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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  fl awed 
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 insuf fi ciency 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 bene fi t 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   
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    Introduction      

 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  fi eld 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 con fi ned 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 
af fl icts 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 de fi ne 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 in fl uenced their own discipline in a very signi fi cant way. The contributors 
were asked to summarize the current state of their  fi eld 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  fi rst 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 in fl uenced 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  fl are 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                

http://dx.doi.org/10.1007/978-3-7091-1535-0_1
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            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 
re fl ects 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 de fi ning characteristic of verte-
brates, the backbone,  fi rst 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  fi sh-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 . 

     1    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’.  

 Aristotle 
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 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  fl exion. 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 1  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 in fl uenced the 
activities of other organ systems. Not surprisingly, aside 
from allowing extension of the body with some  fl exibility, 
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, speci fi c functions 

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 
in fl uences 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,  fl exible, 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 in fl uence 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 ossi fi cation 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 

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

  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)       

http://dx.doi.org/10.1007/978-3-7091-1535-0_3
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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  fi brosus. 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 ossi fi cation. Dorsal and ventral blood vessels invade 
the two cartilage anlagen and trigger their replacement with 
bone. Subsequently, the anterior and posterior portions of the 
calci fi ed 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  fi bers of the annulus 
 fi brosus. As the centrum ossi fi es, 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-de fi ned zone of hypertrophic chondrocytes 
is visible. Once growth has ceased, the only remaining carti-
lage is the endplate.   

    1.2   Anatomical and Molecular Structure 
of the Intervertebral Discs 

 Medieval anatomists were the  fi rst 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 proli fi c anato-
mists of the nineteenth century, Hubert von Luschka. In his 
monograph  Die Halbgelenke des menschlichen Körpers  
(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  fi brils of 
the annulus  fi brosus and noted the absence of blood vessels 
in the nucleus and inner annulus  fi brosus. 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,  fl exibility 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) 
classi fi ed articulations between vertebrae as “amphiarthroses 
in which the contiguous bony surfaces are either connected 
by broad  fl attened discs of  fi brocartilage, of a more or less 
complex structure.” By de fi nition, 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  fi rst consideration, the intervertebral disc 
could be seen as being very different from the generic syn-
ovial joint. However, on re fl ection, 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 

http://dx.doi.org/10.1007/978-3-7091-1535-0_3
http://dx.doi.org/10.1007/978-3-7091-1535-0_17
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 diarthrodial joints that contain cartilage and  fi brocartilage 
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 classi fi cation 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  fl exion-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 ; Paci fi ci 
et al.  2005  ) . Indeed, deletion of Ext1 in fl uences 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 classi fi ed 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 speci fi c regions of the 
spine is dependent on intrinsic genetic factors as well as 

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 de fi cits in axial curvature, 
which vary from simple bending with little functional 
implications to excessive bending which impacts not just 

a c

b

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

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 

a

d

g h i

e f

b c

  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, 

 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)       
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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  fi rst 6–8 weeks). Radiographically, the 
spine exhibits fused vertebrae, single or multiple hemiverte-
brae, a vertebral bar, block vertebrae, and wedge-shaped or 
butter fl y 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  fi brosus. 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  fi broblast 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 in fl uence 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.  

    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 magni fi cation. 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 (Belavý 
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  fi brocartilage, the annulus 
 fi brosus 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  fi brosus. 

http://dx.doi.org/10.1007/978-3-7091-1535-0_3
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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  fi brocartilagenous region 
and an outer or peripheral  fi brous zone (Souter and Taylor 
 1970  ) . It was reported that the outer annulus  fi brosus is com-
posed of very well-de fi ned collagen I  fi bers that bundle to 
form long parallel concentric lamellae. Marchand and Ahmad 
 (  1990  )  showed that the number of  fi ber 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  fi bers 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  fi brosus 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 
 fi brils, 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 signi fi cance 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-de fi ned Golgi 
system, an extensive endoplasmic reticulum, and a complex 
vesicular system  fi lled with beaded structures (proteogly-
cans). Neither necrotic nor apoptotic cells were evident. 
A remarkable  fi nding was that the cells contain few if any 
mitochondria. A de fi ning 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 
calci fi ed 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 ).       

http://dx.doi.org/10.1007/978-3-7091-1535-0_6
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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  fi rst 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 re fl ects 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 “ fi n” and the “lateral sta-
bilizers” provide openings, “intervertebral foramina,” for 
the nerves that  fl ow 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 signi fi cant 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 ossi fi ed 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 ). 

    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); C1 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-de fi ned body; indeed, the atlas can be viewed as 
a ring of dense membrane bone. Bound to the skull by very 

  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 in fl ammatory 
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  )  
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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  fl exion 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  fi rst 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 

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, i ). 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  fl oating 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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  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-

rior arch,  PA  posterior arch,  TF  transverse foramen,  TP  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)       
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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 signi fi cant 
degree of  fl exion 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  fi ve fused bones of the sacrum integrate the two 
halves of the pelvis. The sacrum is united to the ileum by 
 fi brocartilage which accommodates and transmits the weight 
of the upper body mass. The inferior end of the sacrum artic-
ulates with the  fi ve fused bones of the coccyx. Intervertebral 
discs are not present in the bones of the sacrum or the coccyx 
( Box 1.3 ).      

    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  fi rst 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 

  Fig. 1.4    Human sacrum and coccygeal bones. The ala ( A ) of the 
sacrum articulates with the ileum ( I ) of the pelvis at the sacroiliac joints 
( SIJ ). The sacrum consists of  fi ve fused vertebrae ( S1 – 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 De fi nition 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  fl exible rodlike structure present in 
chordates that helps to de fi ne the longitudinal axis   
  Sclerotome  —   The portion of the embryonic somite 
that gives rise to the axial skeleton   
  Spondylitis  —   In fl ammation 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     
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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-de fi ned 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  fi nal region of the spine. While 
the  fi rst 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 

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    . 

  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)       

   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  4–7  2–10  1 
 Plesiosaur  40  ?  ?  ?  ? 

  The number of coccygeal vertebrae in the dog is variable ( var ), frogs 
are tailless (anurans) and the  fi nal vertebrae form a long bone-like struc-
ture, the urostyle. ? unknown  
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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 
 fl esh. 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 (ossi fi ed penis bone), please read 
Gilbert and Zevit  (  2001  ) .   

    1.5   Summary of Critical Concepts Discussed 
in the Chapter 

    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.  
  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 in fl uence the subsequent 
formation of the vertebrae and the intrinsic curvatures of 
the axial skeleton.  
  The discs comprise an outer circumferential ring of • 
 fi brocartilage, the annulus  fi brosus. The annulus encloses 
a central proteoglycan-rich core known as the nucleus 
pulposus and bounded by the cartilage endplates of the 
contiguous vertebrae.  
  As a joint, the disc is classi fi ed 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. Speci fi c func-
tions of the discs include acting as hydrodynamic shock 
absorbers as well as providing  fl exibility to the whole 
spine.  
  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. 

