints” present in the cervical spine usually between C3
and C6. These pseudo joints are formed between the
vertebrate bodies of contiguous vertebrae.
From Tubbs et al. (2011)

1.3.1 Cervical Vertebrae (Figs.1.2 and 1.3)

In line with the generalized numbering system of the indi-
vidual regions of the spine, the cervical vertebrae are sequen-
tially numbered from rostral to caudal (C1 to C7); CI and
C2, the atlas and axis vertebrae, respectively, form the joint
complex that permits the spinal column to articulate with the
head via the occipital condyles. Neither of these vertebrae
have a well-defined body; indeed, the atlas can be viewed as
a ring of dense membrane bone. Bound to the skull by very
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Fig. 1.3 Human cervical vertebrae: atlas and axis. (a—c) show the atlas
(C1) and (d—f) indicate the axis (C2) vertebrae. (a, d) are superior views;
(c, f) show inferior views; (b, e) are lateral aspects of the vertebrae. VF
vertebral foramen, AT anterior tubercle, PT posterior tubercle, AA ante-

strong ligaments, these vertebrae allow a range of motion
that permits up and down as well as rotational movements of
the skull. Thus, the joint between the atlas (named after the
God who balanced the world on his shoulders) and the
occiput (“hole in the head”), the atlanto-occipital joint, per-
mits flexion and extension (basically nodding), while the
atlanto-axial joint (C1 and C2) allows nodding, gliding, and
rotation. Rotation of the head and with it the atlas is medi-
ated by the odontoid process or dens, a bony peg-like exten-
sion of C2 into C1. The actual interaction between C1 and
C2 is complex with a number of centers of movement: the
pivoting odontoid process of the axis and the gliding facet
joints between the axis and atlas vertebrae. Noteworthy there
is no disc between the occiput and the atlas or between the
axis and the atlas; the first intervertebral disc is between the
axis C2 and C3. The detailed anatomy of the axis and atlas
are shown in Fig. 1.3; the anatomy of C4-C7 is shown in
Fig. 1.2.

1.3.2 Thoracic Vertebrae

In general, the twelve thoracic vertebrae have the same
functional role as the other axial vertebrae. They are larger

rior arch, PA posterior arch, TF transverse foramen, 7P posterior tuber-
cle, SAF superior articulating facet, SAS superior articulating surface,
PAS posterior articulating surface, L lamina, SP spinous process, D dens
or odontoid process (From Bougery and Jacob (1833). Plate 7)

in size than in the cervical spine, but smaller than those of
the lumbar region. Common architectural features of the
thoracic vertebrae are that the body (centrum) and the
spinous processes are large and unlike vertebrae of the
lumbar region, the spinous processes point downwards
(see Fig. 1.2f, 1). A major function of the thoracic spine is
stability and through articulations with the ribs provides
protection for the lungs and the heart. Of the bones that
comprise the rib cage, the seven cephalic thoracic verte-
brae are attached to the sternum via 12 pairs of ribs. As
such, each sternal rib articulates with two vertebrae: sites
of attachment are through joints on the inferior and supe-
rior aspects of the centrum and a third facet located at the
end of the transverse process (costal facets). The remain-
ing thoracic vertebrae are attached to the unanchored ribs
(also known as floating ribs) by similar types of
articulations.

1.3.3 Lumbar Spine (Fig.1.2)

Like the thoracic spine, the robustness of the lumbar verte-
brae increases from L1 to L5. When compared with the ver-
tebrae of the other regions of the spine, the individual lumbar
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vertebrae are the most massive of all: in most cases being
wider and longer. However, unlike the thoracic spine, the
lumbar spine curves inwards to form the concavity in
the lower back. The direction of the curve is probably due to
the pull of the viscera of the lower region of the body. Motion
around the lumbar spine is considerably greater than the tho-
racic spine, the facet, and disc joints, permitting a significant
degree of flexion and extension. The lumbar body (centrum)
is wide in all directions and exhibits concavities on both
cephalic and caudal surfaces as well as being slightly con-
stricted at the sides. Like the thoracic vertebrae, the spinous
process projects backwards while the large pedicles display
deep inferior vertebral notches. The L2 segment is the level
at which the spinal nerves come together to form the cauda
equina.

1.3.4 The Sacrum and Coccygeal Bones (Fig. 1.4)

The sacrum is a very strong robust multibone triangular com-
plex (S1-S5) which is joined at its upper end to the lumbar
vertebrae at L5 while its lower portion associates with the
coccyx. The five fused bones of the sacrum integrate the two
halves of the pelvis. The sacrum is united to the ileum by
fibrocartilage which accommodates and transmits the weight
of the upper body mass. The inferior end of the sacrum artic-
ulates with the five fused bones of the coccyx. Intervertebral
discs are not present in the bones of the sacrum or the coccyx
(Box 1.3).

Fig. 1.4 Human sacrum and coccygeal bones. The ala (A) of the
sacrum articulates with the ileum (/) of the pelvis at the sacroiliac joints
(S1J). The sacrum consists of five fused vertebrae (S/-S5). The superior
portion of the sacrum articulates with L5 (lumbar sacrum articulation,
LSA) while the inferior aspect fuses with the bones of the coccyx (C1—
C5). Running through the sacrum is a continuation of the vertebral
canal from which the sacral nerves emerge through both anterior (ASF)
and posterior foramina. SAP superior articulating process, SP sacral
promontory, AS apex of sacrum (From Lizars (1857). Plate III, Bones of
the pelvis)

Box 1.3 Definition of Some Commonly Used Terms
Amphiarthroses— A joint which allows limited
motion

Appendicular skeleton— A term reserved for the bones
of the limbs and pectoral and pelvic bones

Axial skeleton— Spine

Diarthrodial joints—A freely moveable joint also
known as a synovial joint

Hypoxia— Low oxygen tension

Motion segment— Term used to describe two contigu-
ous vertebrae and the intervening intervertebral disc
Notochord— A flexible rodlike structure present in
chordates that helps to define the longitudinal axis
Sclerotome—The portion of the embryonic somite
that gives rise to the axial skeleton

Spondylitis— Inflammation of the vertebrae
Synchondrosis— A joint in which the two bones are
joined by cartilage

Vertebral formula— The number of cervical, thoracic,
lumbar, and coccygeal vertebrae

Zygapophyseal or facet joints— Synovial joints on
each vertebra that permit movement of the spine

1.4 Vertebrae and Intervertebral Discs
of Animals
1.4.1 Anatomical Considerations

While considerable space is devoted to the sand rat (see
Chap. 20) as well as other quadrupeds (see Chap. 18), it is
worthwhile summarizing some key features of small animals
that are used extensively in studies of the intervertebral disc.
In contrast to the vertically orientated human vertebral col-
umn, the almost horizontal spine of quadrupeds is subjected
to a different series of biomechanical forces. Discussing the
cat spine, Macpherson and Ye note, “Not surprisingly, the
force vectors on all of the vertebrae differ substantially from
the human. The axial skeleton may be considered as a seg-
mented beam with the legs as pillar supports and two over-
hanging regions, the head-neck segments and the tail”
(Macpherson and Ye 1998). At the rostral end of the spine,
the animal’s head is supported through the muscles and liga-
ments of the cervical spine. The first two vertebrae are ring
shaped and are organized to allow for controlled movements
of the head. Like the human, these vertebrae do not have the
robust body, but exhibit all of the articulations for spinal
movement. Macpherson and Ye (1998) propose that the sup-
port for the head is provided by muscles that join the spine
with the scapula. These muscles include the levator scapulae
and serratus ventralis, which are inserted into the transverse
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Fig. 1.5 Axial skeleton of the rat. Micro-CT analysis of the rat. Note
the 12 thoracic vertebrae form an S-shaped curve with facets for articu-
lation with the ribs. The last lumbar vertebra articulates with the sacrum
which articulates with the pelvis through the ilium, thereby transferring
the weight of the posterior region of the body to the femurs and the
almost vertical legs. The tail is composed of 28-30 vertebrae which,
with increasing distance from the sacrum, exhibits a progressive loss of
centrum mass and decrease in the identity of articulating surfaces, pro-
cesses, and foramina. Eventually, the neural arch becomes fused with
the centrum (Figure provided with kind permission by Dr. Rasesh
Kapadia, Scanco Medical, Switzerland)

processes of C3 to T9/10, and the rhomboids which join the
scapula to the spinous process of C4 to T4. Together these
muscles “suspend the trunk from the scapulae much like the
wires on a suspension bridge.”

In the rat, the 12 thoracic vertebrae form an S-shaped
curve (see Fig. 1.5). These vertebrae display well-developed
long spinous processes that are intermediate in size between
cervical and lumbar, and they exhibit facets for articulation
with the ribs. Like the human spine, the lumbar vertebrae are
the most massive in the rat with very well-defined interverte-
bral discs. The last lumbar vertebra articulates with the
sacrum. The body of these composite vertebrae forms a slab
of bone in which there is loss of intervertebral discs and the
zygapophyses and lateral processes are fused (Fig. 1.5). The
sacrum articulates with the pelvis through the ilium, thereby
transferring the weight of the posterior region of the body to
the femurs. Thus, forces applied to the animal’s body are
transmitted across the almost horizontal sacrum (usually at
S1 and often S2) to the vertical legs.

Composed of a variable number of vertebrae (about
28-30), the tail represents the final region of the spine. While
the first few vertebrae are anatomically complete, with
increasing distance from the sacrum, there is a change in ver-
tebra size and complexity. There is a progressive loss of cen-
trum mass and decrease in the identity of articulating surfaces
and processes and foramina. Eventually, the neural arch
becomes fused with the centrum, while the diameter of the
intervertebral foramen becomes narrowed and indistinct.
Since some studies of the intervertebral disc are performed
in the caudal region of the spine, these anatomical limitations
need to be taken into account when devising studies of the
caudal intervertebral discs.

1.4.2 Conservation of Vertebral Number

The vertebral formula for humans is surprisingly constant: 7
cervical, 12 thoracic, 5 lumbar, 5 fused vertebrae that make

Table 1.1 Vertebral formula for animals and man

Species Cervical Thoracic Lumbar  Sacral Coccygeal
Man 7 12 5 5 5

Rat 7 13 6 4 28-36
Mouse 7 13 6 4 24-28
Dog 7 13 7 3 Var
Horse 7 18 6 5 18

Swan 22-25 ? ? 8 ?

Giraffe 7 12 5 5 4

Frog 1 8 1 Urostyle
Snake 350 4-1 2-10 1
Plesiosaur 40 ? ? ? ?

The number of coccygeal vertebrae in the dog is variable (var), frogs
are tailless (anurans) and the final vertebrae form a long bone-like struc-
ture, the urostyle. ? unknown

up the sacrum, and 4 or 5 coccygeal bones. Details of the
vertebral formula for a number of common mammals are
shown in Box 1.2. In nonmammalian species, considerable
differences exist in the vertebral formula. Snakes have a large
number of thoracic (between 100 and 200) and caudal
(between 15 and 140) vertebrae; the extinct marine
Plesiosaurus had more than 70 cervical vertebrae (Narita
and Kuratani 2005).

For both humans and many mammals, the number of ver-
tebrae in the cervical region of mammals appears to be con-
stant. Galis (1999) analyzed the vertebral formula data for
mammals from the Descriptive Catalogue of the Osteological
Series Contained in the Museum of the Royal College of
Surgeons of England compiled by Richard Owen in 1853.
This catalogue contains data of 133 species from 15 orders
of mammals and showed that a very high percentage of ani-
mals, possibly with the exception of carnivores, expressed
seven cervical vertebrae (Table 1.1).

Galis (1999) reported that occasionally, there is a loss
of a single cervical vertebra (C7) with a concomitant
increase in the number of thoracic vertebrae and the
appearance of a cervical rib. Associated with this change,
in the space between the clavicle and the rib (the thoracic
outlet), there is often nerve and blood vessel compression,
a condition described as thoracic outlet syndrome (TOS)
(Makhoul and Machleder 1992). Correlated with cervical
rib formation, Schumacher et al. (1992) reported that there
was an increase in childhood cancer including neuroblas-
toma, Wilms tumor, Ewing sarcoma, and lymphoblastic
and myeloid leukemia. It is likely that this developmental
anomaly is a result of aberrant Hox gene expression. Thus,
a higher incidence of cervical rib is seen in the phenotype
of Hoxa-4, Hoxd-4, Hoxa-5, and Hoxa-6 knockouts or
overexpression of Hoxb-7 or Hoxb-8 D (Aubin et al. 1998).
The relationship between Hox expression and develop-
ment of the axial skeleton in mammals is developed in
more detail in Chap. 3.
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As an aside, while a vertebrae-dependent increase in rib
number is correlated with disease, loss of a rib has biblical
implications.

But for Adam, no suitable helper was found. So the LORD God

caused the man to fall into a deep sleep; and while he was sleep-

ing, he took one of the man’s ribs and closed up the place with

flesh. Then the LORD God made a woman from the rib he had
taken out of the man, and brought her to the man.

Whether Adam had TOS or suffered from headaches due
to cervical tension or loss of a rib is not known. For a discus-
sion of this and other biblical possibilities including the
emergence of the baculum (ossified penis bone), please read
Gilbert and Zevit (2001).

1.5 Summary of Critical Concepts Discussed

in the Chapter

e The intervertebral disc/vertebrae were preceded phyloge-
netically by the notochord which provided rigidity and
some resilience to the organism, promoted formation of an
extended shape, and protected the overlying spinal cord.

* The vertebral bodies are formed by fusion of sclerotome
from two adjacent somites: following formation of the
neural arch, remnants of the notochord subsequently form
the nucleus pulposus of the intervertebral disc.

e Synchronized change in gene expression in the pre-
mesodermal cells activates the “segmentation clock.” The
coordinated expression of a limited number of genes pro-
vides waves of gene oscillations which control somitogen-
esis. Disturbances in this system influence the subsequent
formation of the vertebrae and the intrinsic curvatures of
the axial skeleton.

e The discs comprise an outer circumferential ring of
fibrocartilage, the annulus fibrosus. The annulus encloses
a central proteoglycan-rich core known as the nucleus
pulposus and bounded by the cartilage endplates of the
contiguous vertebrae.

e As ajoint, the disc is classified as an amphiarthrosis with
very limited mobility. Biomechanical studies indicate that
there is wide range of motion between vertebrae that are
more in line with those of a diarthrodial joint rather than
an amphiarthrosis.

* The vertebrae protect the spinal cord and serve as sites for
connection of the pectoral and pelvic girdles and as bone
for attachment of muscle and rib for functional changes
that enhanced locomotion and respiration. Specific func-
tions of the discs include acting as hydrodynamic shock
absorbers as well as providing flexibility to the whole
spine.

e The vertebral formula for primates is well conserved: in
humans 7 cervical, 12 thoracic, 5 lumbar, 5 fused verte-
brae that make up the sacrum, and 4 or 5 coccygeal bones.

I.M. Shapiro and M.V. Risbud

Occasionally, there is a loss of a single cervical vertebra
(C7) with a concomitant increase in the number of tho-
racic vertebrae and the appearance of a cervical rib.
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2.1 Introduction

The vertebral column is the main structural element of the
spine and is composed of the vertebrae and the intervertebral
discs. The function of the vertebral column is to provide
rigidity to the axial skeleton while allowing limited rotation
and bending. The vertebrae are the osseous elements of the
vertebral column and the spine. Each vertebra is composed of
a vertebral body and posterior elements. The vertebral bodies
resemble boxes of cortical bone filled with trabecular bone.
They are separated by the intervertebral discs, which are
attached to the relatively flat surfaces at the top and bottom of
the vertebral body. On the posterior side of the vertebral bod-
ies, a bony structure composed of pedicles and processes,
known as the posterior elements, serves as anchor points for
tendons and ligaments. Anatomical details of each of the ver-
tebrae that comprise the spine are presented in Chap. 1.
Definition of technical terms can be found in Box 2.1.

The zygapophysial joint is an articular joint between the
inferior and posterior articular processes of adjacent vertebrae.
Like most articular joints, the zygapophysial joint comprises a
capsule filled with synovial fluid. Inside this capsule, the bones
are covered by a thin layer of articular cartilage separated by
the fibroadipose meniscoids. The zygapophysial joints play an
important role in the mechanics of the spine. These joints pre-
vent excessive axial rotation between the vertebral bodies,
resist forward sliding of the superior vertebra, limit the amount
of extension by the contact of the inferior articular process and
the lamina of the vertebra below, and contribute to the trans-
mission of a fraction of the load. The ligaments and the joints
connecting the vertebral bodies provide some passive stabil-
ity; the muscles surrounding the vertebral column, through an
active mechanism, provide most of the stability of the spine
during physical activity. A detailed description of spine mus-
cle anatomy, forces, and lines of action is outside of the scope
of this chapter, but can be found in Adams et al. (2006).

The intervertebral disc is the soft tissue in between the
vertebral bodies. It is composed of three distinct tissues:
nucleus pulposus, annulus fibrosus, and the cartilaginous
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Box 2.1 Glossary of Mechanical Terms

Stress Stress is the force intensity and is calculated as
applied load divided by area over which it is applied.
Stress is classified into normal (perpendicular to the
surface) and shear (along the surface) stresses.

Strain Strain is a measurement of deformation.
Similar to stress, there are normal and shear strains.
Normal strain is defined as change in length divided by
original length. Shear strains are related to the change
in angle.

Poisson’s ratio When a sample is stretched it contracts
in the lateral direction. The Poisson’s ratio is the lateral
contraction divided by the longitudinal stretch. This
mechanical property is related to the compressibility
of the material. A material with a Poisson’s ratio of 0.0
does not exhibit any lateral contraction, while a mate-
rial with a Poisson’s ratio of 0.5 is incompressible.
Stiffness The stiffness is a measure of the resistance
to deformation. It is defined as force divided elonga-
tion. The stiffness depends not only on the material
itself, but also on the size of the object.

Modulus The modulus is related to the stiffness,
except that the effects of object size are eliminated,
therefore, the modulus is a material property. Modulus
is calculated as stress divided by strain.

Anisotropy A material is anisotropic if its mechanical
properties are different depending on direction of load.
For instance, in the annulus fibrosus or other fibrous
tissues, collagen fibers create direction-dependent
anisotropy.

Viscoelasticity A material is viscoelastic when its
mechanical behavior changes over time or as a func-
tion of the speed at which the loads are applied. The
viscoelastic properties of a material are usually mea-
sured using creep or stress relaxation tests. In a creep
test, a load is applied to the material and the deforma-
tion increases over time. In a stress relaxation test, a
deformation is applied and the stress decreases over
time.
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endplates. Each of these tissues has a characteristic
composition and structure which provide them with special
mechanical properties to perform their function. Their
interaction enables the intervertebral disc to transmit loads
while allowing a constrained flexibility between vertebral
bodies. In a healthy disc, the nucleus pulposus is a highly
hydrated gel-like material which is surrounded by the
annulus fibrosus and the cartilaginous endplates (Fig. 2.1).
The main function of the nucleus pulposus is to support
mechanical loads through hydraulic and osmotic pressure.
The cartilaginous endplates are thin layers of cartilage that
cover the central area of the vertebral body (Fig. 2.1a). At
the periphery of the vertebral body, not covered by the car-
tilaginous endplate, is the ring apophysis. The cartilagi-
nous endplates have an important role on the exchange of
nutrients, waste products, and other metabolites between
the nucleus and the blood vessels in the vertebral bodies.
The annulus fibrosus is composed of series of concentric
layers with collagen fibers in alternating orientations
(Fig. 2.1b). The outer lamellae of the collagen fibers attach
directly to the vertebral bodies while the inner lamellae
attach to the cartilaginous endplates. The annulus fibrosus
provides a lateral confinement of the nucleus pulposus,
supports vertical loads, and limits the amount of motion
between the vertebral bodies.

The intervertebral disc undergoes biochemical and struc-
tural changes due to aging and degeneration. Biochemical
changes include a decrease of proteoglycan content, an
increase in protein cross-linking, and changes in the collagen
type and distribution. The biochemical changes during
degeneration are similar to those of aging; they are charac-
terized by occurring in a faster rate and accompanied by
structural changes that impair disc function. Structural
changes observed during degeneration include a decrease in
disc height, inward and outward bulging of the annulus
fibrosus, and loss of its lamellar organization. The objective
of this chapter is to describe the mechanical behavior of the
individual tissues of the intervertebral disc and then analyze
how they work together in different loading scenarios. In
addition, the effects of degeneration on the mechanics at the
tissue and disc levels are described.

b

— Vertebral
Nucleus body e -
pulposus End plates N | \
s ucleus
. . ulposus / /

Fig.2.1 Schematic % Intervertebral pulp - A
representations of the adult il disc h
intervertebral disc. (a) Midsagittal ;/
cross section showing anatomical A AFTUIE Posterior G T 3
regions. (b) Three-dimensional — A b
view illustrating AF lamellar Vertebral AN
structure (Adapted from Smith body T . .
etal. 2011) Spine axis



2 The Intervertebral Disc: Overview of Disc Mechanics

2.2 Structure-Function
of Intervertebral Disc Tissues
Although many studies have shed light on the

structure—function relationships for the tissues that form
the intervertebral disc, this is still an ongoing research
topic, the aim of which is to describe the mechanical
behavior of healthy tissues, the effects of degeneration,
and the implications of disc mechanics on the cell biology.
Recent findings on the structure—function relationships of
the tissues of the intervertebral disc are presented in the
following sections.

2.2.1 Osmotic Effects

The tissues of the intervertebral disc are mainly composed of
water, proteoglycans, and collagen (Eyre 1979). The relative
content of each of these components differs from tissue to
tissue. For instance, the nucleus pulposus has the highest
proteoglycan content, while the annulus fibrosus has the
highest collagen content (see Chaps. 3 and 4) (Eyre and Muir
1976). The differences in relative content of these individual
components and their organization provide these disc tissues
with their special mechanical properties. For example, it is
well known that due to its higher collagen content and fiber
organization, the annulus fibrosus has a superior tensile load-
ing capacity. In a similar way, the high proteoglycan content
of the nucleus pulposus provides the tissue with high com-
pressive properties. However, since the tissues in the disc
have similar components, they also share some mechanical
behaviors, specifically, the osmotic effects which reflect the
proteoglycan high negative charge density (Urban and
Maroudas 1981). The osmotic effects have important impli-
cations on the mechanics of the disc. For instance, the osmotic
pressure causes a deformation of the tissue usually known as
osmotic swelling. This swelling pressure induces tensile
stresses and increases the stiffness of the tissue. This osmotic
swelling also draws water into these tissues keeping the disc
hydrated. Since the osmotic effects play an important role in
the mechanics of all disc tissues, this section provides a brief
description of the relationship between composition and
osmotic effects.

The osmotic effects are mediated by the proteoglycan
content of the tissue (Maroudas and Bannon 1981; Urban
et al. 1979). Proteoglycans are large molecules composed of
many glycosaminoglycan units attached to a long core pro-
tein. Glycosaminoglycans are chains of polysaccharides that
at a physiological pH present an excess of negatively charged
ions (Comper and Laurent 1978). The molecular structure of
proteoglycans and glycosaminoglycans is discussed in great
detail in Chap. 4. Due to their large size, proteoglycans are
trapped in the network of collagen fibers. Therefore, collagen
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and proteoglycans form a charged, porous, deformable solid
material which is embedded in a solution of water and ions
(Urban and Maroudas 1981). The amount of negative charges
attached to the solid is quantified by the fixed charge density.
At equilibrium, the balance of chemical potentials results in
an increase of osmotic pressure (p), which is a function of the
fixed charge density and the ionic strength of the surrounding
fluid (Overbeek 1956). Assuming an ideal solution for the
interstitial fluid and external solution, the osmotic pressure
can be expressed as

p=RT 1Icf2C+4c§ —ZCb)

where R is the universal gas constant, T is the absolute tem-
perature, ¢, is the fixed charge density, and c, is osmolarity
of the surrounding fluid bath.

The osmotic pressure and the external applied forces
result in deformation of the solid component of the tissue,
which in turn alter the fixed charge density (c, ). That change
can be quantified by

6]
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where ¢, and ¢ are the fixed charge density and the water
content at the reference configuration, respectively, and J
is the ratio between the volume at the deformed and refer-
ence configurations. The reference configuration, usually
defined as the configuration where stresses are zero, plays
an important role in the calculation of the osmotic
pressure.

2.2.2 Nucleus Pulposus

The nucleus pulposus is the gelatinous core of the interverte-
bral disc and it is composed of water (70-85 % of total weight),
proteoglycans (30-50 % of dry weight), collagen (20 % of dry
weight), and other minor proteins (Adams and Muir 1976;
Eyre 1979). Aggrecan is the most abundant proteoglycan in
the nucleus pulposus, followed by other proteoglycans such as
decorin (Melrose et al. 2001). Aggrecan contains keratan and
chondroitin sulfate chains which interact with hyaluronic acid
filaments forming large molecules that are trapped in the col-
lagen network (Kiani et al. 2002). These side chains are nega-
tively charged; consequently, positively charged Na* ions bind
to these chains creating an accumulation of cations inside the
nucleus pulposus. Since the glycosaminoglycans are not able
to diffuse out of the nucleus pulposus, there is a permanent
difference of the concentration of cations compared to the sur-
rounding environment. This unbalance of cations is the cause
of the osmotic pressure in the disc.
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Collagen II is the most abundant type of collagen in the
nucleus pulposus and other compression-bearing tissues
such as articular cartilage (Eyre and Muir 1976). Unlike
articular cartilage, collagen II forms an unorganized fiber
network in the nucleus pulposus. A recent study showed that
long fibers in the nucleus pulposus continuously connect
both endplates (Wade et al. 2011). In an intact disc, these
fibers are much longer than the disc height; they fold in a
rather arbitrary configuration and can withstand substantial
tension when unfolded. Experimentally, however, since it
was necessary to cut the annulus fibrosus to separate the end-
plates, it is unlikely that the nucleus pulposus fibers experi-
ence high levels of tension under physiological conditions.
This is different from articular cartilage, where fibers are
highly organized and experience substantial tension due to
the osmotic swelling (Ateshian et al. 2009; Cavalcante et al.
2005). In the case of the nucleus pulposus, the osmotic and
hydrostatic pressure is supported axially by the endplates
and radially by tensile (hoop) stresses in the annulus fibrosus.
Consequently, fibers are not required to hold the nucleus pul-
posus in place as is the case in articular cartilage.

Due to its high levels of hydration and gelatinous consis-
tency, the mechanical behavior of the nucleus pulposus has
characteristics of both a fluid and a solid (Iatridis et al.
1996). Consequently, the nucleus pulposus is usually treated
as a viscoelastic material. The mechanical properties of the
nucleus pulposus have been investigated mainly through tor-
sion and compression tests (Heneghan and Riches 2008a, b;
Tatridis et al. 1997a, b; Johannessen and Elliott 2005; Perie
et al. 2005). Confined compression has been typically used
to measure several mechanical properties of the nucleus
pulposus such as aggregate modulus and permeability
coefficients (Johannessen and Elliott 2005). It is measured
by axially compressing a cylindrical sample in a chamber
that prevents lateral expansion. Although physiologically
the nucleus pulposus is not fully confined or fully
unconfined, confined compression tests have been gener-
ally accepted to characterize its compressive behavior. For
small deformations (around 5 %), the nucleus pulposus can
be considered to have a constant permeability and exhibits
a linear relationship between stresses and strains
(Johannessen and Elliott 2005). However, the properties are
strain dependent (i.e., nonlinear) for moderate and large
strains (Heneghan and Riches 2008a). Table 2.1 presents a
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summary of nucleus pulposus values obtained using
confined compression.

The elastic behavior of the nucleus pulposus can be appor-
tioned in terms of the contribution of osmotic (ionic) and
solid tissue (nonionic) effects. The contribution of the
osmotic effects to the compressive properties has been mea-
sured by eliminating the osmotic effects using a surrounding
medium with high osmolarity or by reducing the proteogly-
can content via enzymatic digestion (Heneghan and Riches
2008a; Perie et al. 2006b). When a high ionic concentration
medium was used, the compressive properties of the bovine
nucleus pulposus were reduced to 20-30 % of the value mea-
sured in isotonic (physiological) medium concentrations.
Therefore, the contribution of the osmotic effects to the stiff-
ness and load support of the nucleus pulposus is approxi-
mately 70-80 %. The contribution of the osmotic effects was
almost constant through a wide range of applied deforma-
tions (0—70 % compressive strains). If the proteoglycans are
removed by enzymatic digestion, a reduction of 20- to
30-fold was observed in the compressive properties of
the nucleus pulposus (Perie et al. 2006b). This suggests that
the proteoglycans also have a nonionic contribution to the
mechanics of the nucleus pulposus. Evidence of the nonionic
contribution of the proteoglycans has been reported for other
tissues such as articular cartilage (Canal Guterl et al. 2010).

Viscoelastic or frequency-dependent properties of the
nucleus pulposus have been analyzed using torsion tests
(Iatridis et al. 1997a, b). Stress relaxation tests measured an
instantaneous shear modulus around 11 kPa. However, the
shear stress rapidly relaxed to near-zero values suggesting a
fluid-like behavior. In dynamic torsion tests, a shear modulus
of ~20 kPa and a phase shift (the delay between strain and
stress measured in terms of degrees) of ~30° were measured.
For comparison, the dynamic modulus of articular cartilage
is 600-1,000 kPa, the modulus for the meniscus is 540 kPa,
while proteoglycan solutions are 0.01 kPa (Hardingham
et al. 1987; Zhu et al. 1993, 1994). Values of phase shift of
13° for cartilage, 22° for meniscus, and 65° for proteoglycan
solutions have been reported. Since the phase shift for the
nucleus is lower than 45°, it suggests a more solid-like
dynamic behavior.

The studies discussed above illustrate the complexity of
the mechanical behavior and structure—function relationships
of the nucleus pulposus. The contribution of osmotic pressure

Table 2.1 Aggregate modulus (ZA) Study H, (kPa) 2 NP tissue s-GAG (% dry wt.)
as a function of the stretch ratio (A) -y ooy ong 69-1,650 1.0-0.3 Bovine tail 24
and glycosaminoglycan content for Riches (2008a)
the nucleus pulposus . . .
Perie et al. (2005) 350-520 1.0-0.8 Bovine tail
Perie et al. (2006a) ~600 1.0-0.6 Bovine tail ~35
Perie et al. (2006b) ~400-510 1.0-0.8 Bovine tail ~42
Johannessen and 1,010 0.95 Human 44

Elliott (2005)
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and the blend between exhibiting characteristics of fluid and
solid mechanics pose a difficult challenge to model and also
complicate the prediction of deformations during physiologi-
cal loading. Nonetheless, it is important to understand and
characterize the mechanics of the nucleus pulposus as it
influences cell function and impacts predictions related to
mechanically induced injuries and regeneration.

2.2.3 Annulus Fibrosus

Similar to the nucleus pulposus, the annulus fibrosus is com-
posed mainly of proteoglycans and collagen, although the
relative content and organization of its components are sub-
stantially different. In the healthy human annulus fibrosus,
the water content is 50 %, collagen is approximately 70 % of
the dry weight, and proteoglycans make up to 10 % of the
dry weight (Eyre and Muir 1976; Eyre 1979). The annulus
fibrosus is subjected to both tensile and compressive stresses
during physiological loading. Consequently, it has high col-
lagen content similar to other tension-bearing tissues such as
tendon and ligaments. Proceeding from the outer to the inner
annulus, there is an decrease in the ratio of collagens I to II,
and the amount of proteoglycan rises. This profile reflects a
change in the loading environment from more tension in the
outer annulus fibrosus to more compression towards the
nucleus pulposus (Eyre and Muir 1976). In a similar way, in
the outer annulus fibrosus, collagen fibers insert directly to
the cortical bone of the vertebrae and not to the endplate as
in the case of inner annulus fibrosus, again probably reflecting
the higher tensile loads present in the outer annulus fibrosus
(Nachemson 1963; Wu and Yao 1976).

Noteworthy, in the annulus, collagen fibers are arranged in
concentric lamellae with alternating orientations (Fig. 2.1b).
The angle between fiber directions of adjacent lamellae changes
from ~60° to the spinal axis in the outer annulus fibrosus to
~90° in the inner annulus fibrosus (Cassidy et al. 1989; Guerin
and Elliott 2006a; Hickey and Hukins 1980). This arrangement
provides the annulus with a series of important mechanical
properties, including anisotropy (direction dependence). Since
the fibers play such an important role in the mechanics of the
annulus fibrosus, this tissue can be analyzed as a combination
of fibers and an isotropic material known as extrafibrillar
matrix (Spencer 1984). As its name indicates, the extrafibrillar
matrix represents all the solid components of the annulus
fibrosus, except fibers.

One of the more important characteristics of the mechan-
ics of collagenous tissues is nonlinearity. The nonlinearity of
the fibers is characterized by a low stiffness region for small
deformations, known as toe region, followed by a transition
(heel) region and a much stiffer linear region (Guerin and
Elliott 2007; Wu and Yao 1976). Collagen fibers, in most
tension-bearing tissues, have a hierarchical organization from
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fibrils to large collagen bundles or fascicles (Kastelic et al.
1978). Collagen fibers in these tissues have a wavy or zig-
zag shape commonly known as crimp (Diamant et al. 1972;
Kastelic and Baer 1980). When the fibers are stretched, the
fibers progressively straighten with minimal resistance; i.e.,
a negligible force is required to uncrimp the fibers. The
amount of stretch required to straighten the fiber is known
as uncrimping stretch. Once a fiber is straight, it starts taking
load (Fig. 2.2). The uncrimping stretch is not same for all
fibers in a tissue. For small deformations, few fibers with a
small uncrimping stretch are straightened as they accommo-
date the load. Consequently, the stiffness of the tissue is low.
Progressively, all the fibers stretch and contribute to load sup-
port resulting in high tissue stiffness (Fig. 2.2). If the tissue
is further stretched, fibers will fail by several possible mecha-
nisms including breakage and fiber pullout.

All the other components of the annulus fibrosus (except
the fibers) are usually treated as a single material known
as extrafibrillar matrix. Since the fibers contribute to the
mechanics of the annulus fibrosus when they are in tension,
the matrix characterizes the compressive properties of the
annulus fibrosus. Other properties, including permeabil-
ity and diffusivity of solutes, are also attributed to matrix.
For simplicity, the elasticity of the matrix has been consid-
ered isotropic, which means that the elastic properties (i.e.,
Young modulus and Poisson’s ratio) are same in all direc-
tions. Although the matrix includes some fibrillar compo-
nents such as elastin and protein cross bridges, their content

Linear region

Il

Stress

Heel region

Toe region

S

Fig.2.2 The tensile stress—strain response of collagenous tissues, such
as annulus fibrosus, can be divided into several regions, corresponding
to different mechanisms. In the toe region, the contribution of fibers is
small due to fiber crimping. In the heel region, the increase in stiffness
is due to fiber straightening. In the linear region, most of the fibers are
straight and contributing to the high tensile stiffness

Strain
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is small and unlikely to significantly alter the assumption of
isotropy. However, transport properties such as permeability
and diffusivities have been shown to be anisotropic (Gu et al.
1999; Travascio and Gu 2011), which means that there are
directions where the fluid and solutes can flow or move with
less resistance.

The tensile properties of the annulus fibrosus have
been characterized using uniaxial and biaxial tension
tests (Jacobs et al. 2013; Nerurkar et al. 2010). In uniaxial
tests, a strip of tissue is cut from the annulus fibrosus in a
given orientation (circumferential, axial, radial, or along
the fibers), and the force required to stretch the sample is
recorded as a function of the applied strain. The Poisson’s
ratio can be measured by recording the lateral contrac-
tion of the sample during the test. The Young modulus
is calculated from the slope of the stress—strain response.
A summary of these properties is presented in Table 2.2.
The Young modulus is higher in the disc’s circumferential
direction than the axial. This is expected since the fibers
are oriented closer in the circumferential direction; there-
fore, fibers are not stretched during axial loading so that
modulus is primarily due to the matrix.

Biaxial loading is another tensile test used to quantify
annulus fibrosus mechanics. It is thought that biaxial load-
ing more closely resembles multiaxial physiological load-

Table2.2 Linearregion moduli of nongenerated (ND) and degenerated
(D) annulus fibrosus tissue (Elliott and Setton 2001; Guerin and
Elliott 2006b)

Circumferential Axial Radial

ND D ND D ND D
Inner anterior 5.6-100 5.0 1.0 - - -
Outer anterior  17.0-29.0 22.0-290 0.8 - 04-05 04
Inner posterior  2.0-6.0 4.0 - - 05 -
Outer posterior  13.0-19.0 8.0 - - - -

ing of the annulus fibrosus (Bass et al. 2004; Gregory and
Callaghan 2011; Huyghe 2010; Jacobs et al. 2013;
O’Connell et al. 2012). For this test, a rectangular thin sam-
ple is gripped on all four sides and loads are applied in two
directions (Fig. 2.3). Two-dimensional deformations are
optically recorded during the test. Unlike a uniaxial test,
there is not a direct relationship between the slope of these
curves and the elastic properties of the annulus fibrosus; the
forces (or stress) in one direction are affected by the defor-
mation applied to the other direction (O’Connell et al.
2012). Consequently, the data from biaxial tests are ana-
lyzed through the use of a model. The advantage of using
biaxial experiments to characterize the mechanics of the
fibers is that the values obtained through these types of tests
can be used to predict the response of the annulus fibrosus
in uniaxial tests and with other biaxial strain ratios
(O’Connell et al. 2012).

Since the collagen fibers only contribute to the mechanics
of the annulus fibrosus in tension, the elastic properties of the
extrafibrillar matrix can be measured through confined com-
pression tests (Cortes and Elliott 2012; Drost et al. 1995;
Klisch and Lotz 2000; Perie et al. 2005). This test provides
the aggregate modulus, measured as a function of strain.
Similar to the nucleus pulposus, the mechanical behavior of
the matrix depends on contributions from the osmotic pres-
sure and the nonionic extrafibrillar matrix (Cortes and Elliott
2012). In this manner, the mechanical properties of this
extrafibrillar matrix can be measured in tension and com-
pression by applying osmotic swelling and confined com-
pression simultaneously. The nonionic extrafibrillar matrix is
nonlinear with a higher stiffness in compression (~50 kPa)
than in tension (~10 kPa), and the contribution of the osmotic
pressure in the support of the applied loads is high (~70 % of
total) when the EFM is in compression and low (~25 %)
when in tension.

Fig. 2.3 In a biaxial test of annulus fibrosus, a sample is loaded simultaneously in the axial and circumferential direction
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Table 2.3 Shear modulus (kPa)
of human annulus fibrosus: effects
of sample orientations and location
and type of test

Type of test

Simple shear — compressive preload
Simple shear — tensile preload

Torsion shear — equilibrium
Torsion shear — dynamic

Shear tests have been used to determine elastic and vis-
coelastic properties of the annulus fibrosus. Elastic shear
properties have been measured by applying simple shear
tests (Fujita et al. 2000; Hollingsworth and Wagner 2011;
Tatridis et al. 1999; Jacobs et al. 2011). Since the fibers have
a contribution during this test, the shear modulus is anisotro-
pic with a higher modulus in the circumferential-axial plane
where the fibers experience stretches (Table 2.3). On the
other hand, torsion tests have been used to measure vis-
coelastic properties of the annulus fibrosus (latridis et al.
1999). The dynamic modulus increases with frequency. Both
equilibrium and dynamic modulus decrease with shear strain
amplitude. The highly viscoelastic nature of the annulus
fibrosus is evidenced by the threefold increase of the dynamic
modulus over the equilibrium modulus.

Although separating the mechanics of the annulus fibrosus
into fibers and matrix is very convenient and describes much
of the mechanical behavior of annulus fibrosus, there are inter-
actions between these components. Specifically, the stiffness
of the matrix increases with the stretch of the fibers (Guo et al.
2012). To account for these effects, several fiber—matrix and
fiber—fiber interactions have been formulated in terms of the
strain perpendicular and along the fibers (Guerin and Elliott
2007; O’Connell et al. 2009, 2012; Wagner and Lotz 2004).
These interactions have more accurately described the mechan-
ical behavior of the annulus fibrosus. It has also been suggested
that shear interactions are essential to obtain a good simultane-
ous prediction of uniaxial, biaxial, and shear experimental data
(Hollingsworth and Wagner 2011; O’Connell et al. 2012).