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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      The Intervertebral Disc: Overview 
of Disc Mechanics       

     Daniel   H.   Cortes    and    Dawn   M.   Elliott            

          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  fi lled with trabecular bone. 
They are separated by the intervertebral discs, which are 
attached to the relatively  fl at 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    . 
De fi nition 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  fi lled with synovial  fl uid. Inside this capsule, the bones 
are covered by a thin layer of articular cartilage separated by 
the  fi broadipose 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  fi brosus, and the cartilaginous 
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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  fl exibility between vertebral 
bodies. In a healthy disc, the nucleus pulposus is a highly 
hydrated gel-like material which is surrounded by the 
annulus  fi brosus 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  fi brosus is composed of series of concentric 
layers with collagen  fi bers in alternating orientations 
(Fig.  2.1b ). The outer lamellae of the collagen  fi bers attach 
directly to the vertebral bodies while the inner lamellae 
attach to the cartilaginous endplates. The annulus  fi brosus 
provides a lateral con fi nement 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 
 fi brosus, 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.  
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  Fig. 2.1    Schematic 
representations of the adult 
intervertebral disc. ( a ) Midsagittal 
cross section showing anatomical 
regions. ( b ) Three-dimensional 
view illustrating AF lamellar 
structure (Adapted from Smith 
et al.  2011  )        

  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 classi fi ed 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 de fi ned 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 de fi ned 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  fi brosus or other  fi brous 
tissues, collagen  fi bers 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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    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  fi ndings 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  fi brosus 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  fi ber 
organization, the annulus  fi brosus 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, speci fi cally, the osmotic effects which re fl ect 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  fi bers. Therefore, collagen 

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 quanti fi ed by the  fi xed charge density. 
At equilibrium, the balance of chemical potentials results in 
an increase of osmotic pressure ( p ), which is a function of the 
 fi xed charge density and the ionic strength of the surrounding 
 fl uid (Overbeek  1956  ) . Assuming an ideal solution for the 
interstitial  fl uid and external solution, the osmotic pressure 
can be expressed as

        (1)  

where  R  is the universal gas constant,  T  is the absolute tem-
perature,  c  

fc
  is the  fi xed charge density, and  c  

b
  is osmolarity 

of the surrounding  fl uid bath. 
 The osmotic pressure and the external applied forces 

result in deformation of the solid component of the tissue, 
which in turn alter the  fi xed charge density ( c  

fc
 ). That change 

can be quanti fi ed by

        (2)  

where     fc0c   and     0
fφ   are the  fi xed charge density and the water 

content at the reference con fi guration, respectively, and  J  
is the ratio between the volume at the deformed and refer-
ence con fi gurations. The reference con fi guration, usually 
de fi ned as the con fi guration 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 
 fi laments 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  fi ber 
network in the nucleus pulposus. A recent study showed that 
long  fi bers in the nucleus pulposus continuously connect 
both endplates (Wade et al.  2011  ) . In an intact disc, these 
 fi bers are much longer than the disc height; they fold in a 
rather arbitrary con fi guration and can withstand substantial 
tension when unfolded. Experimentally, however, since it 
was necessary to cut the annulus  fi brosus to separate the end-
plates, it is unlikely that the nucleus pulposus  fi bers experi-
ence high levels of tension under physiological conditions. 
This is different from articular cartilage, where  fi bers 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  fi brosus. 
Consequently,  fi bers 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  fl uid 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 ; 
Iatridis et al.  1997a,   b ; Johannessen and Elliott  2005 ; Perie 
et al.  2005  ) . Con fi ned compression has been typically used 
to measure several mechanical properties of the nucleus 
pulposus such as aggregate modulus and permeability 
coef fi cients (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 con fi ned or fully 
uncon fi ned, con fi ned 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 

summary of nucleus pulposus values obtained using 
con fi ned 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 
 fl uid-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 

 Study   H  
A
  (kPa)    l    NP tissue  s-GAG (% dry wt.) 

 Heneghan and
Riches  (  2008a  )  

 69–1,650  1.0–0.3  Bovine tail  24 

 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
Elliott  (  2005  )  

 1,010  0.95  Human  44 

   Table 2.1    Aggregate modulus ( H  
A
 ) 

as a function of the stretch ratio (  l  ) 
and glycosaminoglycan content for 
the nucleus pulposus   
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and the blend between exhibiting characteristics of  fl uid and 
solid mechanics pose a dif fi cult 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 
in fl uences cell function and impacts predictions related to 
mechanically induced injuries and regeneration.  

    2.2.3   Annulus Fibrosus 

 Similar to the nucleus pulposus, the annulus  fi brosus 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  fi brosus, 
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 
 fi brosus 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 pro fi le re fl ects a 
change in the loading environment from more tension in the 
outer annulus  fi brosus to more compression towards the 
nucleus pulposus (Eyre and Muir  1976  ) . In a similar way, in 
the outer annulus  fi brosus, collagen  fi bers insert directly to 
the cortical bone of the vertebrae and not to the endplate as 
in the case of inner annulus  fi brosus, again probably re fl ecting 
the higher tensile loads present in the outer annulus  fi brosus 
(Nachemson  1963 ; Wu and Yao  1976  ) . 

 Noteworthy, in the annulus, collagen  fi bers are arranged in 
concentric lamellae with alternating orientations (Fig.  2.1b ). 
The angle between  fi ber directions of adjacent lamellae changes 
from ~60° to the spinal axis in the outer annulus  fi brosus to 
~90° in the inner annulus  fi brosus (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  fi bers play such an important role in the mechanics of the 
annulus  fi brosus, this tissue can be analyzed as a combination 
of  fi bers and an isotropic material known as extra fi brillar 
matrix (Spencer  1984  ) . As its name indicates, the extra fi brillar 
matrix represents all the solid components of the annulus 
 fi brosus, except  fi bers. 

 One of the more important characteristics of the mechan-
ics of collagenous tissues is nonlinearity. The nonlinearity of 
the  fi bers 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  fi bers, in most 
tension-bearing tissues, have a hierarchical organization from 

 fi brils to large collagen bundles or fascicles (Kastelic et al. 
 1978  ) . Collagen  fi bers in these tissues have a wavy or zig-
zag shape commonly known as crimp (Diamant et al.  1972 ; 
Kastelic and Baer  1980  ) . When the  fi bers are stretched, the 
 fi bers progressively straighten with minimal resistance; i.e., 
a negligible force is required to uncrimp the  fi bers. The 
amount of stretch required to straighten the  fi ber is known 
as uncrimping stretch. Once a  fi ber is straight, it starts taking 
load (Fig.  2.2 ). The uncrimping stretch is not same for all 
 fi bers in a tissue. For small deformations, few  fi bers with a 
small uncrimping stretch are straightened as they accommo-
date the load. Consequently, the stiffness of the tissue is low. 
Progressively, all the  fi bers stretch and contribute to load sup-
port resulting in high tissue stiffness (Fig.  2.2 ). If the tissue 
is further stretched,  fi bers will fail by several possible mecha-
nisms including breakage and  fi ber pullout.  

 All the other components of the annulus  fi brosus (except 
the  fi bers) are usually treated as a single material known 
as extra fi brillar matrix. Since the  fi bers contribute to the 
mechanics of the annulus  fi brosus when they are in tension, 
the matrix characterizes the compressive properties of the 
annulus  fi brosus. 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  fi brillar compo-
nents such as elastin and protein cross bridges, their content 
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  Fig. 2.2    The tensile stress–strain response of collagenous tissues, such 
as annulus  fi brosus, can be divided into several regions, corresponding 
to different mechanisms. In the toe region, the contribution of  fi bers is 
small due to  fi ber crimping. In the heel region, the increase in stiffness 
is due to  fi ber straightening. In the linear region, most of the  fi bers are 
straight and contributing to the high tensile stiffness       
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is small and unlikely to signi fi cantly 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  fl uid and solutes can  fl ow or move with 
less resistance. 