While many aspects of the mechanical behavior of the
annulus fibrosus have been well described, this is still an
active area of research. Special attention needs be given to
relations between interactions and composition of the annu-
lus fibrosus and the contribution of these interactions to
mechanics of the disc. Additionally, these interactions
between components should be replicated in engineered tis-
sues that are currently being investigated as therapeutic alter-
natives (Mauck et al. 2009; Nerurkar et al. 2010).

2.2.4 Cartilaginous Endplate
The biomechanics of the cartilaginous endplate has been far

less studied than other disc tissues. The endplate is the inter-
face between the nucleus pulposus and inner annulus fibrosus

Simple shear — compressive preload
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Orientation
Location Circ-radial Circ-axial Radial-axial
Anterior 28.92 58.56 40.16
Posterolateral 22.2 53.6 25.1
Anterior - 193.6 -
Anterior 20-100 - -
Anterior 100-280 - -

with the vertebral bodies (Fig. 2.1a). It covers most of the
vertebral endplate except for a small ring in the periphery
called the ring apophysis. The thickness of the cartilaginous
endplate varies: it is thinnest in the center (~0.2 mm) and
thickest in the periphery (~0.9 mm) (Moon et al. 2013). The
composition of the cartilaginous endplate is similar to that of
hyaline cartilage, which is characterized by a high proteogly-
can and collagen II content. The water content of human
endplate is 58 % of the wet weight, the s-GAG content is
17 % of the dry weight, and the total collagen content is
60-80 % of dry weight (Setton et al. 1993). The cartilagi-
nous endplate plays an important role in the transport of
nutrients and other metabolites into the nucleus pulposus and
the inner portion of the annulus fibrosus.

The mechanics of the cartilaginous endplate has been
measured using confined compression tests (Setton et al.
1993). The aggregate modulus of the baboon endplate is
0.44 MPa. The hydraulic permeability (14.3 x 107" m*/Ns) is
considerably higher than values of 0.09x10™"* m*Ns and
0.153x 10" m*Ns for the human annulus fibrosus and
nucleus pulposus, respectively. The high permeability value
suggests that its main function is to allow the transport of
fluids, nutrients, and waste products to the cells in the nucleus
pulposus and part of the annulus fibrosus.

2.3  Intervertebral Disc Mechanics

In the previous sections, the mechanics of individual disc tis-
sues were described separately. However, these tissues interact
with each other providing the disc with a special mechanical
behavior. In a similar way, a disruption or a change in mechan-
ical properties of one of these tissues causes an impairment of
the mechanical function of the overall disc. In this section, disc
mechanics are presented as the contribution of individual tis-
sues during a given loading scenario. First, the residual stresses
in the unloaded disc are briefly described. Then, the mechanics
of the intervertebral disc are analyzed for three of the most
important loads: axial compression, bending, and torsion.

2.3.1 Stress and Strain in the Unloaded Disc

Before analyzing the mechanics of the disc under different
types of loading scenarios, it is important to understand the
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impact of internal stresses and strains on the unloaded disc.
As described above, at the tissue level, the osmotic pressure
is balanced by tensile or “residual” stresses. In a similar way,
at the disc level, there are residual stresses and strains due to
osmotic effects caused by tissue proteoglycans, are present
even in the absence of applied loads. When external loads are
applied to the disc, additional stress builds up above that of
the residual stress. There are several mechanisms, at differ-
ent scales, contributing to residual stress (Lanir 2009). At the
micro-level, the interaction between proteoglycans, ions,
water, and the collagen network produces an osmotic pres-
sure that contributes to the total stress of the tissue. At the
meso-level, residual stress arises from inhomogeneities
within the tissues, e.g., the gradient of proteoglycan and col-
lagen content from inner and outer annulus. Residual stress
at meso-level has been recently measured in terms of the
opening angle after a radial cut in bovine annulus fibrosus
rings (Michalek et al. 2012). This effect is similar to that
observed in aortic arteries, where differences in proteogly-
can content between the media and the adventitia contribute
to this component of the residual stress (Azeloglu et al. 2008;
Chuong and Fung 1986). At the disc level, residual stress is
also generated by the interaction between different tissues
(nucleus pulposus, annulus fibrosus, endplates, and vertebral
bodies). The high proteoglycan content of the nucleus pulpo-
sus results in a significant osmotic pressure. This pressure
has been measured in vitro and in vivo using a needle pres-
sure gauge (Nachemson 1981; Panjabi et al. 1988; Wilke
et al. 1996, 1999). The radial expansion of the nucleus is
constrained by the annulus fibrosus through tensile stresses
in the circumferential direction (hoop stress) and compres-
sion stress in the radial direction. Similarly, the osmotic pres-
sure in the nucleus tends to vertically separate the vertebral
bodies, which are held in place by tensile stresses in the
annulus fibrosus in the axial direction. All these contributions
to the residual stress of the disc create a multidirectional and
inhomogeneous initial state of stresses and strains that must
be considered for the analysis of disc mechanics.

2.3.2 Compression Mechanics

Axial compression loading of the spine is of major
physiological importance and arises from the weight of the
upper body and by forces exerted by the muscles in the trunk
during common daily activities. Compression loads are
transmitted from vertebra to vertebra through the interverte-
bral disc and the zygapophysial joints in proportion to body
posture. For instance, 84 % of the compressive load is trans-
mitted through the intervertebral disc in the erect standing
posture, whereas 100 % of the load is transmitted through the
disc in the erect sitting posture (Adams and Hutton 1980).
Although the compressive load to the intervertebral disc
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changes with posture and activity, the mechanism by which
the different tissues of the intervertebral disc interact to sup-
port this load is the same. In this section, the interaction
between disc tissues is described for compressive loads over
short and long periods of time.

After a compression load is applied to the disc, the imme-
diate mechanics are different from that measured at longer
time intervals. Immediately after the load has been applied,
the tissues in the disc can be considered to be incompressible
materials; due to the low permeability of the disc tissues,
there is insufficient time for interstitial fluid flow (Ateshian
et al. 2007). In this loading state, the interstitial fluid in the
nucleus pulposus pressurizes, supporting a fraction of the
load. Since the nucleus pulposus behaves as an incompress-
ible material, it tends to expand radially. However, since it is
contained by the annulus fibrosus, there is a large tensile
strain in the circumferential direction and outward bulging of
the annulus (Tsantrizos et al. 2005). The applied load is sup-
ported by the lamellae through compressive stress in the axial
direction. As a result, the compressive load causes the lamel-
lae in the inner annulus fibrosus to buckle towards the nucleus
pulposus; of course, this is opposed by the outward pressure
exerted by the nucleus pulposus. Inward buckling of the
inner annulus fibrosus is evident in the degenerate disc due to
a decrease in the internal pressure of the nucleus pulposus
associated with altered osmotic pressure and permeability
changes (Sasaki et al. 2001; Sato et al. 1999; Wang et al.
2010). From this perspective, pressurization of the nucleus
pulposus is of critical importance not only to carry part of the
compressive load but also to provide stability to the lamellae
in the radial direction.

During the diurnal loading cycle, the disc is subjected to a
prolonged period of compression followed by a period of
low-load recovery. If the load on the disc is maintained for
some hours, the pressurized interstitial fluid will flow to
regions of lower pressure through the annulus fibrosus and
the endplate (van der Veen et al. 2007). During this process,
the disc height decreases while the outward bulging of the
annulus fibrosus increases (O’Connell et al. 2007). In addi-
tion, the nucleus pulposus depressurizes, reducing its
contribution to load and increasing the axial compression of
the annulus fibrosus (O’Connell et al. 2007). In this “relaxed”
state, the tissues in the disc interact, as described above for
instantaneous loading; however, the relative contribution of
each of the tissues changes. After relaxation, the osmotic
pressure in the healthy nucleus pulposus does not vanish
completely. In fact, due to osmotic effects the remaining
intradiscal pressure is largely responsible for hydration
recovery and mechanics during the resting period of the diur-
nal cycle (O’Connell et al. 2011; van der Veen et al. 2007).

Nutrient and metabolite exchange during loading and
unloading is essential for disc cell viability. In this process,
nutrients and metabolites are brought to, and waste byproducts
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expelled from, the disc by diffusion and convection (Das et al.
2009; Ferguson et al. 2004; Holm et al. 1981; Shirazi-Adl et al.
2010; Soukane et al. 2007; Urban et al. 1978, 1982, 2004). The
rate at which fluid leaves the disc depends on the hydraulic
permeability and diffusivity of its component tissues. Since the
hydraulic permeability of the endplate is higher than the annu-
lus fibrosus, it should enhance aqueous flow through the end-
plate (Setton et al. 1993). Moreover, from the periphery
(endplates and outer annulus) to the center of the disc, there is
a change in metabolite concentration. Numerical simulations
have also shown that the concentrations of glucose and oxygen
are low close to the center of the disc, whereas lactic acid,
which is the major metabolite, has a reverse distribution
(Jackson et al. 2011; Soukane et al. 2007). Recent studies are
aimed at improving the accuracy of the numerical models by
considering anisotropy and nonlinearity of elastic, flow, and
diffusion properties (Chuang et al. 2010; Jackson et al. 2008).

2.3.3 Flexion/Extension and Lateral Bending

Flexion/extension and lateral bending are spine movements
required for many daily activities. Flexion and extension are
terms used when the trunk bends forward and backward,
respectively. In a well-aligned spine, a neutral position is
observed when standing upright. However, the natural curva-
ture of the spine changes during daily activities such as sit-
ting or lifting a weight. This curvature change is the sum of
the relative rotations between each of the vertebral bodies,
each of which produce internal strains and stresses in the
disc. To quantify the mechanics of the disc under this type of
motion, the forces and moments can be estimated by moni-
toring muscle activity. However, this approach has been
shown to be inconsistent (Potvin et al. 1991). A better
approach to estimating forces and bending moments consists
of determining the correlation between in vivo and in vitro
measurements (Adams and Dolan 1991).

A common kinematic characteristic of flexion/extension
and lateral bending is that the axis of rotation is perpendicular
to the axis of spine. Therefore, flexion, extension, and lateral
bending produce a similar pattern of internal deformations to
the disc. During flexion, the axial compression in the anterior
portion of the annulus fibrosus is increased. Consequently,
there is an increase in the bulging of the outer region of the
annulus and buckling of the lamellae in the inner portion of
the anterior annulus fibrosus. On the other hand, the posterior
region experiences tension in the axial direction. Additionally,
the nucleus pulposus is shifted to the opposite side of bend-
ing, and there is an increase in intradiscal pressure (Nachemson
1981; Wilke et al. 1999). When the spine is in extension, the
reverse effects are observed: tension in the anterior annulus
fibrosus, compression of the posterior annulus, and shifting of
the nucleus in the anterior direction. Lateral bending produces
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a similar pattern of strains in the disc; however, the compres-
sion and tension regions are located in the lateral annulus
fibrosus (Costi et al. 2007; Tsantrizos et al. 2005).

The stiffness and range of motion of disc segments can be
obtained by applying a known force and/or bending moment.
The range of motion is defined as the relative rotation of the
vertebral bodies when a pure moment is applied in the sagit-
tal or coronal plane. On the other hand, the stiffness can be
calculated as the slope of the moment—rotation curve at the
end of the range of motion. Due to the asymmetric shape of
the disc and the effect of the posterior elements, measure-
ments of the range of motion and stiffness are different in
flexion and extension. For instance, an increase of the com-
pression strain from 2.7 to 6.7 % for an applied force of
500 N was reported for human L2/L.3 spine segments when
the posterior elements were removed (Heuer et al. 2008). In
a similar way, the range of motion increased from 5.2° to
6.9° in flexion and from 3.4° to 8.2° in extension for a pure
applied moment of 7.5 Nm (Heuer et al. 2008). The stiffness
of disc segments has been measured on the principal axes of
the disc and on multidirectional axes (Spenciner et al. 2006).
It was concluded that the experimentally measured stiffness
along the multidirectional axes do not match with the ana-
lytical predictions from the stiffness along principal axes
(Spenciner et al. 2006).

2.3.4 Torsion

During a twisting motion of the trunk, torsion becomes
another important component of the loading of intervertebral
discs. Similar to flexion/extension, torsion is defined as the
relative rotation of consecutive vertebral bodies; however,
the axis of rotation is parallel to the axis of the spine.
Consequently, the strains in the disc are substantially differ-
ent. During physical activity, the rotation between vertebral
bodies is about 1°-3° which is very small compared to the
rotations observed during flexion or extension (Pearcy et al.
1984). The torsion range of motion is constrained by contact
of the zygapophysial joints, which also increases the stiffness
of intact spine segments (Adams and Hutton 1981). In vitro
and numerical studies have reported a range of motion of
4°-8° for intact spinal segments. The removal of the posterior
elements of the spine increases the range of motion twofold
(Shirazi-Adl et al. 1986).

Shear strains are the main component of deformation dur-
ing torsion. Deformation results in tensile stretch of one of the
fiber populations, and while not contributing to torsion support
due to fiber buckling, the other experiences compression. The
tensile stretch on the fibers increases radially; consequently,
the maximum fiber stretch is found in the outermost lamella.
Removing the posterior elements of the spine resulted in an
increase in the maximum fiber stretch from 3.1 to 11.4 % for
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an applied torque of 7.5 Nm (Heuer et al. 2008). From in vitro
experiments, there is a reduction of the outward bulging of the
annulus fibrosus and an increase of disc height and intradiscal
pressure (Heuer et al. 2008; van Deursen et al. 2001a, b). The
decrease of outward bulging can be directly linked to the high
tensile fiber stresses in the outer lamellae. The decrease of lat-
eral bulging also explains the increase of disc height and intra-
discal pressure. Although the strains observed in torsion may
be too small to cause significant damage to the disc, a decrease
in the failure loads have been observed when torsion is com-
bined with compression and flexion/extension.

2.4  Effect of Degeneration

on Disc Mechanics

Intervertebral disc degeneration can be defined as a post-trau-
matic cell-mediated cascade of biochemical, mechanical, and
structural changes that affect the function of the disc (Adams
and Roughley 2006) (Fig. 2.4). Compositional changes dur-
ing disc degeneration are mainly loss of proteoglycans,
increased cross-linking, and an increase in the amount of col-
lagen I over collagen II. These changes are first noticeable in
the nucleus pulposus and later spread outwards to the annulus
fibrosus. Although the causes remain largely unclear, factors
that include structural injury, genetic heritance, age, inade-
quate metabolite transport, and loading history have been
associated with the onset and progression of disc degenera-
tion (Adams and Roughley 2006; Batti€ et al. 2008; Buckwalter
1995; Hsu et al. 1990; Pye et al. 2007; Rannou et al. 2004). In
this section we limit our discussion to the effect of degenera-
tion on the mechanics at the tissue and disc levels. A brief
review of total disc replacements, which is of the treatments
for disc degeneration, is presented in Box 2.2.

Numerous studies have measured the changes in the
mechanical behavior of the disc tissues at several stages of
degeneration. The compositional changes in the nucleus
pulposus include a decrease in proteoglycan content and an
increase in collagen I cross-links. These changes exert con-
tradictory effects on the mechanics of the nucleus pulposus.
On one hand, the loss of proteoglycans causes a decrease in
the osmotic pressure and consequently a reduction in tissue
stiffness. On the other hand, the increase in cross-linking and
collagen content causes tissue stiffening. Experimentally, it
has been noted that there is an overall decrease in the com-
pression properties of nucleus pulposus (Johannessen and
Elliott 2005). This observation is in accord with other stud-
ies that show that proteoglycans contribute approximately
80 % to the compressive properties of the nucleus pulposus
with degeneration (Heneghan and Riches 2008a; Perie et al.
2006b). However, there is also a significant increase in the
shear modulus (Iatridis et al. 1997b). Transport properties of
the nucleus pulposus are also affected by degeneration as there
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Fig. 2.4 Magnetic resonance images illustrating different stages of
human lumbar disc degeneration. (a) Healthy disc exhibiting distinct
AF lamellae (AF) and central NP region (NP). (b) Disc exhibiting early
stages of degeneration, including moderate height reduction, decreased
NP signal intensity, and inward bulging of AF lamellae (*). (¢) Disc
exhibiting advanced stages of degeneration, including severely reduced
height, large fissure (*), and generalized structural deterioration.
Images obtained using 7T Siemens scanner and a turbo spin echo
sequence at 200 pm isotropic voxel resolution (Adapted from Smith
etal. 2011)

is an increase in the hydraulic permeability (Johannessen and
Elliott 2005).

The annulus fibrosus undergoes mechanical changes
with degeneration. The modulus at the toe region increases
with degeneration, probably due to changes in the water
content and the increase in collagen I levels (Guerin and
Elliott 2006a).The Poisson’s ratio decreases about 50 % with
degeneration (Acaroglu et al. 1995; Elliott and Setton 2001;
Guerin and Elliott 2006a), as does the shear modulus (Iatridis
etal. 1999). Additionally, fiber reorientation decreases, while
interaction between fibers and extrafibrillar matrix increases
with degeneration (Guerin and Elliott 2006a; O’Connell
et al. 2009). That fiber—-matrix interactions increase with
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Box 2.2 Total Disc Replacements

Total disc replacement (TDR) is a relatively new treat-
ment for discogenic pain that may be used instead of
fusion in some patients. In a TDR, a mechanical device
replaces the disc and aims to permit motion between
the vertebrae, as opposed to fusion where there is no
motion. Rational for TDR are related to perceived
advantages over fusion for reduced surgical time,
improved patient recovery, and long-term improved
mechanics to prevent degeneration at other sites in
the disc. An ideal artificial disc should have the same
range of motion and mechanical properties as a healthy
disc. However, this is generally not the case. Metallic
spheres were the first intervertebral disc replacements
and were implanted in patients in the early 1960s. The
most common complication was subsidence, or pene-
tration of the ball into the endplate and vertebral body,
and this device was abandoned. The Acroflex, from
the 1970s, consists of two porous plates separated by
a hyperelastic polymer. The design was revolutionary
in the sense that the porous plate allowed integration
with the bone and the polymer provided controlled
flexibility. Unfortunately short-term failure of the poly-
meric material stopped wide clinical use. The Charite,
introduced in the 1980s, has two metallic endplates
articulating against a polymeric core similar to a ball-
and-socket articulation. Although this device has been
very popular in Europe, long-term studies have reported
several complications including migration, subsidence,
ejection, and wear of the core. Recent designs simi-
lar to the Charite include the ProDisc and FlexiCore.
These devices all permit motion, but generally do not
mimic normal disc mechanics in terms of have axial
compression motion, energy absorption, and resistance
to torsion. While the FDA has approved some models
for use, they are not widely used in patients. Total disc
replacement in the cervical spine, which requires more
motion and less axial load, appears to be more widely
applied and successful. A more detailed review of total
disc replacements and other devices can be found in
“Intervertebral disc properties: challenges for biode-
vices” by Costi et al. (2011).

degeneration is evident from biaxial tests (O’Connell et al.
2012).

All the degenerative changes observed at the tissue level
have an effect on the mechanics at the disc level. Of all of
the tissues in the intervertebral disc, the most mechanically
affected with degeneration is the nucleus pulposus. The loss
of osmotic pressure and hydration in the center of disc leads
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to a reduction of the disc height and an increase in insta-
bility of the disc measured by an increase in the range of
motion and neutral zone (Mimura et al. 1994; O’Connell
et al. 2007). The decrease of disc height causes an increase
in the compression load in the axial direction which in turn
results in buckling of the lamellae, increase of outward and
inner bulging of the annulus fibrosus, and loss of organiza-
tion of the lamellae structure (O’Connell et al. 2007, 2010).
The decrease in osmotic pressure also causes a reduction in
fluid exchange during the diurnal cycle (Massey et al. 2011).
The fluid exchange reduction affects the transport of metabo-
lites such as glucose and lactic acid, thereby influencing cel-
lular function.

2.5 Mechanically Induced Injury

of the Intervertebral Disc

In a healthy person, the loads applied to the intervertebral
disc are not likely to exceed its strength limits. However, in
some cases such as trauma, a single high-magnitude load
causes a mechanical disruption of the structure of the spine.
Usually, in such events, the posterior elements of the spine
such as the zygapophysial joints are damaged before the disc
is affected. However, under certain conditions, damage to the
intervertebral disc in the form of disc prolapse, fracture of
the vertebral endplate, or tears in the annulus fibrosus or
nucleus pulposus can be observed. Such catastrophic changes
can cause a permanent change on the internal distribution of
stresses and strains, thereby affecting the normal functioning
of disc. In addition, such changes in the mechanical environ-
ment trigger a cell mediate cascade of biochemical, struc-
tural, and morphological changes known as degenerative
disc disease that further impairs disc function. Another case
of abnormal loading occurs when a low-magnitude load is
applied a great number of times. This repeating loading
event, known as fatigue, is believed to be linked to the onset
and propagation of tears in the disc and is a cause of hernia-
tion. In this section, recent studies analyzing the relationship
between abnormal loading and injury of the intervertebral
disc are discussed.

2.5.1 Herniation

Herniation is characterized by the prolapse of the nucleus
pulposus through the annulus fibrosus. In vitro, herniation
can be produced by a single high-intensity load or the repet-
itive application of forces with lower intensity (Callaghan
and McGill 2001; Iencean 2000). Herniation has been
induced mechanically by applying a compressive force in
the order of 5.4 kN to the disc in an anterolateral flexion
position. This results in extrusion of the nucleus pulposus
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in a posterolateral radial direction (Aultman et al. 2005).
The internal strains developed during flexion/extension
and lateral bending show tensile strains in the axial direc-
tion and thinning of the annulus fibrosus at the opposite
direction of bending (Costi et al. 2008; Tsantrizos et al.
2005). Therefore, a radial protrusion in posterolateral
direction occurs when there is anterolateral flexion. Non-
degenerated, highly hydrated discs have higher risk of her-
niation than severely degenerated discs (Gallagher 2002;
Simunic et al. 2001). This is probably due to the reduction
of intradiscal pressure in the nucleus pulposus with degen-
eration. However, when mechanical disruption is caused
by artificially increasing the nucleus pressure (instead of
applying a compressive load), degenerated discs fails at a
lower rupture pressure (Iencean 2000).

Herniation has also been induced in vitro when cyclic
flexion/extension motion is applied to the disc (Callaghan
and McGill 2001). In this case, the herniation pathway is in
a posterolateral radial direction. Increasing the compression
load decreases the number of cycles required to cause disc
damage. Similarly, the application of a static torque moment
shortens the disc cycle life (Drake et al. 2005). The increase
in intradiscal pressure due to the applied torque may acceler-
ate the susceptibility of intervertebral discs to injury. The
shape of the disc has also been found to influence the hernia-
tion pathway in repetitive flexion/extension bending (Yates
et al. 2010). Specifically, limacon-shaped discs had a defined
posterolateral herniation pathway, whereas oval-shaped discs
had a more diffuse herniation pathway.

2.5.2 Endplate Fracture

Another mechanically driven injury is the fracture of the
vertebral endplate. The endplate is the cortical bone on the
superior and inferior (cranial and caudal sides, respectively)
aspects of the vertebral body. On one side, the vertebral end-
plate is in contact with the intervertebral disc through the
cartilaginous endplate; on the other side, it is supported by
the trabecular bone inside the vertebral body. The main com-
ponent of the load applied to the vertebral endplate comes
from the intradiscal pressure. However, tension and shear
forces are also applied by traction of the annulus fibrosus
(Baranto et al. 2005). Fracture of the vertebral endplate
occurs when the strains exceed the strength of the vertebral
endplate (Fields et al. 2010). Endplate strength has been cor-
related with the density of the supporting trabecular bone
(Adams and Dolan 2011; Ordway et al. 2007; Zhao et al.
2009). In fact, due to lower density of the cranial trabecular
bone, there is a greater incidence of fractures in this endplate.
The degree of degeneration of the intervertebral disc also
affects the loads at which endplate fracture occurs: a higher
force is required to cause endplate fracture in degenerated
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discs (Baranto et al. 2005). The rationale behind this obser-
vation is that healthy, hydrated discs have a higher intradiscal
pressure; in degenerated discs there is a lower compression
stress in the center of the disc, while the posterior elements
transmit a larger portion of the compressive load (Adams and
Dolan 2011).

2,6 Summary of Critical Concepts

Discussed in the Chapter

* The mechanics of the intervertebral disc is determined by
the interaction between the annulus fibrosus, nucleus pul-
posus, and endplates in different loading scenarios.

* The osmotic pressure plays an important role in the trans-
mission of forces through the spine as well as in the sta-
bility of the intervertebral disc structure.

* Nonlinearity is an important mechanical characteristic of
disc tissues. Nonlinearity is evident in the spine’s rela-
tively lax neutral zone mechanics and stiffer linear region
response in motion segment tests. Nonlinearity is impor-
tant to permit both disc motion and stability.

* Anisotropy (see Box 2.1) is an important mechanical
characteristic of the annulus fibrosus and comes from the
structural organization of collagen fibers.

* The viscoelastic behavior of the disc can be explained in
part by the interstitial fluid flow during loading and
unloading and the intrinsic viscoelasticity of disc tissues.

* Degeneration affects the mechanics of disc tissues, which
is then reflected on the mechanics of the entire disc. One
major effect of degeneration is an increase of the range of
motion.

* Several modes of injury, such as herniation and endplate
fracture, are closely related to the pressure in the nucleus
pulposus and are more frequent in healthy discs.
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3.1 Overview

Intervertebral discs are derived from embryonic structures
called the sclerotome and notochord (Paavola et al. 1980;
Theiler 1988; Rufai et al. 1995). The nucleus pulposus, the
cushioning core of the mature intervertebral disc, is derived
from the notochord, while the annulus fibrosus, which pro-
vides the structural properties of the disc, is derived from
sclerotome (Christ et al. 2004, 2007; Christ and Scaal 2008).
The sclerotome is derived from the somites, transient struc-
tures that determine the segmented nature of the embryo. In
response to signals from the notochord and floor plate of the
neural tube, the maturing somites undergo dorsal-ventral
compartmentalization establishing the dermomyotome and
sclerotome, the latter forming most of the connective tissues
of the future axial skeleton. The development of the sclero-
tome is characterized by proliferation and expansion of cells
as well as the formation of three subcompartments: ventral,
lateral, and dorsal. The ventral sclerotome gives rise to the
vertebral bodies and annulus fibrosus and is made up of Pax-
l-expressing cells that have invaded the perinotochordal
space (Monsoro-Burq et al. 1994; Peters et al. 1999).

In addition to dorsal-ventral compartmentalization, each
sclerotome segment demonstrates rostral to caudal polarity
(Christ et al. 2007; Christ and Scaal 2008). This polarity is
morphologically apparent in the ventral sclerotome as a
condensed caudal portion and loose rostral portion within
each segment. Due to resegmentation of sclerotome during
development, the caudal domain of the sclerotome will form
the anterior structures of each vertebra and the rostral
domain forms the posterior structures (Huang et al. 2000).
The annulus fibrosus will form from the cells in the sclero-
tome adjacent to the border, sometimes called von Ebner’s
fissure, between the sclerotome halves. These cells can be
traced back to somitocoele cells at the center of the somite
before the formation of the sclerotome. This subcompart-
ment of the sclerotome has been termed the arthrotome
(Mittapalli et al. 2005).
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Endochondral bone formation follows the expansion,
migration, and patterning of the sclerotome to form the ver-
tebral body. As the vertebral bodies undergo chondrogenesis,
notochord cells are removed from the vertebral region and
expand into the intervertebral disc region to form the nucleus
pulposus. The annulus fibrosus develops into a fibrocartilage
structure and does not normally undergo endochondral
ossification. The annulus fibrosus can be further divided into
an inner portion and a more fibrous outer portion. TGF-3 is
one of the earliest markers of the developing intervertebral
disc within the sclerotome (Pelton et al. 1990). Later, it is
preferentially expressed in the outer annulus. In the adult, the
annulus fibrosus is bound by the spinal ligaments, which
insert into the bone to form the entheses. It is likely that the
ligament is also derived from the sclerotome although this
has not been addressed directly. Tendons in the axial skeleton
are derived from a subcompartment of the sclerotome call
the syndetome (Brent et al. 2003; Schweitzer et al. 2001).
The adult disc is juxtaposed to the cartilage end plate of the
adjacent vertebra, which consists of hyaline cartilage similar
to that found in the peripheral joints. The fibrocartilage of the
adult annulus fibrosus, the cartilage-like matrix of the nucleus
pulposus, and the hyaline cartilage of the vertebrae have dis-
tinct and overlapping properties. All contain collagen II and
aggrecan. The annulus fibrosus also contains collagen I with
higher levels in the outer annulus. Versican and fibromodulin
(Fmod) are preferentially expressed in the annulus fibrosus
relative to cartilage (Smits and Lefebvre 2003; Shi et al.
2003; Sohn et al. 2010). Versican is also present in ligaments
and entheses (Shi et al. 2003) (see Chap. 4). Keratin 8§,
Keratin 18, Keratin 19, and NCAMI1 have recently been
identified as markers to distinguish the nucleus pulposus
from the annulus fibrosus and hyaline cartilage (Sakai et al.
2009; Lee et al. 2007; Minogue et al. 2010). Brachyury/T is
also considered a marker for the notochord as well as the
nucleus pulposus (Kispert et al. 1994).

Insight into the mechanisms of pathology in the spine can
be provided through an understanding of the development of
the axial skeleton. Since the intervertebral disc is derived
from the notochord, somites, and sclerotome, alterations in
the development of any of these tissues can result in human
developmental disorders that affect the intervertebral disc.
Alterations in the segmentation of the somites can lead to
congenital defects in the formation of the vertebrae and the
disc resulting in fusion of vertebrae (Turnpenny 2008; Shifley
and Cole 2007). Genetic variations involved in increased
susceptibility to intervertebral disc degeneration can be asso-
ciated with subtle developmental abnormalities (Jin et al.
2011; Dahia et al. 2009). In addition to providing insight into
the etiology of disorders of the spine, an understanding of
developmental biology can provide a basis for treatment,
repair, or regeneration strategies. Information about how the
axial skeleton develops in the first place would also be the
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basis for tissue engineering protocols (Lenas et al. 2009a,
2011; Gadjanski et al. 2012). Recently, the concept of “devel-
opmental engineering” has been used to generate chondro-
cytes from embryonic stem cells (Oldershaw et al. 2010).
This concept could also be used in the future to engineer the
intervertebral disc (Box 3.1). This chapter will cover the
molecular mechanisms governing the major steps of inter-
vertebral disc development with an emphasis on processes
important for understanding human disease and potential for
tissue engineering.

Box 3.1: Developmental Engineering

and the Intervertebral Disc

Developmental biology can provide insights into
novel strategies for repair, regeneration, or engineer-
ing of tissues. The effort to develop in vitro processes
that mimic normal development was recently termed
“developmental engineering” (Lenas etal. 2011, 2009a,
b; Gadjanski et al. 2012). The term is used to empha-
size the concept that it is not the tissue, but rather the
process of development that needs to be engineered.
Noteworthy, conventional tissue engineering has been
an empirical discipline, the goal of which is to generate
functional tissues using scaffold, cells, and signaling
molecules. By incorporating information on develop-
ment, a rational methodology can be developed to gen-
erate tissues in vitro.

Developmental engineering aims to build on the
most significant aspects of embryonic development: the
highly regulated spatiotemporal organization of cells
into complex tissues. This approach would thus allow
the separate sequential steps that correspond to varying
stages of development to generate tissue intermediates
that can act as modular functional units of the engi-
neered tissue (Lenas et al. 2011, 2009a). This gradual
and stepwise process is inherently stable and can be
controlled for quality at each step. The early stages of
development would be given the highest scrutiny since
subsequent development could progress naturally and
in many cases would be semiautonomous. In addition,
care would need to be taken not to interfere with nor-
mal cell-cell interactions or morphogen gradients since
this would disrupt the architecture of the final product.
Functional modules can then be used to generate more
complex organs (Lenas et al. 2011).

Early forms of developmental engineering have
been used to direct human embryonic stem cells to
chondrocytes and to recapitulate endochondral bone
formation using mesenchymal stem cells (Oldershaw
et al. 2010; Scotti et al. 2010). In both cases, the step-
wise approach mimicking normal development was
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used. Although the intervertebral disc is more complex
than cartilage or bone, the use of a stepwise processes
based on information about embryonic development
would facilitate the disc tissue engineering process.
Special consideration would have to be given to gradi-
ents within the tissue and integration of the annulus
fibrosus and the nucleus pulposus with each other and
with the surrounding end plate and ligaments. The
pathways controlling these aspects of intervertebral
disc development are starting to be elucidated.

3.2 Development of the Notochord and

the Formation of the Nucleus Pulposus

The notochord is a transient rodlike mesodermal structure
that is located under the neural tube and spans most of the
length of the embryo (Stemple 2005). It serves as a primitive
support structure for the embryo and as a signaling center,
directing development of surrounding structures including
the sclerotome. In mice and humans, the notochord will
eventually develop into the nucleus pulposus of the interver-
tebral disc (Fig. 3.1). The notochord forms during embryonic
gastrulation. Cells that migrate through the primitive streak
will form the endoderm and mesoderm. Some of the migrat-
ing cells will form the notochordal process, which integrates
transiently with the endoderm to form the notochordal plate.

Fig. 3.1 Development of the
notochord and nucleus pulposus.
(a) The nucleus is derived from
the notochord, a rod-shaped
embryonic structure that lies
under the neural tube. Sclerotome
condenses around the notochord
to form the vertebrae and annulus
fibrosus of the intervertebral disc.
Brachyury/T, Sd, Shh, and
Sox5/6/9 are required for the
formation of notochord and
notochord sheath. (b) Once the
vertebrae and disc start to form,
the notochord contracts from the
vertebral body and expands into
the area of the future disc. The
notochord sheath and collagen I,
which helps to maintain osmotic
pressure in the vertebral cartilage,
are required for the expansion of
the notochord and formation of
the nucleus pulposus. (¢) Growth
and maintenance of the nucleus
pulposus is in part controlled by
the Skt gene

The notochordal plate buds off of the endoderm to finally
form the notochord, which lies between the roof of the primi-
tive gut and the floor of the developing neural tube (Moore
and Oersaud 2003).

3.2.1 Development and Maintenance

of the Notochord

Mutations in 19 genes resulting in absence of the notochord
have been catalogued by the Mouse Genome Informatics
(MGI) database (www.informatics.jax.org). The most well
characterized is the T gene, encoding the brachyury pro-
tein (Kispert et al. 1994). Brachyury is the prototype T-box
transcription factor. It is also considered a marker of primi-
tive mesoderm and notochord. It starts out being expressed
in all mesodermal cells. Later, it becomes restricted to
the notochord where expression is maintained. Mice with
homozygous mutations in T have defects in the formation
of mesoderm, and the trunk notochord is not established
(Dobrovolskaia-Zavadskaia 1927). Subsequent malforma-
tions in the spine and allantois lead to the early demise
of the embryo. Mice with a dominant-negative mutation
in T (Tc) survive but demonstrate abnormal nucleus pul-
posus morphology (Stott et al. 1993). Brachyury is also
a marker for chordomas, rare malignant tumors along the
spine thought to arise from persistent remnants of the
notochord (Vujovic et al. 2006). Duplications in the T
gene in humans have been associated with susceptibility to
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chordoma (Yang et al. 2009). For a complete discussion of
chordomas, see Chap. 18.

While mice with mutations in 7T fail to establish the noto-
chord, Danforth’s short-tail (Sd) mutation results in failure
to maintain the notochord (Paavola et al. 1980). Sd mice
arose from a spontaneous mutation in a yet unknown gene.
Sd mice have abnormal nucleus pulposus morphology likely
due to defects in the formation and maintenance of the noto-
chord early in development. In Sd mice the notochord is
discontinuous and becomes increasingly fragmented, even-
tually disappearing in mice homozygous for the mutant
allele. In heterozygous mice, the intervertebral disc forms
but the nucleus pulposus is absent and the disc is occupied
with fibrous tissue similar to the annulus fibrosus (Semba
et al. 2006).

Mutations in the Sickle tail gene (Skf), on the same chro-
mosome as Sd, have nucleus pulposi; however, the nuclei are
shifted to the periphery of the disc (Semba et al. 2006). The
boundary between the nucleus pulposus and the annulus
fibrosus is altered, and the annulus exhibits thin fibrous lay-
ers relative to control mice. The sequence of the Skt gene was
identified using the gene-trapped ES clone from which it was
derived. The protein product is predicted to have a proline-
rich region in the N-terminus and a coiled-coil domain in the
middle. The coiled-coil domain was similar to those found in
a large number of scaffold proteins including keratins. It was
suggested that while Sd is required at early stages of noto-
chord development, Sk? is required later in development for
proper growth, differentiation, and maintenance of the
nucleus pulposus. Furthermore, specific polymorphisms in
the human SKT gene have been significantly associated with
lumbar disc herniation in Japanese and Finnish case-
controlled populations (Karasugi et al. 2009).

3.2.2 The Notochord Sheath and
Formation of the Nucleus Pulposus

A sheath of extracellular matrix containing collagens and
glycoproteins, including collagen II and laminin, surrounds
the mesodermal cells of the notochord (Gotz et al. 1995).
It has been proposed that the notochord sheath functions
to contain and direct internal hydrostatic pressure within
the notochord. The notochord is the forerunner of the axial
skeleton in non-vertebrate chordates (Box 3.2). During early
Xenopus development, osmotic inflation of the notochord
against the sheath results in lengthening and straightening
of the embryo (Adams et al. 1990). Similar mechanics-based
mechanisms involving the notochord sheath may be involved
in morphogenesis of the nucleus pulposus.

It has been shown that mutations in genes encoding pro-
teins that affect the formation of the notochord sheath also
affect the development of the nucleus pulposus (Smits and
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Lefebvre 2003; Choi and Harfe 2011). Sox5 and Sox6 are
Sry-related HMG box transcription factors that cooper-
ate with Sox9 to mediate chondrogenesis (Lefebvre 2002).
Inactivation of Sox5 and Sox6 result in dramatic chon-
drodysplasia with impaired chondrocyte differentiation
(Smits et al. 2001). Sox5/6 is also required for the forma-
tion of the notochord sheath and subsequent survival of the
notochord and development of the nucleus pulposus (Smits
and Lefebvre 2003). The sheath contains many matrix pro-
teins that are also found in cartilage including collagen II
and proteoglycans containing sulfated glycosaminoglycans
like aggrecan and perlecan. The aggrecan and perlecan con-
tent in the notochord sheath from Sox5/6 mutant mice was
dramatically reduced, whereas collagen II was not affected.
It was suggested that Sox5/6 promotes the formation of the
notochord sheath by regulating matrix gene expression in
the notochord cells. Failure to maintain the sheath matrix
resulted in premature death of notochord cells and an aber-
rant nucleus pulposus.

Shh, a secreted signaling molecule important for several
aspects of development, is also required for the formation
and maintenance of the notochordal sheath (Choi and Harfe
2011). Shh is secreted by the notochord as well as the nucleus
pulposus in embryonic and postnatal life (Dahia et al. 2009;
DiPaola et al. 2005). Shh binds to its receptor, Ptc, on nearby
cells, thus relieving repression of Smoothened, Smo, a
transmembrane protein that is required to transmit the Shh
signal (Ingham and McMahon 2001). In mice containing a
germ line null allele of Shh, the notochord was formed, but
was not maintained (Chiang et al. 1996). The embryos died
shortly thereafter preventing analysis of development of the
intervertebral disc. To address the role of Shh in the mainte-
nance of the notochord and the subsequent formation of the
nucleus pulposus, a conditionally deleted allele of Smo in
mice was used (Choi and Harfe 2011). In these experiments
the investigators removed Smo from all Shh-expressing cells,
including the notochord. The notochord sheath was missing
in the Smo-deleted mice. Furthermore, the nucleus pulposus
did not expand into the intervertebral disc region, and noto-
chord cells were scattered throughout the vertebral column.
Notochord remnants in the vertebral body could be marked
by ROSA26 in ShhCreERT?2 mice. If Smo was removed after
the notochord sheath formed, the nucleus pulposus was not
affected indicating the importance of the sheath in this tissue
formation.

Collagen II (Col2) is the major collagen in cartilage and
an important component of the notochordal sheath (Swiderski
and Solursh 1992; Gotz et al. 1995). The notochord is not
removed from vertebral bodies, and intervertebral discs do
not form normally in mice with a null mutation in Col2al
(Aszodi et al. 1998). Cartilage proteins including collagens
IX and XI, aggrecan, and COMP appear to be expressed in
these mice, but collagens I and II are inappropriately
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expressed in the cartilage of the presumptive vertebrae. As a
result, the collagen fibers in cartilage are disorganized. It was
proposed that this disorganization would lead to a weakened
structure unable to contain the cartilage osmotic pressure.
The reduction in internal pressure within the vertebral body
could be responsible for the failure of the notochord to be
removed from the vertebrae and expand into the interverte-
bral disc (Adams et al. 1990), as a result, the nucleus pulpo-
sus would not form. Mutations in other genes that are
expressed in the sclerotome and affect the development of
the vertebral body including Nkx3.2 and Pax1/9 also affect
the removal of the notochord from the vertebral body and
development of the nucleus pulposus, further supporting the
requirement of mechanical pressure for removal/expansion
of the nucleus pulposus (Peters et al. 1999; Lettice et al.
1999; Tribioli and Lufkin 1999).

Box 3.2: Evolution of the Intervertebral Disc

The notochord is the forerunner of the axial skeleton in
early non-vertebrate chordates. In basal vertebrates
including lamprey and fish (teleosts), most of the axial
skeleton is derived from the notochord (Koob and
Long 2000; Ytteborg et al. 2012; Haga et al. 2009;
Dale and Topczewski 2011; Inohaya et al. 2007).
Sclerotome is not detected in non-vertebrate chordates.
A primitive sclerotome, however, is observed in the
most basal vertebrates and teleosts (Scaal and Wiegreffe
2006; Keller 2000; Koob and Long 2000; Inohaya
et al. 2007). Development of the axial skeleton in
teleosts, including salmon, medaka, and zebra fish,
begins with patterned mineralization of the notochord
sheath where the vertebrae will form (Ytteborg et al.
2012; Haga et al. 2009; Dale and Topczewski 2011;
Inohaya et al. 2007). In adult fish, the disc consists of a
central core, similar to the nucleus pulposus, contain-
ing cells with large fluid-filled vacuoles derived from
the notochord, a fibrous layer derived from the noto-
chord sheath, and an elastic membrane or ligament that
is likely derived from the primitive sclerotome
(Ytteborg et al. 2012; Haga et al. 2009; Dale and
Topczewski 2011; Inohaya et al. 2007).

Comparative anatomy suggests the sclerotome
evolved further in amphibians. In some, the sclerotome
composes a large portion of the differentiating somite,
and segmentation is independent of the notochord
(Scaal and Wiegreffe 2006; Keller 2000). By the time
amniotes evolved, they already had a well-developed
intervertebral disc with a nucleus-like tissue derived
from the notochord and an annulus-like fibrous tissue
derived from an evolving sclerotome. It was recently
shown that some adult reptiles and birds, including
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chicken and quail, lack a nucleus pulposus and there is
limited, if any, contribution of the notochord to the
adult axial skeleton (Bruggeman et al. 2012). Since the
contribution of the notochord to the axial skeleton and
development of a nucleus pulposus-like structure
occurred very early in vertebrate evolution, before
significant contribution of sclerotome derived tissues,
it seems likely that the nucleus pulposus was lost dur-
ing the evolution of reptiles and birds. This loss could
have been due to either selective pressure to lose the
nucleus pulposus or lack of pressure to keep it. Perhaps
as the sclerotome evolved, it was able to take over all
of the functions of the adult axial skeleton that were
previously served by the notochord.

The line that would lead to mammals (synapsids)
and that of reptiles and birds (saurapsids) diverged
from the basal amniotes some 320 million years ago.
Whatever the reason (pressures related to gait or
mechanical loading), mammals retained the notochord-
derived structure. Of course, proof of this model will
require additional fossil evidence, which is scarce for
unmineralized tissue; more complete comparative
anatomy of existing species; and further experimenta-
tion, including lineage tracing and molecular biology,
on the development of the intervertebral disc in multi-
ple species.

3.2.3 Evidence forLineage
of the Nucleus Pulposus

The lineage of the cells in the adult nucleus pulposus has
been the source of much debate (Risbud et al. 2010; Erwin
2010; Shapiro and Risbud 2010). It has been proposed that
the notochord forms the initial central part of the interverte-
bral disc, but as this compartment matures, these large noto-
chord cells are replaced with smaller cells that more closely
resemble chondrocytes, perhaps recruited from the end plate
or the inner annulus (Wamsley 1953; Kim et al. 2003).
However, more recently, evidence has accumulated to sug-
gest that all of the cells within the nucleus pulposus are
indeed derived from the notochord.

Shh is highly expressed in the notochord and later in the
nucleus pulposus (Dahia et al. 2009; DiPaola et al. 2005;
Choi et al. 2008). Mice that express an inducible Cre under
the control of the Shh promoter were used in fate mapping
studies of the notochord (Choi et al. 2008). To exclude the
possibility that Shh-Cre would mark cells in the notochord
and then again in a new nucleus pulposus cell population,
a tamoxifen-inducible Cre was employed. Notochord cells
were “pulse labeled” by administration of tamoxifen at an
early stage of development and then followed over time with
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B-galactosidase staining through Cre-mediated activation
of the ROSA26-LacZ locus. When mouse embryos were
pulse labeled at E8.0 days of gestation and examined at
E13.5, it was clear that all of the cells of the nucleus pulpo-
sus were labeled. Furthermore, when old mice (19 months)
were examined, all of the cells of the nucleus pulposus were
labeled with no labeling observed in the annulus fibrosus.
More recently, notochord cells were traced using a Noto-
Cre mouse (McCann et al. 2012). Noto is a highly conserved
transcription factor with expression limited to the node and
early notochord. Again, when cells were marked by activation
of the ROSA26-LacZ locus by Noto-Cre, all of the nucleus
pulposus cells in the adult, after dramatic changes in cellular
morphology, were still labeled although only a subset of adult
nucleus cells stained for K8, a putative marker for nucleus
pulposus cells. The fate mapping studies strongly suggest the
nucleus pulposus is derived completely from the notochord.

Evidence that the nucleus pulposus is derived from the noto-
chord also comes from gene profiling studies. Recent studies
used microarray technology to compare the gene expression
patterns in human, bovine, canine, and rodent nucleus pulpo-
sus, annulus fibrosus, and articular cartilage (Minogue et al.
2010; Lee et al. 2007; Sakai et al. 2009). Brachyury/T, K8,
K18, and K19 were highly expressed in the nucleus pulpo-
sus. Brachyury/T is known as a marker of the notochord and
also a marker of chordoma, notochord tumors, suggesting that
the nucleus pulposus could be derived from these embryonic
cells. More importantly, gene expression patterns significantly
overlapped, and expression of the above nucleus pulposus
markers was similar in the large notochord-like cells and the
smaller chondrocytic cells within the nucleus pulposus. In con-
trast to this result, another group showed heterogeneity in the
nucleus pulposus with regard to K8 expression (Gilson et al.
2010). Heterogeneity in K8 expression was also observed in
the Noto-Cre cell fate mapping studies described above, even
though all of the nucleus pulposus cells were clearly derived
from Noto-expressing cells (McCann et al. 2012). A likely
explanation is that the notochord can differentiate into all of
the cell types including K8-expressing and K8-non-expressing
cells, within the nucleus pulposus. This idea is supported by
studies showing that notochord cells from rabbit can differ-
entiate into cells with varying morphological characteristics
similar to those observed in the adult nucleus pulposus (Kim
et al. 2009). Taken together, there is now considerable evi-
dence indicating that all of the cell types in the adult nucleus
pulposus are derived from the notochord.

3.3  Somitogenesis

Somites are transient structures formed from the presomitic
mesoderm (PSM) that define the anterior-posterior seg-
mented pattern of the embryo. They are essentially balls
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of cells composed of an outer epithelial layer surrounding
a mesenchymal core, the somitocoele (Ferrer-Vaquer et al.
2010). The formation of somites is tightly controlled dur-
ing development both spatially and temporally. Somite pairs
bud off from the anterior end of the PSM at time intervals
specific to the species (Pourquie 2011; Brand-Saberi et al.
2008). Somite nomenclature is based on the relationship of
the somite to the anterior end of the PSM with the closest
somite labeled number SI followed by SII, SIII, etc., count-
ing toward the anterior end of the embryo (Christ and Ordahl
1995). Future somites in the presomitic mesoderm are labeled
SO and SI. These somites have not budded off the PSM, but
can be seen histologically or with molecular markers and are
frequently referred to as somitomeres. It is important to note
that the first five somites to bud off are destined to fuse and
form the occipital bone (Couly et al. 1993). The remaining
somites will progress into the components of the axial skel-
eton and skeletal muscle. Disruptions to somitogenesis and
segmentation of the somites result in birth defects that can
severely affect the function of the spine by disrupting the for-
mation and shape of both vertebral bodies and intervertebral
disc (Box 3.3; Turnpenny 2008).

Box 3.3: Human Pathologies Associated with
Segmentation Defects: Klippel-Feil Syndrome
Many congenital defects of the spine are caused by
problems in segmentation of the somites (Turnpenny
2008; Shifley and Cole 2007). Some of these are linked
to teratogens such as retinoic acid (RA) which can cause
axial skeleton abnormalities by interfering with the
normal retinoid signaling and thus affecting the normal
timing and location of segment formation (Alexander
and Tuan 2010). Various types of spondylocostal dys-
ostosis have been linked to the clock genes D113, Lnfg,
Hes7, and Mesp2 (Pourquie 2011). Alagille syndrome,
which is characterized by misshapen “butterfly” verte-
brae caused by dorsal fusion failure, has been linked to
mutations in Jaggedl, a Notch ligand (Oda et al. 1997;
Li et al. 1997). Segmentation defects can also affect
the intervertebral disc as well as the vertebra. Most
prominently, the disc is completely absent with fused
block vertebrae and pushed to one side when only par-
tial vertebral fusion occurs (Turnpenny 2008; Shifley
and Cole 2007). Unfortunately, many clinical observa-
tions fail to include discal analysis, most likely due to
inability to visualize it by earlier imaging methods.
Klippel-Feil syndrome (KFS) is one of the clear-
est examples of a disc development defect in humans.
KEFS is primarily characterized by congenital cervical
synostosis due to an absence of the disc and resulting
in fusion of adjacent vertebrae. First identified in 1912
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by Klippel and Feil, it was described as limited head
range of motion, low posterior hairline, and absence of
neck (Klippel and Feil 1975; Willard and Nicholson
1934). KFS is currently categorized into three types as
follows (Tracy et al. 2004; Kaplan et al. 2005):
* Type I — multiple cervical fusions
e Type Il — 1-2 cervical fusions
e Type III — cervical fusion combined with lumbar

fusions

After a screen of 63 affected individuals showed 6
with potential deleterious mutations in PAX/, it was
proposed that defects in PAX1 function resulting in
somite segmentation defects were the major cause of
KFS (McGaughran et al. 2003). More recently, genetic
analysis of both inherited and sporadic cases of KFS
identified two missense mutations (L298P and A249E)
in the GDF6 gene and an inversion (q22.2q23.3)
623 kb 3" of GDF6 (Clarke et al. 1995; Tassabehji
et al. 2008). GDF6 (also known as BMP13) is a mem-
ber of the TGF-B protein family that clusters with
GDF5 and GDF7 (BMP14, BMP12) and is structurally
related to BMP2 and BMP4 (Rider and Mulloy 2010).
Knockdown of GDF6 in zebra fish and Xenopus results
in KFS-like phenotypes (Asai-Coakwell et al. 2009;
Tassabehji et al. 2008). Deletion of GDF6 in mice does
not result in any obvious spinal phenotypes; however,
the additional deletion of GDFS5 results in a KFS-like
scoliosis phenotype suggesting some redundancy in
the function of GDF5 and GDF6 (Asai-Coakwell et al.
2009; Settle et al. 2003). It is also important to note
that even with the double deletion, these mice do not
exhibit vertebral fusions. It has been shown that GDF6
can inhibit endochondral ossification of mesenchy-
mal stem cells in culture suggesting that GDF6 may
normally help to specify or maintain the disc space in
the sclerotome (Shen et al. 2009). Furthermore, it has
been shown that GDF6 prevents the effects of annular
injury in an ovine model and may act as a protective
agent for the annulus fibrosus (Wei et al. 2009). These
only cover a few of the many abnormalities associ-
ated with segmentation, but future genetic screening
promises to link more cases with the genes involved in
somitogenesis.

3.3.1 Clock and Wavefront

The first step in the formation of the somite from the PSM is
the determination and timing of the segmentation site. This
anterior-posterior segmentation and patterning of the PSM
was originally hypothesized by Cooke and Zeeman (1976) to
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occur via a “clock and wavefront” mechanism (Fig. 3.2).
This model proposed that the tightly controlled size and
number of somites is due to the cycling of expression for
specific genes within the PSM cells. Cycling of gene expres-
sion within individual cells provides the “clock,” and the
presence of a morphogen gradient across the anterior-poste-
rior axis of the embryo provides the “wavefront.” This gradi-
ent in combination with the timing of genes expressed
through the clock leads to the formation of a boundary where
the somite will separate from the PSM. Commitment and dif-
ferentiation of cells is also modulated as they pass through
this boundary. Additional experimental evidence over the
years has supported and expanded upon the “clock and wave-
front” model so that now many of the molecular details have
been elucidated (Pourquie 2011; Brand-Saberi et al. 2008).

3.3.1.1 Clock Regulation

Two major signaling pathways are involved in regulating the
“clock” that helps determine where and when each somite
will separate from the PSM. The first is the Notch pathway.
Notchl has a critical role in the segmentation and epithelial-
ization of somites (Conlon et al. 1995; Swiatek et al. 1994).
Although Notchl is expressed throughout the PSM, activated
Notch signals where segmentation will occur (Reaume et al.
1992) and other pathway members that regulate Notch activ-
ity, such as deltal(DIl1) (Bettenhausen et al. 1995), Hesl
(Palmeirim et al. 1997; Dequeant et al. 2006), Hes7 (Bessho
et al. 2003), and lunatic fringe (Lfng) (Evrard et al. 1998;
Johnston et al. 1997; Forsberg et al. 1998; Zhang and Gridley
1998), exhibit cyclic expression patterns in the PSM. The
pattern of expression has been compared to waves washing
up on shore. Expression starts at the posterior end of the
PSM and moves in a wave to the point where the next somite
will form, then expression starts back at the posterior domain.
The timing of the cycle is species dependent. Mesp2, an
inhibitor of Notch signaling, also has a cyclic expression pat-
tern in the PSM, and its expression becomes restricted to,
and maintained in, the anterior portion of the SI somite at
each cycle (Morimoto et al. 2005). This sets up a sharp
boundary of Notch activity that is high in the posterior end of
the SO somite and low in the anterior end of the future SI
somite, thus defining the segmentation site for the SO somite
(Morimoto et al. 2005; Saga 2007; Sasaki et al. 2011; Saga
et al. 1997).

The second signaling pathway shown to be involved in
the clock system and in regulating its cyclic pattern of gene
expression is that of Wnt. Axin2, a negative regulator of the
Whnt pathway, has an oscillating pattern of expression that is
not in synchrony with genes of the Notch family (Aulehla
et al. 2003; Dequeant et al. 2006). Disruption of the Notch
pathway does not disrupt Axin2 expression, although disrup-
tion of Wnt3a disrupts Lnfg, an inhibitor of Notch signaling
(Aulehla et al. 2003, 2008). This suggests that cyclic Wnt
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Fig. 3.2 Somitogenesis
(segmentation). Somites (green)
bud off at evenly spaced time
intervals, the period of which is
determined by species, from the
anterior PSM. Counter gradients
of RA and FGF/Wnt signaling
determine the location of the
determination front near the
posterior boundary of somite SI.
The two main “clock” signaling
pathways cycle on and off
synchronously with somite
formation yet slightly out of phase
with each other. (a) Blue stripes
are representative of Wnt pathway
gene cycling within the PSM
during the period of one somite
generation. (b) Red stripes are
representative of Notch pathway
gene cycling within the PSM
during the period of one somite
generation. The star indicates the
position of a single cell during the
period of formation for one somite
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signaling is occurring upstream of the cyclic Notch signaling.
This cycling of gene expression seems to allow the cells of
the PSM to respond to the “wavefront” signals at the appro-
priate time initiating the cellular shape and adhesion changes
that permit the somite to “bud off” from the PSM.

3.3.1.2 Wavefront

The concept of the “wavefront,” a point of abrupt transition
leading to somite formation, has evolved to include two
counteracting morphogen gradients (Brand-Saberi et al.
2008; Pourquie 2011). The first identified was that of
fibroblast growth factor (FGF) signaling. FGF8 was found to
be present at high levels in the posterior PSM and gradually
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decreases toward the anterior PSM (Dubrulle et al. 2001).
More recently, FGF4 was seen expressed in a similar pattern
(Naiche et al. 2011). Experiments implanting beads soaked
in Fgf8 have demonstrated the ability of Fgf8 concentration
to regulate the size of the developing somites (Sawada et al.
2001). Deletion of Fgfr1, the only FGF receptor expressed in
the PSM, results in loss of cyclic gene expression and failure
of somite segmentation (Wahl et al. 2007). The FGFS8 gradi-
ent has been determined to be due to the instability of the
RNA transcripts that leads to a gradual decrease in Fgf8 pro-
tein (Dubrulle and Pourquie 2004), thus allowing for the
tight temporal and spatial control of the segmentation bound-
ary. In addition to FGF, Wnt signaling shows a similar
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gradient, as evidenced by localization of B-catenin protein,
that acts both through and parallel to FGF signaling (Aulehla
et al. 2008). This Wnt signaling gradient also suggests a
mechanism of cross talk between the “clock” and “wave-
front” as Wnt signaling can control the Notch pathway. It has
been suggested that the gradient and cyclic expression of
Wht acts as a bridge between the wavefront and clock (Brand-
Saberi et al. 2008; Pourquie 2011).

The counter gradient to FGF is a retinoic acid (RA) gradi-
ent that extends in an anterior to posterior direction along the
developing embryo and is inhibited by Fgf8 through repres-
sion of Raldh2, a gene required for RA synthesis (Diez del
Corral et al. 2003). In turn, RA is then able to repress FGF
signaling (Diez del Corral et al. 2003). Cyp26, an enzyme
that degrades RA, is expressed in the tail bud (Sakai et al.
2001) providing a mechanism to keep the diffusion of RA
localized. This method of gradient formation is known as a
source-sink mechanism (Aulehla and Pourquié 2010) in con-
trast to the mRNA decay used to control the FGF gradient. It
is currently thought that the boundary of the “wavefront” is
determined by the transition from high FGF/Wnt and low
RA signaling to low FGF/Wnt and high RA signaling.

The bilateral symmetry of the somite pairs produced dur-
ing somitogenesis is also controlled by RA signaling
(Kawakami et al. 2005; Vermot et al. 2005; Vilhais-Neto
et al. 2010; Vermot and Pourquie 2005; Sirbu and Duester
2006). During normal embryonic development, the asym-
metric expression of various genes, such as Nodal and Pitx2,
occurs directing the organization of the internal organs. It
has been proposed that RA acts to insulate somitogenesis
from surrounding signals driving the left-right asymmetry
seen throughout the body cavity (Brent 2005; Brend and
Holley 2009). This work links the genes involved in somito-
genesis directly to the control of body symmetry.

3.3.2 Epithelialization

As somites bud off of the anterior end of the PSM, the outer
cell layer undergoes a mesenchymal to epithelial transition
(MET). The two primary transcription factors involved in
MET are Pax3 and Paraxis. In vitro overexpression of Pax3
results in epithelialization of mesenchymal cell lines (Wiggan
et al. 2002), while deletion of Pax3 in the PSM results in
somites that are unable to maintain epithelial integrity
(Mansouri et al. 2001). Loss of Paraxis also disrupts epithe-
lialization of the somite (Burgess et al. 1996) although it
does not affect segmentation and future differentiation. The
first evidence for MET during somitogenesis came from a
finding in 1978 that cells from the segmented mesoderm
showed a greater adhesiveness than those of the unsegmented
PSM (Bellairs et al. 1978). Various adhesion molecules are
expressed in the developing somite such as N-cadherin,
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fibronectin, cytoactin, and neural cell adhesion molecule
(Duband et al. 1987; Crossin et al. 1986). These molecules
are known to be involved in the formation of epithelia.
N-cadherin is necessary for the production of stable somites
with its loss resulting in irregular and loosely attached
somites (Radice et al. 1997) as well as lack of adhesion in
culture (Duband et al. 1987). EphA4/Ephrin signaling is also
required for proper epithelialization of the somite. Ablation
of EphA4/Ephrin signaling in the form of a dominant-nega-
tive, truncated EphA4 results in somite boundaries, but no
epithelial layer formation (Barrios et al. 2003). This process
results in epithelia forming only on the outer boundary of
each somite sphere. It is not clear how high Notch signaling
from the segmentation clock translates into MET, but Notch
regulates the expression of a transcription factor called Hesl
that regulates Ephrin expression (Glazier et al. 2008).

3.3.3 Segment Identity

Hox genes control the patterning of the PSM, which will ulti-
mately lead to the differences in cranial to sacral vertebrae
identity (Iimura et al. 2009; Wellik 2009). Originally discov-
ered in drosophila segmentation, Hox genes are located in
clusters that are arranged from 3’ to 5’ in the order of their
expression from anterior to posterior domains. In mammals,
there are four clusters Hox A, B, C, and D each containing up
to 13 Hox genes (Wellik 2009). Hox genes with the same
number across clusters are called paralogous groups (e.g.,
Hoxal, Hoxbl, and Hoxdl). The expression domains of indi-
vidual Hox genes have been shown to line up with specific
vertebral segments (Burke et al. 1995). Although the colin-
earity of the Hox genes is easily demonstrated in drosophila
with deletions resulting in anterior homeotic transforma-
tions, in the mouse, Hox deletions result in both the expected
anterior homeotic transformations and posterior homeotic
transformations (Wellik 2007). The reason for this variation
seen in mice is thought to be due to the activity of paralogous
Hox genes. Deletion of multiple paralogous Hox genes con-
sistently results in anterior homeotic transformations (Wellik
2007). The term “Hox code” is used to describe the phenom-
enon in which a very specific complement of Hox expression
determines the identity of a specific vertebral segment
(Kessel and Gruss 1991; Iimura et al. 2009). In the mouse,
the anterior boundaries of Hox gene expression are set by
embryonic day 12.5 (Wellik 2007). There has been some
indication that Hox gene expression is linked to the somite
clock (Zakany et al. 2001; Kmita and Duboule 2003) allow-
ing additional layers of specification in the patterning of the
spine. RA has also been linked to the control of Hox gene
expression during specific stages of development with ecto-
pic RA causing homeotic transformations in the vertebrae
(Kessel and Gruss 1991). Thus, there is cross talk between
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the signaling pathways in the “wavefront” and those required
for location specification. This activity emphasizes how all
of the signaling pathways that regulate development of the
axial skeleton overlap and intertwine.

3.4  Formation of Sclerotome

Differentiation begins starting with the anterior-most somite.
The dorsal epithelium of the somite will form the dermo-
myotome, which will later differentiate into the dermis of the
back and skeletal muscle. The somitocoele and the ventral
epithelium of the somite will undergo an epithelial to mesen-
chymal transition (EMT) to generate sclerotome, which will
form all of the connective tissues of the axial skeleton. The
division of sclerotome and dermomyotome begins when the
somite reaches SIII (Christ and Ordahl 1995) although the
sclerotome segment is still plastic until a much later stage
(Dockter and Ordahl 2000). Shh secreted from the notochord
and ventral floor plate is the primary inductive signal con-
trolling the delamination of the epithelial somite to form the
sclerotome (Borycki et al. 1998; Fan and Tessier-Lavigne
1994; Murtaugh et al. 1999; Dockter 2000; Chiang et al.
1996; Marcelle et al. 1999). Pax3 and Pax7 are expressed
in the unsegmented PSM but are downregulated in the ven-
tral somite and somitocoele as the sclerotome differentiates.
The expression of Pax1 and Pax9, markers of sclerotome,
increases (Brand-Saberi and Christ 2000). Shh has been
shown to induce Pax1, a marker of sclerotome, when present
ectopically (Fan and Tessier-Lavigne 1994; Johnson et al.
1994). A second permissive signal is also required for the
formation of sclerotome (Stafford et al. 2011). BMP from
the lateral plate mesoderm normally interrupts differentiation
of sclerotome and interferes with Shh signaling, allowing
the sclerotome to differentiate only from the ventral medial
side of the somite. Several extracellular BMP antagonists
are expressed regionally that carefully restrict BMP activity
(Stafford et al. 2011; Rider and Mulloy 2010). Noggin (Nog)
and Gremlinl (Grem1) cooperate to antagonize BMP signal-
ing, permitting sclerotome differentiation in the presence of
Shh (Stafford et al. 2011). Deletion of Nog and Grem! in mice
results in the complete failure of sclerotome differentiation.
Dermomyotome was not affected in these mice. Inhibition of
BMP alone is not sufficient to specify sclerotome or expand
sclerotome differentiation in vivo suggesting antagonism of
BMP is a permissive factor for sclerotome differentiation
(Rider and Mulloy 2010). Very recently, using notochord
deficient Sd mice, it was shown that the floor plate alone
is sufficient for the development of the sclerotome (Ando
et al. 2011). Shh from the floor plate could replace Shh from
the notochord to allow differentiation of sclerotome in the
absence of notochord.
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3.5 Resegmentation

Resegmentation of the sclerotome was first proposed by
Remak in 1855 (Bagnall et al. 1988) after observing that
in relationship to the original somites, there was half-
segment realignment of the vertebrae. The initial studies
followed somite development in chick embryos through
lineage tracing using quail/chick chimeras (Bagnall et al.
1988; Goldstein and Kalcheim 1992), vital dye (Bagnall
1992), or viral transduction (Ewan and Everett 1992).
The consensus from these studies was that the sclerotome
derived from one somite divides into rostral and caudal
halves with the rostral half of one segment joining with the
caudal half of the segment immediately rostral to it form-
ing the vertebral body. Accordingly, the intervertebral disc
would be derived from the sclerotome at the junction of the
two half segments (Fig. 3.3). Since those early reports, it
has been determined that resegmentation occurs after the
sclerotome differentiates from the ventral portion of the
somite. Resegmentation results in a one half-segment stag-
ger between the sclerotome and myotome allowing for the
alternating pattern between the musculature and the verte-
bral body in the axial skeleton. Phenotypes indicative of
alterations in resegmentation include fusion of vertebrae
where joints should be, split vertebrae and ribs, alterations
in migration of neural crest through the sclerotome and
disorganization of the dorsal root ganglia. Several mouse
models demonstrate these types of resegmentation defects
including deficiencies in RAB23 (opb mutant) (Sporle and
Schughart 1998), Paraxis (Johnson et al. 2001), and Tgfbr2
(Baffi et al. 2006). Ablation of the neural tube after sclero-
tome formation also results in resegmentation failure sug-
gesting a role for signals from the neural tube in directing
resegmentation (Colbjorn Larsen et al. 2006). Much of the
molecular mechanisms defining the process of resegmenta-
tion remain to be elucidated.

3.6 Sclerotome Derivatives

Sclerotome contains multipotent progenitor cells that differ-
entiate into all of the connective tissue cell types of the axial
skeleton (Monsoro-Burq 2005). Sclerotome can differentiate
into cartilage that will subsequently undergo endochondral
ossification to form the bony vertebrae of the spine. It will
also differentiate into the annulus fibrosus of the interverte-
bral disc and the tendons that link the vertebrae to the mus-
cle. Which cell type is specified is determined by the location
of cells within the sclerotome and complex interactions of
growth factors (Fig. 3.4). How these factors interact with
each other to specify cell lineage in the axial skeleton is just
beginning to be determined.
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Fig. 3.3 Sclerotome resegmentation. Resegmentation begins with the
dorsal-ventral division of the somite into the dermomyotome (brown)
and sclerotome (red and blue), respectively. The sclerotome then pro-
ceeds to divide into anterior and posterior regions that can be seen as
alternating loose and condensed mesenchyme. The anterior region of one
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Fig. 3.4 Derivatives of the sclerotome. (a) Sclerotome is derived from
the ventral medial portion of the somite. In response to Shh, cells from
the somite and somitocoele migrate toward the notochord and differ-
entiate into sclerotome. (b) Cells from the somitocoele end up at the
border between the rostral and caudal halves of each segment. After
resegmentation, these cells lie in between the developing vertebral
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bodies and will become the annulus fibrosus (AF) of the intervertebral
disc. Cells at the dorsal border of the sclerotome differentiate into ten-
don in response to factors from the myotome. (c¢) In the final structure,
the disc is situated between the vertebral bodies, which are staggered by
one half segment from the muscle and connected to the muscle though
the tendons
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3.6.1 Differentiation of the Annulus Fibrosus
The compartment of the sclerotome that will form the
annulus fibrosus of the intervertebral disc can be traced
back to the somitocoele cells of the somite (Mittapalli et al.
2005). As described above, somites are transient structures
that organize the segmented pattern of the embryo. They
consist of an outer epithelial ball with a central core of
mesenchymal cells. This mesenchymal core is the somito-
coele. When the sclerotome forms, Shh from the notochord
causes an epithelial to mesenchymal transition in the ven-
tral portion of the epithelial somite, these cells, along with
the mesenchymal cells of the somitocoele, migrate ven-
trally to surround the notochord and form the sclerotome
(Monsoro-Burq 2005). The cells from the somitocoele end
up in the caudal half of the sclerotome adjacent to von
Ebner’s fissure, the domain that marks the border between
the two sclerotome halves (Williams 1910; Christ et al.
2000). After resegmentation, this is the area that will end
up in between the vertebrae as the annulus fibrosus. The
importance of this compartment for the formation of the
intervertebral disc as well as the zygapophysial joints (syn-
ovial joints of the vertebrae) was determined using clas-
sical developmental biology techniques in chick embryos
(Mittapalli et al. 2005). Somitocoeles were microsurgically
removed and replaced with an inert bead. After an incuba-
tion period of 6 days, about half of the operated embryos
lacked intervertebral discs. In addition, adjacent articular
processes were fused due to loss of the synovial joints of
the vertebrae. Recently, it was shown that although these
cells can contribute to the annulus fibrosus, they are not
committed to the annulus fibrosus cell fate while in the epi-
thelial somite (Senthinathan et al. 2012). When somitocoele
cells were marked with GFP and transplanted between the
neural tube and notochord, GFP-expressing cells were not
restricted to the annulus fibrosus or vertebral body later in
development. Furthermore, expression of annulus fibrosus
markers was not found in the vertebral bodies. The results
suggest that the annulus cells are likely specified by their
location within the sclerotome.

It is clear that the annulus fibrosus is derived from cells at
the border of sclerotome halves; however, there is some dis-
pute about whether the annulus arises from the rostral or cau-
dal side of this border. Somitocoele cells normally end up on
the caudal side of this boundary (Mittapalli et al. 2005), and
previous fate mapping and peanut agglutinin binding studies
suggest the annulus fibrosus arises from the caudal domain
(Bagnall and Sanders 1989; Huang et al. 1994). In contrast,
experiments using chick-quail grafting experiments and,
more recently, dye-labeling studies suggest the annulus arises
from the rostral sclerotome (Goldstein and Kalcheim 1992;
Bruggeman et al. 2012). The advantage of the dye-labeling
studies was that two discrete cell populations could be
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marked within the same somite and precise cell transplantation
techniques were not required.

While the cells undergoing chondrogenesis in the devel-
oping vertebral body adopt a round cell morphology, the
cells in the presumptive annulus are fibroblastic and organize
in concentric circles around the developing nucleus pulposus
(Peacock 1951; Rufai et al. 1995; Hayes et al. 2011). This
orientation provides the template for collagen deposition that
will ultimately form the radial-ply, lamellar structure typical
of the annulus fibrosus. This cellular template is the product
of the orientation of the cellular actin cytoskeleton linked
to adherens junctions connecting adjacent cells (Hayes et al.
1999). Highly organized matrix deposition follows this cel-
lular orientation phase. The organized deposition of the col-
lagen matrix may be similar to that seen in other connective
tissues like the tendon: collagen fibrils self-assemble in the
cell, then larger fibers are formed in membrane-bound com-
partments between cells (Birk and Trelstad 1986); small
leucine-rich proteoglycans (SLRPs) control collagen fiber
formation as well as regulate the availability of growth fac-
tors, including TGF-. Fibromodulin is strongly expressed
in the annulus fibrosus relative to the vertebral cartilage and
may play an important role in its development through its
control of collagen fiber formation and growth factor bio-
availability (Hayes et al. 2011; Smits and Lefebvre 2003;
Sohn et al. 2010).

Members of the TGF-§ superfamily are secreted sig-
naling molecules that regulate many aspects of cell physi-
ology (Serra and Chang 2003; Patil et al. 2011). TGF-Bs
signal through heteromeric serine/threonine kinase recep-
tors (Wrana et al. 1994). Mice with targeted deletion of the
Tgfbr2 gene in the sclerotome demonstrate defects in the
development of the axial skeleton including a reduced or
absent disc (Baffi et al. 2004, 2006). The annulus was most
affected. Expression of fibromodulin, a matrix protein that
is highly enriched in the annulus fibrosus, was reduced or
missing. The mature form of collagen IIB, indicating verte-
bral development, was ectopically expressed in the presump-
tive annulus fibrosus and peanut agglutinin, which normally
only stains the presumptive vertebrae, stained the length
of the developing spine. Furthermore, a global analysis of
gene expression comparing wild-type and Tgfbr2 mutant
intervertebral discs indicated that the annulus fibrosus from
Tgfbr2 mutant mice more closely resembled wild-type ver-
tebrae than annulus fibrosus (Sohn et al. 2010). Additional
microarray experiments also showed that genes that are
enriched in the annulus fibrosus were stimulated in TGF-
B-treated sclerotome (Sohn et al. 2010). A separate study
using rat annulus cells in culture showed that TGF-6 could
upregulate proteins associated with fibrocartilage including
collagen I and II (Hayes and Ralphs 2011). Together the
results suggest that TGF- could (a) allow formation of the
intervertebral disc by preventing differentiation of vertebral



3 Development of the Intervertebral Disc

cartilage in the disc space and/or (b) directly stimulate
annulus differentiation.

Klippel-Feil syndrome (KFS; OMIM#118100) is a con-
genital malformation characterized by cervical synostosis
due to lack of intervertebral disc resulting in fusion of adja-
cent vertebrae. It was recently shown that KFS is associated
with mutations in the GDF6 gene (Tassabehji et al. 2008).
GDF6/BMP13 is a member of the BMP subgroup within the
TGF-3/BMP family of secreted signaling molecules. The
mechanism of GDF6 action in development of the interverte-
bral disc is not known, but it has been speculated to regulate
specification of where the disc will form within the sclero-
tome (Box 3.3).

3.6.2 Differentiation of Vertebral Cartilage

Vertebral chondrocyte cell fate is specified early when the
sclerotome first forms (Murtaugh et al. 1999). Shh secreted
from the notochord, which induces delamination of cells from
the somite and initial differentiation of the sclerotome, can
also prime the cells to respond to the chondrogenic actions
of BMP. Shh induces expression of the transcription factors
Pax1 and Pax9, which can also be considered markers of
the early sclerotome (Muller et al. 1996). Shh and Pax1/9
regulate the expression of a transcriptional repressor called
Nkx3.2 (Zeng et al. 2002; Rodrigo et al. 2003). Nkx3.2 is
one of the earliest markers of prechondrogenic cells in the
axial skeleton, and it induces the expression of Sox9, a mas-
ter regulator of chondrogenesis, in a BMP-dependent manner
(Zeng et al. 2002; Tribioli and Lufkin 1999). Since Nkx3.2
is a transcriptional repressor, induction of Sox9 is likely
mediated by derepression, with Nkx3.2 inhibiting an as yet
unidentified repressor of Sox9. Nkx3.2 and Smadl/Smad4
interact directly to recruit histone deacetylase/Sin3a to DNA,
thus acting to inhibit gene expression (Kim and Lassar 2003).
These results demonstrated that Smads act as transcriptional
repressors in the context of specific binding partners like
Nkx3.2. In this way, BMP and Nkx3.2 cooperate to regulate
chondrogenesis. Once Sox9 expression and chondrogenesis
are initiated in the axial skeleton, chondrocyte differentiation
and endochondral bone formation occur in the vertebral bod-
ies in a manner similar to that seen in the limbs. When the
bony vertebra is formed, hyaline cartilage is maintained at
the end plate, adjacent to the intervertebral disc.

3.6.3 Boundary Between Vertebral Body
and Annulus Fibrosus

After resegmentation, the sclerotome is organized into a pat-
terned structure of alternating loose and dense mesenchyme.
The dense mesenchyme represents the future annulus
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fibrosus of the intervertebral disc, and the loose mesenchyme
is where the vertebral cartilage will form. A sharp bound-
ary exists between the two compartments. High concentra-
tions of BMP activity are required to generate the vertebral
cartilage. Deletion of BMP receptors results in an overall
disruption to chondrogenesis and endochondral bone forma-
tion (Yoon et al. 2005). Nevertheless, BMP mRNA is synthe-
sized in the cells that will become the disc (Zakin et al. 2008,
2010). To generate the morphogenetic field that defines disc
and vertebrae within the sclerotome, BMP activity must be
relocalized and concentrated. Two BMP interacting proteins,
Crossveinless-2 (Cv-2) and Chordin (Chd), are required
(Zakin et al. 2008, 2010). Loss of Cv-2 or Chd results in
small vertebral bodies and slightly increased intervertebral
space. Cv-2 mRNA is made in cells in the presumptive ver-
tebrae. The protein is attached to cells via heparin sulfate
proteoglycans and resides in the vertebral compartment.
Chd mRNA is made in the presumptive intervertebral disc;
however, most of the protein is localized to the vertebral
compartment. Chordin binds to and inactivates BMP in the
developing disc, but it also moves BMP to the developing
vertebral body. Once in the vertebral compartment, Chd
binds to Cv-2, the Chd is cleaved by a tolloid-like protease,
releasing BMP. Strong BMP activity in the vertebral body is
indicated by the presence of phospho-Smadl, which is low
to absent in the intervertebral disc compartment. The move-
ment and concentration of BMP activity within the sclero-
tome help to set up the compartments and boundaries that
define where the vertebrae and disc will form.

In addition, examination of mouse embryos with a condi-
tional deletion of Tgfbr2 in the sclerotome indicated that
Tgfbr2 was required to maintain the sharp boundary between
the developing vertebrae and annulus fibrosus (Baffi et al.
2006). Pax1/9 is important for specifying and maintaining
boundaries in developing tissues, and the expression domain
of Pax1/9 was expanded in Tgfbr2 mutant mice. As TGF-§3
can antagonize BMP activity, it is possible that loss of TGF-3
results in inappropriate BMP signaling in the presumptive
intervertebral disc where BMP mRNA is synthesized (Candia
etal. 1997; Li et al. 2006). TGF-3 may also interfere with the
relocalization of BMP activity through Chd and Cv-2.

3.6.4 Syndetome (Tendon)

The tendons of the axial skeleton are formed from a com-
partment of the sclerotome called the syndetome (Brent
et al. 2003). Since tendons link the vertebrae to the mus-
cle, localization during development is critical. When the
sclerotome separates from the somite, the epithelial dermo-
myotome is formed from the most dorsal part of the somite.
The future muscle cells then separate to form the myotome,
which expresses master regulators of muscle development,
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MyoD and Myf5. The myotome is immediately dorsal and
adjacent to the sclerotome and secretes fibroblast growth
factors (FGF) 4 and 6. Receptors for FGF are located on
the sclerotome and FGF signaling stimulates expression
of Scleraxis (Scx), marking developing tendon. High lev-
els of Shh on the ventral side of the sclerotome from the
notochord prevent tendon formation and promote the for-
mation of the vertebral bodies; thus, the tendon forms in
between and adjacent to the vertebrae and muscle (Brent
et al. 2003, 2005).

3.7 Developmental Pathways Involved

in Maintenance of Postnatal Disc

Several signaling pathways that regulate development are
also involved in maintaining the intervertebral disc structure
in the adult. For example, Tgfb is expressed in the interver-
tebral disc and end plate cartilage into maturity (Dahia et al.
2009). Mice expressing a dominant-negative Tgfbr2 (DNIIR)
show kyphoscoliosis by 3 months of age (Serra et al. 1997),
while postnatal deletion of the Tgfbr2 in the annulus fibrosus
of the intervertebral disc and the end plate cartilage results
in signaling changes that suggest accelerated degeneration
(Jin et al. 2011). Together, these studies indicate that func-
tional TGF-B signaling is necessary for the maintenance of
a healthy intervertebral disc well after the original develop-
ment has ended. Another example is Wnt signaling: inappro-
priate activation of Wnt/B-catenin signaling via disruption
of the inhibitors Axinl and Axin2 results in scoliosis and
fusions in lumbar vertebrae (Dao et al. 2010). Likewise,
transient activation of Wnt signaling by expression of a con-
stitutively active B-catenin resulted in postnatal deterioration
of the annulus fibrosus (Kondo et al. 2011). Many other path-
ways important to intervertebral disc development continue
to be active in the postnatal state including Shh, Wnt, FGF,
and BMP (Dabhia et al. 2009). Future studies will elucidate
molecular mechanism through which these developmentally
important pathways maintain the postnatal disc.