 The tensile properties of the annulus  fi brosus 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  fi brosus in a 
given orientation (circumferential, axial, radial, or along 
the  fi bers), 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  fi bers 
are oriented closer in the circumferential direction; there-
fore,  fi bers 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  fi brosus mechanics. It is thought that biaxial load-
ing more closely resembles multiaxial physiological load-

ing of the annulus  fi brosus (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  fi brosus; 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 
 fi bers is that the values obtained through these types of tests 
can be used to predict the response of the annulus  fi brosus 
in uniaxial tests and with other biaxial strain ratios 
(O’Connell et al.  2012  ) .  

 Since the collagen  fi bers only contribute to the mechanics 
of the annulus  fi brosus in tension, the elastic properties of the 
extra fi brillar matrix can be measured through con fi ned 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 extra fi brillar matrix (Cortes and Elliott 
 2012  ) . In this manner, the mechanical properties of this 
extra fi brillar matrix can be measured in tension and com-
pression by applying osmotic swelling and con fi ned com-
pression simultaneously. The nonionic extra fi brillar 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  fi brosus, a sample is loaded simultaneously in the axial and circumferential direction       

   Table 2.2    Linear region moduli of nongenerated (ND) and  degenerated 
(D) annulus  fi brosus tissue (Elliott and Setton  2001 ; Guerin and 
Elliott  2006b  )    

 Circumferential  Axial  Radial 

 ND  D  ND  D  ND  D 

 Inner anterior  5.6–10.0  5.0  1.0  –  –  – 
 Outer anterior  17.0–29.0  22.0–29.0  0.8  –  0.4–0.5  0.4 
 Inner posterior  2.0–6.0  4.0  –  –  0.5  – 
 Outer posterior  13.0–19.0  8.0  –  –  –  – 
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 Shear tests have been used to determine elastic and vis-
coelastic properties of the annulus  fi brosus. Elastic shear 
properties have been measured by applying simple shear 
tests (Fujita et al.  2000 ; Hollingsworth and Wagner  2011 ; 
Iatridis et al.  1999 ; Jacobs et al.  2011  ) . Since the  fi bers have 
a contribution during this test, the shear modulus is anisotro-
pic with a higher modulus in the circumferential–axial plane 
where the  fi bers experience stretches (Table  2.3 ). On the 
other hand, torsion tests have been used to measure vis-
coelastic properties of the annulus  fi brosus (Iatridis 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 
 fi brosus is evidenced by the threefold increase of the dynamic 
modulus over the equilibrium modulus.  

 Although separating the mechanics of the annulus  fi brosus 
into  fi bers and matrix is very convenient and describes much 
of the mechanical behavior of annulus  fi brosus, there are inter-
actions between these components. Speci fi cally, the stiffness 
of the matrix increases with the stretch of the  fi bers (Guo et al. 
 2012  ) . To account for these effects, several  fi ber–matrix and 
 fi ber– fi ber interactions have been formulated in terms of the 
strain perpendicular and along the  fi bers (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  fi brosus. 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  fi brosus 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  fi brosus 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  fi brosus 

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  fi brosus. 

 The mechanics of the cartilaginous endplate has been 
measured using con fi ned compression tests (Setton et al. 
 1993  ) . The aggregate modulus of the baboon endplate is 
0.44 MPa. The hydraulic permeability (14.3 × 10 −14  m 4 /Ns) is 
considerably higher than values of 0.09 × 10 −14  m 4 /Ns and 
0.153 × 10 −14  m 4 /Ns for the human annulus  fi brosus and 
nucleus pulposus, respectively. The high permeability value 
suggests that its main function is to allow the transport of 
 fl uids, nutrients, and waste products to the cells in the nucleus 
pulposus and part of the annulus  fi brosus.   

    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 brie fl y 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 

 Type of test  Location 

 Orientation 

 Circ-radial  Circ-axial  Radial-axial 

 Simple shear – compressive preload  Anterior  28.92  58.56  40.16 
 Simple shear – compressive preload  Posterolateral  22.2  53.6  25.1 
 Simple shear – tensile preload  Anterior  –  193.6  – 
 Torsion shear – equilibrium  Anterior  20–100  –  – 
 Torsion shear – dynamic  Anterior  100–280  –  – 

   Table 2.3    Shear modulus (kPa) 
of human annulus  fi brosus: effects 
of sample orientations and location 
and type of test   
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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  fi brosus 
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  fi brosus, endplates, and vertebral 
bodies). The high proteoglycan content of the nucleus pulpo-
sus results in a signi fi cant 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  fi brosus 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  fi brosus 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 

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 insuf fi cient time for interstitial  fl uid  fl ow (Ateshian 
et al.  2007  ) . In this loading state, the interstitial  fl uid 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  fi brosus, 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  fi brosus 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  fi brosus 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  fl uid will  fl ow to 
regions of lower pressure through the annulus  fi brosus and 
the endplate (van der Veen et al.  2007  ) . During this process, 
the disc height decreases while the outward bulging of the 
annulus  fi brosus 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  fi brosus (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  fl uid 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  fi brosus, it should enhance aqueous  fl ow 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,  fl ow, 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  fl exion/extension 
and lateral bending is that the axis of rotation is perpendicular 
to the axis of spine. Therefore,  fl exion, extension, and lateral 
bending produce a similar pattern of internal deformations to 
the disc. During  fl exion, the axial compression in the anterior 
portion of the annulus  fi brosus 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  fi brosus. 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 
 fi brosus, compression of the posterior annulus, and shifting of 
the nucleus in the anterior direction. Lateral bending produces 

a similar pattern of strains in the disc; however, the compres-
sion and tension regions are located in the lateral annulus 
 fi brosus (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 de fi ned 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 
 fl exion 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/L3 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  fl exion 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  fl exion/extension, torsion is de fi ned 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  fl exion 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 
 fi ber populations, and while not contributing to torsion support 
due to  fi ber buckling, the other experiences compression. The 
tensile stretch on the  fi bers increases radially; consequently, 
the maximum  fi ber stretch is found in the outermost lamella. 
Removing the posterior elements of the spine resulted in an 
increase in the maximum  fi ber 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  fi brosus 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  fi ber 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 signi fi cant damage to the disc, a decrease 
in the failure loads have been observed when torsion is com-
bined with compression and  fl exion/extension.   

    2.4   Effect of Degeneration 
on Disc Mechanics 

 Intervertebral disc degeneration can be de fi ned 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  fi rst noticeable in 
the nucleus pulposus and later spread outwards to the annulus 
 fi brosus. 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 ; Battié 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 signi fi cant increase in the 
shear modulus (Iatridis et al.  1997b  ) . Transport properties of 
the nucleus pulposus are also affected by degeneration as there 

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

 The annulus  fi brosus 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 
et al.  1999  ) . Additionally,  fi ber reorientation decreases, while 
interaction between  fi bers and extra fi brillar matrix increases 
with degeneration (Guerin and Elliott  2006a ; O’Connell 
et al.  2009  ) . That  fi ber–matrix interactions increase with 

a Healthy

b Early degeneration

c Advanced degeneration

*

  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 (*). ( c ) Disc 
exhibiting advanced stages of degeneration, including severely reduced 
height, large  fi ssure (*), and generalized structural deterioration. 
Images obtained using 7T Siemens scanner and a turbo spin echo 
sequence at 200  m m isotropic voxel resolution (Adapted from Smith 
et al.  2011  )        
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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 

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  fi brosus, 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 
 fl uid exchange during the diurnal cycle (Massey et al.  2011  ) . 
The  fl uid exchange reduction affects the transport of metabo-
lites such as glucose and lactic acid, thereby in fl uencing 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  fi brosus 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  fi brosus. 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  fl exion 
position. This results in extrusion of the nucleus pulposus 

  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 arti fi cial 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  fi rst 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 Acro fl ex, 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 
 fl exibility. 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  ) . 



28 D.H. Cortes and D.M. Elliott

in a posterolateral radial direction (Aultman et al.  2005  ) . 
The internal strains developed during  fl exion/extension 
and lateral bending show tensile strains in the axial direc-
tion and thinning of the annulus  fi brosus 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  fl exion. 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 arti fi cially 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 
 fl exion/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 in fl uence the hernia-
tion pathway in repetitive  fl exion/extension bending (Yates 
et al.  2010  ) . Speci fi cally, limacon-shaped discs had a de fi ned 
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  fi brosus 
(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 

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  fi brosus, 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  fi brosus and comes from the 
structural organization of collagen  fi bers.  
  The viscoelastic behavior of the disc can be explained in • 
part by the interstitial  fl uid  fl ow during loading and 
unloading and the intrinsic viscoelasticity of disc tissues.  
  Degeneration affects the mechanics of disc tissues, which • 
is then re fl ected 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  fi brosus, 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  fl oor 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  fi brosus and is made up of Pax-
1-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  fi brosus will form from the cells in the sclero-
tome adjacent to the border, sometimes called von Ebner’s 
 fi ssure, 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  fi brosus develops into a  fi brocartilage 
structure and does not normally undergo endochondral 
ossi fi cation. The annulus  fi brosus can be further divided into 
an inner portion and a more  fi brous outer portion. TGF-ß3 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  fi brosus 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  fi brocartilage of the 
adult annulus  fi brosus, 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  fi brosus also contains collagen I with 
higher levels in the outer annulus. Versican and  fi bromodulin 
(Fmod) are preferentially expressed in the annulus  fi brosus 
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 NCAM1 have recently been 
identi fi ed as markers to distinguish the nucleus pulposus 
from the annulus  fi brosus 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 ; Shi fl ey 
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  fi rst place would also be the 

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 et al.  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 signi fi cant 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  fi nal 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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    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. 

The notochordal plate buds off of the endoderm to  fi nally 
form the notochord, which lies between the roof of the primi-
tive gut and the  fl oor 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 

Notochord derived

Sclerotome vertebrae

Sclerotome annulus

a b c

  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 
 fi brosus 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 II, 
which helps to maintain osmotic 
pressure in the vertebral cartilage, 
are required for the expansion of 
the notochord and formation of 
the nucleus pulposus. ( c ) Growth 
and maintenance of the nucleus 
pulposus is in part controlled by 
the  Skt  gene       

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 
 fi brosus 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. 
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chordoma (Yang et al.  2009  ) . For a complete discussion of 
chordomas, see Chap.   18    . 

 While mice with mutations in  T  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  fi brous tissue similar to the annulus  fi brosus (Semba 
et al.  2006  ) . 

 Mutations in the Sickle tail gene ( Skt ), 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 
 fi brosus is altered, and the annulus exhibits thin  fi brous lay-
ers relative to control mice. The sequence of the  Skt  gene was 
identi fi ed 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,  Skt  is required later in development for 
proper growth, differentiation, and maintenance of the 
nucleus pulposus. Furthermore, speci fi c polymorphisms in 
the human  SKT  gene have been signi fi cantly 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 in fl ation 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 

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 ShhCreERT2 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  Col2a1  
(Aszódi 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  fi bers 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  ) .     

    3.2.3   Evidence for Lineage 
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 

  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  fi sh (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  fi sh, 
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  fi sh, the disc consists of a 
central core, similar to the nucleus pulposus, contain-
ing cells with large  fl uid- fi lled vacuoles derived from 
the notochord, a  fi brous 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  fi brous tissue 
derived from an evolving sclerotome. It was recently 
shown that some adult reptiles and birds, including 

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 
signi fi cant 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. 
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ß-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  fi brosus. 
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 pro fi ling studies. Recent studies 
used microarray technology to compare the gene expression 
patterns in human, bovine, canine, and rodent nucleus pulpo-
sus, annulus  fi brosus, 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 signi fi cantly 
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 de fi ne the anterior-posterior seg-
mented pattern of the embryo. They are essentially balls 

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 
speci fi c 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 
S0 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  fi rst  fi ve 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 ; Shi fl ey 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 Dll3, Lnfg, 
Hes7, and Mesp2 (Pourquie  2011  ) . Alagille syndrome, 
which is characterized by misshapen “butter fl y” verte-
brae caused by dorsal fusion failure, has been linked to 
mutations in Jagged1, 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 ; Shi fl ey 
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. 
KFS is primarily characterized by congenital cervical 
synostosis due to an absence of the disc and resulting 
in fusion of adjacent vertebrae. First identi fi ed in 1912 
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    3.3.1   Clock and Wavefront 

 The  fi rst 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 

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 
speci fi c 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  fi rst is the Notch pathway. 
Notch1 has a critical role in the segmentation and epithelial-
ization of somites (Conlon et al.  1995 ; Swiatek et al.  1994  ) . 
Although Notch1 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 delta1(Dll1) (Bettenhausen et al.  1995  ) , Hes1 
(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 S0 somite and low in the anterior end of the future SI 
somite, thus de fi ning the segmentation site for the S0 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 
Wnt 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 

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  • 
  Type II – 1–2 cervical fusions  • 
  Type III – cervical fusion combined with lumbar • 
fusions    
 After a screen of 63 affected individuals showed 6 

with potential deleterious mutations in  PAX1 , 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 
identi fi ed 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-ß 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  fi sh 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 GDF5 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 ossi fi cation 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  fi brosus (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. 
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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  fi rst identi fi ed was that of 
 fi broblast growth factor (FGF) signaling. FGF8 was found to 
be present at high levels in the posterior PSM and gradually 

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 FGF8 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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  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 
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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 
Wnt 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 
 fi rst evidence for MET during somitogenesis came from a 
 fi nding 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, 

 fi bronectin, 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 Hes1 
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., 
 Hoxa1 ,  Hoxb1 , and  Hoxd1 ). The expression domains of indi-
vidual Hox genes have been shown to line up with speci fi c 
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 speci fi c complement of Hox expression 
determines the identity of a speci fi c 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 speci fi cation in the patterning of the 
spine. RA has also been linked to the control of Hox gene 
expression during speci fi c 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 speci fi cation. 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  fl oor 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 Gremlin1 (Grem1) cooperate to antagonize BMP signal-
ing, permitting sclerotome differentiation in the presence of 
Shh (Stafford et al.  2011  ) . Deletion of  Nog  and  Grem1  in mice 
results in the complete failure of sclerotome differentiation. 
Dermomyotome was not affected in these mice. Inhibition of 
BMP alone is not suf fi cient 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 
de fi cient  Sd  mice, it was shown that the  fl oor plate alone 
is suf fi cient for the development of the sclerotome (Ando 
et al.  2011  ) . Shh from the  fl oor plate could replace Shh from 
the notochord to allow differentiation of  sclerotome in the 
absence of notochord.  