3.8 Closing

Understanding of signals involved in the embryonic devel-
opment of the axial skeleton provides insight into mecha-
nisms of spinal pathology. For this purpose, it is necessary to
understand how cells with specialized functions are derived
from undifferentiated cells and how cells interact with each
other and their environment to form tissues and organs. In
addition, a clear understanding of how the skeletal system
develops directly impacts regeneration and tissue engineer-
ing strategies as well as understanding the pathogenesis of
diseases of the spine.

M.K. Cox and R. Serra
3.9 Summary of Critical Concepts Discussed
in the Chapter

e The intervertebral disc is derived from two embryonic
structures, somites and notochord.

¢ Notochordal cells form the nucleus pulposus.

e Somites are transient structures that determine the seg-
mented pattern of the embryo.

e Somites differentiate into sclerotome and dermomyo-
tome. The sclerotome will form all of the connective tis-
sues of the spine.

* The sclerotome resegments after it differentiates from the
somite so that the muscle and vertebral segments are stag-
gered by one half segment.

¢ The annulus fibrosus is derived from a subcompartment
of the sclerotome known as the arthrotome, which can be
traced to the somitocoele of the somite.

¢ Tendons are derived from a subcompartment of the scle-
rotome known as the syndetome.

e Defects in formation or maintenance of the notochord,
segmentation of somites, formation of sclerotome, reseg-
mentation, and differentiation of annulus fibrosus result
in disorders of the spine that affect intervertebral disc.

e Understanding how the intervertebral disc develops will
lead to novel strategies for developmental engineering of
this complex organ.
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4.1 Introduction

Proteoglycans are present within the extracellular matrix
(ECM) of the intervertebral disc and on the surface of its
cells. The disc possesses many matrix proteoglycans, with
most also being present in hyaline cartilages. The best studied
of these are aggrecan and versican (members of the hyalec-
tan/lectican family) and decorin, biglycan, fibromodulin,
Iumican, PRELP, and chondroadherin (members of the small
leucine-rich repeat protein/SLRP family). More recently, the
disc has also been shown to contain perlecan and lubricin,
which were previously thought to be characteristic of base-
ment membranes and the surface of articular cartilage, respec-
tively. Much less is known about the disc cell-associated
proteoglycans, though it is likely that several members of the
syndecan (Tkachenko et al. 2005) and glypican (Fransson
et al. 2004) families will be present, together with other unre-
lated proteoglycans such as NG2 (Akeda et al. 2007; Stallcup
2002). While little is known concerning the specific function
of the cell-associated proteoglycans within the disc, it has
been shown that syndecan-4 expression is increased when
elevated levels of interleukin-1 (IL-1) or tumor necrosis fac-
tor-a (TNF-av) are present (Wang et al. 2011), and that it may
play a role in promoting aggrecanase-mediated proteolysis
within the disc. However, due to the scarcity of information
on disc cell-associated proteoglycans, this chapter will focus
on the matrix proteoglycans, in particular aggrecan.

Glycosaminoglycan Structure
and Function

Proteoglycans can be considered as specialized glycoproteins
and are a ubiquitous component of all tissues. They are distin-
guished from other glycoproteins by the substitution of their
core protein with sulfated glycosaminoglycan (GAG) chains
(Box 4.1), though they may also possess more typical O-linked
and N-linked oligosaccharides (Nilsson et al. 1982). The sul-
fated GAGs can be divided into three families — chondroitin
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sulfate/dermatan sulfate (CS/DS), keratan sulfate (KS), and
heparan sulfate/heparin (HS/Hep) (Jackson et al. 1991).
While many proteoglycans possess GAGs from only one
family, some proteoglycans possess GAGs from different
families.

CS is a copolymer of glucuronic acid and
N-acetylgalactosamine, with the latter commonly being
sulfated at the 4 or 6 position. DS is initially synthesized
as CS, but during processing in the Golgi, some of the
glucuronic acid is epimerized to iduronic acid, which may
be sulfated at the 2 position. KS is a copolymer of galac-
tose and N-acetylglucosamine and may be sulfated at the 6
position on either residue. HS is a copolymer of glucuronic
acid or iduronic acid and N-acetylglucosamine, in which
the iduronic acid may be sulfated at its 2 position and the
N-acetylglucosamine may be sulfated at the 3 and 6 positions.
On some glucosamine residues, N-sulfation may replace the
N-acetyl group. In heparin, the presence of iduronic acid and
O- and N-sulfation is high. As there is no template for GAG
synthesis, GAG chain length, degree and position of sulfa-
tion, and degree of epimerization can vary enormously, both
between different proteoglycans and on the same proteogly-
can at different sites.

GAG chains have traditionally been considered structural
electrorepulsive entities of connective tissues. This is due to
their repeating charged disaccharide and sulfated sugar
motifs or as agents which provide a high fixed charge density
in the tissues. As such due to GAG-associated counterions
and the Donnan equilibrium effect, they are responsible for
the water-regain properties of tissues. With the emerging
concept of the sugar code, with the realization that dynamic
structural changes in HS produce a characteristic (nonran-
dom) heparanome, these charged sugars may also be involved
in information storage and transfer (Cummings 2009). The
biological importance of chondroitin sulfation during mam-
malian development and growth factor signaling is poorly
understood (Caterson 2012; Caterson et al. 1990), although
chondroitin 4-O-sulfation is required for proper CS localiza-
tion and modulation of distinct signaling pathways during
growth plate morphogenesis (Kluppel et al. 2005). On this
basis, chondroitin sulfation has emerging biological roles in
mammalian development. The elucidation of the intimate
interplay of GAG chains with a variety of specific bioactive
binding partners triggering cell signaling, cell proliferation,
matrix production, and differentiation underscores the range
of functionalities which may all be affected (Turnbull 2010).
Accordingly, GAG chains are versatile tools for information
storage and transfer and represent a new paradigm in devel-
opmental biology.

Due to differences in either synthesis or degradation, each
proteoglycan does not possess a unique structure: both the
core protein and the GAG chains may vary with site, age,
and pathology. Synthetic changes occurring within the cell
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are most commonly associated with the GAG chains, but
splicing variations (Fulop et al. 1993) or the use of alterna-
tive transcription start sites (Muragaki et al. 1990) may also
influence the structure of the core protein of some proteogly-
cans. In contrast, degradative changes occurring within the
matrix are most commonly associated with processing of the
core proteins by proteinases, although modification of GAGs
by extracellular sulfatases or glycosidases has been reported
(Vlodavsky et al. 1999). Irrespective of their origin, all types
of structural change have the potential to influence proteo-
glycan function.

Proteoglycans have been classified by the type of GAG
chain that they possess or by their location within the tissue.
In terms of location, the division is commonly between pro-
teoglycans that reside in the ECM and those associated with
the cell. Matrix proteoglycans are often substituted with CS,
DS, or KS, whereas cell-associated proteoglycans are often
linked with HS. Heparin is usually only defined in relation-
ship to the serglycin proteoglycan present within mast cells
(Humphries and Stevens 1992) but can be structurally simi-
lar to regions of highly sulfated and epimerized HS present
on other proteoglycans (Girardin et al. 2005). CS and HS
may replace one another at the same site on some proteogly-
cans, as they share the same amino acid substitution motif
(Ser-Gly) and linkage oligosaccharide (Xyl-Gal-Gal-GIcA).
In contrast, KS has two different substitution motifs and
linkage oligosaccharides, which it shares with O-linked and
N-linked oligosaccharides.

Box 4.1: A Historical Perspective of Glycosaminoglycans
and Proteoglycans

The existence of glycosaminoglycans has been known
since the 1860s when chondroitin sulfate was first
described in cartilage. Discovery of the other gly-
cosaminoglycans did not occur until the twentieth cen-
tury, with many owing their discovery to the work of
Karl Meyer. Meyer described the existence of
hyaluronic acid in the vitreous humor of the eye in
1934, dermatan sulfate in skin in 1941, and keratan
sulfate in the cornea in 1953. Heparin was first
described in 1916 because of its anticoagulant activity,
and the structurally related heparan sulfate in 1948.
However, modern terminology was not in use by the
1950s when the glycosaminoglycans were referred to
as mucopolysaccharides which formed the ground
substance of connective tissues. This name persists
today with “the mucopolysaccharidoses,” a group of
heritable disorders due to gene defects in specific lyso-
somal glycosyltransferases, glycosidases, and sul-
fatases responsible for glycosaminoglycan assembly
and catabolism. Similarly, the original terminology for
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some of the mucopolysaccharides was also different,
with dermatan sulfate being referred to as chondroitin
sulfate B and heparan sulfate as heparitin sulfate or
heparin monosulfate. Once the structure of all the
mucopolysaccharides was established, and it was
appreciated that they were all copolymers of a sugar
and an amino sugar, the term glycosaminoglycan came
into use. In addition, until the 1950s it was not appreci-
ated that the sulfated glycosaminoglycans were
attached to protein, and considerable effort was made
to purify them from this “contamination.” It was in
1958 that Helen Muir proved that chondroitin sulfate
in cartilage was covalently attached to protein via a
serine residue, and the proteoglycan era was born.
However, initially the term protein polysaccharide was
used. In 1966, Lennart Roden described the structure
of the trisaccharide which links the chondroitin sulfate
with its serine core protein attachment point. This
attachment region is now known to be common to all
the sulfated glycosaminoglycans, with the exception of
keratan sulfate, irrespective of the proteoglycan core to
which the glycosaminoglycan is attached.

4.3 Aggrecan

Aggrecan is a KS/CS proteoglycan that was originally iso-
lated from hyaline cartilage and the gene was cloned from
chondrosarcoma cells (Doege et al. 1987). It was later shown
to be present in the intervertebral disc and to be synthesized
by disc cells. On a weight basis, aggrecan is the most abun-
dant proteoglycan in both the disc and cartilage and has
probably been more extensively studied than any other pro-
teoglycan. Aggrecan belongs to the family of hyaluronan
(HA)-binding proteoglycans, together with versican, neuro-
can, and brevican (Margolis and Margolis 1994). All family
members possess an amino terminal globular domain respon-
sible for interaction with HA and a carboxy terminal globu-
lar domain containing a lectin homology domain. These
common features give rise to the alternative family names of
hyalectins and lecticans. The interaction with HA permits
the formation of proteoglycan aggregates (Morgelin et al.
1988), and it was this ability to form proteoglycan aggre-
gates that led to the name aggrecan.

Aggrecan provides the disc with its ability to resist com-
pressive loading on the spine, causing the disc to swell and
keep the vertebrae apart. The acquisition of a biped vertical
posture resulted in loading of the spine due to gravity. Partial
removal of this load at night and the imbibition of tissue fluid
result in swelling of the disc, which accounts for the diurnal
variation in disc height (Botsford et al. 1994). The swelling
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properties of aggrecan are related to its abundance, degree of
sulfation, and ability to form proteoglycan aggregates. The
swelling is driven principally by the sulfate groups on the
GAGs, which attract water into the disc by osmosis. As more
water enters the disc, the osmotic properties of the aggrecan
decrease, and an equilibrium is attained in which the swell-
ing of the disc is counterbalanced by the tension induced in
the collagenous framework of the tissue. On subjecting the
disc to compressive load, water is displaced, effectively
increasing the aggrecan concentration and its swelling poten-
tial. On removal of the load, the increased swelling potential
is dissipated by re-imbibition of water into the disc and res-
toration of the equilibrium state. In addition to the symmet-
ric loading due to gravity, the disc experiences asymmetric
compressive loading upon bending. Under asymmetric load-
ing it is essential that the aggrecan cannot diffuse from the
site of compression if optimal restoration of disc height is to
occur following straightening. The diffusion of aggrecan is
related to its size and is minimized by the formation of large
proteoglycan aggregates. This topic is discussed further in
Chap. 5.

Aggrecan is located throughout the disc, though its abun-
dance at different sites varies greatly with age. In the fetal
human spine, aggrecan is prominently immunolocalized in
the cartilaginous vertebral rudiment cartilages and in the
developing intervertebral disc space (Fig. 4.1) (Smith et al.
2009). The fetal vertebral rudiment cartilages are transient
developmental scaffolds which are transformed into ossified
structures in the adult spine, while the discs remain as per-
manent cartilaginous entities. In the human, aggrecan pre-
dominates in the nucleus pulposus in the young juvenile. The
aggrecan content of the nucleus pulposus increases during
juvenile growth and reaches a maximum in the late adoles-
cent/early adult period. During adult life the aggrecan con-
tent of the nucleus pulposus declines (Fig. 4.2a). Aging is
also associated with an increase in aggrecan abundance in
the annulus fibrosus, particularly the inner annulus, and in
the mature adult the aggrecan content of the annulus fibrosus
may surpass that of the nucleus pulposus. Thus, in the mature
adult, the annulus fibrosus is as important as the nucleus pul-
posus for resisting compression.

4.3.1 Aggrecan Protein Structure and Function

The aggrecan core protein possesses about 2,300 amino
acids, which form three disulfide-bonded globular regions
with two intervening extended regions (Fig. 4.3a) (Sandy
et al. 1990; Watanabe et al. 1998). The amino terminal glob-
ular region (G1) responsible for interaction with HA pos-
sesses three disulfide-bonded loops. The first loop allows
interaction with a link protein (LP) that stabilizes the proteo-
glycan aggregate (Neame and Barry 1993), and this is
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- Versican

i Toluidine blue

> 2 TP

Fig.4.1 Immunolocalization of aggrecan (a), versican (b), and toluid-
ine blue-stained proteoglycan (c) in a 14-week gestational age fetal
human intervertebral disc and adjacent cartilaginous vertebral body
rudiment cartilages. Higher-power images of the outer annulus fibrosus

followed by a pair of loops responsible for the interaction
with HA (Watanabe et al. 1997). The second globular region
(G2) possesses two disulfide-bonded loops that share struc-
tural homology with the HA-binding loops of the G1 region.
However, they do not facilitate interaction with HA (Fosang
and Hardingham 1989), and their function is presently
unclear. The G1 and G2 regions are separated by a short
interglobular domain (IGD). After the G2 region, there is a
long extended region to which the majority of GAG chains
are attached. There may be over 100 GAG chains attached to
each core protein, accounting for about 90 % of the molecu-
lar weight of aggrecan.

The GAG-attachment region may be divided into three
domains. The domain closest to the G2 region is responsible
for the attachment of KS (KS domain), and this is followed
by two domains responsible for the attachment of CS (CS1
and CS2 domains). The KS and CS chains provide the aggre-
can with osmotic properties essential for its function in

Versican

(OAF), inner annulus fibrosus (/AF), and nucleus pulposus (NP) are
also presented in selected areas of the aggrecan (d—f) and versican (g—i)
immunolocalizations

resisting disc compression. While the CS chains are confined
to the CS1 and CS2 domains, KS chains may also be present
on the G1, IGD, and G2 regions (Barry et al. 1995). The CS2
domain is followed by the carboxy terminal globular domain
(G3), which possesses disulfide-bonded loops having homol-
ogy to epidermal growth factor (EGF), C-type lectin, and
complement regulatory protein (CRP) sequences. The G3
region facilitates transit of the aggrecan through the cell dur-
ing synthesis (Zheng et al. 1998) and via its lectin domain
also facilitates the interaction with other components of the
extracellular matrix, such as fibulins and tenascins (Day
et al. 2004). It is not clear if these G3 region interactions are
of functional significance in vivo, but they could potentially
link proteoglycan aggregates to one another.

Both the abundance and structure of aggrecan change
with age, due to variations in intracellular synthesis and
extracellular degradation. Apart from possible variations in
gene expression, the synthesis changes are confined to
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Fig. 4.2 Variation in aggrecan content (a) and aggregation (b) in the
human intervertebral disc. Aggrecan content declines with age through-
out the disc but at a faster rate in the nucleus pulposus than the annulus
fibrosus. Aggrecan aggregation is lower and the proportion of small
aggrecan fragments is greater in the nucleus pulposus (NP) than the
annulus fibrosus (AF)

posttranslational modification of the core protein, particu-
larly the synthesis of KS and CS (Brown et al. 1998; Roughley
and White 1980). With age, the chain length of KS increases,
while that of CS decreases. This could be viewed as a com-
pensation mechanism for maintaining the sulfation of aggre-
can and its swelling properties. The sulfation position of CS
also changes with age, with the level of 4-sulfation decreas-
ing and 6-sulfation increasing. It is not clear whether this
variation in sulfation position has any functional significance.
Currently, there is no evidence for the extracellular degrada-
tion of CS or KS, and degradative changes in aggrecan are
confined to the proteolytic cleavage of its core protein
(Roughley et al. 2006). Each proteolytic cleavage generates
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one fragment possessing a G1 region that remains bound to
HA (aggregated) and one fragment that is no longer bound to
HA (non-aggregated) and is free to diffuse within the disc. In
articular cartilage the latter fragments are rapidly lost into
the synovial fluid, but in the disc they accumulate as their
diffusion is impeded by the vertebral end plates and the outer
fibrous layers of the AF. With increasing age, the abundance
of the non-aggregated fragments may exceed that of the
aggregated fragments (Fig. 4.2b), and ongoing proteolysis
further decreases the size of both the aggregated and non-
aggregated fragments. Ultimately, the aggregated fragments
are cleaved to their G1 region, which appears to be relatively
resistant to proteolysis. As the size of the non-aggregated
fragments declines, they are eventually lost from the tissue,
and the total aggrecan content declines. The G1 fragments
may also be eventually lost from the tissue as the size of the
aggregates decreases due to depolymerization of the HA by
extracellular hyaluronidases (Durigova et al. 2011b) or free
radicals (Roberts et al. 1987). The average half-life of both
the aggregated and non-aggregated aggrecan fragments
within the disc is about 20 years (Sivan et al. 2006).

Aggrecans from different species do not possess identi-
cal structures, and there are differences in the structure of
both their core proteins and GAG chains. The major core
protein differences relate to the number of repeats in both
the KS and CS1 domains (Barry et al. 1994; Doege et al.
1997). Of particular note is the absence of an extended KS
domain in the mouse and rat, though it is unclear whether
this is of functional importance. The largest species differ-
ences are in the GAG chains, which can differ enormously
in chain length and degree and position of sulfation. In
addition, there is variation in the abundance of aggrecan
within the discs of different species. While changes in
aggrecan structure and abundance are likely to have func-
tional consequences, it is unclear whether such changes
render some species more susceptible to disc or cartilage
degeneration.

4.3.2 Aggrecan Gene Organization,
Expression, and Mutations

The human aggrecan gene (ACAN, AGC1, CSPG1) resides
on chromosome 15 (Korenberg et al. 1993) and is composed
of 19 exons (Valhmu et al. 1995). Exon 1 encodes the
5'-untranslated region (UTR), exon 2 encodes the signal pep-
tide, exons 3-6 encode the GI1 region, exon 7 encodes the
IGD, exons 8-10 encode the G2 region, exons 11 and 12
encode the GAG-attachment region, exons 13—18 encode the
G3 region, and exon 19 encodes the 3'-UTR. The G3 region
does not possess a unique structure, as the exons encoding its
two EGF-like sequences and its one CRP-like sequence may
undergo alternative splicing (Doege et al. 1991; Fulop et al.
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1993). All alternatively spliced forms of aggrecan do, however,
possess a G3 region with a lectin-like sequence, and hence
may participate in ECM interactions. It is not clear whether
absence of the EGF and CRP domains influences the function
of the G3 domain in vivo, but this has been suggested (Day
et al. 2004). Exon 12, which encodes the CS1 and CS2
domains, exhibits a unique length polymorphism within the
sequence encoding the CS1 domain in the human (Doege
et al. 1997). The human CS1 domain is composed of repeats
of 19 amino acids, each of which bears consensus sequences
for the attachment of two CS chains. The number of repeats
has been reported to vary between 13 and 33, with most indi-
viduals possessing 2628 repeats. This type of polymorphism
can influence the number of CS chains present on each aggre-
can molecule, and it has therefore been suggested that this
may influence aggrecan function; it is predicted that those
aggrecan molecules bearing less repeats are functionally infe-
rior (Roughley 2006). This led to the prediction that individu-
als possessing aggrecan with a low number of CSI repeats
would be more susceptible to degeneration of both the inter-
vertebral disc and articular cartilage. While some evidence
does support this conclusion (Kawaguchi et al. 1999), it is
likely that other predisposing factors must also be present.
Aggrecan gene expression is regulated by a number of
factors that relate to the unique environment within the disc.
TonEBP, an osmoregulatory protein present in nucleus pul-
posus cells, interacts with two conserved TonE motifs within
the aggrecan gene promoter and promotes aggrecan synthe-
sis, thereby allowing the nucleus pulposus cells to adapt to
their hyperosmotic environment (Tsai et al. 2006). HIF-1a.
also enhances aggrecan promoter activity and increases

Core protein b Disulphide stabilised loop

nucleus pulposus cell gene expression, permitting the disc
cells to function normally under low oxygen tension (Agrawal
et al. 2007). In addition, both TonEBP and HIF-1a regulate
the expression of the glucuronic acid transferase responsible
for CS synthesis (Gogate et al. 2011; Hiyama et al. 2009).
Thus, both the osmotic and hypoxic environment of the disc
cells participate in maintaining normal aggrecan synthesis
and structure.

Mutations in the aggrecan gene and genes involved in
GAG sulfation give rise to a variety of chondrodysplasias,
which affect not only the hyaline cartilages but also the
intervertebral disc. In humans some forms of spondyloepi-
physeal dysplasia (SED) and spondyloepimetaphyseal dys-
plasia (SEMD) are associated with mutations in the aggrecan
gene (Gleghorn et al. 2005; Tompson et al. 2009). A non-
sense mutation is responsible for nanomelia in chickens (Li
et al. 1993), and a 7bp deletion in exon 5 causing a frame-
shift and a premature stop in exon 6 is responsible for carti-
lage matrix deficiency (cmd) in mice (Watanabe et al. 1994).
Aggrecan is deficient in the extracellular matrix of the
mutant tissues, probably due to a combination of nonsense-
mediated decay of the message and impaired secretion and
intracellular degradation of any truncated product. Mutations
in the DSDST sulfate transporter gene are responsible for
diastrophic dysplasia, atelosteogenesis type II, and achon-
drogenesis type 1B in humans (Karniski 2001; Superti-Furga
et al. 1996), and a mutation in the APS kinase, responsible
for sulfate donor (PAPS) synthesis in cartilage, gives rise to
brachymorphism in mice (Kurima et al. 1998). Chondrocytes
and disc cells require large amounts of sulfate for aggrecan
synthesis, and when absent, an undersulfated product is
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formed. These disorders add credence to the view that disc
function requires both a high tissue content of aggrecan and
a high degree of sulfation.

4.3.3 Aggrecan Degradation
in the Degenerate Disc

The interglobular domain of aggrecan is particularly suscep-
tible to proteolysis and is cleaved by most proteinases in vitro
(Fosang et al. 1992). Analysis of in vivo degradation prod-
ucts indicates two predominant naturally occurring cleavage
sites, which could be cleaved by aggrecanases (ADAMTS4
and ADAMTSS) and matrix metalloproteinases (MMPs)
(Sztrolovics et al. 1997). Both aggrecanases and several
MMPs have been detected in the disc (Roberts et al. 2000),
and it is currently unclear as to which family members are
predominantly responsible for causing aggrecan damage
in vivo. However, in vitro studies indicate that ADAMTSS is
more efficient than ADAMTS4 at cleaving within the aggre-
can IGD (Gendron et al. 2007) and that MMP-3, MMP-7,
and MMP-12 are the most efficient MMPs (Durigova et al.
2011a). Aggrecanases are also able to cleave within the CS2
region of aggrecan, and five cleavage sites within this region
have been identified (Tortorella et al. 2002). MMPs may also
cleave at sites outside the IGD, but at present the extent of
their cleavage is not fully understood. One of the initial
events in aggrecan degradation, following its secretion into
the extracellular matrix, is removal of the G3 region (Flannery
etal. 1992), and it is unclear whether aggrecanases or MMPs
are responsible.

Proteolytic cleavage of aggrecan and its loss are detri-
mental to disc function and are thought to be directly
involved with intervertebral disc degeneration (Roughley
2004). Not only does degradation and loss of aggrecan lessen
the ability of the disc to swell, it may also predispose it to
mechanical damage. Indeed, there may be a vicious circle in
which overloading of the disc stimulates aggrecan degrada-
tion via the production of proteinases by the disc cells, which
in turn renders the disc susceptible to material damage. Such
material damage may be irreversible and distinguish disc
degeneration from normal aging (Adams and Roughley
2006). Loss of aggrecan can also promote angiogenesis
(Johnson et al. 2005) and may be a prelude to blood vessel
and nerve invasion of the disc with the onset of discogenic
pain (Johnson et al. 2002). Structural changes in aggrecan
are also associated with the discs present in the scoliotic
spine. This may also be a consequence of abnormal loading,
but this time in an asymmetric manner. Indeed, aggrecan
changes do vary between the concave and convex sides of
the scoliotic disc. It has been suggested that dietary
supplementation with CS and glucosamine may help prevent
aggrecan loss in articular cartilage (Box 4.2), and if true this
may also be relevant to the disc.
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Box 4.2: The Therapeutic Use of Chondroitin Sulfate

and Glucosamine

For the past two decades, nutraceutical companies have
been promoting oral supplements of glucosamine and
chondroitin sulfate (CS) for the treatment of osteoarthri-
tis. The original theory behind this treatment was that
CS was a building block for aggrecan and that glu-
cosamine was a building block for CS and that their
supplementation would therefore promote aggrecan
production or their presence in the bloodstream would
somehow tolerize the body to these components, thus
preventing autoantibody production which is prevalent
in some forms of immune-driven inflammatory arthri-
tis. As loss of aggrecan is associated with a deteriora-
tion in the functional properties of articular cartilage in
osteoarthritis, it seemed reasonable that an increase in
aggrecan production would be beneficial. Indeed it may
be, but the question is whether CS and glucosamine aid
in this process. Aggrecan synthesis does not involve the
addition of intact CS chains to its protein core, and CS
synthesis does not utilize glucosamine to produce its
N-acetyl galactosamine component. Commercial
sources of glucosamine are derived from the chitin
component (poly-N-acetyl glucosamine) of crustacean
shells, and while it may make more sense to administer
galactosamine as a therapeutic agent, there is no readily
available commercial source of this material.
Furthermore, it is likely that much of the CS entering
the circulation would be degraded to its constituent
monosaccharides by the liver. It is therefore not surpris-
ing that there is much skepticism concerning the ability
of CS and glucosamine to promote cartilage repair, par-
ticularly given the high doses of these components
required to elicit a positive response. There is however
some evidence that CS and glucosamine therapy can aid
in the relief of joint pain in arthritic patients, although
the mechanism for this effect is not clear. If this is true,
then CS and glucosamine therapy may be an attractive
alternative to more conventional nonsteroidal anti-
inflammatory drug (NSAID) therapy, as the former have
few side effects. It does however remain to be shown
whether all formulations of CS plus glucosamine are
equally effective and whether CS plus glucosamine for-
mulations are more effective than glucosamine alone.

4.4 Versican

Versican was originally identified in fibroblasts and recog-
nized to encode a CS proteoglycan (Zimmermann and
Ruoslahti 1989). Versican has a much wider tissue distribu-
tion than aggrecan and together with HA has been suggested
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to provide tissue hydration and viscoelasticity (Hasegawa
et al. 2007). In the fetal intervertebral disc, versican is
prominently expressed throughout the tissue, but not in the
adjacent cartilaginous vertebral body rudiments, and it
prominently demarcates the margins of the developing disc
from adjacent structures (Fig. 4.1) (Smith et al. 2009). In
the mature intervertebral disc, versican is present through-
out the tissues, being diffusely distributed within the nucleus
pulposus, and most prominent between the lamellae of the
annulus fibrosus (Melrose et al. 2001). Although versican is
less abundant than aggrecan in the disc, its abundance is
greater than in articular cartilage (Sztrolovics et al. 2002).
It is unclear whether versican serves a unique function
throughout the disc, but it could provide viscoelastic prop-
erties to the outer annulus fibrosus where aggrecan is
depleted. However, the function of versican may not be
restricted to a structural role within the extracellular matrix,
as it is also known to influence cell function, particularly in
cancer (Ricciardelli et al. 2009). The versican G3 region
has also been shown to influence disc cell function (Yang
et al. 2003).

4.4.1 Versican Protein Structure and Function
Versican is structurally related to aggrecan, possessing ter-
minal domains analogous to the G1 and G3 regions of
aggrecan (Fig. 4.3b), although there is no evidence for alter-
native splicing in the versican G3 region (Grover and
Roughley 1993). There is also no analogous IGD or G2
region, and the central GAG-attachment region is com-
pletely different in its amino acid sequence and GAG orga-
nization. Likewise, a domain for the attachment of KS does
not exist, although KS may be present on the G1 region, and
there are many fewer CS chains. The G1 region of versican
has functional HA-binding and LP-binding domains, and is
able to form proteoglycan aggregates, but it is uncertain
whether versican and aggrecan can reside on the same
aggregate. Interestingly, the four hyalectan genes reside in
tandem with an LP gene (Spicer et al. 2003), suggesting that
coordinated gene expression may occur. Somewhat surpris-
ingly, versican interacts best with the LP adjacent to the
aggrecan gene, whereas aggrecan interacts best with the LP
adjacent to the versican gene (Shi et al. 2004). As with
aggrecan, the lectin domain within the G3 region of versi-
can has the ability to interact with fibulins and tenascins
(Olin et al. 2001). The presence of multiple protein-binding
motifs and the resulting possibility of versatility in function
led to the name versican.

The versican core protein possesses different splice vari-
ants, which alter the size of its GAG-attachment region. The
core protein of the common V1 form of versican is of a simi-
lar length to that of aggrecan, whereas that of the VO form of
versican is much larger than aggrecan, having a core protein
with about 3,400 amino acids. Versican undergoes extensive
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proteolytic modification (Sztrolovics et al. 2002), which has
hampered its purification from aggrecan. As a result, there is
little information on the structure of its CS chains and
whether they may change in structure with age in the disc.
Although versican is commonly referred to as a CS proteo-
glycan, the presence of DS cannot be discounted at all ages.
The spectrum of versican core protein sizes within the disc is
of a similar range to those of aggrecan, varying from free G1
regions to intact molecules (Sztrolovics et al. 2002).

4.4.2 Versican Gene Organization and Mutation

The human versican gene (VCAN, CSPG2) resides on
chromosome 5 (Iozzo et al. 1992) and is composed of 15
exons (Naso et al. 1994). Exon 1 encodes the 5'-UTR, exon
2 encodes the signal peptide, exons 3-6 encode the Gl
region, exons 7 and 8 encode the GAG-attachment region,
exons 9-14 encode the G3 region, and exon 15 encodes the
3'-UTR. The region encoded by exon 7 is referred to as
GAGa and that encoded by exon 8 is referred to as GAGp.
The exons encoding the GAG-attachment region may
undergo alternative splicing (Dours-Zimmermann and
Zimmermann 1994), giving rise to four versican mRNAs.
The presence of both the GAGa and GAGP regions gives
rise to the VO form of versican, the presence of only the
GAGS region gives rise to the V1 form, the presence of only
the GAGa region gives rise to the V2 form, and the absence
of both the GAGa and GAGJ regions gives rise to the V3
form. The V1 form of versican appears to be the most com-
mon form in most tissues, including the disc (Sztrolovics
et al. 2002). Whether the different forms of versican serve
unique functions is unknown, but it is likely that the V3
form, being devoid of CS, may differ in function from the
other forms. The VO form of versican is analogous to PG-M,
which was identified in chick limb bud mesenchyme (Ito
et al. 1995).

Mutations in the human versican gene give rise to the
dominantly inherited Wagner syndrome, and in the original
index case, this was due to a base substitution at the exon 8/
intron 8§ splice junction affecting the splicing of exon 8
(Kloeckener-Gruissem et al. 2006). Additional mutations
affecting the intron7/exon 8 splice junction have also been
reported in other families with Wagner syndrome
(Mukhopadhyay et al. 2006). Defective splicing of exon 8
results in a decrease in the V1 form of versican and an
increase in the V2 and V3 forms. Wagner syndrome is
classified as a vitreoretinopathy, and its ocular features are
probably associated with perturbation in the role played by
versican in gelling of the human vitreous. However, in accord
with the widespread tissue distribution of versican, Wagner
syndrome patients also exhibit extraocular features, includ-
ing skeletal defects similar to those reported in Stickler syn-
drome. Accordingly, it is likely that perturbation in
intervertebral disc formation and function will also occur.



4 Proteoglycans of the Intervertebral Disc

61

4.4.3 Versican Degradation
in the Degenerate Disc

The V1 form of versican can be cleaved by ADAMTSI1 and
ADAMTS4 to yield a product of 441 amino acids that includes
the G1 region (Sandy et al. 2001). Thus, aggrecanases could
potentially play a role in versican degradation within the disc
in vivo. However, the size of this product appears to be larger
than that of the free G1 region present in vivo, suggesting that
other proteinases are also active. The MMPs would be the
most likely candidates to fulfill this role. As with aggrecan, it
is likely that premature or excessive proteolytic degradation
of versican is associated with intervertebral disc degenera-
tion. Peptide sequences within both the versican and aggre-
can G1 regions have also been associated with the development
of autoimmune spondyloarthropathies (Shi et al. 2003).

4.5 Perlecan

Perlecan was named for its appearance when first visualized
by rotary shadowing electron microscopy, where it appeared
as multiple globular domains considered to resemble a string
of pearls on a chain. Perlecan has a widespread distribution
throughout the developing human fetal intervertebral disc
and vertebral cartilaginous rudiment cartilages, where it dis-
plays a pericellular localization pattern. However, it is also
prominent in the territorial and interterritorial matrix of the
developing disc (Fig. 4.4) (Smith et al. 2009). Perlecan
expression is elevated in hypertrophic chondrocytes sur-
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rounding the ossification center of the developing vertebral
body and in terminally differentiated growth plate chondro-
cytes (Smith et al. 2009). In the neonatal and adult disc, per-
lecan is cell associated in the pericellular matrix of the
nucleus pulposus, inner and outer annulus fibrosus, cartilagi-
nous end plates, and vertebral growth plates (Fig. 4.5).
However, its relative abundance diminishes with the decline
in cell number evident in the aging intervertebral disc.
Perlecan interacts with a number of growth factors and
morphogens, including FGF-1, FGF-2, FGF-7, FGF-9, and
FGF-18; platelet-derived growth factor (PDGF); vascular
endothelial cell growth factor (VEGF); hepatocyte growth
factor; BMP-1, BMP-2, BMP-4, and BMP-7; hedgehog
(Hh); and Wnt, and through these molecules influences cell
proliferation and differentiation and matrix production
(Whitelock et al. 2008). Perlecan also interacts with a num-
ber of cell attachment proteins, including laminin, fibronectin,
thrombospondin, and o531 and a2p1 integrin, and thereby
plays an important role in cell attachment and recruitment
during tissue development and remodeling. Through its abil-
ity to interact with a number of matrix components, includ-
ing PRELP; WARP; types IV, VI, XIII, and XVIII collagen;
fibrillin-1 and fibrillin-2; nidogen-1 and nidogen-2; latent
transforming growth factor-beta binding protein-2 (LTBP-
2); and tropoelastin, perlecan modulates extracellular matrix
assembly and stabilization (Hayes et al. 2011c; lozzo 1994,
1998; Melrose et al. 2008b). Via these interactions, perlecan
participates in disc development and in conversion of the
cartilaginous vertebral rudiment cartilages into bone during
spine development (Smith et al. 2009). This is consistent

Perlecan

Rabit IgG -ve
control

Fig. 4.4 Immunolocalization of biglycan (a), fibromodulin (b), nonimmune rabbit IgG negative control (¢), and perlecan (d) in a 14-week
gestational age fetal human intervertebral disc and adjacent cartilaginous vertebral body rudiment cartilages
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Fig.4.5 Immunolocalization of perlecan in the newborn ovine lumbar intervertebral disc. Perlecan is present as a pericellular proteoglycan in the verte-
bral growth plate (VGP), cartilaginous end plate (CEP), a blood vessel within the CEP, and the nucleus pulposus (NP) and annulus fibrosus (AF)

with roles recently ascribed to perlecan as an early chondro-
genic marker in the development of cartilaginous tissues
(Smith et al. 2010).

Perlecan promotes extracellular matrix production
through its interactions with members of the FGF family.
Perlecan is a low-affinity co-receptor for several members of
the FGF family and sequesters these molecules pericellularly
for later presentation to FGFRs. In this way, FGF can pro-
mote cell signaling events which drive proliferation and
matrix production (Chuang et al. 2010). This sequestration
process also stabilizes the FGFs, protecting them from prote-
olysis in situ and extending their biological half-life. Perlecan
has been co-localized with FGF-18 in the developing spine,
with an overexpression evident in terminally differentiated
hypertrophic vertebral growth plate chondrocytes and in
cells surrounding the ossification centers in the developing
vertebral bodies. Perlecan associates with FGF-2 in the
developing intervertebral disc interspace in the fetal human
spine. Thus, FGF-18 promotes terminal differentiation of
chondrocytes, leading eventually to bone formation, whereas

FGF-2 maintains chondrocytes in the permanent cartilages
in a delayed state of differentiation, where they are respon-
sible for the replenishment of matrix components to effect
tissue homeostasis.

Recent studies have also shown that the HS chains of per-
lecan are important in fibrillin and elastin assembly (Hayes
et al. 2011a, c¢) and support earlier observations concerning
basement membrane assembly. Perlecan is localized to a
number of elastin-associated proteins in the intervertebral
disc (Hayes et al. 2011c). LTBP-2 interacts with the perlecan
HS chains (Parsi et al. 2010) and in the disc co-localizes with
perlecan pericellularly. The biological significance of this
localization is not known; however, LTBP-2 may have some
regulatory role to play in the microfibrillogenesis process
(Hirai et al. 2007; Hirani et al. 2007) by occupying sites on
fibrillin-1 that LTBP-1 normally occupies (Hirani et al. 2007;
Vehvilainen et al. 2009) or by interaction with another elas-
tin-associated protein. Alternatively, by acting as a competi-
tive substrate for the HS chains in perlecan domain I, it may
regulate growth factor binding to perlecan.
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4.5.1 Perlecan Protein Structure

Perlecan is a large modular HS-proteoglycan composed of
five distinct domains with homology to growth factors and to
protein modules involved in lipid metabolism, cell adhesion,
and homotypic and heterotypic interactions involved in
matrix assembly and stabilization (Melrose et al. 2008b;
Murdoch and Iozzo 1993) (Box 4.3). The N-terminal domain
I contains three HS attachment sites, through which
HS-mediated growth factor and morphogen interactions
occur. Consensus regions for GAG attachment have also
been identified in the C-terminal domain V (Fig. 4.6a). The
N-terminal domain is unique to perlecan, whereas domain II
exhibits homology to the low-density lipoprotein receptor
and domain III bears homology to the L4 laminin-type IV
domain and LE laminin EGF domain. Domain IV, the largest
domain in perlecan, contains multiple immunoglobulin
repeats, although this domain is truncated by about 20 kDa

Box 4.3: Perlecan and Its Interactive Components

LDL E

SEA domain } receptor ; Laminin type IV domain }

type A i

HS/CS chains :

/

Laminin-1
Collagen type IV
Fibronectin
FGF-2,9, 18
PDFG
PRELP
Fibrillin-1
thrombospondin
heparanase
BMP-2, 4,7
Hedgehog
Ang-3
VEGF
IL-2
WARP
action A
follistatin

SHh
—

Abbreviations: FGF fibroblast growth factor, PDGF
platelet derived growth factor, PRELP proline/arginine-
rich and leucine-rich repeat protein/prolargin, BMP bone
morphogenetic protein, Ang angiopoietin, SHh sonic
hedgehog, VLDL very low density lipoprotein, LDL low

FGF-7,18
FGF-BP
PDFG

WARP
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in mouse perlecan (Melrose et al. 2008b; Murdoch and Iozzo
1993). The C-terminal domain V bears homology to the LG
laminin-type G domain and contains three LG domains sepa-
rated by EGF-like domains. The perlecan core protein is
large (467 kDa) and highly aggregative under associative
conditions, leading to the formation of higher molecular
weight forms of about 800 kDa in free solution.

The perlecan core protein can contain three HS chains in the
N-terminal domain, and additional GAG consensus attachment
points have been identified in domain V; however, it has yet to
be definitively shown that these are occupied in the interverte-
bral disc. Disc cells synthesize a hybrid HS/CS proteoglycan
form of perlecan, with at least one of the HS chains replaced by
a chondroitin-4-sulfate (C4S) chain. In the fetal and newborn
disc, this C4S chain is capped by a unique developmental CS
motif identified by MAb 7D4 (Hayes et al. 2011b). However,
the abundance of this 7D4 epitope on perlecan diminishes with
aging, and it is not clear if this has any functional consequence.

Laminin
type G
domain

Immunoglobulin repeat domain

nidogen-1
nidogen-1, 2 fibulin-2
fibulin-2 B1-Integrin
fibronectin a-dystroglycan
collagen type IV heparin
heparin sulfitides
sulfitides FGF-7
PDGF endostatin
ECM1
progranulin
acetylcholinesterase
0231 integrin

density lipoprotein, Wnt a morphogenic ligand, hybrid
abbreviation of Int (integration-1) and Wg (wingless),
CTGF connective tissue growth factor, FGF-BP FGF
binding protein, WARP von Willebrand factor A domain-
related protein.
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4.5.2 Perlecan Gene Organization and Mutation

The perlecan gene (HSPG?2) is encoded by 94 exons located
on chromosome 1p36-34 (Cohen et al. 1993; Kallunki and
Tryggvason 1992; Murdoch et al. 1992; Noonan et al. 1991),
with each of the structural domains being encoded by mul-
tiple exons.

The importance of perlecan in skeletogenesis (Arikawa-
Hirasawa et al. 1999), vasculogenesis, and muscle and nerve
development is evident from analyses of two naturally occur-
ring mutations in the human HSPG2 gene. Schwartz-Jampel
syndrome is a relatively mild skeletal condition, which arises
from missense, splicing, exon skipping, and deletion muta-
tions. These events result in partial loss of domain IV and total
loss of domain V, complete loss of domain V only, or defective
disulfide bonding in domain III of perlecan (Arikawa-Hirasawa
et al. 2002). As a result, there are reduced functional levels of
perlecan in cartilaginous tissues, chondrodysplasia, myotonia,
impairment in the endochondral ossification process, and short
stature. In the more severe condition of dyssegmental dyspla-
sia, Silverman-Handmaker type, perlecan is almost undetect-
able in cartilaginous tissues, and this condition is characterized
by a severe chondrodysplasia; severe disruption in skeleto-
genesis; profound effects on lung, heart, muscle, and cranial
development; synaptogenesis; and complete absence of acetyl-
cholinesterase at the neuromuscular junction leading to dysto-
nia (Arikawa-Hirasawa et al. 2001a, b). The perlecan knockout
mouse further emphasizes the essential roles of perlecan in
development (Arikawa-Hirasawa et al. 1999). Perlecan knock-
out is a lethal condition with the majority of mouse pups dying
in utero, and in those few that survive to birth, there is severe
impairment in skeletal stature, cranial and long bone deve-
lopment, and large vessel, heart, and lung development.

Studies with the Hspg2 exon 3 null mouse (Rossi
et al. 2003), where perlecan domain I containing the
GAGe-attachment sites is ablated, are now allowing examina-
tion of the specific role of the perlecan HS chains in skeletal
development. Hspg2 exon 3 null chondrocytes are poorly
responsive to FGF-2 in cell proliferation studies. Baf-32 cells
transfected with FGFR3IIIc are also poorly responsive to knee
rudiment cartilage perlecan predigested with heparitinase I1I
to remove its HS chains, indicating the essential role of the
domain I HS chains for FGF-2 binding and cell signaling
processes (Hayes et al. 2011b). This is not the case for FGF-
18, which induces cell proliferation, even in the absence of
perlecan HS chains (Hayes et al. 2011b), but consistent with
a domain III FGF-18 reactive site in perlecan. The Hspg?2
exon 3 null mouse has a relatively mild phenotype with no
apparent defects in cartilage assembly. However, recent stud-
ies have indicated that with maturation, defects become evi-
dent in cartilaginous tissues, and its reparative ability after a
traumatic challenge also appears to be impaired. Fibrillin-1
assembly and deposition is also impaired in the Hspg2 exon
3 null mutant mouse intervertebral disc (Hayes et al. 2013).
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4.5.3 Perlecan Degradation

Little is known about the mechanism by which perlecan is pro-
cessed in the intervertebral disc. Gel electrophoresis separates
full-length perlecan from three other perlecan species in new-
born and young adult ovine discs. The latter three species are
smaller than full-length perlecan, devoid of GAG, and detect-
able using a MAD to perlecan domain I. Thus, they represent
fragments cleaved from the domain I carboxy terminal to the
HS chains. However, the cleavage sites themselves still await
detailed characterization. Perlecan fragmentation has also been
observed by Western blotting of newborn and 2-year-old inter-
vertebral disc extracts using a domain I-specific MAb, with
one major and four minor species evident (Fig 4.6b). A similar
range of perlecan fragments has been observed in extracts of
human knee joint articular cartilage (Melrose et al. 2006).

In vitro digestion of endothelial cell perlecan with MMP-
1, MMP-3, and plasmin has demonstrated the susceptibility
of perlecan to cleavage in domains IV and V (Whitelock
et al. 1996). Tolloid-like metalloprotease (BMP-1) also
cleaves perlecan between the LG2 and LG3 domains of
domain V, within the peptide sequence HLEGSGGN- |-
DAPGQYGA, releasing an anti-angiogenic peptide termed
endorepellin (Bix et al. 2004, 2007; Gonzalez et al. 2005).
Endorepellin has the ability to disrupt endothelial cell a231
integrin-based basement membrane interactions, which nor-
mally stabilize tube formation (Bix et al. 2004, 2007,
Gonzalez et al. 2005). So far endorepellin is the only perle-
can fragment that has been extensively characterized and its
functional properties determined.

4.6 Lubricin
Lubricin was originally identified as the large mucinous gly-
coprotein present in synovial fluid, which by providing
boundary lubrication at the surface of articular cartilage was
responsible for friction-free joint motion (Swann et al. 1977).
This role in joint lubrication led to the name lubricin. Later,
a glycoprotein was identified in the superficial zone of artic-
ular cartilage (Schumacher et al. 1994) and termed superficial
zone protein (SZP). It is produced by superficial zone chon-
drocytes and has been shown to be analogous in structure to
lubricin (Jay et al. 2001b). Unlike lubricin, SZP has been
shown to exist in part as a CS proteoglycan, termed proteo-
glycan 4 (PRG4). It is however not clear whether this dis-
tinction exists at all ages or in all disease states or whether
the CS chain contributes to SZP function. Recently, lubricin
has also been shown to reside in the intervertebral disc (Jay
et al. 2001b; Shine et al. 2009; Shine and Spector 2008).
Lubricin is present in all regions of the disc but appears to
be most abundant in the nucleus pulposus (Shine et al. 2009).
Its core protein undergoes extensive proteolytic degradation,
with accumulation of the degradation products in the tissue;
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Fig.4.6 (a) Schematic represen- a
tation of the structural organization
of perlecan. (b) SDS/PAGE
analysis of perlecan heterogeneity
in newborn and 2-year-old ovine
intervertebral disc samples. Note
the extensive fragmentation of disc
perlecan compared to that from
human vascular endothelial cells
(HUVEC). The multiple perlecan
species that are discernible in the
disc are identified by arrows in the
right hand margin. OAF outer
annulus fibrosus, JAF inner
annulus fibrosus, NP nucleus
pulposus
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it has a polydisperse size distribution comparable to other
tissue sources, such as synovial fluid or articular cartilage
(Fig. 4.7b). It is not known which proteinases are responsible
for cleavage in vivo, but they are likely to be the same as
those involved in aggrecan and versican degradation. In this
respect, MMPs have been demonstrated to degrade lubricin
in vitro (Elsaid et al. 2005). Also unknown is the precise
function of lubricin in the disc and how proteolysis may
affect lubricin function. One possibility is a role in lubricat-
ing motion between adjacent annulus fibrosus lamellae.

4.6.1 Lubricin Protein Structure

Intact lubricin has a molecular weight of about 240 kDa, of
which about 50 % is contributed by O-linked mucin-like

IAF NP | HUVEC(OAF  1AF

NP |
M- )

oligosaccharides (Swann et al. 1981b), which reside in a
long central domain. This mucin-like domain is flanked by
N- and C-terminal cysteine-rich domains that resemble
domains of vitronectin. Domains possessing somatomedin
B homology and a heparin-binding domain may reside at its
N-terminus, and a hemopexin domain resides at its
C-terminus (Fig. 4.7a). There is a single consensus sequence
for the attachment of CS near the N-terminus of the mucin-
like domain. In its SZP form, lubricin has also been reported
to contain KS, but it is unclear where this resides. The lubri-
cating properties of lubricin are conferred by its mucin-like
domain (Jay et al. 2001a), but the other domains provide the
potential for extracellular interactions and cell associations.
The terminal domains appear to be important, as their reduc-
tion and alkylation impairs lubricin function (Swann et al.
1981a).
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Fig. 4.7 (a) Schematic represen-
tation of the structural organiza- NH
tion of lubricin. (b) SDS/PAGE 2
analysis of lubricin heterogeneity
in the human IVD. The lumican
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4.6.2 Lubricin Gene Organization and Mutation

The mRNA encoding lubricin/SZP has been shown to origi-
nate by alternative splicing of the megakaryocyte stimulating
factor (MSF) precursor gene (PRG4) (Flannery et al. 1999).
The human PRG4 gene resides on chromosome 1 and pos-
sesses 12 exons (Merberg et al. 1993). Exon 1 encodes the sig-
nal peptide, exons 2 and 3 encode domains with somatomedin
B homology, and exons 4 and 5 encode a region containing a
heparin-binding domain. Exon 6 encodes the mucin-like
domain, possessing about 80 potential attachment sites for
O-linked oligosaccharides and a single potential attachment
site for CS. Exons 7—12 encode the carboxy terminus of the
molecule, which contains a domain with hemopexin-like
homology. Both synovial lubricin and cartilage SZP are derived
by alternative splicing of a combination of PRG4 exons 2, 4,
and 5 to yield several messages. Thus, there is no unique
structure for the lubricin core protein, but all forms possess at
least one somatomedin B-like domain and a hemopexin-like

domain flanking the central mucin-like domain. This heteroge-
neity accounts for the variable size of intact lubricin.

Mutations in the human PRG4 gene give rise to
the autosomal recessive camptodactyly-arthropathy-coxa
vara-pericarditis syndrome (CACP) (Marcelino et al. 1999).
Most of the originally identified mutations causing frame-
shifts or nonsense substitution near the end of exon 6 or
in subsequent exons result in truncation of the hemopexin
domain. These mutations result in a lack of lubricin in syn-
ovial fluid and a lack of lubricin production by cultured syn-
oviocytes (Rhee et al. 2005b). Many of the features of CACP
are recapitulated in the lubricin knockout mouse (Rhee et al.
2005a), supporting the concept that deficient production of
lubricin is responsible for the CACP phenotype. The wide
range of symptoms associated with CACP show that lubricin
function is not restricted to joint motion but also influences
tendons and the heart. While patients with CACP have spine
abnormalities (Faivre et al. 2000), it is not clear whether disc
function is also affected in these individuals.
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Fig. 4.8 Schematic repre-
sentation of the structural
organization of SLRPs found
in the intervertebral disc
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4,7 The Small Leucine-Rich Repeat

Proteoglycans (SLRPS)

The SLRPs are members of a large family of leucine-rich
repeat (LRR) proteins, which contain multiple adjacent 24
amino acid domains bearing a common leucine-rich motif
(Hocking et al. 1998). The SLRPs have been categorized into
a number of subfamilies on the basis of their gene organiza-
tion, number of LRRs, type of GAG substitutions, and gen-
eral structural organization (Kalamajski and Oldberg 2010).
Eight SLRPs have been identified in the intervertebral disc,

Core protein

including the CS-/DS-substituted decorin and biglycan;
KS-substituted lumican, fibromodulin, and keratocan; and
non-glycanated proline/arginine-rich protein (PRELP, pro-
largin), chondroadherin, and asporin (Fig. 4.8). These SLRPs
contain ten LRRs, which are flanked by amino and carboxy
terminal disulfide-bonded regions.

Decorin and biglycan possess attachment sites for their
CS/DS side chains within the extreme amino terminus of
their core proteins. In decorin, there is one such site, whereas
biglycan contains two GAG substitution sites (Roughley
and White 1989). In most connective tissues, including the
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intervertebral disc, the CS chains are modified in the Golgi
by epimerization of the B-D-glucuronic acid moieties to
a-L-iduronic acid to form DS. Non-glycanated forms of
decorin and biglycan devoid of DS chains have been
observed in disc tissues, and as with other connective tis-
sues, their relative abundance accumulates with age. These
non-glycanated molecules likely arise by proteolysis in
the N-terminal region. Besides the removal of a small
N-terminal signal peptide, the mature core proteins of deco-
rin and biglycan are generated by removal of additional
amino acid segments of 14 and 21 amino acids, respectively
(Roughley et al. 1996b; Scott et al. 2000). However, the
functional consequence of the removal of these pro-pep-
tides is not known.

Lumican and fibromodulin possess four N-linked oligo-
saccharide chains within their central LRRs, which may be
modified to KS, although substitution at all sites is uncom-
mon (Plaas et al. 1990). Non-glycanated forms of lumican
and fibromodulin also occur in connective tissues, due to
lack of KS substitution (Grover et al. 1995; Roughley et al.
1996a). Only the small N-terminal signal peptides are
removed from the lumican and fibromodulin core proteins to
form the mature core proteins in situ. Fibromodulin and
lumican also have a number of sulfated tyrosine residues
clustered at their extreme N-termini in the mature protein,
which may also contribute to the anionic nature of these
SLRPs in situ (Antonsson et al. 1991; Onnerfjord et al. 2004;
Tillgren et al. 2009).

PRELP and asporin are non-glycanated SLRPs but con-
tain clusters of arginine and proline and aspartic acid, respec-
tively, at their N-termini (Bengtsson et al. 1995; Grover and
Roughley 1998, 2001). PRELP is unique amongst the SLRPs
in possessing a cationic N-terminal region. Chondroadherin
is devoid of an N-terminal core protein region where charged
amino acids are clustered in PRELP and asporin. It has a
similar LRR core protein structure (Grover et al. 1997), but
differs from the other SLRPs in the structure of its C-terminal
region.

SLRPs have important roles to play as tissue organiz-
ers based on how they affect the orientation and assembly
of collagenous matrices and how they interact with growth
factors and cell surface receptors during tissue develop-
ment and matrix remodeling (Iozzo et al. 2011). They dis-
play diversified and overlapping functional properties with
a level of redundancy between SLRP members. Asporin
binds to collagen with an affinity in the low nanomolar
ranges, as does decorin (Kalamajski et al. 2009). Asporin
and decorin bind to the same region in fibrillar collagen and
can effectively compete with one another for this site when
applied at equimolar concentrations, whereas biglycan can-
not (Kalamajski and Oldberg 2010). The collagen-binding
sites on asporin and decorin differ, with the binding site for
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decorin located at LRR 7 and the binding site on asporin
located at C-terminal of this site (Kalamajski et al. 2009).
While lumican and fibromodulin both utilize leucine repeat
domains five to seven to bind to fibrillar collagen and both
can regulate early collagen fibril assembly processes, only
fibromodulin facilitates growth steps leading to mature fibril
formation (Kalamajski and Oldberg 2009). Decorin and big-
lycan display coordinated control of collagen fibrillogenesis
during development and acquisition of biomechanical
properties during tendon development (Iozzo et al. 2011).
Alterations in the functional properties of SLRP members
through point mutations affecting the structure of critical
interactive regions within the LRRs can give rise to impaired
tissue assembly and function.

4.7.1 Decorin

Decorin is so named since it was found to “decorate” the
surface of collagen fibrils. The decorin gene (DCN) is located
on chromosome 12q21.3—q23. It possesses 8 exons encoding
a 36kDa core protein, which contains a single CS or DS
chain located at position 4 in the mature human core protein
sequence (Roughley 2006). Decorin interacts with the “d”
and “e” bands of collagen I fibrils, fibronectin, Clq, EGF
receptor, TGF-f3, and thrombospondin. Thus, it has roles in
the regulation of collagen fibrillogenesis in vitro and fibrosis
in vivo and controls the bioavailability of TGF-f. Decorin
also influences cell proliferation at certain stages of the cell
cycle and has roles as a linking module in collagenous matri-
ces (Iozzo and Schaefer 2010).

The regions of decorin which interact with collagen are
located within the leucine-rich repeats at dissimilar regions
to those involved in its interaction with TGF-f3. Molecular
modeling predicts that decorin possesses a “horseshoe”
conformation capable of accommodating a single collagen
molecule at the surface of the collagen fibrils within its con-
cave face (Orgel et al. 2009; Scott 1996, 2003; Scott and
Stockwell 2006). However, X-ray diffraction analysis of
decorin crystals indicates that it exists as a dimer with inter-
locking concave faces (Scott et al. 2004), although it is not
clear whether decorin dimers represent the functional form
in solution and how this impacts its interactions with other
molecules. Decorin, together with biglycan, fibromodulin,
and lumican, also interacts with collagen VI, XII, and XIV
(Nareyeck et al. 2004; Wiberg et al. 2002), fibronectin and
elastin, and growth factors and cytokines such as EGF, IGF,
TGF-B, and TNF-a. SLRP GAG chain interactions with
growth factors sequester them in the matrix surrounding cells
in cartilaginous matrices, with the possibility that SLRPs
play a role in the regulation of the bioavailability of these
growth factors.
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The decorin core protein is susceptible to cleavage by
MMPs in vitro (Imai et al. 1997; Monfort et al. 2006) and is
fragmented in an ovine annular lesion model of intervertebral
disc degeneration (Melrose et al. 2007) and in an ovine
meniscectomy model of osteoarthritis in areas undergoing
remodeling processes (Young et al. 2005). Fragmentation of
decorin is also evident in meniscal and articular cartilages
from osteoarthritic knees and hips (Melrose et al. 2008a).
Decorin is processed by three isoforms of BMP-1 (von
Marschall and Fisher 2010) and MT1-MMP (Mimura et al.
2009). However, by acting as a sacrificial substrate on the
surface of collagen fibers or through steric exclusion effects
which prevent the collagenase from accessing the collagen
substrate, its presence may protect the protein from cleavage
by collagenases (Geng et al. 2006).

4.7.2 Biglycan

The biglycan gene (BGN) is located on chromosome Xq28
(McBride et al. 1990). It possesses eight exons encoding the
38 kDa biglycan core protein, which has two CS/DS chains
located at amino acids five and ten of the mature human core
protein sequence. Non-glycanated forms of biglycan have
been detected and appear to be the result of proteolysis within
the amino terminal region of the core protein. Mature biglycan
is cleaved by MMPs (Monfort et al. 2006), and probiglycan by
BMP-1 (Scott et al. 2000). Extensive biglycan fragmentation
is also evident in models of osteoarthritis induced by menis-
cectomy (Young et al. 2005), in an annular lesion model of
experimental disc degeneration (Melrose et al. 2007), and in
pathological meniscal and articular cartilage from osteoar-
thritic knees and hips (Melrose et al. 2008a).

Unlike the interaction of decorin, fibromodulin, and lumi-
can with collagen fibrils, the association of biglycan with
collagen fibrils is sensitive to environmental conditions. This
may explain the differences observed in the distribution of
biglycan, which is more of a cell-associated SLRP than the
other SLRP members. Biglycan interacts with the lattice-
forming collagen VI to form chondron basketlike structures
around cells in cartilaginous matrices and the intervertebral
disc. Biglycan has a widespread distribution in the develop-
ing human fetal disc and prominently demarcates its margins
with the cartilaginous vertebral body rudiment cartilages,
where it is also prominently localized. As such, its position
delineates the margins of the developing intervertebral disc
interspace from the presumptive cartilage end plate (Fig. 4.4).
Biglycan also interacts with BMPs and TGF-f. Biglycan
plays a role in the initiation of the inflammatory response
during tissue stress, by binding to BMP/TGF-f, and may
modulate their activities, influencing fibrosis and skeletal
cell differentiation. Biglycan also has emerging roles as a
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signaling molecule, with an extensive repertoire of molecu-
lar interactions with growth factors and receptors, which
regulate cell growth, morphogenesis, and immunity (Iozzo
and Schaefer 2010).

4.7.3 Asporin

The naming of asporin reflects its unique N-terminal aspartic
acid cluster (Henry et al. 2001; Lorenzo et al. 2001). Asporin
is also known as periodontal-associated protein-1 (PLAP-1).
The asporin gene (ASPN) is located at chromosome 9q21-23
and possesses eight exons that encode a 43 kDa non-glycan-
ated core protein. The asporin core protein exhibits polymor-
phism within its N-terminal region, which contains 9-20
aspartic acid repeats. An association of the ASPN D14 allele
has been observed with disc degeneration (Gruber et al.
2009; Song et al. 2008). Asporin is a cell-associated SLRP
and is found predominantly in the outer annulus fibrosus
(Gruber et al. 2009).

4.7.4 Fibromodulin

The fibromodulin gene (FMOD) is located on chromosome
1932 (Antonsson et al. 1993; Sztrolovics et al. 1994) and
possesses three exons encoding the 42 kDa fibromodulin
core protein. Fibromodulin is a KS-substituted SLRP which
shares significant amino acid sequence homology with deco-
rin and biglycan (Antonsson et al. 1993; Oldberg et al. 1989)
but contains four N-linked oligosaccharide sites within the
LRR domains, which can potentially be substituted with KS.
Fibromodulin also possesses a cluster of amino terminal sul-
fated tyrosine residues which impart an anionic character to
the molecule and allow this region to interact with clusters of
basic residues in a variety of heparin-binding proteins,
including a number of bioactive factors (Onnerfjord et al.
2004; Tillgren et al. 2009). Non-glycanated forms of
fibromodulin can accumulate in tissues (Grover et al. 1995;
Roughley et al. 1996a), due to an age-dependent decline in
KS synthesis.

Fibromodulin interacts with collagen I and II fibrils and
inhibits fibrillogenesis in vitro (Chen et al. 2010; Ezura et al.
2000). Fibromodulin also interacts with TGF-3 and Cl1q and
may have roles in TGF-} sequestration, in inflammation, in
the regulation of the assembly of collagen I and II fibrils
in vivo, and in the bio-regulation of TGF-3 activity. The use
of fibromodulin knockout mice has demarcated the significant
functional roles of fibromodulin in cartilaginous tissues with
regard to collagen assembly and in the regulation of the
fibrillogenesis (Chakravarti 2002; Goldberg et al. 2006;
Svensson et al. 1999).
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Fibromodulin is prominently immunolocalized in the car-
tilaginous vertebral rudiment cartilages of the human fetal
spine and also the developing disc, and its distribution in the
fetal spine prominently demarcates the margins of the devel-
opmental intervertebral disc with the vertebral rudiment car-
tilages (Fig. 4.4). In the mature disc, fibromodulin is localized
with collagenous structures pericellularly and in the intersti-
tial matrix. It occurs throughout the intervertebral disc, but
predominantly in the annulus fibrosus.

When bound to collagen, fibromodulin is susceptible to
cleavage by MMP-13 which removes the N-terminal sul-
fated tyrosine cluster (Heathfield et al. 2004). Soluble
fibromodulin is not, however, susceptible to cleavage by
MMP-13, neither is it degraded by MMP-2, MMP-8, and
MMP-9. The MMP-13 cleavage site is contained within a
10 kDa N-terminal peptide, GIn19-Lys 98, which is located
adjacent to the sulfated tyrosine cluster (Heathfield et al.
2004). Fibromodulin is extensively fragmented in patho-
logical meniscal and articular cartilage from osteoarthritic
knees and hip (Melrose et al. 2008a), in an ovine annular
lesion model of intervertebral disc degeneration in areas
undergoing remodeling (Melrose et al. 2007), and in an
ovine meniscectomy model of osteoarthritis (Young et al.
2005).

4.7.5 Lumican

The lumican gene (LUM) is located at chromosome 12q21.3—
g22 (Danielson et al. 1999; Grover et al. 1995) and possesses
three exons encoding the 38 kDa lumican core protein, which
has four N-linked sites within the LRR domain that poten-
tially can be substituted with KS. Lumican interacts with
similar partners to those outlined for fibromodulin and dis-
plays similar roles to those of fibromodulin in tissues.
Lumican and fibromodulin have homologous sequences in
the 5-7 LRRs which compete for collagen binding
(Kalamajski and Oldberg 2009), and they bind to the same
regions of collagen I fibrils (Svensson et al. 2000). However,
despite the significant similarities between lumican and
decorin, they have dissimilar binding sites on collagen I
(Hedbom and Heinegard 1993) and modulate collagen
fibrillogenesis independently (Neame et al. 2000).

As with fibromodulin and decorin, lumican is also sus-
ceptible to degradation by MMPs, but apparently to a lesser
extent, and it is also cleaved by MT1-MMP (Li et al. 2004).
Fragmentation of lumican is a prominent feature in patho-
logical meniscal and articular cartilages from osteoarthritic
knees and hips (Melrose et al. 2008a) and has also been
observed in an ovine annular lesion model of disc degenera-
tion in areas undergoing remodeling (Melrose et al. 2007).
Although it does not contain KS, lumican expression is,
however, upregulated in an ovine meniscectomy model of
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osteoarthritis, with increased levels of lumican core protein
evident (Young et al. 2005).

4.7.6 PRELP

PRELP is a 55 kDa non-glycanated SLRP (Bengtsson et al.
1995) encoded by the PRELP gene which is located on chro-
mosome 1q32 and possesses three exons (Grover et al. 1996).
Its name PRELP is based on the presence of a unique cluster
of N-terminal arginine and proline residues. PRELP binds to
perlecan and collagens and may act as a basement membrane
anchor or as a linking molecule bringing together collage-
nous tissue networks (Bengtsson et al. 2002). The N-terminus
of PRELP binds to heparin and HS and thereby promotes
interactions with the HS-proteoglycan perlecan (Bengtsson
et al. 2000).

4.7.7 Chondroadherin

Chondroadherin is a developmentally regulated SLRP (Shen
etal. 1998) closely related to decorin, biglycan, fibromodulin,
lumican, and PRELP (Neame et al. 1994). The chondroad-
herin gene (CHAD) is located on chromosome 17q21.33 and
possesses 4 exons encoding the 36 kDa non-glycanated
chondroadherin core protein (Grover et al. 1997), which con-
tains 10 LRRs (Neame et al. 1994). Chondroadherin inter-
acts with collagen II (Mansson et al. 2001) and o231 integrin
(Camper et al. 1997; Haglund et al. 2011) and plays a role in
the attachment of connective tissue cells to matrix compo-
nents; in this way it could maintain the cellular phenotype
and regulate tissue homeostasis. Depletion and proteolytic
fragmentation of chondroadherin occurs in scoliotic inter-
vertebral discs and appears to be associated with disc matrix
remodeling (Haglund et al. 2009).

4.7.8 SLRP Knockout Mice and Gene Mutations

A number of human diseases are associated with SLRP
mutations, and mouse knockout models have identified
pathological consequences resulting from the ablation of
SLRP genes. Examples of pathological features induced by
SLRP gene ablation and human SLRP gene mutations are
described in Tables 4.1 and 4.2. Thus far, asporin is the only
SLRP specifically associated with human disc disease and
the disc phenotype. The intervertebral disc nevertheless
exhibits similarities in collagenous organization to tensional
and weight-bearing connective tissues which display pheno-
types in SLRP knockout mouse models. It is highly probable
that SLRPs have specific roles to play in disc degeneration
which await detailed elucidation.
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Table 4.1 Pathological consequences of targeted ablation of SLRP

genes in mouse models
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Table 4.2 Human diseases linked to mutations in SLRP genes

Type of Pathology/clinical
Ablated gene  Pathology Phenotype References Gene mutation phenotype References
Decorin Collagen fibril Skin fragility Danielson Decorin Frameshift Corneal opacity,  Bredrup et al.
structure in skin - Reduced tendon et al. mutation congenital stromal (2005)
and tendon function (1997) generating a dystrophy of
abnormal C-terminal cornea
Biglycan Decreased bone  Osteoporosis Heegaard truncgted core
mass, structural  Spontaneous etal. protein
collagen fibril aortic dissection/  (2007) and Lumican, Intronic Corneal detach- Chen et al.
abnormalities in rupture Xu et al. fibromodulin, variations, ment, choroidal (2009), Majava
medial aorta (1998) PRELP single-nucle-  neovasculariza- et al. (2007),
Lumican Abnormal Skin fragility Chakravarti otide tion, high myopia  andWang et al.
collagen fibril Corneal opacity ~ etal. polymor- (2006)
organization in (1998) phisms in
cornea and dermis promoter
Fibromodulin ~ Abnormal Lax tendons with ~ Svensson Asporin Asporin D4 Early 'onset of OA  Gruber et al.
collagen fibril reduced etal. allele and disc (2009) and
organization in biomechanical (1999) po!yrnor— degeneration Song et al.
tendon function phlsms (2008)
Biglycan/ Abnormal Similar to Corsi et al. affectm.g
decorin collagen fibril progeroid form (2002) N—termlna} of
formation in of Ehlers-Danlos core protein
bone, tendon, syndrome
dermis . o ) ) )
Biglycan/fibro Maturational Gait impairment, Ameye and swelling maintains disc height underload and is respon-
modulin structural/ ectopic Young sible for the diurnal variation in disc height associated
biomechanical calcification, (2002) with daily life.
iﬁzngglézi;:;n premature OA e Versican and lubricin are present throughout the interverte-
tend(;gn bral disc, but their precise functions are unclear. The high
Lumican/fibro  Abnormal Joint laxity and  Jepsen abundance of versican in the immature disc may suggest a
modulin collagen impaired tendon et al. role in disc development during fetal life, and it has been
maturation and  function (2002) suggested that lubricin plays a role in enhancing motion
Z??g;‘:lfns between adjacent lamellae within the annulus fibrosus.
Asporin Reduced Diminished Tomoeda . .Perllecan prlomot.es and .stablhzes mat.rlx assemb.ly through
inhibition of negative et al. its interaction with a diverse repertoire of matrix compo-
periodontal regulation of (2008) and nents. Roles are now also emerging for perlecan in
ligament periodontal Yamada fibrillin-1 and elastin assembly in the disc, with the HS
mineralization ligament cell etal. . . .
cytodifferentia-  (2007) chains of perlecan being important. The HS chains of per-
tion by point lecan also sequester a number of bioactive growth factors
mutations and morphogens of relevance to developmental and
disrupting asporin remodeling processes in the disc through their abilities to
LRRS5-mediated . . . L.
interactions with regulate cell proliferation and differentiation. Furthermore,
BMP-2 the ability of perlecan to interact with a number of cell
attachment proteins may regulate cellular recruitment
during development and remodeling of the disc.
4.8 Summary of Critical Concepts Discussed + The SLRPs have important regulatory roles to play in col-

in the Chapter

Role of Proteoglycans in Disc Function

lagen fibrillogenesis and are important for disc extracellu-
lar matrix assembly and repair. Emerging interactive roles
of SLRPs with cytokines and bioactive growth factors

e Aggrecan provides the disc with its ability to swell and
resist compressive loads. This property is dependent on
two features of aggrecan: first, its ability to form large
proteoglycan aggregates in association with HA, which
limit its diffusion within the matrix, and second, the
osmotic properties and water binding are due to its sub-
stitution with numerous CS and KS chains. Aggrecan

implicate them in cell signaling, affecting a diverse range
of biological processes, including fibrosis, inflammation,
and the immune response.

Role of Proteoglycans in Disc Disease

e Aggrecan degradation is associated with disc degenera-
tion in the adult and probably in the juvenile with scolio-
sis. The proteolytic degradation of aggrecan results in
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fragments that are no longer able to interact with HA;
these are slowly lost as their size is further decreased by
continuing proteolysis. This decline in aggrecan content
of the degenerate disc may facilitate blood vessel and
nerve ingrowth and contribute to discogenic pain.
Mutations in the aggrecan gene result in osteochondrodys-
plasia, the features of which include developmental
abnormalities in the disc.

* Versican and lubricin undergo extensive proteolytic frag-
mentation throughout life, which is likely caused by the
same proteinases responsible for aggrecan degradation. It
is, however, unclear whether this contributes to disc
pathology.

e Perlecan also undergoes extensive fragmentation within
the disc, though little is known as to how this occurs or
whether the released perlecan fragments provide new
functional biological properties. An exception to this is
the C-terminal peptide, endorepellin, which has anti-
angiogenic properties due to its ability to destabilize tube
formation by endothelial cells. In degenerate discs, if the
fragments are not lost or further degraded, these proper-
ties might be expected to maintain the avascular nature of
the disc.

* A number of the SLRPs are also fragmented in degenerate
discs, and the loss of the CS/DS chains in decorin and
biglycan may adversely affect their abilities to interact
with cytokines and growth factors and thus their partici-
pation in cell regulatory processes. Fragmentation of
lumican and fibromodulin is also evident in the degener-
ate disc, but it is not known how this impacts tissue
function.
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5.1 Introduction
5.1.1 Evolutionary Considerations

Characterized by the presence of at least one triple-helical
domain, members of the collagen family are the most abun-
dant proteins in the animal kingdom. From a phylogenetic
perspective, while the triple-helical domain is present in bac-
teria and fungi and even some viruses, collagen and colla-
gen-like proteins have been identified in all metazoa. With
the appearance of the phylum Chordata, the notochord pro-
vided a “first” skeleton which enabled the organism to
assume a longitudinal shape and provided support for the
digestive tube and the nerve cord. This notochordal structure
is sheathed in collagen; postembryonic remnants of the noto-
chord in vertebrates form the nucleus pulposus of the inter-
vertebral discs. Zhang et al. (2009) have put forward the
hypothesis that the vertebrate chondrocytes that all express
the type II gene may have evolved from notochordal cells. In
vertebrates, collagen fibrils formed the template for deposi-
tion of mineral and the development of bone and cartilage of
the axial and appendicular skeleton.

5.1.2 Brief Overview of the Anatomical
Characteristics of the Intervertebral Disc

The discs typically are composed of three morphologically
distinct major structural regions — the peripheral collagen-
rich annulus fibrosus, surrounding the proteoglycan-rich
central nucleus pulposus, and the cartilage end plates
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interfacing the disc and the vertebral body. The junctional
zone between vertebral bone and annulus fibrosus is a type of
enthesis. The cartilage end plates in the juvenile are respon-
sible for longitudinal vertebral growth. In the adult, the inter-
vertebral discs are avascular and receive most of their
nutrients from the vertebral bone vasculature by diffusion
through the cartilage end plates. Collagens provide the struc-
tural framework of the intervertebral discs and are responsi-
ble for its biomechanical properties such as torsion and
resistance to pressure or tension. Proteoglycans, such as
decorin, fibromodulin, and biglycan together with other
matrix constituents, have important influences on collagen
fibril formation.

Box 5.1 Abbreviation List
C-NC domain Carboxyl-terminal  noncollagenous
domain (same as C-propeptide)

COMP Cartilage oligomeric matrix protein

DDR Discoidin domain receptors

ECM Extracellular matrix

ED-A Extra domain A

EGF Epidermal growth factor

ER Endoplasmic reticulum

FACIT Fibril-associated collagen with inter-
rupted triple helices

GAG Glycosaminoglycan

IVDD Intervertebral disc degeneration

MACIT Membrane-associated collagen with
interrupted triple helices

MMP Matrix metalloproteinases

Multiplexin Multiple triple-helix domains and
interruptions

NC Noncollagenous

N-NC domain Amino-terminal noncollagenous
domain (same as N-propeptide)

RER Rough endoplasmic reticulum

RUNX2 Runt-related transcription factor 2

TIMP Tissue inhibitors of metalloproteinases

5.1.2.1 Annulus Fibrosus

The annulus fibrosus makes up the peripheral portion of the
disc structure (Fig. 5.1). In the mature lumbar disc, there are
up to 25 lamellae that comprise regular concentric bundles of
parallel collagen fibers arranged around the central gelati-
nous nucleus pulposus (Roberts 2002). Collagen fibers in a
particular lamella run in one direction, while fibers in an
adjacent lamella run in the opposite direction. The thickness
of the lamellae varies from 200 to 400 pm, increasing from
inside to outside (Inoue 1973). This alternating pattern is
designed to withstand torsional stresses. The key functions
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of the collagen fibrils in the annulus are retaining the nucleus
and taking up and distributing the load exerted by the disc.

5.1.2.2 Nucleus Pulposus

The nucleus pulposus is a soft jellylike, highly hydrophilic
tissue occupying the central region of the disc. The disc con-
tains proteoglycans (predominantly aggrecan; see Chap. 4),
randomly organized fibrillar collagens (Inoue 1981), radially
arranged elastin fibers (Yu et al. 2002), and water. The pro-
portion and organization of water, fibrillar collagens, and
proteoglycans vary not only with the position across the disc,
but with age and level (Antoniou et al. 1996; Scott et al.
1994; Demers et al. 2004; Mwale et al. 2004; Antoniou et al.
1996). The nucleus pulposus has a higher concentration of
proteoglycans and water than other regions of the disc,
whereas the highest levels of collagen are in the outer annu-
lus and the lowest concentration in the nucleus (Mwale et al.
2004; Inkinen et al. 1998). The collagen content of the
nucleus pulposus is greatest in cervical discs and lowest in
lumbar discs. In contrast, the proteoglycan content of the
nucleus pulposus peaks in lumbar discs and is lowest in cer-
vical discs (Scott et al. 1994).

5.1.2.3 Cartilage End Plates

The end plates in the human disc consist of a thin horizontal
layer of hyaline cartilage, usually less than 1 mm thick, which
separate the nucleus pulposus and annulus fibrosus from the
adjacent vertebral bone. In the adult, the cartilage end plate is
narrow, and often calcified, leading to disturbances to the
nutrient supply to the nucleus pulposus (Maroudas et al. 1975;
Nachemson et al. 1970). The collagen fibers within the end
plates run parallel to the vertebral bodies, with the fibers con-
tinuing into the disc (Roberts et al. 1989).

5.2  Protein Composition of the
Intervertebral Discs
5.2.1 Collagenous Protein Structure

Collagen, the most abundant fibrous protein of the disc, is the
name for a family of rope-like polypeptidic molecules
(Fig. 5.1) that have a linear structure containing regions of
repeating triplets of amino acids (Gly, X Y, ) with glycine
(G,,) at every third position and X and Y often being proline
and hydroxyproline, respectively. These two amino acids
constitute about 1/6 with glycine accounting for 1/3 of the
sequence. Since glycine is the smallest amino acid with no
side chain, it is positioned at every third position in the chain.
The high glycine content stabilizes the collagen helix, facili-
tating hydrogen bonding and the formation of intermolecular
cross-links (Eyre et al. 1984; Pokharna and Phillips 1998;

Berg and Prockop 1973). The ring structures of proline and
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NP — random organized fibrillar collagen
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Fig.5.1 Schematic illustration of the organization of fibrillar collagens in the annulus fibrosus (AF) and nucleus pulposus (NP) of a human inter-

vertebral disc

hydroxyproline occupy the outer positions where they inter-
act with neighboring collagen molecules. The hydroxyl
groups of 4-hydroxyproline are essential for the formation of
intramolecular hydrogen bonds and determine the thermal
stability of each collagen chain (Berg and Prockop 1973).
The collagen molecule is formed from three a-chains
wound together in a triple helix. These helices are twisted
together into a right-handed coiled coil stabilized by hydro-
gen bonds and woven together to form a left-handed helix
(Hulmes and Miller 1981). This uninterrupted triple-helix
molecule is approximately 300 nm in length and 1.5 nm in
diameter — a cable-like structure that provides significant
tensile strength to skin, tendons, ligaments, and other carti-
laginous structures, making them tough and flexible. The
amino acid hydroxylysine is responsible for stabilizing the
side-to-side packing of the chains into fibrils. The collagen
molecule contains three structural domains, the amino- and
carboxyl-terminal extra-helical regions and the major triple-
helical rodlike domain. Collagens I-V are considered to be

the major collagens, since they comprise 98 % of the total
connective tissue protein. There is considerable complexity
and diversity in the 28 different types of collagen.