    3.5   Resegmentation 

 Resegmentation of the sclerotome was  fi rst 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 de fi ciencies in RAB23 ( opb  mutant) (Sporle and 
Schughart  1998  ) ,  Paraxis  (Johnson et al.  2001  ) , and  Tgfbr2  
(Baf fi  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 de fi ning 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 
ossi fi cation to form the bony vertebrae of the spine. It will 
also differentiate into the annulus  fi brosus of the interverte-
bral disc and the tendons that link the vertebrae to the mus-
cle. Which cell type is speci fi ed 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. 3.4    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 

 bodies and will become the annulus  fi brosus ( 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  fi nal 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  fi brosus 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  fi ssure, 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  fi brosus. 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  fi brosus, they are not 
committed to the annulus  fi brosus 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  fi brosus or vertebral body later in 
development. Furthermore, expression of annulus  fi brosus 
markers was not found in the vertebral bodies. The results 
suggest that the annulus cells are likely speci fi ed by their 
location within the sclerotome. 

 It is clear that the annulus  fi brosus 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  fi brosus 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 

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  fi broblastic 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  fi brosus. 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  fi brils self-assemble in the 
cell, then larger  fi bers are formed in membrane-bound com-
partments between cells (Birk and Trelstad  1986  ) ; small 
leucine-rich proteoglycans (SLRPs) control collagen  fi ber 
formation as well as regulate the availability of growth fac-
tors, including TGF-ß. Fibromodulin is strongly expressed 
in the annulus  fi brosus relative to the vertebral cartilage and 
may play an important role in its development through its 
control of collagen  fi ber formation and growth factor bio-
availability (Hayes et al.  2011 ; Smits and Lefebvre  2003 ; 
Sohn et al.  2010  ) . 

 Members of the TGF-ß superfamily are secreted sig-
naling molecules that regulate many aspects of cell physi-
ology (Serra and Chang  2003 ; Patil et al.  2011  ) . TGF-ßs 
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 (Baf fi  et al.  2004,   2006  ) . The annulus was most 
affected. Expression of  fi bromodulin, a matrix protein that 
is highly enriched in the annulus  fi brosus, was reduced or 
missing. The mature form of collagen IIB, indicating verte-
bral development, was ectopically expressed in the presump-
tive annulus  fi brosus 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  fi brosus from 
Tgfbr2 mutant mice more closely resembled wild-type ver-
tebrae than annulus  fi brosus (Sohn et al.  2010  ) . Additional 
microarray experiments also showed that genes that are 
enriched in the annulus  fi brosus were stimulated in TGF-
ß-treated sclerotome (Sohn et al.  2010  ) . A separate study 
using rat annulus cells in culture showed that TGF-ß could 
upregulate proteins associated with  fi brocartilage including 
collagen I and II (Hayes and Ralphs  2011  ) . Together the 
results suggest that TGF-ß could (a) allow formation of the 
intervertebral disc by preventing differentiation of  vertebral 
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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-ß/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 
speci fi cation 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 speci fi ed early when the 
sclerotome  fi rst 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 
unidenti fi ed repressor of Sox9. Nkx3.2 and Smad1/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 speci fi c 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 

 fi brosus 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  fi eld that de fi nes 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-Smad1, 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 
de fi ne 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  fi brosus (Baf fi  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-ß 
can antagonize BMP activity, it is possible that loss of TGF-ß 
results in inappropriate BMP signaling in the presumptive 
intervertebral disc where BMP mRNA is synthesized (Candia 
et al.  1997 ; Li et al.  2006  ) . TGF-ß 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, 



46 M.K. Cox and R. Serra

MyoD and Myf5. The myotome is  immediately dorsal and 
adjacent to the sclerotome and secretes  fi broblast 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  fi brosus 
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-ß 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/ß-catenin signaling via disruption 
of the inhibitors Axin1 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 ß-catenin resulted in postnatal deterioration 
of the annulus  fi brosus (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 (Dahia 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.  

    3.9   Summary of Critical Concepts Discussed 
in the Chapter 

    The intervertebral disc is derived from two embryonic • 
structures, somites and notochord.  
  Notochordal cells form the nucleus pulposus.  • 
  Somites are transient structures that determine the seg-• 
mented pattern of the embryo.  
  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  fi brosus 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.  
  Defects in formation or maintenance of the notochord, • 
segmentation of somites, formation of sclerotome, reseg-
mentation, and differentiation of annulus  fi brosus result 
in disorders of the spine that affect intervertebral disc.  
  Understanding how the intervertebral disc develops will • 
lead to novel strategies for developmental engineering of 
this complex organ.         
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     4    Proteoglycans of the 
Intervertebral Disc       

        James   Melrose       and    Peter   Roughley       

             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,  fi bromodulin, 
lumican, 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 speci fi c 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- a ) 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.  

    4.2   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  fi xed 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 speci fi c 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 

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 
in fl uence 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 modi fi cation 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 in fl uence proteo-
glycan function. 

 Proteoglycans have been classi fi ed 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 de fi ned 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-GlcA). 
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  fi rst 
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  fi rst 
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 speci fi c lyso-
somal glycosyltransferases, glycosidases, and sul-
fatases responsible for glycosaminoglycan assembly 
and catabolism. Similarly, the original terminology for 
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    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  fl uid 
result in swelling of the disc, which accounts for the diurnal 
variation in disc height (Botsford et al.  1994  ) . The swelling 

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 ossi fi ed 
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  fi brosus, particularly the inner annulus, and in 
the mature adult the aggrecan content of the annulus  fi brosus 
may surpass that of the nucleus pulposus. Thus, in the mature 
adult, the annulus  fi brosus 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 disul fi de-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 disul fi de-bonded loops. The  fi rst loop allows 
interaction with a link protein (LP) that stabilizes the proteo-
glycan aggregate (Neame and Barry  1993  ) , and this is 

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. 

http://dx.doi.org/10.1007/978-3-7091-1535-0_5
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  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  fi brosus 

( OAF ), inner annulus  fi brosus ( IAF ), and nucleus pulposus ( NP ) are 
also presented in selected areas of the aggrecan ( d – f ) and versican ( g – i ) 
immunolocalizations       

 followed by a pair of loops responsible for the interaction 
with HA (Watanabe et al.  1997  ) . The second globular region 
(G2) possesses two disul fi de-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 

resisting disc compression. While the CS chains are con fi ned 
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 disul fi de-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  fi bulins and tenascins (Day 
et al.  2004  ) . It is not clear if these G3 region interactions are 
of functional signi fi cance 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 con fi ned 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 
 fi brosus. Aggrecan aggregation is lower and the proportion of small 
aggrecan fragments is greater in the nucleus pulposus ( NP ) than the 
annulus  fi brosus ( AF )       

 posttranslational modi fi cation 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 signi fi cance. 
Currently, there is no evidence for the extracellular degrada-
tion of CS or KS, and degradative changes in aggrecan are 
con fi ned to the proteolytic cleavage of its core protein 
(Roughley et al.  2006  ) . Each proteolytic cleavage generates 

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  fl uid, but in the disc they accumulate as their 
diffusion is impeded by the vertebral end plates and the outer 
 fi brous 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 G1 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 in fl uences 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 26–28 repeats. This type of polymorphism 
can in fl uence the number of CS chains present on each aggre-
can molecule, and it has therefore been suggested that this 
may in fl uence 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 CS1 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-1 a  
also enhances aggrecan promoter activity and increases 

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-1 a  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 de fi ciency (cmd) in mice (Watanabe et al.  1994  ) . 
Aggrecan is de fi cient 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 ADAMTS5) 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 ADAMTS5 is 
more ef fi cient 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 ef fi cient MMPs (Durigova et al. 
 2011a  ) . Aggrecanases are also able to cleave within the CS2 
region of aggrecan, and  fi ve cleavage sites within this region 
have been identi fi ed (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 
et al.  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.      

    4.4   Versican 

 Versican was originally identi fi ed in  fi broblasts 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 

  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 in fl ammatory 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 bene fi cial. 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-
in fl ammatory 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. 
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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  fi brosus (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  fi brosus 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 in fl uence cell function, particularly in 
cancer (Ricciardelli et al.  2009  ) . The versican G3 region 
has also been shown to in fl uence 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  fi bulins 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 V0 form of 
versican is much larger than aggrecan, having a core protein 
with about 3,400 amino acids. Versican undergoes extensive 

proteolytic modi fi cation (Sztrolovics et al.  2002  ) , which has 
hampered its puri fi cation 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 G1 
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 
GAG a  and that encoded by exon 8 is referred to as GAG b . 
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 GAG a  and GAG b  regions gives 
rise to the V0 form of versican, the presence of only the 
GAG b  region gives rise to the V1 form, the presence of only 
the GAG a  region gives rise to the V2 form, and the absence 
of both the GAG a  and GAG b  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 V0 form of versican is analogous to PG-M, 
which was identi fi ed 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 
classi fi ed 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.  
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    4.4.3   Versican Degradation 
in the Degenerate Disc 

 The V1 form of versican can be cleaved by ADAMTS1 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 ful fi ll 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  fi rst 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-

rounding the ossi fi cation 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  fi brosus, 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 in fl uences cell 
proliferation and differentiation and matrix production 
(Whitelock et al.  2008  ) . Perlecan also interacts with a num-
ber of cell attachment proteins, including laminin,  fi bronectin, 
thrombospondin, and  a 5 b 1 and  a 2 b 1 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; 
 fi brillin-1 and  fi brillin-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 ; Iozzo  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 
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  Fig. 4.4    Immunolocalization of biglycan ( a ),  fi bromodulin ( b ), nonimmune rabbit IgG negative control ( c ), 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  fi brosus ( 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-af fi nity 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 ossi fi cation 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  fi brillin 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 signi fi cance of this 
localization is not known; however, LTBP-2 may have some 
regulatory role to play in the micro fi brillogenesis process 
(Hirai et al.  2007 ; Hirani et al.  2007  )  by occupying sites on 
 fi brillin-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 
 fi ve 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 identi fi ed 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 

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 identi fi ed in domain V; however, it has yet to 
be de fi nitively 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 identi fi ed 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.     

  Box 4.3: Perlecan and Its Interactive Components       

  Abbreviations :  FGF   fi broblast 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 

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 (    HSPG2 ) 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 
disul fi de 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 ossi fi cation 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 
 GAG-attachment sites is ablated, are now allowing examina-
tion of the speci fi c 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 III 
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  Hspg2  
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  ) .  

    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 MAb 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-speci fi c 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  a 2 b 1 
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 identi fi ed as the large mucinous gly-
coprotein present in synovial  fl uid, 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 identi fi ed in the super fi cial zone of artic-
ular cartilage (Schumacher et al.  1994  )  and termed super fi cial 
zone protein (SZP). It is produced by super fi cial 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-
tation of the structural organization 
of perlecan. ( b ) SDS/PAGE 
analysis of perlecan heterogeneity 
in newborn and 2-year-old ovine 
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it has a polydisperse size distribution comparable to other 
tissue sources, such as synovial  fl uid 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  fi brosus 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 

oligosaccharides (Swann et al.  1981b  ) , which reside in a 
long central domain. This mucin-like domain is  fl anked 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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    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  fl anking 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 identi fi ed 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  fl uid 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 de fi cient 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 in fl uences 
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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    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 identi fi ed in the intervertebral disc, 

including the CS-/DS-substituted decorin and biglycan; 
KS-substituted lumican,  fi bromodulin, 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  fl anked by amino and carboxy 
terminal disul fi de-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 

DCN

BGN

FMOD

Scale
10 kDa

LUM

PRELP

ASPN

CHAD

Key: RRR

RRR

Arg cluster

N-linked oligosaccharide

CS (DS) side chain KS side chain Core protein

Disulphide stabilised 4 cysteine or 2 cysteine cluster

Pro cluster Sulphated Try cluster Aspartic acid clusterPPP

PPP

DDD

DDD

DDD

Y Y
YY

Y

YYY

Y Y Y

Y

SO

SO

SO

SO

4

4

4

4

SO SO4 4

SO

SO SO

SO4

4 4 SO4

4SO4

  Fig. 4.8    Schematic repre-
sentation of the structural 
organization of SLRPs found 
in the intervertebral disc       

 



68 J. Melrose and P. Roughley

intervertebral disc, the CS chains are modi fi ed 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  fi bromodulin possess four N-linked oligo-
saccharide chains within their central LRRs, which may be 
modi fi ed to KS, although substitution at all sites is uncom-
mon (Plaas et al.  1990  ) . Non-glycanated forms of lumican 
and  fi bromodulin 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  fi bromodulin 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 diversi fi ed and overlapping functional properties with 
a level of redundancy between SLRP members. Asporin 
binds to collagen with an af fi nity in the low nanomolar 
ranges, as does decorin (Kalamajski et al.  2009  ) . Asporin 
and decorin bind to the same region in  fi brillar 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 

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  fi bromodulin both utilize leucine repeat 
domains  fi ve to seven to bind to  fi brillar collagen and both 
can regulate early collagen  fi bril assembly processes, only 
 fi bromodulin facilitates growth steps leading to mature  fi bril 
formation (Kalamajski and Oldberg  2009  ) . Decorin and big-
lycan display coordinated control of collagen  fi brillogenesis 
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  fi brils. 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  fi brils,  fi bronectin, C1q, EGF 
receptor, TGF- b , and thrombospondin. Thus, it has roles in 
the regulation of collagen  fi brillogenesis in vitro and  fi brosis 
in vivo and controls the bioavailability of TGF- b . Decorin 
also in fl uences 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- b . Molecular 
modeling predicts that decorin possesses a “horseshoe” 
 conformation capable of accommodating a single collagen 
molecule at the surface of the collagen  fi brils 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,  fi bromodulin, 
and lumican, also interacts with collagen VI, XII, and XIV 
(Nareyeck et al.  2004 ; Wiberg et al.  2002  ) ,  fi bronectin 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 sacri fi cial substrate on the 
surface of collagen  fi bers 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  fi ve 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,  fi bromodulin, and lumi-
can with collagen  fi brils, the association of biglycan with 
collagen  fi brils 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- b . Biglycan 
plays a role in the initiation of the in fl ammatory response 
during tissue stress, by binding to BMP/TGF- b , and may 
modulate their activities, in fl uencing  fi brosis and skeletal 
cell differentiation. Biglycan also has emerging roles as a 

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 re fl ects 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  fi brosus 
(Gruber et al.  2009  ) .  

    4.7.4   Fibromodulin 

 The  fi bromodulin gene (FMOD) is located on chromosome 
1q32 (Antonsson et al.  1993 ; Sztrolovics et al.  1994  )  and 
possesses three exons encoding the 42 kDa  fi bromodulin 
core protein. Fibromodulin is a KS-substituted SLRP which 
shares signi fi cant 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 
 fi bromodulin 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  fi brils and 
inhibits  fi brillogenesis in vitro (Chen et al.  2010 ; Ezura et al. 
 2000  ) . Fibromodulin also interacts with TGF- b  and C1q and 
may have roles in TGF- b  sequestration, in in fl ammation, in 
the regulation of the assembly of collagen I and II  fi brils 
in vivo, and in the bio-regulation of TGF- b  activity. The use 
of  fi bromodulin knockout mice has demarcated the signi fi cant 
functional roles of  fi bromodulin in cartilaginous tissues with 
regard to collagen assembly and in the regulation of the 
 fi brillogenesis (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,  fi bromodulin is localized 
with collagenous structures pericellularly and in the intersti-
tial matrix. It occurs throughout the intervertebral disc, but 
predominantly in the annulus  fi brosus. 