In the lumbar disc, there are up to 25 lamellae that com-
prise regular concentric bundles of parallel collagen fibers
arranged around the central gelatinous nucleus pulposus
(Roberts 2002). Collagen fibers in a particular lamella run
in one direction, while fibers in an adjacent lamella run in
the opposite direction. The thickness of the lamellae varies
from 200 to 400 pum, increasing from inside to outside
(Inoue 1973). This alternating pattern is designed to with-
stand torsional stresses. The key functions of the collagen
fibrils in the annulus are retaining the nucleus and taking
up and distributing the load exerted by the disc. The fibril-
forming collagens I and II form an important network in
the disc. Collagen I forms hybrids with other fibrillar col-
lagens, particularly collagen V. Co-fibril formation with
collagen I is believed to regulate the diameter of fibrils
because of the partial processing of the N-propeptide of
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collagen V. With disc aging and degeneration, there are
profound alterations in collagen cross-links (Pokharna and
Phillips 1998).

The proportion of collagen II and I varies gradually and
inversely across the disc, with exclusively collagen I at the
extreme outermost layers of the annulus fibrosus and the
nucleus pulposus possessing mostly collagen type II (Eyre
and Muir 1976). Under physiological conditions, collagen II
fibrils contain more water than I fibrils (Grynpas et al. 1980).
Collagen V is a minor component and forms hybrids with
collagen I, while XI forms hybrids with collagen II.

The collagen chains are synthesized as procollagens. In
the rough endoplasmic reticulum (ER), the procollagen chain
undergoes a series of processing reactions. First, as with
other secreted proteins, glycosylation of procollagen occurs
in the rough ER and Golgi complex. Galactose and glucose
residues are added to hydroxylysine residues, and long oli-
gosaccharides are added to specific asparagine residues in
the carboxyl-terminal propeptide, a segment at the carboxyl-
terminus of a procollagen molecule that is absent from
mature collagen. Generally, the propeptides (amino and car-
boxyl terminal) are removed after secretion, and then colla-
gen fibrils form in the extracellular space.

5.2.2 Classification of Collagens

The disc contains many different collagen types whose abun-
dance changes with age (Roughley 2004). The annulus
fibrosus is composed primarily of collagen I and to a lesser
extent II, IT1, V, VI, IX, XI, XII, and XIV. The nucleus pulpo-
sus is rich in collagen II, but it also contains collagen I, VI,
and IX (Eyre and Muir 1976, 1977; Wu et al. 1987; Eyre
et al. 2002). Collagens I and II constitute about 80 % of the
collagens in the disc (Eyre and Muir 1977) (for details of the
collagen species, see Box 5.2).

5.2.2.1 Collagen|

The structure of procollagen I is similar to other fibrillar col-
lagens, and it comprises three polypeptide o-chains, which
form a unique triple-helical structure (Fig. 5.2). It is a het-
erotrimer of two ol and one a2 chains. It contains an unin-
terrupted triple-helical domain flanked by short non-helical
telopeptides. The telopeptides, which do not have a repeating
Gly—X-Y structure and do not adopt a triple-helical confor-
mation, account for 2 % of the molecule. Many macromole-
cules such as COMP, fibromodulin, matrilin, and decorin
attach to collagen I (Fig. 5.3). Collagen I molecules form
D-periodic (D=67 nm, the characteristic axial periodicity of
collagen) cross-striated fibrils in the extracellular space, giv-
ing the tissue its mechanical strength and providing the major
biomechanical scaffold for cell attachment and anchorage of
macromolecules (Fig. 5.4).
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Box 5.2 Collagen Types Present in the Intervertebral
Disc
Fibril forming

Type I (COL1 al, COL1a2)

Type II (COL2a.1)

Type 111

Type V (COL5al, COL502, COL50.3)

FACIT (fibril-associated collagen with interrupted triple
helices)

Type IX (COL9al, COL9a2, COL9a3)
Type XII (COL12al)
Basement membrane (basal membrane)

Type IV (COL4al, COL402, COL40a3, COL404,
COL4a5, COL4a6)

Multiplexin
None
Other
Type VI (COL6a.1,COL60:2, COL60.3, COL604)
Type X (COL10a1, COL10a2, COL100.3)
Type XI (COL11al, COL1102)

5.2.2.2 Collagenll

Collagen II fibrils in the nucleus pulposus appear to be orga-
nized randomly (Fig. 5.1). In the adult, these collagen mole-
cules are joined by hydroxypyridium cross-links (Eyre and
Muir 1976). There is evidence that procollagen II can be
expressed in two forms by alternative splicing of the primary
gene transcript. The two mRNAs either include (IIA) or
exclude (IIB) exon 2, so that procollagen II can be synthe-
sized with or without exon 2 encoding the major portion of
the amino propeptide (Sandell et al. 1991; Ryan and Sandell
1990). This polymorphism is thought to influence cell mor-
phology, with the cells expressing procollagen ITA being
narrow, elongated, and “fibroblastic” in appearance, while
the cells expressing procollagen IIB are large and round. The
expression of procollagen IIB appears to be correlated with
abundant synthesis and accumulation of aggrecan (Sandell
et al. 1991). Procollagen IIA may function in the annulus
fibrosus and nucleus pulposus, particularly during
development.

5.2.2.3 Collagen VI

Collagen VI accounts for 10-20 % of the total collagen and is
particularly prominent in the nucleus pulposus and the end
plate cartilage (Roberts et al. 1991). It resembles collagens IX
and X in that it is a shorter chain collagen than collagen II. It
consists of o-chains that form a highly branched filamentous
network based on the formation of tetramers but does not
appear to form cross-links with other matrix molecules (Wu
et al. 1987). The beaded filaments of collagen VI represent
another important network in the disc matrix (Feng et al. 2006).
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Fig. 5.2 Schematic illustration
of type 1 collagen a-chains,
recognition site in the C-NC
domain, and the crystal structure
of the collagen intertwined
a-chains (the upper image was
generated in 3D Studio Max,
while the lower image was
generated in CN3D ver. 4.3 using
data for Crystal Structure of the
Collagen Triple Helix Model
[(Pro-Pro-Gly)10]3 from the
Protein Data Bank rcsb.org
DOI:10.2210/pdb1k6f/pdb)
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Fig.5.3 Schematic illustration of assemblies of cross-striated collagen
fibrils and cartilage oligomeric matrix protein (COMP), fibromodulin,
matrilin, and decorin in the intervertebral disc (The figure was modified
with permission from Feng et al. (2006))

It forms a tetramer of two pairs of antiparallel collagen VI mol-
ecules arranged such that two N-terminal ends are exposed at
either end of the unit. Further assembly occurs both by

——— (111 chain

Yellow area corresponds
to the putative recognition
site

Crystal structure of the
collagen triple helix model

Cross-striated collagen fibrils
are anchored by COMP
macromolecules

Side-by-side cross-linking
of collagen fibrils form
collagen fibres

Microscopic aspect of
parallel and perpendicular
collagen fibrils
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Fig. 5.4 Computer visualization model, schematics, and simulated
microscopic images of normal collagen fibrils showing the association
with COMP, side-by-side cross-linking of collagen fibrils, and micro-
scopic aspects of collagen fibrils

end-to-end and side-to-side associations catalyzed by proteo-
glycans such as biglycan and decorin. These ligands (collagen
VI tetramers) are also bound to molecules such as PRELP,
fibronectin, and matrilin-1, -2, or -3, which in turn are bound to
a collagen fiber, a procollagen molecule, or aggrecan.
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5.2.2.4 Collagen IX

Collagen IX is a “fibril-associated collagen with interrupted
triple helices” (FACIT) collagen. Other FACIT members are
collagen XII, XTIV, XVI, and XXI; when compared with col-
lagen IX, they are less characterized in terms of structure and
function. Collagen IX is usually found in tissues containing
collagen II. It is extensively cross-linked to fibrils of collagen
II in an antiparallel orientation and may also be cross-linked
to other collagen IX molecules (Eyre et al. 1988; van der
Rest and Mayne 1988; Wu et al. 1992). It has a periodic dis-
tribution along the fibril of approximately 67 nm (Vaughan
et al. 1988). The globular NC4 domain at the N-terminus of
the a1(IX) chain extends out from the fibril (Vaughan et al.
1988) and may provide a molecular link between the fibrils
and other interfibrillar matrix components, such as the pro-
teoglycan aggrecan. The amino-terminal NC4 domain is
very basic (Vasios et al. 1988; Muragaki et al. 1990). Some
forms of collagen IX may lack the NC4 domain due to the
use of an alternative promoter (Nishimura et al. 1989), and
the expression of this variant is thought to be tissue specific
and developmentally regulated. Collagen IX of the disc is
distinct from that of hyaline cartilage in that the disc contains
only the short form of al1(IX) that lacks the NC4 domain
(Wu and Eyre 2003). Usage of the short a1 (IX) transcript in
disc tissue has no apparent effect on cross-linking behavior.
The precise biological role(s) of collagen IX, its assembly in
relationship to collagen II, and the mechanisms that regulate
its synthesis and degradation remain unknown.

5.2.2.5 Collagen X
Collagen X is a non-fibrillar short-chain protein containing
three identical al chains [a1(X),] with a low molecular
weight of 59 kDa (Schmid and Linsenmayer 1985). Two
exons encode the complete primary translation product,
which contains the N-terminal region (NC2). The protein is
comprised of 52 amino acids, 18 of which form the signal
peptide (LuValle et al. 1988). The collagen X molecule also
contains a relatively larger (162 amino acids) noncollagenous
C-terminal domain (NC1) (Yamaguchi et al. 1989), which
plays a key role in the intracellular assembly of the triple-
helical collagen X molecules and may be necessary for aggre-
gation to form extracellular networks. The presence of several
functional RUNX?2 binding sites within the promoter region
of the COL10A1 genes suggests that it is a direct transcrip-
tional target of RUNX2 during chondrogenesis (Zheng et al.
2003). It forms pericellular mats and is also closely associ-
ated with the fibrils of collagen II (Linsenmayer et al. 1998).
Collagen X is synthesized by hypertrophic chondrocytes
during endochondral ossification in the growth plate (Mwale
et al. 2000; Tchetina et al. 2003). It was shown to be present
in human lumbar discs during aging and degeneration by
Boos et al. (1997) and Xi et al. (2004). In addition, nucleus
pulposus chondrocytes express collagen X in association
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with advanced age and degenerative disc lesions (Nerlich
et al. 1997; Hristova et al. 2011). Aigner et al. (1998) studied
the variation in the pattern of collagen X expression with age
in normal human discs, particularly the cells of the inner
annulus fibrosus and the nucleus pulposus. These workers
showed that with age some cells from the inner annulus or
the nucleus expressed a hypertrophic chondrocyte phenotype
and secreted collagen X as a component of the disc matrix.

5.2.3 Other Matrix Molecules

5.2.3.1 Cartilage Oligomeric Matrix Protein (COMP)
COMP is a 524-kD protein composed of five identical glyco-
protein subunits each of 100-120 kD held together by a five-
stranded coiled-coil domain in the N-terminal portion and
exposing unique C-terminal globular domains. Each subunit
has EGF-like and calcium-binding (thrombospondin-like)
domains. It is present in the extracellular matrix of the
nucleus pulposus and annulus fibrosus (Ishii et al. 2006; Lee
et al. 2007). It exhibits a lamellar distribution pattern in the
annulus fibrosus region. Higher nucleus pulposus levels of
COMP are found in aging discs (Lee et al. 2007). COMP
plays a role in regulating collagen fibril assembly.

5.2.3.2 Fibronectin

Synthesis of fibronectin has been demonstrated in healthy
disc tissue (Hayes et al. 2001; Anderson et al. 2010) and car-
tilage (Wurster and Lust 1984). Fibronectin is a minor com-
ponent of the disc of young and older animals (Hayes et al.
2001). Its function in the discs is unknown, although it is
well established that fibronectin can play a role in cell-
matrix, matrix—matrix interactions as well as binding colla-
gen and heparan sulfate proteoglycans through RGD
sequences. As a result of alternative splicing, different iso-
forms of fibronectin exist. Disc cells synthesize fibronectin
with either or both the ED-B and ED-A domains present
(Anderson et al. 2010), the significance of which is unclear.
Fibronectin is elevated in degenerated discs, and its frag-
ments induce the cell to degrade the matrix (Oegema et al.
2000, Anderson et al. 2004).

5.2.3.3 Amyloid

Amyloid deposits in the intervertebral disc were first described
by Bywaters and Dorling (1970). In the annulus, amyloid
deposits are found lying between thick bundles of collagen
fibers, while a diffuse nodular distribution is found in the
nucleus pulposus, in proximity to cells (Ladefoged 1985). The
incidence of amyloid deposition in discs increases with advanc-
ing age, although it is also found in the young disc (Ladefoged
1985; Yasuma et al. 1992). Amyloid deposits of different mor-
phological types have been observed in the disc (Mihara et al.
1994). At the ultrastructu ral level, amyloid deposits are seen
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composed of 10-nm-wide nonbranching fibrils (Mihara et al.
1994). Changes in matrix glycosaminoglycans, particularly
strongly sulfated glycosaminoglycans such as keratan sulfate,
may play a role in the pathogenesis of localized and systemic
amyloid deposition (Athanasou et al. 1995).

5.2.3.4 Tenascin

Tenascin has also been called hexabrachion (Erickson and
Inglesias 1984) and myotendinous antigen (Chiquet and
Fambrough 1984). The tenascins are a family of extracellular
matrix glycoproteins with repeated structural domains homol-
ogous to epidermal growth factor (EGF), fibronectin type III,
and the fibrinogens. It has been shown that aggrecan can
interact with certain matrix proteins containing EGF-repeats,
including tenascins, the fibrillins, as well as the fibulins, (Day
et al. 2004) to form higher order networks. Tenascin is a large
extended “octopus”-like molecule, in which six arms radiate
out from a central point, with each arm having an Mr of
200 kDa and composed of a single polypeptide chain. The
domain structure of the cloned molecule supports the finding
that it can interact with multiple ligands (Nies et al. 1991). It
is a hemagglutinin and can bind, directly or indirectly, with a
variety of disc matrix molecules. In discs, it is present in
young and adult annulus fibrosus and nucleus pulposus,
where it is confined to the pericellular matrix (Gruber et al.
2002, 2006) and its expression can be modulated by mechani-
cal strain (Benjamin and Ralphs 2004). It is thought to have a
role in disc aging and degeneration, possibly by modulating
fibronectin cell interactions and causing alterations in the
shape of disc cells (Gruber et al. 2002).

5.2.3.5 Elastin

Earlier studies reported that the elastic fiber network of the
disc was sparse and irregular. Thus, elastic fibers were gener-
ally considered to play no significant role in the mechanical
functioning of the disc. However, recent studies have shown
that the network is highly organized and that the distribution
and orientation of elastic fibers varies from region to region
(Yu et al. 2002, 2005). In the annulus fibrosus, elastin fibers
appear densely distributed in the region between the lamellae
and also in “bridges” across the lamellae. Elastin molecules
are also present in the center of the nucleus, where long fibers
are radially oriented and anchor perpendicularly or obliquely
to the cartilaginous end plate (Yu et al. 2002, 2007). They
form a network, as is fibrillin, and constitute the amorphous
component of the nucleus pulposus that is responsible for its
elastic properties. Individual elastin polypeptide chains (tro-
poelastin) are covalently cross-linked producing an insoluble
protein and presumably forming random coil-like structures.
With such coupling, elastic fibers could play a significant
mechanical role even though overall elastin is less than 5 %
of the total dry weight of the disc. Its content correlates with
degenerative grade and age (Cloyd and Elliott 2007).

5.3  Biosynthesis of Collagen Proteins

5.3.1 Intracellular Processing and
Posttranslational Modifications

The synthesis of collagen involves a cascade of unique post-
translational modifications of the original procollagen poly-
peptide. The many steps in collagen biosynthesis can be
interrupted or changed by mutant enzymes or by disease pro-
cesses. With procollagen synthesis on the RER, there is hydrox-
ylation of proline and lysine, an initial glycosylation step and
formation of triple helices. Hydroxylation begins after the pep-
tide chain has reached a certain minimum length and is still
bound to the ribosomes. The two enzymes involved are pepti-
dyl prolyl hydroxylase and peptidyl lysyl hydroxylase.
Glycosylation of lysine occurs after its hydroxylation. Each of
the collagen isoforms has differing levels of carbohydrate in
the form of galactose or glycosylgalactose linked to hydroxy-
lysine. Terminal glycosylation takes place in the Golgi appara-
tus, and the molecule is packaged into secretory vesicles and
secreted by exocytosis. Outside of the cell, procollagen pepti-
dase removes the non-helical domains of procollagen.

5.3.2 Chaperone-Assisted Folding of Individual
Chains into a Triple-Helical Structure

Assembly begins with o-chains’ trimerization to form a tri-
ple-helical protomer. Protomers are usually heterotrimers,
composed of up to three different a-chains. For example,
collagen I is composed of al and o2 chains, forming an
alala2 heterotrimer. They have in common at least one
triple-helical collagenous domain of varying length and two
noncollagenous domains C-NC and C-NC that are positioned
at the N and C ends. Thus, the N-propeptide from the N-NC
domain and the C-propeptide from the C-NC domain act as
molecular chaperones. The C-propeptide at the C-NC domain
for both a1 and a2 chains contains five subdomains (Hulmes
2002). They are involved in the protection of nascent pro-
teins on the ribosome; folding of newly synthesized or mem-
brane-translocated proteins; protection and refolding of
misfolded, partially unfolded, or aggregated proteins; and
most importantly the maintenance of procollagen in a par-
tially unfolded state for binding effectors or crossing
membranes.

5.3.3 Mechanisms of Collagen Chain Selection,
Intracellular Transport, and Secretion

Each chain is synthesized with an extra length of peptides
called registration peptides on both the N-terminal and
C-terminal end (Fig. 5.5). Registration peptides ensure that
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D (67 nm)

Gap(0.53D) Overlap(0.47D)

O RRIRBBY, B8 R0

Procollagen triple helix (300nm)

N-terminal peptide and C-terminal
covalent crosslinking

Cleavage of propeptide C and N and
tropocolagen molecule by
N- and C proteinases

Self-assembly of tropocollagen into
microfibril catalyzed by lysyl oxidase

The molecules are staggered from each
other by about 67 nm (D)

Overlap and gap regions

Assembled mictofibrils form the
collagen fibril

Gap (lacunar) regions and overlap regions
of microfibrils give the striate aspect of
collagen fibers

Microscopic aspect of a collagen fibril

Fig. 5.5 Schematic illustration of the formation of tropocollagen, showing procollagen, cross-linking, propeptide cleavage, self-assembly, over-

laps, and GAP regions of microfibrils

the chains assemble in the correct position as a triple helix.
The terminal N and C domains are then excised, modified,
or incorporated directly into the final structure, depending
on protomer and function. Subsequently, specific protomers
oligomerize into distinct suprastructures involving interac-
tions that form end-to-end connections, lateral associations,
and supercoiling of helices. An additional function of the
extra peptides is to maintain the solubility of the procolla-
gen molecule and prevent its premature intracellular

assembly and precipitation as collagen fibrils. The C-NC
domain is the key domain required for heterotrimer assem-
bly. Disulfide bonding in the a2 C-NC domain is crucial for
heterotrimer formation (Fig. 5.2). As discussed previously,
the domain structure consists of a central collagenous triple-
helical domain flanked by two noncollagenous domains,
carboxy-terminus (NC1 domain) and amino-terminus (NC2
domain) (Fig. 5.4). The terminal NC domains function as
recognition modules. This happens at the different
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subdomains (Telo, Ia, Ib, II, IV, III, and V) of the C-NC
domain of the a1 and a2 chains. The selection, binding, and
registration of the three a-chains for assembly of the triple-
helical protomers at these subdomain sites are characterized
by interactions based on complementarity of shape, electro-
static charge distribution, and hydrophobic selection of cog-
nate ai-chains (Khoshnoodi 2006). Domain I of the collagen
molecule folds into subdomains Ia and Ib without a-helical
or B-sheet conformations, inconsistent with suggestions that
subdomain Ia participates in trimerization by forming
a-helical coiled coils (McAlinden et al. 2003). Subdomain
Ib contains the interchain disulfide bonds in the assembled
C-NC trimer. Domains II and IV fold into globular regions
G1 and G2, respectively. These are linked by an antiparallel
sheet assembled from domains III and V.

Folding is initiated at the C-terminus by bimolecular asso-
ciation of the a2 and a.12, peptide chains near the junction of
domain Il and domain IV-G2, and proceeds towards the
N-terminus (Malone et al. 2005). The a2 C-NC domain,
specifically domain V, provides the driving force for het-
erotrimer formation. Trimerization proceeds via a second
interaction between the a2—c.12 dimer and the a11 at domain
II-G1 after which the interchain disulfide bonds become
established in domain Ib. Folding of domain Ia is the last and
slowest folding step, but eventually it drives the folding
through the C—telo—Ia junction (Malone et al. 2004). Putative
trimerization control sequences have been located within the
C-NC domains.

5.4  Extracellular Processing of Collagens/
Procollagens
5.4.1 Enzymes Involved in Processing

of Procollagens

The formation and passage of correctly folded triple-helical
collagen molecules through the secretory pathway involve
chaperone proteins such as disulfide isomerase or binding
proteins that are involved in the recognition of the
C-propeptide which may be a mechanism for the retention of
incorrectly folded collagen molecules in the cell (Bottomley
et al. 2001). The major collagen-binding protein of the rough
endoplasmic reticulum is HSP47, sometimes called gp46, or
colligin (Tasab et al. 2002) and acts along with other chaper-
ones during collagen passage from the rough endoplasmic
reticulum to the Golgi apparatus. Outside of the cell registra-
tion peptides are cleaved and tropocollagen is formed by pro-
collagen peptidase (Fig. 5.5). Multiple tropocollagen
molecules form collagen fibrils, via covalent cross-linking
(aldol reaction) by lysyl oxidase which links hydroxylysine
and lysine residues. Multiple collagen fibrils form into col-
lagen fibers.

5.4.2 Procollagen N and Procollagen C
Proteinases

Fibrillar procollagens contain a C-propeptide that is com-
pletely removed by a C proteinase after secretion leading to
polymerization of their triple-helical domains (Fig. 5.5)
(Prockop et al. 1997/1998). In contrast, the extent to which
their amino propeptide (N-propeptide) is removed by N pro-
collagen proteinases is different. With certain types of colla-
gens, such as collagens I and II, the N-propeptide is completely
removed, whereas for collagens V and XI most of the
N-propeptides are left attached on the triple-helical domains.
As such, this may allow them to regulate fibril assembly by
hindering the addition of molecules at fibril surfaces.

5.5 Self-Assembly of Collagen Fibrils

5.5.1 Homotypic Collagen-Collagen
Interactions

The altered protein after cleavage, known as tropocollagen,
is able to assemble into polymeric collagen fibrils (Fig. 5.5).
Hydroxyproline residues contribute to the stability of the tro-
pocollagen triple helix, forming hydrogen bonds between its
polypeptide chains.

5.5.2 Heterotypic Collagen-Collagen
and Collagen-Other Molecules

Collagen fibrils aggregate spontaneously to form fibers.
Proteoglycans and structural glycoproteins play an important
role in the aggregation of tropocollagen to form fibrils and in
the formation of fibers from fibrils. Collagen may be attached
to cell membranes via several types of proteins, including
fibronectin and integrin.

5.5.3 Fibril Formation

Formation of collagen fibrils occurs by self-aggregation of tro-
pocollagen molecules in a staggered array (Fig. 5.5). Collagen
fibrils are stabilized by the formation of lysine-derived cross-
links between tropocollagen molecules catalyzed by lysyl oxi-
dase. The fibrillar structure is reinforced by the formation of
covalent cross-links between tropocollagen molecules.

5.5.4 Cross-Link Formation

Side-by-side cross-linking of collagen fibrils to form a col-
lagen fiber is mediated by proteoglycans and FACIT
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collagens. For correct assembly and/or turnover of collagen
fibrils, other molecules, such as tenascin-X, are also
required.

5.6 Collagen Fibril-Cell Interactions

5.6.1 Collagen-Integrin Binding

Heterodimers of four integrins, namely, o B, o.f,, 0(10[31,
and o, B,, form a special subclass of cell adhesion receptors.
They are all collagen receptors, and they recognize their
ligands with an inserted domain (I domain) in their o-sub-
unit. Integrin o, B, also known as VLA-1 or CD49a-CD29 is
strongly expressed during development. Integrin a3, was
originally thought to be the only collagen receptor. Ligand
binding to this receptor triggers intracellular signaling, which
include the p38 MAP kinase activation.

5.6.2 Collagen-Discoidin Domain Receptor
(DDR) Binding

Discoidin domain receptors (DDRs) DDR1 and DDR2 are
receptor tyrosine kinases with the unique ability among
receptor tyrosine kinases to respond to collagen. They are
distinguished from other members of the receptor tyrosine
kinase family by a discoidin homology repeat in their extra-
cellular domains that is also found in a variety of other trans-
membrane and secreted proteins.

5.6.3 Integrin-Dependent and DDR-Dependent

Signaling

Integrins are receptors that mediate the attachment between
a cell and the tissues that surround it, such as other cells or
the extracellular matrix. They are involved in cell signaling
and the regulation of cell survival, differentiation, and
response to environmental stimuli in the disc. However, little
is known of the discoidin cell surface receptors that directly
bind to and interact with these matrix proteins in the interver-
tebral disc.

5.7 Homeostasis of Collagenous Matrices

5.7.1 Degeneration of Collagenous Matrices

With age, the proportion of aggrecan to water in the nucleus
pulposus falls steeply, while the proportion of collagen to
aggrecan rises. A similar change is seen in degenerate discs.
These changes appear to arise from loss of aggrecan rather
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than an increase in the amount of secreted collagen (Antoniou
et al. 1996). The matrix metalloproteinase (MMP) family has
been implicated in the breakdown of collagen and other
matrix proteins.

5.7.2 Regulation of Collagen Expression

Besides the general protease inhibitors, mainly a2-macro-
globulin and al-antiprotease, the activities of matrix met-
alloproteinases (MMPs) are limited by specific inhibitors,
the tissue inhibitors of metalloproteinases (TIMP-1-4)
which binds to the substrate-binding site of the MMPs. In
addition, TIMP-2 is a cofactor in the activation of MMP2
by membrane-type MMPs. TIMPs are produced by a
broader range of cell types than the proteases, and TIMP-2
is often constitutively expressed. TIMP-3, in particular,
appears to act as a pro-apoptotic factor. The expression of
most TIMPs is additionally regulated at the transcriptional
level. In general, the same factors that induce MMPs are
involved, but additional cytokines such as TNFa as well as
glucocorticoids and retinoids are active, at least in the regu-
lation of TIMP-1.

5.8 Collagen-Related Diseases

5.8.1 Hereditary Disorders

While a considerable number of collagen diseases have
been documented (a number of the more common diseases
are shown in Table 5.1 and Box 5.3), in this chapter the
focus is on those with a phenotype in the intervertebral
disc.

Collagen IX: Recent reports have suggested the impor-
tance of genetic factors in disc disease. Mutations in colla-
gen IX are associated with premature disc degeneration in
mice (Kimura et al. 1996) and a predisposition to disc disor-
ders in humans. Transgenic mice expressing mutant colla-
gen alpha 1(IX) develop progressive joint degeneration with
age as well as accelerated intervertebral disc degeneration
(Kimura et al. 1996; Boyd et al. 2008). The changes include
shrinkage or disappearance of the nucleus pulposus and
fissures in the annulus fibrosus, which sometimes lead to
herniation of disc material and osteophyte formation.
Degeneration in the end plate is associated with cell prolif-
eration, cartilage disorganization, and new bone formation
(Boyd et al. 2008).

MMP-3: Matrix metalloproteinase-3 (MMP-3, stromelysin-1)
is involved in the pathogenesis of disc disease (Takahashi
et al. 2001). Polymorphisms in MMP3 as well as TIMP-1
were associated with the radiographic progression of disc
degeneration (Valdes et al. 2005).
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Table 5.1 Clinical phenotypes of collagen gene mutations

Gene or protein

COLI1A1, COLIA2 (collagen 1 al, a2
chains)

COL2A1 (collagen 2 al chain)

COL9AI,COL9A2, COL9A3 (collagen 9 a1,
a2, a3 chains)

COLIOAT1 (collagen 10)

COII TIAL Col11A2 (collagen 11 al, a2
chains)

COMP
MATN3 (matrilin-3)
Perlecan

Box 5.3 Clinical Disorders Resulting from Defects in

Collagen Synthesis

Disorder Defect
Ehlers—Danlos  Mutations in either one
type III or two separate genes

(also involved in
Vascular EDS and
tenascin-X deficiency)

Ehlers—Danlos  Faulty transcription or

type IV translation of type III
(vascular EDS)

Ehlers—Danlos  Faulty lysine

type VI hydroxylation

Ehlers—Danlos  Decrease in procollagen

type VII peptidase activity
Scurvy Lack of vitamin C
(cofactor for proline
hydroxylase)
Osteogenesis  Change of one
imperfect nucleotide in genes for

collagen type [

5.8.2 Other Collagen-Related Diseases

See Table 5.1 and Box 5.3.

5.9
in the Chapter

e Collagens provide the structural framework of the interver-

Summary of Critical Concepts Discussed

Clinical phenotype
Family: Osteogenesis imperfecta

Family: achondrogenesis 2, hypochondrogenesis, congenital spondyloepiphyseal dysplasia
(SEDC), Kniest, Stickler arthro-ophthalmopathy, familial osteoarthritis, other variants

Multiple epiphyseal dysplasia (MED; two or more variants)

Metaphyseal dysplasia (Schmid alchain)
Oto-spondylo-megaepiphyseal dysplasia (OSMED); Stickler (variant), Marshall syndrome

Pseudoachondroplasia, multiple epiphyseal dysplasia (MED; one form)
Multiple epiphyseal dysplasia (MED; one variant)
Schwartz—Jampel type 1; dyssegmental dysplasia

e In the annulus, collagen lamellae are formed consisting of
concentric bundles of parallel collagen fibers arranged
around the central gelatinous nucleus pulposus.

Symptoms e With age, the proportion of aggrecan to water in the nucleus
Joint pulposus falls steeply, while the proportion of collagen to
T 1 aggrecan rises. A similar change is seen in degenerate
discs. These changes appear to arise from loss of aggrecan
rather than an increase in the amount of secreted collagen.
Aortic and/or e Collagen II fibrils in the nucleus pulposus are organized

intestinal rupture

randomly joined by hydroxypyridium cross-links.
Procollagen 1II is expressed in two forms by alternative

A ki o« . . .
ugmented skin splicing with or without exon 2.

elasticity, rupture

of eyeball e The fibril-forming collagens I and II form an important
Increased network in the disc. Collagen I forms hybrids with other
articular fibrillar collagens, particularly collagen V. Co-fibril for-
mobility,

mation with collagen I regulates the fibril diameter.
e The collagen chains are synthesized as procollagens.
Glycosylation of procollagen occurs in the rough ER and

frequent luxation
Ulceration of

gums,
hemorrhages Golgi complex. Galactose and glucose residues are added
Spontaneous to hydroxylysine residues, and long oligosaccharides are
fractures, cardiac added to specific asparagine residues in the C-propeptide.
insufficiency

e The formation and passage of correctly folded triple-
helical collagen molecules through the secretory pathway

involve disulfide isomerase that recognizes the
C-propeptide. The major collagen-binding protein in the
RER is HSP47.

e Qutside of the cell, registration peptides are cleaved and
tropocollagen is formed by procollagen peptidase.
Multiple tropocollagen molecules form collagen fibrils,
via covalent cross-linking by lysyl oxidase.

e Mutations in collagen IX are associated with premature
disc degeneration in mice and a predisposition to disc dis-
orders in humans.

tebral discs and are responsible for biomechanical proper-
ties, including torsion and resistance to pressure or tension.

e Proteoglycans, such as decorin, fibromodulin, and bigly-

can together with other matrix constituents, influence col-
lagen fibril formation.

Noncollagenous fibrous proteins in the disc include
COMP, fibronectin, amyloid, tenascin, and elastin.
Collagen cell interactions are mediated via discoidin
domain receptors and integrin o3, Ligand binding to this
receptor triggers p38 MAP kinase activation.
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Microenvironmental Control of Disc Cell
Function: Influence of Hypoxia
and Osmotic Pressure
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The action of this principle is exactly like that of the centrifugal governor of the steam engine, which checks
and corrects any irregularities almost before they become evident; and in like manner no unbalanced
deficiency in the animal kingdom can ever reach any conspicuous magnitude, because it would make itself
felt at the very first step, by rendering existence difficult and extinction almost sure soon to follow
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6.1 Defining the Intervertebral Disc Niche

The intervertebral disc is a complex structure that displays
many of the characteristics of a diarthrodial polyaxial joint in
that it separates opposing cartilage-covered bones (verte-
brae), permits a range of motions, and accommodates high
biomechanical forces. The nature of this joint has been
described in detail in Chap. 1 and in a recent review by
Shapiro et al. (2012). While discs from the different anatom-
ical regions of the spine vary in shape and volume, their
architecture is generally similar. At the disc periphery, the
outer annulus fibrosus layer forms a ligamentous structure,
composed of tightly packed parallel collagen I fibrils that are
inserted into contiguous superior and inferior vertebral bod-
ies. The inner surface of the annulus fibrosus comprises a
poorly organized fibrocartilage containing collagen II fibrils.
The annulus and the cartilaginous endplates enclose the
nucleus pulposus, an aggrecan-rich gel-like tissue that is
sparsely populated with cells. Although embryologically
distinct, cells of the nucleus pulposus are often mistakenly
compared with chondrocytes. The nucleus pulposus is
derived from the notochord, whereas annulus fibrosus and
endplate cartilage are sclerotomal in origin (see Chap. 3 for
further details concerning the ontology of disc cells).
Throughout this chapter, cells of this notochordal-derived
tissue are described as cells of the nucleus pulposus.

The interaction between the semifluid nucleus pulposus
and the tight molecular lattice of the annulus fibrosus pro-
vides the biomechanical properties necessary for spinal sta-
bility. Disturbing this relationship by compromising the
stability of the nucleus pulposus, the annulus fibrosus, or the
endplate cartilage results in disc degeneration, a condition
that can lead to excruciating pain and loss of function and
which often results in costly surgical interventions. Because
the degenerative process is chronic, the nucleus pulposus
cells are required to function for long time periods in what
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can be described as a suboptimal microenvironmental niche;
the goal of this chapter is to consider those conditions that
enhance nucleus pulposus cell survival as well as factors that
disregulate the disc microenvironment and promote degen-
erative disc disease.

Herein, we use the term niche to describe the confines of
the nucleus, bounded laterally and medially by the annulus
and superiorly and inferiorly by the endplate cartilage.
Although the concept of a niche was originally directed at
anatomical structures, more recently the term has been used
to describe interactions between communities of cells that
are in close proximity to each other. For example, within the
bone marrow niche, stem cell commitment to a particular lin-
eage is dependent on local microenvironmental conditions
that regulate the interactions between resident hematopoietic
as well as stromal cells.

Although the clinical outcomes of degenerative disc dis-
ease are well documented, biological events that regulate
nucleus pulposus cell survival are not understood. One over-
riding aspect of disc cell biology is that cells of the nucleus
pulposus and cells residing in the inner annulus are removed
from the blood supply. For example, blood vessels originat-
ing in the vertebral body traverse the superficial region of the
endplates; none of these vessels infiltrate the nucleus pulpo-
sus. Urban, Maroudas, and colleagues pioneered the studies
of solute transport and biophysical properties of the disc
(Urban et al. 1977). Several modeling studies and biochemi-
cal measurements of glycolytic pathway metabolites by these
workers predict that the oxygen tension (pO,) within the disc
is low and that metabolism is primarily anaerobic (Bartels
et al. 1998), even if the oxygen tension is raised (Holm et al.
1981). With respect to the annulus, Gruber et al. (2005)
pointed out that this tissue is avascular except for small dis-
crete capillary beds in the dorsal and ventral surfaces; in no
case, does the annulus vasculature enter the nucleus pulpo-
sus. Microangiographical and immunohistochemical studies
of the human disc lend strong support to the notion that the
nucleus pulposus is avascular in nature (Hassler 1969; Rudert
and Tillmann 1993). Moreover, even during disc degenera-
tion vascular invasion of the nucleus pulposus is not seen,
suggesting that vascular in-growth is not a defining feature of
disc disease (Nerlich et al. 2007). Lee and colleagues exam-
ined hypoxic nature of the rat disc using 2-nitroimidazole,
EF5, a drug that at low pO, forms covalent product with cel-
lular proteins (Lee et al. 2007). These studies revealed that
the transition zone and not the nucleus pulposus exhibited the
highest level of EF5 binding. The authors concluded that the
disc cells adapt to the local environment by limiting the con-
sumption of oxygen. To further investigate this concept,
Schipani and colleagues generated and characterized
hypoxia-inducible reporter mice (SXHRE-LacZ reporter)
(Fig. 6.1). Labeling with hypoxia marker EF5 clearly showed
a robust signal in the presumptive intervertebral disc
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indicating a hypoxic environment. Based on these and other
studies, it is now widely accepted that the nucleus pulposus
cells reside in a hypoxic tissue niche.

Another important environmental factor that character-
izes the disc niche is the elevated osmolarity. Although
sparse, cells in the nucleus pulposus secrete a complex extra-
cellular matrix that contains collagens and the proteoglycan
aggrecan as well as versican. Glycosaminoglycan (GAG)
chains of the aggrecan molecule provide a robust hydrody-
namic system that serves to accommodate applied biome-
chanical forces (Feng et al. 2006; Setton and Chen 2006). In
the nucleus pulposus, the principle GAG is chondroitin sul-
fate. Bound to the aggrecan core protein and associated with
hyaluronic acid, the chondroitin sulfate chains form a giant
polydispersed supramolecular structure with a net negative
charge; this serves as a driving force for binding cations
especially Na*, thereby elevating tissue osmolarity (this topic
is discussed further in Chaps. 2 and 4). The high osmotic
pressure of the aggregate contains the forces applied to the
spine (Ng et al. 2003). We have shown that nucleus pulposus
cells responded to changes in osmotic pressure by upregulat-
ing the transcription factor, TonEBP (tonicity enhancer-
binding protein) (Tsai et al. 2006), the only known mammalian
transcription factor that responds to changes in osmolarity.
In the following sections, we will describe in detail the activ-
ities of this interesting protein and its importance in mainte-
nance of disc cell function. In addition to osmolarity and
hypoxia, several other morphogenic proteins including those
of the TGF-B superfamily play an important role in niche
maintenance. Towards the end of the chapter, the activities of
TGF-B in the postnatal nucleus pulposus are briefly
discussed.

Role of HIF Proteins in the Intervertebral
Disc Niche

6.2

If the concept of a regulatory niche, composed of a number
of cell types responsive to local microenvironmental condi-
tions, is valid, then this begs the question: is cell survival in
the hypoxic niche hypoxia-inducible factor (HIF) depen-
dent? Thanks to the brilliant studies of Semenza and col-
leagues, it is now recognized that the critical molecule
regulating energy metabolism and survival activity under
hypoxia is HIF-1 (Semenza et al. 1994). HIF is a member of
the basic helix-loop-helix (bHLH)-PER-ARNT-SIM
(PAS) family of proteins and composed of a constitutively
expressed [B-subunit and an o-subunit. In most cells, the lat-
ter subunit is stable under hypoxic conditions but is rapidly
degraded in normoxia (Wang et al. 1995). Transactivation of
HIF-1 target genes involves dimerization of the two subunits
and binding to an enhancer, the hypoxia-response element in
target genes. HIF-1 serves as a key transcription factor that
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Fig. 6.1 The axial skeleton is hypoxic and expresses HIF-1a. (a)
Characterization of hypoxia- inducible reporter mice (SXHRE-LacZ
reporter). Note activation of the reporter construct in mesenchymal
condensations by [-gal staining (black arrows). (b) Staining with

regulates the expression of enzymes concerned with glycoly-
sis, the activity of the TCA cycle, and oxidative phosphory-
lation (Semenza et al. 1994; Papandreou et al. 2006; Fukuda
et al. 2007). Additional target genes include those required
for survival, apoptosis, autophagy, and matrix synthesis
(Schipani et al. 2001; Zhang et al. 2008; Hofbauer et al.
2003). Details of these relationships are shown schemati-
cally in Fig. 6.2. It should be added that other isoforms exist,
the most important being HIF-2a.. Recent evidence suggests
that HIF-1o. and HIF-2a are not redundant and that the rela-
tive importance of each of the homologues, in response to
hypoxia, varies among different cell types (Sowter et al.
2003). For example, unlike HIF-1, HIF-2 regulates expres-
sion of a number of unique genes including superoxide dis-
mutase 2 (SOD?2), catalase, frataxin, and cited2 (Scortegagna
et al. 2003; Oktay et al. 2007; Aprelikova et al. 2006).

In addition to the genes mentioned above, the Sox family
of transcription factors that are essential for the development
and function of the nucleus pulposus are hypoxia and HIF
sensitive (Smits and Lefebvre 2003; Lafont et al. 2007; Khan
et al. 2007; Kanichai et al. 2008). Lafont et al. (2007) showed
that HIF-2, but not HIF-1, regulated the expression of Sox9
and the phenotype of primary human chondrocytes. Similarly,

hypoxia marker EF5 confirms that the nucleus pulposus (NP) of the
presumptive intervertebral disc is hypoxic (Images kindly provided
by Dr. Ernestina Schipani, Indiana University)

expression of Sox9, Sox5, and Sox6 is hypoxia- (5 % O,) and
HIF-2-sensitive during chondrogenic differentiation of stem
cells derived from the infrapatellar fat pads of osteoarthritic
patients (Khan et al. 2007). In contrast, using marrow mesen-
chymal stem cells, Kanichai et al. (2008) showed involve-
ment of HIF-lo in regulating Sox9 expression during
chondrogenesis under hypoxia. However, the relationship
between Sox proteins and HIF in the hypoxic niche of the
disc is not as yet known (Box 6.1).

Box 6.1: Oxygen, Hypoxia and HIF

Over a billion years ago, the primitive atmosphere of
the earth held very small amounts of dioxygen. Through
the extraordinary activities of photosynthetic plants
and organisms, over an enormous time period, the level
of oxygen increased rapidly: a mere 200 million years
ago, the oxygen content increased to about 16 %.
Today, despite a huge elevation in manmade and natu-
ral oxidative activities, the gas level has held constant
around 21 %.
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Fig. 6.2 Functional activity
of HIF target genes. Critical Nucleus
functions include energy
metabolism, angiogenesis, cell HIF-1/2 |
survival, autophagy and
apoptosis, matrix synthesis,
proliferation, self-renewal and
differentiation, radical dismuta-
tion, and pH regulation. Many

of these functions are critical for
survival and functioning of the
nucleus pulposus cells in the
avascular niche of the interverte-
bral disc. Hypoxia-/HIF-sensitive
proteins that are identified in the
nucleus pulposus cells are shown
in parentheses (Reproduced from
Risbud et al. (2010). With

. complex

Cell proliferation

.. . self renewal Radical dismutation
permission from Elsevier) (Hes1, Hey1) (Frataxin, SOD2)
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Matri
autophagy and apoptosis atrix genes
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The life-supporting activities of the gas was recog-
nized by the Greeks who postulated that there were
only four natural elements, air — along with earth,
water, and fire. At the time of the American Revolution,
there was a convergence of intellectual thought on the
notion that air was a mixture of gases, especially the
vital gas, oxygen. Among those charged with the dis-
covery of oxygen were Joseph Priestley, Carl Wilhelm
Scheele, and Antoine Lavoisier. Priestley, an
Englishman, who for religious and political reasons
settled in Pennsylvania, and was a good friend of
Benjamin Franklin, found that a gas generated from
metal oxides could keep a mouse alive longer than a
similar volume of air. Priestley called his discovery
“dephlogisticated air.” Almost at the same time,
Scheele isolated the same gas which he termed “fire
air”” A Frenchman, Antoine Lavoisier, labeled the gas
“acid-maker” or “oxygen,” viewing it as part of the air
that was free to combine with other elements. Of note,
Priestly found that the “dephlogisticated air” had the
property of changing dark venous blood to bright red
arterial blood.

‘We now know that red blood cells carry dioxygen to
all of the tissues of the body so as to power metabolic
reactions, particularly those concerned with mainte-
nance of redox and high-energy intermediates such as
ATP. Oxygen sensor systems exist within tissues: for

example, in the carotid body and in mitochondria.
A family of enzymes, prolyl hydroxylases, monitors
the oxemic state of the cell and enhances adaptation to
hyperoxic and hypoxic conditions.

The term hypoxia is a generalized term used to
describe the fall in oxygen to levels that are necessary
to sustain most animal life. In some tissues, the blood
oxygen concentration can be normoxic, but the cells
experience hypoxia due to a high cell density, elevated
metabolic activity, or poor vascularization. If hypoxia
develops, a family of transcription factors is activated.
Hypoxia-inducible factors or HIFs serve to change the
metabolic activities of the cell so as to accommodate
the available oxygen concentration.

6.2.1 Control of HIF-¢ Stability in the Disc

To return to the question raised above concerning the impor-
tance of the HIF system, a considerable number of reports
now clearly show that there is a robust HIF response by cells
of the nucleus pulposus. The response is evident across spe-
cies; it is seen in vivo and in vitro, and more importantly,
HIF-1a activity is unresponsive to the oxemic state of the
tissue (Rajpurohit et al. 2002; Risbud et al. 2006a, b; Agrawal
et al. 2007). Accordingly, when compared with most other
tissues, there are substantive underlying differences in the
HIF status and reactivity of disc cells: HIF-1a expression



6 Microenvironmental Control of Disc Cell Function: Influence of Hypoxia and Osmotic Pressure 97

and activity is always “on.” This unusual response suggests
that stabilization of HIF-1a in cells of the nucleus pulposus
ensures that transcriptional activity is a major determinant of
cell function. The second HIF homologue, HIF-2a, is
robustly expressed by nucleus pulposus cells. Like HIF-1a,
steady-state protein levels are similar in both hypoxia and
normoxia, suggesting that it too is constitutively expressed
(Agrawal et al. 2008).

Before leaving this topic, it is important to comment on
mechanisms of stabilization and turnover of HIF-la and
HIF-2a in nucleus pulposus cells. HIF-1a can be stabilized
in a number of different ways. For example, von Hippel-
Lindau protein activity can be suppressed, or O, sensing
by one or more of the prolyl hydroxylase (PHD) enzymes,
members of the 2-oxoglutarate/Fe**-dependent dioxyge-
nase superfamily, could be low (Appelhoff et al. 2004).
Importantly, since the activity of PHDs depends on the
tissue oxygen tension, these molecules serve as sensors
that control the cellular abundance of HIF-a proteins. It is
known that PHD proteins hydroxylate specific prolyl resi-
dues in the oxygen-dependent degradation domain of HIF-a.
subunits. The hydroxylated proteins are bound by the ubiq-
uitin ligase von Hippel-Lindau tumor suppressor protein
(pVHL), which targets them for rapid ubiquitination and
26S proteasomal degradation (Maxwell et al. 1999). We
reported recently that expression of PHD1-3 is higher in
cells of the nucleus pulposus than in cells of the annulus
fibrosus (Fujita et al. 2012a). Noteworthy, unlike other cells,
our studies clearly showed that in nucleus pulposus cells,
stability of HIF-a-oxygen-dependent degradation domain
(ODD) is independent of oxemic tension. In addition, muta-
genesis studies suggest that hydroxylation reaction may
not control HIF-2o. degradation in these cells (Koditz et al.
2007; Fujita et al. 2012a). Again these findings are different
from articular chondrocytes that exhibit responsiveness of
HIF-2a degradation to PHD function in vitro suggesting a
cell type-specific response (Thoms and Murphy 2010).

Further investigations found that both HIF-1o and HIF-2a
were degraded through the 26S proteasome pathway. Since all
PHDs mediate proteasomal HIF-o. degradation, but differ in
their ability to hydroxylate HIF-1a in vivo, we investigated
their individual role in HIF-a turnover in nucleus pulposus
cells (Minamishima et al. 2008; Takeda et al. 2006). The high
relative expression of PHD2 in nucleus pulposus tissue sug-
gests that this isoform may play an important role in HIF-a
turnover. These studies indicate that PHD2 controls to a lim-
ited extent HIF-1a degradation even under hypoxic condi-
tions, indicating preservation of PHD2 enzymatic activity at
low O, tension. This finding is in marked contrast to previous
reports demonstrating HIF-1a stabilization at low oxygen ten-
sions because of inhibition of PHD enzymatic activity (Epstein
et al. 2001). Moreover, this observation highlights the unique
physiology of the nucleus pulposus cells and suggests that

O, dependent

HSP70/RACK1

¥

O, independent

Bafilomycin A1/chloroquine

Fig. 6.3 A schematic model of the unique regulation of HIF-1a and
HIF-2a degradation in nucleus pulposus cells. PHD2 controls a limited
oxygen-dependent degradation of HIF-la through 26S proteasome
pathway. Oxygen-independent mechanisms through 26S proteasome as
well as lysosomal pathway are active in HIF-1o turnover. In contrast,
HIF-2a is unresponsive to oxidative degradation and is also turned over
though 26S and lysosomal pathway (Reproduced from Fujita et al.
(2012a). With permission of the American Society for Bone and Mineral
Research)

there is very low cellular utilization of O,, an adaptive response
to the hypoxic niche (Bibby et al. 2005; Lee et al. 2007). The
limited involvement of PHD2 in HIF-1a degradation implies
that itis not a major regulator of HIF-1a turnover. Furthermore,
it lends support to the hypothesis that HIF-1a levels are regu-
lated primarily by oxygen-independent pathways.

In contrast to HIF-1a, the turnover of HIF-2a through
26S proteasome is largely independent of PHD function;
there is also a limited involvement of the lysosomal pathway.
Relevant to this discussion, recent studies by Gogate et al.
(2012) indicate that Hsp70 modulates HIF-1a protein stabil-
ity and transcriptional activity. In nucleus pulposus, Hsp70
was shown to interact with HIF-1a under hypoxic conditions
and promoted degradation through the proteasomal pathway
(Gogate et al. 2012). These findings strongly suggest that
nucleus pulposus cells are functionally adapted to their avas-
cular, hypoxic microenvironment and rely mostly on oxy-
gen-independent pathways for controlling HIF-lo and
HIF-2a levels. With respect to regulation, in hypoxia, PHD3
promotes HIF-1o transcriptional activity (Fujita et al.
2012b); this observation is in line with a recent report that
describes a crucial role of the PHD3-PKM2 complex in
enhancing HIF-1a interaction with p300, an important tran-
scriptional coactivator (Luo et al. 2011). The possible path-
ways involved in HIF-a turnover in nucleus pulposus cells
are demarcated in Fig. 6.3.
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It is important to note that, in nucleus pulposus cells, the
expression of PHD2 and PHD3 is also induced by hypoxia in
an isoform-specific manner (Fujita et al. 2012b). While
PHD?2 is selectively regulated by HIF-1a, PHD3 expression
is controlled by both HIF-1a and HIF-2a at the transcript
level. Significantly when there is inflammatory disc disease,
expression of PHD2 and PHD3 is primarily responsive to
TNF-a and IL-1f in HIF independent fashion (Fujita et al.
2012c). Moreover, unlike other tissues (D’Angelo et al.
2003; Marxsen et al. 2004; Henze et al. 2010), hypoxic
expression of PHD1 is also dependent on HIF-1a activity in
nucleus pulposus cells (Fujita et al. 2012b). Taken together,
these studies clearly indicate the existence of a regulatory
feedback loop between PHD2, PHD3, and HIF-1a in the
hypoxic nucleus pulposus cells. This scenario is distinct
from the articular cartilage, a tissue functionally similar to
the nucleus pulposus, where PHD2 also regulates HIF-2a.
degradation (Thoms and Murphy 2010). These results high-
light the unique nature and control of the HIF-PHD system
in nucleus pulposus cells and for the first time provide a bio-
chemical rationale for normoxic stabilization and mainte-
nance of steady-state levels of these proteins in the nucleus
pulposus. Whether stabilization of HIF-a proteins is related
to the unique embryonic origins of the tissue is currently
unknown. However, it is important to note that because discs
are hypoxic in vivo, stabilization of HIF-a expression would
serve to maintain cell metabolism and functional activities
when disc integrity is breached during disc herniation (Ha
et al. 2006) or at an early stage of degeneration (Roberts
et al. 20006).

6.2.2 Role of HIF-1 in Energy Conservation
by Cells of the Nucleus Pulposus

Earlier classical biochemical studies have shown that when
the pO, is low, there is almost complete reliance on glycoly-
sis to generate ATP and reducing equivalents. As indicated in
the previous section, one of the consequences of low oxygen
tension in the nucleus pulposus is the reliance on glycolysis
for energy generation (Agrawal et al. 2007; Holm et al.
1981). Glycolysis may be viewed as a relatively inefficient
process: it generates 2 mol of ATP/mol glucose; in contrast,
mitochondrial metabolism is slow, but it creates about 30
mol of ATP/mol glucose. In the trade-off between rate and
yield, the glycolytic pathway generates a small number of
ATP molecules at a very fast rate and maintains the reducing
status of the cell. In this way, glycolysis provides sufficient
energy for both housekeeping functions and for protein
synthesis.

One of the logical outcomes of stabilization of HIF-1a. is
the robust expression of glucose transporters and enzymes
required for anaerobic glycolysis. When the expression of
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three target genes (glucose transporter [GLUT]-1 and -3 and
GAPDH) at 2-21 % O, were evaluated, it was found that the
activities are comparable and remain constant over time
(Agrawal et al. 2007). Although these genes were not respon-
sive to the oxemic state of the culture, we have observed a
small induction in enolase-1 and phosphofructokinase 2
(PFKFB) promoter activities. This result is surprising as the
later protein is regarded as the glycolytic “pacemaker”; how-
ever, because this intermediary step is sensitive to a number
of hormones, and metabolic intermediates, it is more than
likely that induction is in response to other regulatory fac-
tors. Nevertheless, the muted response does not detract from
the conclusion that the glycolytic flux in disc cells, even in
normoxia, is high.

In normoxia, the basal concentration of ATP in nucleus
pulposus cells is between 20 and 25 nmol/L/mg protein
(Agrawal et al. 2007). These values are comparable with lev-
els reported for articular chondrocytes, another cell type that
uses glycolysis to generate energy (Pfander et al. 2003). In
the presence of 2-deoxyglucose, a potent inhibitor of glyco-
lysis, ATP generation is suppressed by almost 80 % (Agrawal
et al. 2007). The sensitivity of the cells to this inhibitor
emphasizes the reliance on glycolysis for energy generation.
Based on this observation, it is likely that the oxemic stabil-
ity of HIF-1a in nucleus pulposus cells is optimal for sur-
vival in an environment where there are frequent shifts in
vascular supply and O, delivery; in the intervertebral disc,
these shifts may reflect minute to minute or day/night varia-
tions in biomechanical forces applied to the spinal units.

Although glycolysis is clearly the major ATP-generating
pathway, the possibility exists that some high-energy inter-
mediates may be produced through mitochondrial oxidative
phosphorylation. However, current studies indicate that
inhibitors of mitochondrial function do not influence ATP
production nor nucleus pulposus cell viability (Agrawal et al.
2007). As for a role, if any, for mitochondria, little is known.
Gan et al. (2003) have reported that although nucleus pulpo-
sus cells contain mitochondria with normal architecture, the
total number of organelles per cell is low. Nevertheless,
nucleus pulposus cells can perform mitochondrial oxidative
metabolism: thus, they oxidize fatty acid and generate ATP
(Agrawal et al. 2007). Based on all of these studies, there is
strong support for the notion that although glucose and
anaerobic glycolysis represent the major fuel and pathway
for energy generation, respectively, mitochondria in the
nucleus pulposus are functional; they retain the capacity to
metabolize fatty acids through mitochondrial oxidative
metabolism.

The conclusion that disc cell energy metabolism is depen-
dent on glycolysis fits well with current observations con-
cerning the regulatory functions of HIF-1. It is known that
HIF-1 plays a major role in directing the interplay between
glycolysis and oxidative phosphorylation. HIF-1 inhibits
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mitochondrial function by frans-activating the gene encod-
ing pyruvate dehydrogenase kinase 1. Because this protein
suppresses pyruvate dehydrogenase, pyruvate cannot be con-
verted into acetyl-CoA, and as a result the TCA cycle is
blocked (Papandreou et al. 2006). Moreover Fukuda et al.
(2007) showed that HIF-1 reciprocally regulates mitochon-
drial cytochrome c oxidase (COX)-4 subunit expression by
activating transcription of the genes encoding COX4-2 and a
protease that is required for COX4-1 degradation. Thus, HIF
regulates not just the entry of reducing equivalents into the
mitochondria but also oxidative phosphorylation. Based on
these observations, it is concluded that although mitochon-
drial function is retained by cells of the intervertebral disc, it
is reasonable to assume that normoxic expression of HIF-1a
by nucleus pulposus cells serves to suppress oxidative phos-
phorylation and promotes glycolytic ATP generation. More
than likely, nucleus pulposus mitochondria are required for
non-energy-related metabolic functions, while oxidative
phosphorylation is used to a very minor degree.

6.2.3 Role of Hypoxia and HIF in Promoting Cell
Survival and Function in the Disc

If the premise is correct that the HIF signaling network serves
to promote nucleus pulposus function, then the cells should
be adapted to survive and grow in a hypoxic environment.
Studies from our lab (Risbud et al. 2005a, b; Agrawal et al.
2007; Zeng et al. 2007) and other groups (Mwale et al. 2011;
Feng et al. 2013) show that hypoxia, possibly through HIF-1,
enhances the expression of important matrix genes and the
phenotype of nucleus pulposus cells. Experiments have also
been performed in which nucleus pulposus cells were treated
with low levels of common apoptogens and survival mea-
sured (Risbud et al. 2005a, b). Notably, when the pO2 was
below 5 %, there was maximum disc cell survival. Studies of
nucleus pulposus and chondrocytes showed that when HIF-
la is partially silenced, viability is maintained in the face of
an O, challenge (Fujita et al. 2012b; Bohensky et al. 2007).
On the other hand, complete deletion of HIF-1 in growth
plate chondrocytes results in massive cell death highlighting
the requirement of HIF-1 for cell survival in the hypoxic
niche (Schipani et al. 2001). However, it is possible that
some effects of hypoxia on nucleus pulposus survival are
probably mediated by other signaling molecules in an HIF-
l-independent fashion. The latter observation raises the
question: which signaling pathways are upregulated in
hypoxia? Work from a number of labs suggests that a variety
of hypoxia-responsive proteins exist, including vascular
endothelial growth factor (VEGF) (Fujita et al. 2008;
Agrawal et al. 2008), galectin-3 (Zeng et al. 2007), and Akt/
PI3K (Risbud et al. 2005a, b). Our work has shown that
expression levels of phospho-Akt in nucleus pulposus cells

are high in hypoxia and when serum-starved confers resis-
tance to apoptosis (Risbud et al. 2005a, b). Activation of this
protein is of considerable interest as it has been shown to
modulate apoptosis by inactivating Bad and caspase-9 and
modulating the transcription of proapoptotic transcription
factors (Duronio 2008). Relevant to nucleus pulposus cells,
activation of PI3K/Akt signaling has been shown to regulate
HIF-1a protein levels in other cell types (Kanichai et al.
2008). Like Akt, extracellular signal-regulated kinase
(ERK)1/2 is induced in hypoxic nucleus pulposus cells.
Because activation of ERK has been linked to survival, pos-
sibly by regulating nitric oxide synthase and caspase activi-
ties, the it is probable that activation of ERK in concert with
Akt serves to maintain the viability of the disc cells at a low
pO, (Risbud et al. 2005a, b).

Like HIF-1, one of the critical functions of Akt is regula-
tion of glucose metabolism. It is thought that Akt may pro-
mote cell survival by maintaining GLUT-1 transcription
under conditions of growth factor withdrawal (serum starva-
tion) (Rathmell et al. 2003). Indeed, the high level of expres-
sion of GLUT-1 protein by nucleus pulposus cells in vivo
(Rajpurohit et al. 2002; Richardson et al. 2008) indicates that
this tissue may adapt to its hypoxic environment by increas-
ing glucose uptake. This activity would serve to promote and
enhance glycolysis, thereby preventing ischemia-induced
injury. Taken together, these studies suggest that the PI3K-
Akt and ERK signaling pathways in conjunction with HIF-1
provide a mechanism by which nucleus pulposus cells remain
viable and maintain their specialized physiological function,
despite environmental limitations in O, and possibly changes
in nutrient availability.

Two proteins that have been linked to nucleus pulposus
survival in hypoxia are VEGF-A and galectin-3. In disc cells,
it has been reported that HIF-1 regulates galectin-3 expres-
sion (Zeng et al. 2007). From a functional perspective, by
forming complexes with integrins, externalized galectin-3
influences cell adhesion and spreading (Sasaki et al. 1998).
Accordingly, galectin-3 is most likely involved with matrix
stability and in concert with HIF-1 provides the discal cells
with both a mechano-transduction and a survival function.
Other studies have shown that galectin-3 regulates survival
by suppressing signaling through the TNF family of proteins
(Oka et al. 2005). This finding is particularly pertinent to disc
disease, as TNF-a together with other cytokines is known to
play a major role in the etiology, as well as progression, of
the degenerative state. Based on these findings, it is possible
that in the hypoxic intervertebral disc, the robust expression
of HIF-1a serves to maintain galectin-3 levels, which then
serve to promote cell survival and disc function (Zeng et al.
2007).

With respect to VEGF-A, not surprisingly, levels of this
protein are high in herniated discs or in degenerative
discs where there is evidence of neovascularization
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(Kokubo et al. 2008). In the normative state, because the disc
environment is avascular, it would be reasonable to assume
that VEGF expression is low. However, this is not the case as
there is robust expression of this protein and its receptor in
the nucleus pulposus (Fujita et al. 2008; Agrawal et al. 2008).
Most likely, the level of expression is related to both HIF-1
and HIF-2, as both isoforms upregulate VEGF-A expression
and promoter activity (Agrawal et al. 2008). This observa-
tion begs the question: in the disc, what is the function of
VEGF? Clearly, it cannot serve to promote angiogenesis as
this activity would promote vascularization and compromise
disc function. There is some information to indicate that
VEGF supports cell survival (Zelzer et al. 2004). Indeed,
Fujita et al. (2008) confirmed that VEGF and its receptors are
expressed by nucleus cells in hypoxia and showed that this
protein promoted nucleus pulposus survival. Thus, from a
functional viewpoint, VEGF could serve as to maintain
nucleus pulposus viability in the face of shifts in environ-
mental pO,.

As indicated above, there is growing interest in the sec-
ond HIF homologue, HIF-2a. This protein is robustly
expressed by nucleus pulposus cells. With respect to func-
tional activities, unlike most other tissues, hypoxia failed to
increase the transcriptional activities of SOD2 and frataxin,
two common HIF-2 target genes concerned with radical dis-
mutation (Scortegagna et al. 2003; Oktay et al. 2007). This
finding could explain why this tissue is susceptible to radical
attack associated with annular lesions or nucleus herniation.
Notably, there is evidence to indicate that kyphosis, scolio-
sis, and radiculopathies are linked to defective radical dis-
mutation (Murakami and Kameyama 1963; Sparrow et al.
2012), whereas Friedreich’s ataxia is now known to be attrib-
utable to low frataxin levels and loss of antioxidant defenses
(Gakh et al. 2006). It would be important to know whether
these conditions are also linked to the inability of vertebral
tissues to mount a robust HIF-2-dependent scavenging
response.

Notably, both HIF-1 and HIF-2 are involved in survival of
endplate chondrocytes by activation of the autophagic path-
way (Bohensky et al. 2009; Srinivas et al. 2009). Recent
studies suggest that autophagy is active in the nucleus pulpo-
sus (Ye et al. 2011; Jiang et al. 2012). The importance of this
system for removal of misfolded proteins and damaged
organelles has been emphasized by a number of workers, and
its role in directing the maturation of connective tissue cells
has been discussed by Srinivas and his colleagues (Srinivas
et al. 2009). Noteworthy, although autophagy is viewed as a
survival pathway, there is little doubt that continued macro-
molecular breakdown, while serving as a source of nutrients
and energy for the stressed cell, inevitably leads to increased
susceptibility to apoptosis (type II apoptosis). Hence, HIF
activity and ultimately HIF targets serve as key proteins that
straddle both the apoptotic and survival pathways.
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Bohensky et al. (2009) pointed out that HIF-2 was involved
in regulating survival by modulating autophagy. HIF-2 was
expressed abundantly by cells in human and murine articular
cartilage, hypertrophic cartilage, and in the endplate carti-
lage. When HIF-2a was suppressed, ROS generation was
elevated, and there was a decrease in the activity of the ROS
dismutating enzymes catalase and superoxide dismutase.
Suppression of HIF-2a was associated with decreased Akt-
1, reduced Bcl-x(L) expression, and a robust autophagic
response, even under nutrient-replete conditions (Bohensky
et al. 2009). In addition, Semenza and colleagues have dem-
onstrated important contributions of HIF-1a to autophagy
(Zhang et al. 2008). Relevant to disc disease, it is generally
agreed that the degenerative state is exacerbated by a decrease
in the permeability of the endplate cartilage and the concom-
itant reduction in nutrient availability. It is possible that under
these nutritionally challenging conditions, increased HIF-
1/-2 expression may serve to maintain nucleus pulposus sur-
vival by promoting the induction of autophagy (Box 6.2).

Box 6.2: HIF, Hypoxia, and Human Populations

Oxidative metabolism and the availability of oxygen
have powered evolutionary processes that have permit-
ted animals to populate almost every region of the
planet. At high altitudes and in the depth of the ocean,
the partial pressure of oxygen is low; nevertheless,
organisms have evolved mechanisms to adapt to these
nonphysiologic conditions. The question that has
intrigued scientists is: what type of adaptation mecha-
nism exists to enable humans and animals to reside in
harsh environments characterized by the high Andean,
Tibetan, and Ethiopian plateaus? For humans living at
high altitudes, there may be genetic selection pressures
for phenotypes characterized by raised oxygen hemo-
globin saturation; one problem here is that a change in
blood viscosity can elicit profound medical problems.
However, studies of Tibetans living at very high alti-
tudes show that they exhibit an SNP close to the region
encoding HIF-2. Beall et al. (2010) have proposed that
this mutation causes a “‘blunted erythropoietic response.”
In this case, the change in viscosity would be minimal.
There is evidence that HIF-1 isoform may also be
involved. Studying the Naqu Yak, an animal that has
lived on the Tibetan plateau for more than million years
at an altitude of 9,000-15,000 ft above sea level, Wang
et al. (2006) reported that HIF-1 is expressed at high
levels in the brain, lung, and kidney. Since HIF-1 tar-
gets EPO (erythropoietin) as well as many other genes
concerned with erythropoiesis, these animals would
have an enhanced ability to transport oxygen in the
blood stream. In summary, both animal and humans
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have adapted to hypoxia by expressing genes that mod-
ify oxygen transport and erythropoiesis.
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Contribution of TonEBP to the
Maintenance of the Osmotic Niche

6.3

For disc cells, the second major environmental challenge is
the high osmotic pressure of the niche (this topic is also dis-
cussed in Chap. 2). As pointed out earlier, the biomechanical
function of the nucleus pulposus is primarily attributed to the
water binding and unique osmotic properties of the tissue.
Osmotic pressurization of the nucleus pulposus balances the
loads experienced by the spine. Studies by Urban and col-
leagues indicate that the tissue osmolarity is substantially
higher than that of plasma and is in the range of 400-500 mos-
mol/kg (Urban and Maroudas 1981; Ishihara et al. 1997).
Until recently, the mechanism by which cells of the nucleus
pulposus and annulus fibrosus control their intracellular
osmotic properties was not known. Drawing on information
relevant to other tissues, it was noted that cellular adaptation
to hyperosmotic stress is mediated by the tonicity enhancer-
binding protein (TonEBP), also called OREBP (Miyakawa
et al. 1999) or NFATS5 (Lopez-Rodriguez et al. 1999).
TonEBP/NFATS belongs to the 5-member NFAT protein sub-
family (NFAT1-5) which is part of the larger Rel superfamily
of proteins. Similar to other members of the Rel family, it
contains the Rel homology domain, a conserved DNA-
binding domain. However, no similarities are seen between
TonEBP and NF-«B or NFAT1-4 outside of the Rel homol-
ogy domain. It lacks the binding site for calcineurin neces-
sary for NFAT1-4 dephosphorylation and subsequent nuclear
translocation (Lopez-Rodriguez et al. 1999). It is the largest

Rel family member and unlike monomeric members of the
NFAT family exists as a homodimer and forms stable dimers
with DNA. Upon activation, TonEBP binds to the tonicity-
responsive enhancer element (TonE) of genes required for
osmotolerance and cell survival. These genes include the
betaine/y-aminobutyric acid transporter, sodium myo-inositol
co-transporter (Ko et al. 1997; Miyakawa et al. 1998; Rim
et al. 1998), taurine transporter (Zhang et al. 2003; Ito et al.
2004), and aldose reductase (Lopez-Rodriguez et al. 1999).
By regulating levels of betaine, myo-inositol, taurine, and
sorbitol, these genes control the osmotic properties of the
cytosol. Hsp70, a molecular chaperone that maintains cellular
function under hypertonic stress is also induced by TonEBP
(Woo et al. 2002; Shim et al. 2002). Most homozygous
TonEBP knockout mice evidence midgestational lethality. Of
the few that survive, all exhibit severe growth retardation and
kidney dysfunction (Lopez-Rodriguez et al. 2004). A trans-
genic mouse expressing a dominant-negative form of TonEBP
(DN-TonEBP) in collecting duct epithelial cells demonstrated
an absolute requirement of TonEBP for expression of the urea
transporter gene and aquaporin-2 (Lam et al. 2004).

Aside from osmoregulation, TonEBP is required for T
cell proliferation and function (Trama et al. 2000; Go et al.
2004), and it is implicated in cancer cell migration and
metastasis (Jauliac et al. 2002). A study by Wang et al. (2005)
showed that expression of DN-TonEBP in lens fiber cells
promoted cataract formation by causing defects in their elon-
gation. Since TonEBP is expressed by a number of cell types,
it is reasonable to assume that it serves a variety of physio-
logic functions, especially those that impact on tissue hydra-
tion and the osmotic environment (Maouyo et al. 2002).

TonEBP and its downstream target genes are robustly
expressed in the nucleus pulposus and the annulus fibrosus
(see Fig. 6.4). Importantly, TonEBP is critical for mainte-
nance of nucleus pulposus survival under hyperosmotic con-
ditions (Tsai et al. 2006). The observed increase in apoptosis
is in agreement with studies of TonEBP null mice and trans-
genic animals expressing DN-TonEBP in the thymus and in
the lens (Trama et al. 2000; Go et al. 2004; Wang et al. 2005).
In both these conditions, there was an acceleration of cell
death through apoptosis. Very importantly, recent studies in
C. elegans demonstrating selective and pronounced expres-
sion of TonEBP in the notochord suggest that its osmoregu-
latory function first evolved in the primitive axial skeleton
prior to diversification to other tissues (José-Edwards et al.
2011). The relationship between TonEBP and cell death and
its expression in the notochord lends strength to the notion
that this transcription factor is of critical importance in the
life history of cells of the nucleus pulposus.

One of the primary responses of cells to variations in
local osmolarity is a change in regulatory cell volume. Disc
cells and chondrocytes alike adapt to these osmotic shifts
by remodeling their cytoskeleton and by catalyzing the


http://dx.doi.org/10.1007/978-3-7091-1535-0_2

102 M.V. Risbud and I.M. Shapiro
-, » “ ¢ N [} p i
.b - f y & e 1 8 |
a S . 1"
3 = D N P i2 Y e 0 ]
8 E g % g & "o : 3 » 1
a o T & 35 : ¢ bef 7§y
po 9 - ) .,;

== i3 ' i L.
e - R
= ===l '
- &y

», ANs 5

o o P v

Neonatal

Fig. 6.4 (a) Expression level of TonEBP and other osmotically active
genes in the intervertebral disc and other rat tissues. mRNA was
extracted from disc tissue, costochondral cartilage, heart, kidney, and
liver of adult rats and subjected to RT-PCR analysis. Note there is
robust expression of TonEBP and its target genes: HSP-70, BGT-1, and
SMIT mRNA. Cartilage another aggrecan-rich skeletal tissue contains
lower levels of TonEBP mRNA than the disc. Kidney maximally
expresses TonEBP as well as the target genes. (b—g) Sagittal and lon-
gitudinal sections of disc tissue from neonatal (b) and mature rat (d—f)
spines that were treated with anti-TonEBP antibody or counterstained

transport of osmotically active molecules and water across
the plasma membrane (Pritchard et al. 2002; Tsai et al.
2006, 2007; Hall and Bush 2001). Water transport is regu-
lated by a large family of channel-forming proteins, aqua-
porins (AQP) (Fu and Lu 2007). AQP2, an arginine
vasopressin regulated channel, plays an important role in
water reabsorption by connecting tubules and collecting
ducts of the kidney (Verkman 2006). When activated, phos-
phorylation of critical serine residues in AQP2 results in its
translocation from cytoplasmic vesicles to the apical mem-
brane. Intercalated with membrane proteins, AQP2 enhances
water influx into the cell (Verkman 2006). It has been sug-
gested that in the kidney, expression of AQP?2 is regulated
by TonEBP (Hasler et al. 2006; Li et al. 2007; Jeon et al.
2006). Studies by Li et al. (2007) suggest that calcium ions
with calcineurin-NFAT participate in regulation of AQP2
expression. Related to the functional importance of this
system, Pritchard et al. (2002) have documented the pres-
ence of calcium transients in disc cells exposed to osmotic
stress. In recent studies, we clearly showed that in both the
rat and the human, nucleus pulposus cells express AQP2
protein (Gajghate et al. 2009). Importantly, unlike kidney,
osmotic pressure and calcium modulate AQP2 expression
through TonEBP in calcineurin-NFAT-independent fash-
ion. This finding lends credence to the view that by regulat-
ing the hydration status of the disc, TonEBP maintains cell
function in a hyperosmotic mechanically stressed
environment.

)

Mature Mature

with alcian blue, eosin, and propidium iodide (c—g). Note that nucleus
pulposus cells in the neonatal (b) as well as skeletally mature disc cells
(d) express TonEBP protein; much of the staining is localized to the
nucleus (b, arrows). Some staining is also evident in the cytosol of the
nucleus pulposus cells of mature discs (d, arrowhead). Furthermore,
annulus fibrosus cells localized in a narrow zone of alcian blue-posi-
tive matrix (g, arrowhead) express TonEBP protein (f, arrow).
Magnification: x20 (This research was originally published in Tsai
et al. (2006). © the American Society for Biochemistry and Molecular
Biology)

6.3.1 Control of TonEBP Expression and

Activity in the Nucleus Pulposus

Before leaving this topic, it is important to comment on sev-
eral mechanisms unique to the disc niche that control TonEBP
expression and activity. The mechanism of activation of
TonEBP is complex and not completely understood, espe-
cially whether it is mediated by protein phosphorylation
(Woo et al. 2002). In T cells and kidney cells, there is some
evidence to indicate that regulation may be mediated by a
phosphatase, calcineurin, which is activated by calcium ions
(Trama et al. 2000). Studies from our lab suggest that although
Ca? is involved in TonEBP activation, the downstream
mechanisms and contribution of calcineurin may be cell type
specific (Hiyama et al. 2009). Treatment of nucleus pulposus
cells with cyclosporine A and FK506, inhibitors of calcineu-
rin signaling, failed to block induction of TonEBP or change
the promoter activity of the TonEBP target gene, taurine
transporter. Other niche factors like hypoxia, TGF-$, and
BMP-2 have been shown to modulate TonEBP expression
(Hiyama et al. 2010). Gogate et al. (2012) showed that
hypoxia causes a small increase in TonEBP protein levels.
Importantly, in hypoxia, there was increased phosphorylation
and activation of TonEBP-TAD. Likewise, BMP-2 or TGF-f3
increased protein levels of TonEBP and there was a significant
activation of TAD. Since calcium regulates TonEBP activity
and as one effect of TGF-B is the initiation of calcium tran-
sients, this raises the question: are these transients required
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for TGF-B-mediated TonEBP activation? Nevertheless, it is
clear that irrespective of changes in Ca** flux, TGF-§ and
BMP-2 serve to upregulate TonEBP expression as well as its
transcriptional activity possibly in a cell-/tissue-specific man-
ner. The notion that TonEBP expression and activity is con-
trolled by tissue- and cell-specific niche factors in addition to
osmolarity was supported by a recent study of smooth muscle
cells by Halterman and colleagues (Halterman et al. 2011). In
these cells, angiotensin II promoted TonEBP nuclear translo-
cation and activity, while PDGF-BB elevated TonEBP pro-
tein levels.

6.4  Niche Factors Control Matrix Synthesis
by Nucleus Pulposus Cells
6.4.1 Control of Proteoglycan Synthesis

Although a considerable number of water-binding molecules
contribute to the regulation of the osmotic pressure, aggrecan
is the major polyelectrolyte. The charged COO- and SO,*
groups of N-acetylgalactosamine, glucuronic acid, and other
substituted sugars bind hydrated Na* ions, thereby regulating
the osmotic properties of the disc. While it is known that
aggrecan transcription and oxemic tension as well as osmotic
pressure are linked (Ishihara et al. 1997; Risbud et al.
2006a, b; Wuertz et al. 2007), details of the relationship are
obscure. Promoter analysis of aggrecan provided a new
insight into this relationship. We showed the presence of two
TonE sites at =390 and —912 bp in the mouse aggrecan pro-
moter (Tsai et al. 2006). A similar motif was noted in the
human aggrecan promoter. The observation that the human
TonE was at —890 bp probably reflects differences in species
specific organization of the aggrecan promoter sequence.
The presence of these conserved motifs provides a direct link
between aggrecan expression and tissue osmolarity.
Subsequent loss-of-function studies clearly showed that
aggrecan promoter is responsive to TonEBP (Tsai et al.
2006). Important to this discussion of aggrecan regulation,
studies from our lab (Risbud et al. 2005a, b; Agrawal et al.
2007) and Feng et al. (2013) showed that hypoxia and HIF-
la positively controls aggrecan gene expression in nucleus
pulposus cells. These findings strongly indicate that aside
from Sox9 and other transcriptionally active proteins,
TonEBP and HIF-1 serve as regulators of aggrecan expres-
sion, a critically functional component of the disc matrix.

6.4.2 Control of GAG Synthesis by Niche Factors

As the water binding capacity of the proteoglycan matrix is
dependent on the GAG side chains, it raises the question
whether disc niche factors also regulate GAG and in particular
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chondroitin sulfate synthesis. Other workers have shown that
galactose-P1,3-glucuronysltransferase-1 (GIcAT-I) activity is
required for GAG chain synthesis (Kitagawa et al. 1996);
hence, there is the possibility that this enzyme serves as the
rate-limiting step in GAG synthesis for nucleus pulposus cells
as well as chondrocytes (Venkatesan et al. 2004; Bai et al.
1999). Related to this point, it is now known that IL-15 sup-
presses GAG biosynthesis by downregulating GlcAT-1 expres-
sion and activity (Gouze et al. 2001). A second factor
regulating aggrecan as well as GAG synthesis is the intracel-
lular Ca** concentration (Alford et al. 2003; Parvizi et al.
2002; Vijayagopal and Subramaniam 2001; Fagnen et al.
1999); it is speculated that Ca** ions controlled a common
early step in the GAG biosynthetic pathway. Building on these
observations, we performed studies to investigate the role of
Ca?" and TonEBP in GIcAT-I expression. Our studies clearly
demonstrated that TonEBP regulates GIcAT-I expression and
that regulation is dependent on intracellular Ca** ions (Hiyama
et al. 2009). We also showed that Ca**-dependent calcineurin
(Cn)-NFAT signaling serves as a negative regulator of GIcAT-I
expression in these cells. From this perspective, by control-
ling GAG as well as aggrecan synthesis, TonEBP permits
nucleus pulposus cells to autoregulate the osmotic environ-
ment of the disc. However, in contrast to TonEBP, HIF-1
serves as a negative regulator of GIcAT-I expression (Gogate
etal. 2011). This observation was surprising as hypoxia serves
to increase GAG synthesis by the nucleus pulposus cells
(Gogate et al. 2011; Feng et al. 2013). Thus, TonEBP and
HIF-1 may in some instances counter each other’s activities.