 When bound to collagen,  fi bromodulin is susceptible to 
cleavage by MMP-13 which removes the N-terminal sul-
fated tyrosine cluster (Heath fi eld et al.  2004  ) . Soluble 
 fi bromodulin 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, Gln19-Lys 98, which is located 
adjacent to the sulfated tyrosine cluster (Heath fi eld 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–
q22 (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  fi bromodulin and dis-
plays similar roles to those of  fi bromodulin in tissues. 
Lumican and  fi bromodulin 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  fi brils (Svensson et al.  2000  ) . However, 
despite the signi fi cant similarities between lumican and 
decorin, they have dissimilar binding sites on collagen I 
(Hedbom and Heinegard  1993  )  and modulate collagen 
 fi brillogenesis independently (Neame et al.  2000  ) . 

 As with  fi bromodulin 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 

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 
et al.  1998  )  closely related to decorin, biglycan,  fi bromodulin, 
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  a 2 b 1 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 identi fi ed 
 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 speci fi cally 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 speci fi c roles to play in disc degeneration 
which await detailed elucidation.     
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    4.8   Summary of Critical Concepts Discussed 
in the Chapter 

   Role of Proteoglycans in Disc Function 
  Aggrecan provides the disc with its ability to swell and • 
resist compressive loads. This property is dependent on 
two features of aggrecan:  fi rst, 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 

swelling maintains disc height underload and is respon-
sible for the diurnal variation in disc height associated 
with daily life.  
  Versican and lubricin are present throughout the interverte-• 
bral disc, but their precise functions are unclear. The high 
abundance of versican in the immature disc may suggest a 
role in disc development during fetal life, and it has been 
suggested that lubricin plays a role in enhancing motion 
between adjacent lamellae within the annulus  fi brosus.  
  Perlecan promotes and stabilizes matrix assembly through • 
its interaction with a diverse repertoire of matrix compo-
nents. Roles are now also emerging for perlecan in 
 fi brillin-1 and elastin assembly in the disc, with the HS 
chains of perlecan being important. The HS chains of per-
lecan also sequester a number of bioactive growth factors 
and morphogens of relevance to developmental and 
remodeling processes in the disc through their abilities to 
regulate cell proliferation and differentiation. Furthermore, 
the ability of perlecan to interact with a number of cell 
attachment proteins may regulate cellular recruitment 
during development and remodeling of the disc.  
  The SLRPs have important regulatory roles to play in col-• 
lagen  fi brillogenesis and are important for disc extracellu-
lar matrix assembly and repair. Emerging interactive roles 
of SLRPs with cytokines and bioactive growth factors 
implicate them in cell signaling, affecting a diverse range 
of biological processes, including  fi brosis, in fl ammation, 
and the immune response.   

  Role of Proteoglycans in Disc Disease 
  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 

   Table 4.1    Pathological consequences of targeted ablation of SLRP 
genes in mouse models   

 Ablated gene  Pathology  Phenotype  References 

 Decorin  Collagen  fi bril 
structure in skin 
and tendon 
abnormal 

 Skin fragility  Danielson 
et al. 
 (  1997  )  

 Reduced tendon 
function 

 Biglycan  Decreased bone 
mass, structural 
collagen  fi bril 
abnormalities in 
medial aorta 

 Osteoporosis  Heegaard 
et al. 
 (  2007  )  and 
Xu et al. 
 (  1998  )  

 Spontaneous 
aortic dissection/
rupture 

 Lumican  Abnormal 
collagen  fi bril 
organization in 
cornea and dermis 

 Skin fragility  Chakravarti 
et al. 
 (  1998  )  

 Corneal opacity 

 Fibromodulin  Abnormal 
collagen  fi bril 
organization in 
tendon 

 Lax tendons with 
reduced 
biomechanical 
function 

 Svensson 
et al. 
 (  1999  )  

 Biglycan/
decorin 

 Abnormal 
collagen  fi bril 
formation in 
bone, tendon, 
dermis 

 Similar to 
progeroid form 
of Ehlers-Danlos 
syndrome 

 Corsi et al. 
 (  2002  )  

 Biglycan/ fi bro
modulin 

 Maturational 
structural/
biomechanical 
abnormalities in 
collagen  fi brils in 
tendon 

 Gait impairment, 
ectopic 
calci fi cation, 
premature OA 

 Ameye and 
Young 
 (  2002  )  

 Lumican/ fi bro
modulin 

 Abnormal 
collagen 
maturation and 
structure 
of tendons 

 Joint laxity and 
impaired tendon 
function 

 Jepsen 
et al. 
 (  2002  )  

 Asporin  Reduced 
inhibition of 
periodontal 
ligament 
mineralization 

 Diminished 
negative 
regulation of 
periodontal 
ligament cell 
cytodifferentia-
tion by point 
mutations 
disrupting asporin 
LRR5-mediated 
interactions with 
BMP-2 

 Tomoeda 
et al. 
 (  2008  )  and 
Yamada 
et al. 
 (  2007  )  

   Table 4.2    Human diseases linked to mutations in SLRP genes   

 Gene 
 Type of 
mutation 

 Pathology/clinical 
phenotype  References 

 Decorin  Frameshift 
mutation 
generating a 
C-terminal 
truncated core 
protein 

 Corneal opacity, 
congenital stromal 
dystrophy of 
cornea 

 Bredrup et al. 
 (  2005  )  

 Lumican, 
 fi bromodulin, 
PRELP 

 Intronic 
variations, 
single-nucle-
otide 
polymor-
phisms in 
promoter 

 Corneal detach-
ment, choroidal 
neovasculariza-
tion, high myopia 

 Chen et al. 
 (  2009  ) , Majava 
et al.  (  2007  ) , 
andWang et al. 
 (  2006  )  

 Asporin  Asporin D4 
allele 
polymor-
phisms 
affecting 
N-terminal of 
core protein 

 Early onset of OA 
and disc 
degeneration 

 Gruber et al. 
 (  2009  )  and 
Song et al. 
 (  2008  )  
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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.  
  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  fi bromodulin is also evident in the degener-
ate disc, but it is not known how this impacts tissue 
function.         
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     5    Collagen and Other Proteins of the 
Nucleus Pulposus, Annulus Fibrosus, 
and Cartilage End Plates       

     Fackson   Mwale          

          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 identi fi ed in all metazoa. With 
the appearance of the phylum Chordata, the notochord pro-
vided a “ fi rst” 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  fi brils 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  fi brosus, 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  fi brosus 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,  fi bromodulin, and biglycan together with other 
matrix constituents, have important in fl uences on collagen 
 fi bril formation. 