6.4.3 Hypoxia, HIF-1, and CCN2 Expression

Previous work has shown that CCN2/CTGF, a matricellular
protein is expressed by nucleus pulposus cells and is critical
for matrix homeostasis. In nucleus pulposus cells, CCN2
promotes expression of aggrecan and collagen II (Tran et al.
2010; Erwin et al. 2006). Relevant to the niche of the inter-
vertebral disc, low oxygen tension is known to regulate
CCN2 in several cell types (Higgins et al. 2004; Hong et al.
2006; Kondo et al. 2006). Interestingly, CCN2 regulation by
hypoxia is cell type specific and complex, with hypoxia pro-
moting production of CCN2 in most cells; in some, CCN2
expression is downregulated.

Higgins et al. (2004) were the first to demonstrate that
hypoxic induction of CCN2 in tubular epithelial cells required
two HREs in the murine CCN2 promoter located at
—1558/-1554 and —3745/-3741 bp. It was concluded that HIF-
la induces CCN2 transcription in response to hypoxia and that
both of the HRE binding sites were necessary for promoter
activation. Although the latter HRE lies within an evolutionary
conserved region (ECR) of the promoter, these HREs are not
conserved in location in the human CCN2 promoter, begging
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the question: are HREs in the human promoter functional and
required for controlling expression in the nucleus pulposus?
To address this question and study the regulation of CCN2
in nucleus pulposus cells, we analyzed the proximal 5 kb of
the human CCN2 promoter with an experimentally validated
HRE matrix using the JASPAR database and found three
putative HREs located at —640/-634,-2010/-2006, and
—2264/-2258 bp, of which, the —2010/-2006 bp site lies
within an ECR. In nucleus pulposus cells, we observed that
hypoxia decreased CCN2 transcription. Interestingly, muta-
genesis of the putative HREs in both human and mouse pro-
moter showed that the suppressive effect of hypoxia may not
involve direct binding of HIF-1a to these sites and suggests a
complex regulation of CCN2 by hypoxia and HIF-la in
nucleus pulposus cells (Tran et al. 2013). This is not surpris-
ing given the unique stabilization of HIF-1a and a similar
mode of regulation of other HIF-1a target genes in the nucleus
pulposus (Fujita et al. 2012a; Gogate et al. 2012). Moreover,
TGF-B, another important morphogenic factor, robustly
induced CCN2 and is active in the disc from development to
maturation. We have shown that TGF-f3 can still induce CCN2
expression under hypoxia. Although the magnitude of induc-
tion is decreased it supports the idea that hypoxic suppression
of CCN2 in nucleus pulposus cells may serve to prevent
excessive CCN2 production (Tran et al. 2013). The fact that
the locations of HREs in the CCN2 promoter are not con-
served in vertebrates suggests that regulation by hypoxia is
not only cell type specific, but may also be species specific.

6.5 Role of Niche Factors in Promoting Disc

Cell Renewal

In this chapter, attention has been drawn to the critical role of
the tissue oxygen tension on the function and survival of
cells of the intervertebral disc. We have focused on the
mechanisms by which the hypoxia-sensitive transcription
factors HIF-1 and HIF-2 influence energy metabolism and
expression of survival proteins. In addition, we have dis-
cussed how cells of the nucleus respond to hypoxia-sensitive
proteins, galectin-3, Akt, and VEGF-A. Where applicable,
we have extended these discussions to include the impact of
these molecules and hypoxia on degenerating resident cells
in the intervertebral niche. It should be stated that in concert
with most connective tissues, cell turnover within the disc
niche is slow. Moreover, like most of these tissues, progeni-
tor cells are present in the disc that can differentiate along the
mesengenic pathway to replace resident cells (Risbud et al.
2007; Sakai et al. 2012) (also see Chap. 23). Thus, tissue
renewal in the intervertebral disc is dependent on the ability
of progenitor cells to commit to the nucleus pulposus lineage
and undergo terminal differentiation.

The notch signaling pathway is central to these progenitor
activities, and pertinent to the ideas discussed earlier, the
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notch signaling pathway is responsive to hypoxia. In skeletal
tissues, disruption of notch signaling markedly increases tra-
becular bone mass: with aging, the mice become osteopenic
due to a sharp reduction in mesenchymal progenitor popula-
tions (Engin et al. 2008; Hilton et al. 2008). Hypoxia also
increases the expression of known notch target genes such as
Hes1 and Hey1 (Gustafsson et al. 2005). Recent studies by
Hiyama and colleagues showed that the cells of the nucleus
pulposus and annulus fibrosus expressed genes of the notch
signaling pathway (Hiyama et al. 2011). Moreover, in both
tissues, hypoxia increased notchl and notch4 expression.
Interestingly, some tissue specificity was also noticed in that
Jaggedl was induced by hypoxia only in the annulus fibrosus,
while Jagged?2 expression was highly sensitive to hypoxia in
both tissues. Importantly, inhibition of notch signaling
blocked disc cell proliferation. Relevant to disc disease, this
study clearly showed increased expression of notch signaling
genes in degenerated human discs (Hiyama et al. 2011).

Central to this discussion, HIF-1a. has been shown to
interact with the intracellular domain of the notch protein and
results in inhibition of differentiation of myogenic and neural
precursor cells (Gustafsson et al. 2005). Accordingly, in the
nucleus, HIF-1a may directly interact with the notch intrac-
ellular domain and direct cell fate. Based on what is known of
cell replacement in other tissues, this HIF-1-regulated path-
way is a critical component of cell renewal and replacement.

From a disease viewpoint, an oxemic shift possibly medi-
ated by alterations in the vascular supply to the endplate car-
tilage or even the annulus fibrosus would be expected to lead
to a failure in progenitor cell activation and a decrease in the
number of differentiated cells. In turn, this would lead to
decrements in function and enhancement of the effect of
agents that are known to promote disc degeneration. From a
therapeutic viewpoint, it should be possible to modulate the
niche environment to enhance renewal and promote differen-
tiation of precursors into functional cells of the nucleus or
the annulus. Accordingly, rather than relying on surgical and
other interventional strategies, which may themselves dam-
age the disc or cause infection, it should be possible to pro-
mote tissue repair by manipulating oxemic conditions within
the niche or use proteins of the notch signaling pathway to
reactivate the endogenous progenitor cells in the annulus
fibrosus or nucleus pulposus. Restoration of disc cell func-
tion and prevention of degeneration remains the ultimate
goal of current intervertebral disc research.

6.6 Summary of Critical Concepts Discussed

in the Chapter

e The tissues of the intervertebral disc form a specialized
niche which is avascular and hypoxic; the osmotic pres-
sure within the niches is raised due to the high concentra-
tion of aggrecan and other proteoglycans.
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 Inthe disc niche, nucleus pulposus activities are controlled
by HIF and TonEBP, two major transcription factors.

e HIF-a stability in the nucleus pulposus is primarily con-
trolled by oxygen-independent pathways. PHD2 plays a
limited role in HIF-1o turnover, while HIF-2a turnover is
refractory to prolyl hydroxylation.

* Nucleus pulposus cells are obligate glycolytic and require
HIF-1 for energy generation.

» Hypoxia, HIF, and other hypoxia-sensitive protein play an
important role in maintenance of cell survival activities in
the disc.

e In the hyperosmolar and mechanically stressed environ-
ment of the disc, both nucleus pulpous and annulus
fibrosus cells robustly express TonEBP protein which is
critical for the maintenance of cell survival.

e Osmolarity and other niche factors such as hypoxia,
TGF-p family proteins, and Ca** control TonEBP expres-
sion and activity in the nucleus pulposus.

* Homeostatic maintenance of proteoglycan-rich matrix in
the intervertebral disc is TonEBP and HIF dependent.

* Niche factors acting through the notch pathway may pro-
mote disc cell proliferation and differentiation.
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7.1 Introduction

The relationship between mechanical loading and
intervertebral disc health and disease has long been rec-
ognized (Panel on Musculoskeletal Disorders and the
Workplace 2001). While it is well established that mechan-
ical factors can significantly influence cell function (Nelson
et al. 2005; Hoffman and Crocker 2009), how this process
influences nucleus pulposus and annulus fibrosus activity in
the intervertebral disc is complex and confounded by mul-
tiple, hierarchical mechanisms by which load affects the
human body. At the whole-body level, spinal forces depend
on body mass, external loads, posture, muscle function, and
body resonant frequencies. At the organ level, disc loads
vary with duration, spinal level, and posture. At the tissue
level, stress and strains are heterogeneously distributed
within the disc in a time-dependent manner. Ultimately, disc
cells convert local physical cues into biochemical signals
and integrate these into cellular responses. Adding further
complexity is the fact that local cellular responses influence
the entire spinal system by modifying disc material proper-
ties (thereby altering organ-level behaviors) or triggering
pain (thereby altering muscle function and whole-body
mechanics). This chapter dissects this highly complex pro-
cess and identifies patterns in disc mechanobiology at vari-
ous levels of scale, disc regions, and cell types. Clarification
of these relationships is relevant to understanding disease
mechanisms and for developing treatments for patients with
spinal pathology.

7.2  Organ and Tissue Levels

Discussion of mechanotransduction by nucleus pulpo-
sus and annulus fibrosus cells must begin at the level of
the functional spinal unit, since the transmission of loads
through the spinal column dictates the magnitude and types
of intervertebral disc stress. At each spinal level, loads are
shared between the intervertebral disc anteriorly and the
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Fig.7.1 Static loading of the spine under a follower load configuration,
resulting in a primarily axial compression of the intervertebral disc

two facet joints posteriorly. Generally speaking, the disc’s
principal mechanical role is to support compressive forces,
while the facets resist shear and guide segmental rotations
during spinal movements (Shirazi-Adl and Drouin 1987).
Disc/facet interactions vary between the multiple spinal
levels as the biomechanical behaviors change from the
cervical (high rotation/low compression) to lumbar (low
rotation/high compression) regions. Proper biomechanical
synergy between the disc and facets is lost when degenera-
tion reduces disc height and compliance (Niosi and Oxland
2004). The disc performs its mechanical function by syner-
gistic interactions between the hydrophilic nucleus pulpo-
sus, fibrous annulus fibrosus, and cartilage/bone composite
vertebral end plate. Each disc sub-tissue has a different
composition of cells, matrix fibers (collagen, elastin, retic-
ular), and ground substance (glycosaminoglycans (GAG),
proteoglycans, glycoproteins) that define signature physical
properties uniquely adapted for a specific role. Spinal load-
ing is spatially filtered into regions of hydrostatic pressure
and octahedral shear that correlate with variations in cell
phenotype and extracellular matrix composition, consistent
with current theories of tissue adaptation and homeostasis
(Carter and Beaupre 2001). These interdependent func-
tions are specified at development and regulated during
growth (Hayes et al. 2001) and when disrupted can lead to

degeneration and disease (Urban et al. 2000). As such, the
disc represents a uniquely complex organ of the musculo-
skeletal system.

Based on how forces are distributed from organ to tissue
levels, several mechanotransduction themes have emerged
from the growing body of literature. The first is that the
magnitude and distribution of loads within the nucleus pul-
posus and annulus fibrosus govern disc cell function. The
second is that load frequency and duration significantly
contribute to the disc’s mechanical and mechanobiologic
response. And the third is that age-related matrix changes
may set off a vicious cycle of degeneration-promoting pro-
cesses. In this section, we will examine the evidence that
support these concepts.

Given the disc’s complex matrix structure, mechanobio-
logic interactions are influenced at multiple hierarchical lev-
els. Within each disc sub-tissue, a unique combination of
extracellular matrix fibers and ground substance confer dif-
ferent physical properties, where the extracellular matrix
molecules are adapted to manage and respond to mechanical
stress. Consequently, the extracellular matrix physical prop-
erties are dynamic and regulated, and create a microenviron-
ment that presents cells with physical and biochemical cues
that are important for maintenance of a healthy tissue. Cues
include chemical (hypoxia, pH), biochemical (growth fac-
tors, cytokines, neurotrophins, hormones), and physical
(topography, fluid flow, stiffness) factors.

7.2.1 Physiologic Interplay in Mechanical
Function in the Nucleus Pulposus
and Annulus Fibrosus Is Critical

for Tissue Homeostasis

Intervertebral disc loading depends on an individual’s size,
physical activity level, occupational demands, and degree of
rest. In the human, spinal stability requires that the direction
of the resultant force vectors at each vertebra passes through
the centers of rotation of adjacent motion segments in the sag-
ittal plane, a concept called follower load path (Patwardhan
et al. 1999). The follower load strategy allows the spine to
support static loads up to and significantly above typical
physical demands (Patwardhan et al. 2000), without markedly
sacrificing flexibility or range of motion (Rohlmann et al.
2001; Patwardhan et al. 2003). This suggests that during static
conditions muscle activation patterns in vivo cause the disc to
be primarily loaded in axial compression (Fig. 7.1), a loading
mode that has been extensively studied in animal models.

In the healthy spine, the intervertebral disc responds to
axial compression by nucleus pulposus pressurization facili-
tated by lateral annulus fibrosus constraint, which in turn
generates circumferential and longitudinal annulus fibrosus
tension. Preservation of this structural interrelationship is



7 The Effects of Mechanical Forces on Nucleus Pulposus and Annulus Fibrosus Cells m

important for tissue maintenance. This is perhaps most
clearly demonstrated in static compression of rodent discs.
In such experiments, static loads induce fluid shifts that
deplete nucleus pulposus volume, causing the annulus
fibrosus to function more as a compression-bearing strut than
a biaxially stretched membrane (Lotz et al. 1998). As fluid is
expelled from the nucleus, the matrix and cells consolidate
(Lotz 2004; Hsieh et al. 2005), ultimately leading to deregu-
lated gene expression (Lotz et al. 1998), increased metallo-
proteinase (MMP) activation (Hsieh and Lotz 2003), and
apoptosis (Chin et al. 1999; Lotz and Chin 2000). In both
mice (Lotz et al. 1998) and rats (Iatridis et al. 1999), these
cellular effects alter disc architecture and mechanics.

In contrast, beneficial effects of nucleus pulposus pressur-
ization and annulus fibrosus tension are observed when the disc
is subjected to cyclic loading. Low load magnitudes are most
amenable to maintaining homeostatic stress environments
in the nucleus pulposus and annulus fibrosus over extended
loading durations. For example, under low cyclic loads com-
parable to normal activities, nucleus pulposus cells exhibit lit-
tle alteration in expression of genes that would lead to matrix
remodeling, regardless of loading frequency (Maclean et al.
2004). Similarly, annulus fibrosus cells undergo a low level
of apoptosis and exhibit depressed expression of certain cata-
bolic factors such as MMPs and ADAMTSs (Maclean et al.
2004; Walsh and Lotz 2004). High magnitudes of stress can
be similarly accommodated for brief durations and frequen-
cies, near 1 Hz. However, if applied at low frequency or long
durations, high compression magnitudes lead to a shift in cell
function and tissue morphology. Under these circumstances,
nucleus pulposus cells respond via upregulation of genes
associated with extracellular matrix remodeling (Maclean
et al. 2004; MacLean et al. 2005; Wuertz et al. 2009), leading
to decreases in disc height and mechanical stability (Ching
et al. 2003, 2004). In the annulus fibrosus, lower loading fre-
quencies also cause a shift in the balance of gene expression
toward a more catabolic profile (Maclean et al. 2004).

Taken together, these studies demonstrate that physiologic
load sharing between nucleus pulposus and annulus fibrosus
(principally nucleus pulposus pressure and annulus fibrosus
tension) promotes tissue homeostasis. This is underscored by
experiments in which specific aspects of this interplay are
selectively modulated. For instance, using mouse models, disc
bending to induce tension and compression on opposing
regions of the annulus stimulates apoptosis and altered gene
expression only on the side of compression (Court et al. 2001,
2007). The restoration of annulus fibrosus tension has simi-
larly been demonstrated to be potentially protective. Applying
bending to discs that had previously been subjected to degen-
eration-inducing static compression was effective in preserv-
ing annulus fibrosus lamellar morphology, even though
apoptosis could not be mitigated (Lotz et al. 2008). These
effects can also be observed when needle stabs that reduce

nucleus pulposus pressurization (and consequently annulus
fibrosus tension) also trigger degenerative changes in the
annulus with increased MMP-2 immunoreactivity, while those
that are too small to affect disc pressurization do not (Rousseau
et al. 2007; Hsieh et al. 2009; Rastogi et al. 2013).

7.2.2 Implications of Poroviscoelasticity in
Nucleus Pulposus and Annulus Fibrosus

Mechanobiology

Although the spine is dynamically loaded over the course of
the day, trunk muscles stabilizing the spine generate resul-
tant loads that subject discs to sustained, time-averaged com-
pression. Due to the disc’s poroviscoelastic nature, this
sustained compression results in loss of stature, contributed
in large part by decreases in spine length (Koeller et al. 1984;
Leatt et al. 1986). Even low-impact activities, such as gentle
walking, have been shown to decrease stature significantly
(Hoe et al. 1994), although more strenuous exercise, work-
related activities, and high body mass exacerbate this loss
(Fig. 7.2, top) (Garbutt et al. 1990; McGill et al. 1996;
Leivseth and Drerup 1997; Rodacki et al. 2005). These stat-
ure changes are primarily attributed to the redistribution of
fluid as the applied stresses exceed the disc’s swelling pres-
sure (Adams and Hutton 1983; Koeller et al. 1984; Adams
et al. 1990; Terahata et al. 1994; Ayotte et al. 2000; Hsieh
et al. 2005; Schroeder et al. 2006).

As with other compressive load-bearing tissues such as
articular cartilage, the disc’s extracellular solid—fluid interac-
tions define its viscoelastic behavior. Interstitial fluid in the
hydrated extracellular matrix serves as a hydraulic cushion
that helps distribute forces and absorb shock. Sustained inter-
vertebral disc compression consolidates the disc extracellular
matrix as there is an efflux of interstitial fluid and a decrease
in water content (Fig. 7.2, bottom) (Adams et al. 1990). The
importance of tissue hydration in intervertebral disc mechan-
ics has been demonstrated in a number of studies that reveal a
close relationship between hydration and disc mechanical
properties (Bass et al. 1997; Pflaster et al. 1997; Race et al.
2000; Han et al. 2001; Costi et al. 2002). Of note, varying
water content through load, by imposition of free swelling and
creep compression boundary conditions, reveals the existence
of an optimal hydration point at which the effective modulus
reaches a peak value (Race et al. 2000). The principles behind
this have not yet been elucidated, but likely involve both phys-
ical relationships among subregions, consolidation of the tis-
sue, and transient solid—fluid interactions in the tissue.
Nevertheless, these observations highlight the importance of
water content in the disc’s mechanical function.

Movement of moisture due to poroviscoelasticity is
particularly relevant in nucleus pulposus mechanobiology.
In human discs, the swelling properties of the nucleus
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Fig.7.2 Top: changes in stature
due to various levels of activity
(Adapted from Leatt et al. 1986;
Garbutt et al. 1990; Hwang et al.
2012). Bottom: hydration profile
of a human intervertebral disc
before and after 4 h of sustained
loading in a flexed position
(Adapted from Adams et al. 1990)
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pulposus are well recognized as a prominent contributor to
intervertebral disc mechanics. As cut from the disc, the
nucleus pulposus has a water content (WC =1 — dry weight/
wet weight) of approximately 0.85 in juvenile discs, and
that decreases to approximately 0.75 in aged discs (Urban
and McMullin 1988). Distribution of water also dimin-
ishes outwardly through annular lamellae, as a proportion
of the nucleus pulposus water content, by 0.07, 0.11, and
0.22 from inner to mid to outer annulus fibrosus (Urban
and Maroudas 1981). The marked spatial variation in fluid
distribution is a unique hallmark of the intervertebral disc
and plays a significant role in its function. In the nucleus
pulposus, a high negative fixed charge density from con-
centrated localization of large aggregating proteoglycans
produces increases in osmotic pressures that tend to pro-
mote tissue swelling and affects mechanically driven fluid
exudation (Urban and Maroudas 1981; Urban and
McMullin 1985, 1988). Studies have demonstrated that
matrix alteration — particularly GAG degradation —
adversely affects the poroviscoelastic behavior of nucleus

Relative A-P position

pulposus tissues, intervertebral disc biomechanics, and
degenerative changes in animal models (Boxberger et al.
2008).

Nucleus pulposus poroviscoelastic behavior, in turn, impacts
the loading experienced by the annulus fibrosus, which itself is
porous and viscoelastic. However, consistent with the similari-
ties to ligament tissue in terms of function and microstructure,
the contribution to viscoelastic properties in the annulus fibrosus
is thought to be primarily flow independent. Specifically, it
relies on collagen fiber bundles organized in parallel to resist
tensile stresses (Broberg and von Essen 1980; Hickey and
Hukins 1980; Stokes and Greenaple 1985; Cassidy et al. 1989;
Holzapfel et al. 2005). The staggered discontinuous nature of
the fibrillar collagen microstructure (Marchand and Ahmed
1990; Holzapfel et al. 2005) results in complex transmission of
force along lamellae and has profound impact on mechan-
otransduction. As observed in the bovine annulus fibrosus
(Bruehlmann et al. 2004a, b) and similarly in the rat tail tendon
(Screen et al. 2004), tissue stretch does not uniformly propagate
across the levels of collagen. Rather, straightening of collagen
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crimp and fibril-fibril sliding leads to nonuniformly, increasing
fibril recruitment at different loads and appears to account for
the majority of tissue-level deformations. These phenomena
have been demonstrated both through intercellular measure-
ments within and among collagen fibers (Bruehlmann et al.
20044, b; Screen et al. 2004) and by measuring the deformation
of photobleached lines across labeled collagen fibers
(Bruehlmann et al. 2004b). The mechanisms and kinetics of
recovery, whether passive or actively cell-mediated, are not yet
clear. Thus, not only is cell stretch a mechanism of stimulation
during annulus fibrosus deformation, but shear stress likely also
serves as a robust determinant of cell function.

Poroviscoelastic interactions between the nucleus pulposus
and annulus fibrosus cause nucleus pressurization and annulus
tension to be time dependent, modulated by the nucleus pulpo-
sus hydration state and degree of annulus fibrosus stress relax-
ation (Fig. 7.3). Thus, for any spinal load applied over a finite
duration, the micromechanical loading regime imposed on
disc cells is defined both by the current stress to the motion
segment and by the history of earlier experienced applied
stresses. One demonstration of this dependence on the time
history of loading is illustrated in the study of Hwang et al.
(2012). This study showed that in rat discs, the effectiveness of
the nucleus pulposus to pressurize varied according to the
specific sequence of loading events and not just by the applied
endpoint stress. Meanwhile, disc height was determined only
by the endpoint stress and independent of temporal path of
axial loads. This load history dependence of the internal pres-
sure and shear could then have an impact on cellular mechan-
otransduction and differentiation.

As a corollary, there is also the implicit potential for restoring
the homeostatic combination of nucleus pulposus pressure and
annulus fibrosus shear. Introducing detours in the temporal path
of spinal loading could have restorative effects on intervertebral
disc hydration. Results from Gabai et al. (2007) using rat discs
suggest that interspersing repeated axial compressive stresses
with short, low-magnitude tensional loading allows interverte-
bral discs to preserve the pressure-shear balance between nucleus
pulposus and annulus fibrosus. Thus, exploiting this phenome-
non could be one strategy toward preventative maintenance.

While very pronounced in small animal discs, such load
history effects in adult human intervertebral discs remain
uncharacterized. It is possible that the temporal sequence of
loading is more significant during early growth in juvenile
discs and that the decreased baseline tissue hydration and
calcification of end plates in aged discs reduce the impact of
load history. If this is the case, the argument could be made
for greater focus on spinal health in younger populations.

There are some parallels between the time load history
effects and age-related changes in the intervertebral disc that
are interesting to note. Similar to the expression of fluid out
of the intervertebral disc with sustained compression, the
aging disc possesses diminished swelling pressures and
impaired capability to retain water. As such, the aged disc
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Fig. 7.3 Poroviscoelastic phenomena affect the internal mechanics of
the disc (top). Graphs show that two temporal paths (solid and dotted
curves) of applied stress (middle) lead to markedly different intradiscal
pressures generated (bottom). Despite equivalent applied stresses at the
end, the path with a higher intermediate load exhibited inferior final
pressures (solid, bottom) than that with the lower intermediate load
(dotted, bottom) (Adapted from Hwang et al. 2012)

may represent a state in which an adverse pressure-shear
microenvironment is permanently maintained, resulting in a
vicious cycle of matrix catabolism and abnormal matrix syn-
thesis. Evidence in the literature demonstrating decreases in
intradiscal pressure generation and increasing numbers of
spikes in the stress profile with age and degeneration sup-
ports the notion that pressure and shear remain in a state of
imbalance in the adult disc (Adams et al. 1996).

7.3 Cellular and Molecular Levels

Studies of Disc Cell Mechanical
Responses In Vitro

7.3.1

Cells sense and respond to mechanical cues via a plethora
of mechanisms that typically operate in four steps: mechani-
cal coupling, mechanotransduction, signal transmission, and
cell response. Mechanocoupling is facilitated by cellular
load transducers that include integrins, ion channels,
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Fig. 7.4 Cells possess several
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G protein-coupled receptors, and tyrosine kinase receptors
(Fig. 7.4). These lead to cell-ECM adhesion assemblies
that are sensitive to reciprocal tension between the cell and
matrix.

Integrins are a class of cell membrane proteins that medi-
ate adhesion of cells to substrates (Fig. 7.5). They consist
of two transmembrane glycoprotein subunits with the extra-
cellular domains interacting to form a functional heterodi-
mer. Integrins functionally serve to connect the extracellular
matrix with the cytoskeleton and have the capacity to bind
collagen and fibronectin among other matrix constituents.
This integrin/matrix bond may be influenced by tensile

Focal adhesion

Paxillin kinase (FAK)

Signal transduction

‘ to nucleus

o-actinin

loading and matrix stiffness, with higher forces and stiffer
matrices leading to enhanced attachment (Paszek et al.
2005). These types of load-dependent interactions are called
catch bonds (Friedland et al. 2009). Mechanical reinforce-
ment of “catch bonds” between the cell and matrix mediates
integrin assembly and development of clusters to form focal
adhesions. Focal adhesions elicit a reciprocal actomyosin-
mediated cell contractility that is essential to amplify the
mechanoresponse (Sniadecki and Chen 2007; Na et al. 2008;
Wang et al. 2008). The affinity of integrins for extracellular
matrix proteins can be modified by tissue deformation and
molecular conformation force-dependent unfolding (such as
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with fibronectin) that can expose binding sites (Vogel and
Baneyx 2003).

Disc cells express integrin receptors that vary by region
and degree of degeneration. These include fibronectin-
binding integrins (o3, and o j3,), collagen-binding integrins
(a,B,, oB,, and a f3,), and laminin-binding integrins (a3,
and o, B,) (Nettles et al. 2004; Xia and Zhu 2008; Chen et al.
2009); laminin-binding integrins are more prevalent in the
nucleus (Gilchrist et al. 2007; Chen et al. 2009). Within the
nucleus, fibronectin fragments are known to accumulate with
disc degeneration (Oegema et al. 2000) and trigger upregula-
tion of o B, integrin expression and ERK signaling of cata-
bolic processes (Xia and Zhu 2011).

Mechanotransduction occurs when extracellular matrix
forces are coupled to the cytoskeleton and induce conforma-
tional changes of intracellular proteins that alter substrate
availability leading to phosphorylation (Doyle and Yamada
2010; del Rio et al. 2009). Mechanosensing can also occur
via mechanically gated calcium channels. Transmembrane
ion channels influence the cell’s lipid bilayer organization
and tension (Fig. 7.6). When membrane tension increases (as
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observed during osmotic swelling), it can alter the channel
cross section and protein configuration, leading to channel
opening, even in the absence of direct activation by a specific
chemical ligand (Janmey and Kinnunen 2006). Calcium
modulates cell activity, growth and differentiation, motility,
intercellular coupling, and apoptosis. Several studies demon-
strate that disc cells can respond to mechanical loading via
activation of calcium channels that cause intracellular cal-
cium transients. This type of calcium signaling has been
shown to be important in regulatory volume fluxes that are
observed after hypo-osmotic or fluid-induced shear stress
(Elfervig et al. 2001; Pritchard and Guilak 2004). Calcium
transients can lead to F-actin remodeling that facilitates rees-
tablishment of cell volume after an osmotic challenge.
Signals are propagated deep within the cell by the stiff
cytoskeletal filaments (microfilaments (F-actin), interme-
diate filaments (vimentin, cytokeratin), and microtubules
(tubulin)) that link the cell nucleus to the extracellular
matrix via focal adhesion complexes and hemidesmosomes
(Alenghat and Ingber 2002). Because cells contain a con-
tinuum of cytoskeletal elements, they display an integrated
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Fig.7.6 Mechanotransduction can be viewed as a series of rapid switch-like events, activated in response to applications of force
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mechanical behavior, whose properties depend on the
composition and organization of the cytoskeleton, and extra-
cellular matrix interactions via transmembrane proteins, cel-
lular proteins, subcellular structures, and intracellular fluid
volume and composition (Ingber 2003). Predictably, the
mechanical properties of disc cells display zonal variations
in cytoskeletal composition. While disc cells demonstrate
an overall viscoelastic behavior, nucleus pulposus cells
are three times stiffer and more viscous than annulus cells
(Guilak et al. 1999).

Microtubules form an extensive mesh throughout the cyto-
plasm in both nucleus and annulus cells (Li et al. 2008).
Likewise, vimentin filaments are densely distributed within
the nucleus and annulus cells and extend into annular cell
processes (Johnson and Roberts 2003; Li et al. 2008). Nucleus
pulposus cells are also characterized by the presence of cytok-
eratin intermediate filaments. Pronounced differences exist in
F-actin distribution between the nucleus and annulus cells. In
the nucleus, F-actin is localized to punctate regions of the cell
membrane, while in the annulus along with vimentin, it is

Disc poroviscoelasticity

h4(?)

Cell viscoelasticity

Fig.7.7 A conceptual scheme of
ha(9)

the multiscale, multifactorial
influences on disc cell
mechanobiology. The time-
dependent cellular response (y(#))
resulting from spinal loading
(x(#)) is dependent on dynamic
tissue and cellular processes that
may be quantified by transfer
functions h (#) and h,(7),
respectively

more pronounced and extends into cell processes (Errington
et al. 1998; Bruehlmann et al. 2002; Li et al. 2008).

Mechanoresponses involve downstream intracellular sig-
naling and transcription networks. Intracellular signal trans-
duction can occur via the cytoskeleton, small molecules
(second messengers Ca?*, 1,4,5-triphosphate (IP3), cAMP),
protein kinases (focal adhesion kinase, cSrc, protein kinase
C, mitogen-activated protein kinase), and transcription fac-
tors (c-fos, c-jun, c-myc, NF-kB).

Cellular response pathways function over different times-
cales that can define frequency-dependent cell behaviors
(Fig. 7.7). For example, force can cause an immediate cell
response (hundreds of milliseconds) through activation of
ion channels or conformational changes in the cytoskeleton.
In contrast, other signaling pathways require polymerization
of cytoskeletal stress fibers and alterations of intracellular
protein networks and act over minutes. Still others may take
hours or days as they act by causing changes in gene
expression that influence cytoskeletal or adhesion proteins
and ultimately force-transmission pathways. Consequently,
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these time-dependent behaviors lead to frequency-dependent
signaling, where cells function as band-pass filters (Hoffman
et al. 2011). To be stimulated, a particular signaling pathway
needs to match the timescale of the applied forces.

7.3.2 Disc Cell Responses
to Mechanical Perturbation

Disc cell phenotype varies between the annulus and nucleus,
and accordingly, these cells are considered to have distinct
repertoires of load-induced behaviors. These differences are
likely due to spatially dependent adaptation to hydrostatic
pressure (nucleus) and stretch (annulus) that are developed
during spinal loading. To facilitate systematic study of cell
mechanoresponsiveness, a number of in vitro test systems
have been developed (Brown 2000). These allow the con-
trolled application of known inputs (either stress or strain) so
that dose—response functions can be established. Independent
variables in these in vitro bioreactor studies include type, mag-
nitude, frequency, and duration of mechanical stimulation.

7.3.3 Disc Cell Response to Pressure

The healthy disc nucleus is largely water and, consequently,
is subjected to hydrostatic pressure during spinal loading.
For that reason, both monolayer (2D) and hydrogel (3D) cul-
ture systems have been used to subject nucleus pulposus
cells to hydrostatic pressure or compression. Nucleus cells
are generally considered chondrocyte-like, while annulus
fibrosus cells are fibroblastic. Accordingly, nucleus cells pre-
fer the environment of inert hydrogels such as alginate or
agarose that support a spherical configuration conducive to
the assumption of a stable chondrocyte-like phenotype (Chen
et al. 2002). In contrast, in monolayer culture, nucleus cells
dedifferentiate as cell spreading leads to significant down-
regulation of Col2 gene expression and a change to a fibrotic
phenotype with increased growth kinetics (Horner et al.
2002; Kluba et al. 2005; Rastogi et al. 2009; Wang et al.
2011). Conversely, annulus cells do less well in 3D culture in
terms of cell morphology and survival (Horner et al. 2002).
Interpretation of published studies on disc cell mechano-
responsiveness is confounded by the fact that disc cells are
isolated from many different tissue sources. These include
human surgical samples and small and large animals. While
human cells may be desirable to study disease pathogenesis,
they are logistically difficult to acquire without close
affiliation to high-volume surgical centers. Also, studies with
human cells are complicated by individual-to-individual
variability and degeneration-related phenotypic shifts (Kluba

et al. 2005; Gruber et al. 2007). These factors will lead to
experiment-to-experiment variability and require larger sam-
ple sizes for identifying statistically significant effects. In
comparison, animal tissues are more readily available, but
can be limited by the presence of persistent notochordal
cells, which are lost in adolescence in humans but are main-
tained throughout life in mice, rats, rabbits, pigs, cats, and
non-chondrodystrophic dogs (Risbud and Shapiro 2011;
Hunter et al. 2003). The nucleus pulposus of several species
has been observed to convert from notochordal to chondro-
cyte-like cells with age in a similar fashion to humans. These
include cattle, horses, sheep, and chondrodystrophic dogs
(beagles) (Miyazaki et al. 2009). Not surprisingly therefore,
interspecies differences have been reported for disc cell
responsiveness (Minogue et al. 2010; Miyazaki et al. 2009;
Sakai et al. 2009), particularly when distinguishing noto-
chordal from non-notochordal nucleus tissues (Miyazaki
et al. 2009). Bovine tails may represent the best compromise
for in vitro investigations, as they have a non-notochordal
nucleus and are easy and inexpensive to procure in large
numbers. For a full discussion of animal preferences in inter-
vertebral disc research, see Chap. 18.

Hydrostatic pressure chambers are most commonly used
to study disc cell responsiveness to compression loading
(Hutton et al. 2001; Liu et al. 2001; Kasra et al. 2003; Wenger
et al. 2005; Reza and Nicoll 2008). Alternatively, some use
confined or unconfined compression of 3D gel/cell con-
structs. To simplify the latter tests, loading platens are often
operated in displacement control, so that compressive strain,
rather than compressive stress, becomes the independent test
variable (Chen et al. 2004; Korecki et al. 2009; Fernando
et al. 2011; Salvatierra et al. 2011; Wang et al. 2011). Note
that, in Chap. 22, further details are provided on choices of
bioreactors for disc research.

In vitro loading parameters are typically based on values
obtained from human disc studies. For example, studies of
human subjects suggest that due to the inherent resonant fre-
quency of the torso, certain loading frequencies may be del-
eterious (between 4 and 6 Hz; Wilder and Pope 1996; Kumar
et al. 1999). Due to upright posture, static or low-frequency
(1 Hz) pressures from gravity loading and daily living activi-
ties are also of interest given the recognized differences in
disc degeneration in humans when compared to quadrupeds
(Lotz 2004). Accordingly, in vitro studies explore cell
responses over a broad range of loading frequencies, from
static to 20 Hz (Table 7.1).

The disc is one of the most highly loaded tissues in the
body and routinely experiences compressive pressures in the
2 MPa range and as high as 3 MPa under extreme activities
(Ranu 1990; Wilke et al. 1999). Diurnal fluctuations can be
significant, for example, during sleep, pressures decrease to
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Table 7.1 Experimental in vitro studies of pressure on disc cell function

Cell type Cell source Scaffold Load

AF Porcine Alginate 1-3 MPa

NP Rats Alginate 10 kPa, 20 % strain
AF, NP Porcine Agarose 15 % strain

IAF, OAF Bovine PGLA 5 MPa

NP Human, bovine Col 1 0.25 and 2.5 MPa
NP Human, bovine Col 1 0.25,2.5 MPa
AF, NP Human Tissues 0.1, 0.3, 3 MPa
AF, NP Human Alginate 0.35-0.95 MPa
AF, NP Porcine, bovine Alginate 2—12 % strain
AF, NP Rabbit Alginate (NP) 0-3 MPa

AF, NP Porcine Alginate 1 MPa

AF, NP Canine Alginate 0.35, 0.1 MPa
IAF, OAF, NP Human Tissue 0.3, 3.0 MPa

NP Rabbit Alginate 0.7, 2,4 MPa
AF, NP Porcine Agarose 15 % strain

AF, NP Porcine Alginate 25 % strain

Frequency (Hz) Duration Reference

0.5 3h Wenger et al. (2005)

0.5 1h Wang et al. (2011)

2 4h Salvatierra et al. (2011)

0.5 4 h/day, 3—14 days Reza and Nicoll (2008)

0.1 1h,24h Neidlinger-Wilke et al. (2009)
0.1 24 h Neidlinger-Wilke et al. (2006)
Static 2h Liu et al. (2001)

1 2h Le Maitre et al. (2009)

3 2 h/day, 7 days Korecki et al. (2009)

1-20 30 min/day, 3 days Kasra et al. (2003)

1,3,5,8, 10 30 min/day, 3 days Kasra et al. (2006)

Static 9 days Hutton et al. (2001)

Static 2h Handa et al. (1997)

Static 4,24 h Sowa et al. (2011a)
Static,0.land 1 4h Fernando et al. (2011)

Static 2,18,30h Chen et al. (2004)

AF annulus fibrosus, NP nucleus pulposus, JAF inner annulus fibrosus, OAF outer annulus fibrosus

0.1 MPa and during quiet standing 0.5 MPa (Wilke et al.
1999). Pressures applied during in vitro tests, therefore,
cover the range from atmospheric (free swelling control con-
ditions) to as high as 5 MPa.

The disc cell’s response to pressure is dependent on the
magnitude, frequency, and duration of loading. In general,
in vitro studies suggest that physiologic loading conditions
(<1 MPa magnitude, <3 Hz frequency, and <24-h duration)
are anabolic, whereas regimes outside this range are cata-
bolic. For both nucleus and annulus cells, low pressure (0.2—
1.0 MPa) tends to increase expression of anabolic matrix
genes (collagen 1, aggrecan, biglycan, decorin, lumican,
fibromodulin, fibronectin (Chen et al. 2004; Wenger et al.
2005; Sowa et al. 2011b; Wang et al. 2011)) and enzyme
inhibitors (TIMP1) (Handa et al. 1997; Sowa et al. 2011a, b).
In parallel, there is a reduction of catabolic factors (MMPs,
iNOS, Cox2) (Sowa et al. 2011b). Conversely, high pressure
(1-4 MPa) tends to reduce expression of anabolic genes (col-
lagen and aggrecan) and increase catabolic (MMP-1, MMP-3,
MMP-13) (Handa et al. 1997; Neidlinger-Wilke et al. 2006;
Le Maitre et al. 2009) and inflammatory factors (Cox2,
iNOS) (Sowa et al. 2011b).

With loading frequencies in the range of 3—5 Hz, nucleus
pulposus cells reduce aggrecan and collagen synthesis and
increase aggrecan degradation (Kasra et al. 2003, 2006;
Korecki et al. 2009). This frequency effect may be age-
related as young and mature disc cells show opposite trends
at frequencies below 3 Hz (Korecki et al. 2009). Likewise, as
the duration of static compressive loading approaches 24 h,
catabolic and proinflammatory responses predominate (Sowa
et al. 2011b).

A number of signaling mechanisms discussed above are
implicated in these pressure-induced behaviors. Compressive

stress can trigger cell volume regulatory mechanisms. For
example, when disc cells are challenged by osmotic s