    5.1.2.1   Annulus Fibrosus 
 The annulus  fi brosus 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  fi bers arranged around the central gelati-
nous nucleus pulposus (Roberts  2002  ) . Collagen  fi bers in a 
particular lamella run in one direction, while  fi bers in an 
adjacent lamella run in the opposite direction. The thickness 
of the lamellae varies from 200 to 400  m m, increasing from 
inside to outside (Inoue  1973  ) . This alternating pattern is 
designed to withstand torsional stresses. The key functions 

of the collagen  fi brils 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  fi brillar collagens (Inoue  1981  ) , radially 
arranged elastin  fi bers (Yu et al.  2002  ) , and water. The pro-
portion and organization of water,  fi brillar 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  fi brosus from the 
adjacent vertebral bone. In the adult, the cartilage end plate is 
narrow, and often calci fi ed, leading to disturbances to the 
nutrient supply to the nucleus pulposus (Maroudas et al.  1975 ; 
Nachemson et al.  1970  ) . The collagen  fi bers within the end 
plates run parallel to the vertebral bodies, with the  fi bers 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  fi brous 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 

aa
 X 

aa
 Y 

aa
 ) with glycine 

(G 
aa

 ) 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 

  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     
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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 signi fi cant 
tensile strength to skin, tendons, ligaments, and other carti-
laginous structures, making them tough and  fl exible. The 
amino acid hydroxylysine is responsible for stabilizing the 
side-to-side packing of the chains into  fi brils. 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  fi bers 
arranged around the central gelatinous nucleus pulposus 
(Roberts  2002  ) . Collagen  fi bers in a particular lamella run 
in one direction, while  fi bers in an adjacent lamella run in 
the opposite direction. The thickness of the lamellae varies 
from 200 to 400  m m, increasing from inside to outside 
(Inoue  1973  ) . This alternating pattern is designed to with-
stand torsional stresses. The key functions of the collagen 
 fi brils in the annulus are retaining the nucleus and taking 
up and distributing the load exerted by the disc. The  fi bril-
forming collagens I and II form an important network in 
the disc. Collagen I forms hybrids with other  fi brillar col-
lagens, particularly collagen V. Co- fi bril formation with 
collagen I is believed to regulate the diameter of  fi brils 
because of the partial processing of the N-propeptide of 

AF – parallel organized fibrillar collagen

NP – random organized fibrillar collagen

AF

  Fig. 5.1    Schematic illustration of the organization of  fi brillar collagens in the annulus  fi brosus ( AF ) and nucleus pulposus ( NP ) of a human inter-
vertebral disc       
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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  fi brosus and the 
nucleus pulposus possessing mostly collagen type II (Eyre 
and Muir  1976  ) . Under physiological conditions, collagen II 
 fi brils contain more water than I  fi brils (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 speci fi c 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  fi brils form in the extracellular space.  

    5.2.2   Classi fi cation of Collagens 

 The disc contains many different collagen types whose abun-
dance changes with age (Roughley  2004  ) . The annulus 
 fi brosus is composed primarily of collagen I and to a lesser 
extent II, III, 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 I 
 The structure of procollagen I is similar to other  fi brillar col-
lagens, and it comprises three polypeptide  a -chains, which 
form a unique triple-helical structure (Fig.  5.2 ). It is a het-
erotrimer of two  a 1 and one  a 2 chains. It contains an unin-
terrupted triple-helical domain  fl anked 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,  fi bromodulin, 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  fi brils 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 ).     

    5.2.2.2   Collagen II 
 Collagen II  fi brils 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 in fl uence cell mor-
phology, with the cells expressing procollagen IIA being 
narrow, elongated, and “ fi broblastic” 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 
 fi brosus 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  a -chains that form a highly branched  fi lamentous 
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  fi laments of collagen VI represent 
another important network in the disc matrix (Feng et al.  2006  ) . 

  Box 5.2 Collagen Types Present in the Intervertebral 

Disc    

 Fibril forming 

  Type I (COL1  a 1, COL1 a 2) 

  Type II (COL2 a 1) 
  Type III 

  Type V (COL5 a 1, COL5 a 2, COL5 a 3) 
 FACIT ( fi bril-associated collagen with interrupted triple 
helices) 

  Type IX (COL9 a 1, COL9 a 2, COL9 a 3) 

  Type XII (COL12 a 1) 
  Basement membrane (basal membrane) 

   Type IV (COL4 a 1, COL4 a 2, COL4 a 3, COL4 a 4, 
COL4 a 5, COL4 a 6) 

 Multiplexin 
  None 
 Other 

  Type VI (COL6 a 1,COL6 a 2, COL6 a 3, COL6 a 4) 

  Type X (COL10 a 1, COL10 a 2, COL10 a 3) 

  Type XI (COL11 a 1, COL11 a 2) 
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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 

 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, 
 fi bronectin, and matrilin-1, -2, or -3, which in turn are bound to 
a collagen  fi ber, a procollagen molecule, or aggrecan.  

α11 chain

α12 chain

α2 chain

Yellow area corresponds
to the putative recognition
site

Crystal structure of the
collagen triple helix model

  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    )       

Collagen fibril II

Fibromodulin

COMP

Matrilin

Decorin

  Fig. 5.3    Schematic illustration of assemblies of cross-striated collagen 
 fi brils and cartilage oligomeric matrix protein ( COMP ),  fi bromodulin, 
matrilin, and decorin in the intervertebral disc (The  fi gure was modi fi ed 
with permission from Feng et al.  (  2006  ) )       

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

  Fig. 5.4    Computer visualization model, schematics, and simulated 
microscopic images of normal collagen  fi brils showing the association 
with COMP, side-by-side cross-linking of collagen  fi brils, and micro-
scopic aspects of collagen  fi brils       
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    5.2.2.4   Collagen IX 
 Collagen IX is a “ fi bril-associated collagen with interrupted 
triple helices” (FACIT) collagen. Other FACIT members are 
collagen XII, XIV, 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  fi brils 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  fi bril of approximately 67 nm (Vaughan 
et al.  1988  ) . The globular NC4 domain at the N-terminus of 
the  a 1(IX) chain extends out from the  fi bril (Vaughan et al. 
 1988  )  and may provide a molecular link between the  fi brils 
and other inter fi brillar 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 speci fi c 
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  a 1(IX) that lacks the NC4 domain 
(Wu and Eyre  2003  ) . Usage of the short  a 1(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- fi brillar short-chain protein containing 
three identical  a 1 chains [ a 1(X) 

3
 ] 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 RUNX2 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  fi brils of collagen II (Linsenmayer et al.  1998  ) . 

 Collagen X is synthesized by hypertrophic chondrocytes 
during endochondral ossi fi cation 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 

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  fi brosus 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  fi ve identical glyco-
protein subunits each of 100–120 kD held together by a  fi ve-
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  fi brosus (Ishii et al. 2006; Lee 
et al.  2007  ) . It exhibits a lamellar distribution pattern in the 
annulus  fi brosus region. Higher nucleus pulposus levels of 
COMP are found in aging discs (Lee et al.  2007  ) . COMP 
plays a role in regulating collagen  fi bril assembly.  

    5.2.3.2   Fibronectin 
 Synthesis of  fi bronectin 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  fi bronectin 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  fi bronectin exist. Disc cells synthesize  fi bronectin 
with either or both the ED-B and ED-A domains present 
(Anderson et al.  2010  ) , the signi fi cance 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  fi rst described 
by Bywaters and Dorling  (  1970  ) . In the annulus, amyloid 
deposits are found lying between thick bundles of collagen 
 fi bers, 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  fi brils (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),  fi bronectin type III, 
and the  fi brinogens. It has been shown that aggrecan can 
interact with certain matrix proteins containing EGF-repeats, 
including tenascins, the  fi brillins, as well as the  fi bulins, (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  fi nding 
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  fi brosus and nucleus pulposus, 
where it is con fi ned 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 
 fi bronectin 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  fi ber network of the 
disc was sparse and irregular. Thus, elastic  fi bers were gener-
ally considered to play no signi fi cant 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  fi bers varies from region to region 
(Yu et al.  2002,   2005  ) . In the annulus  fi brosus, elastin  fi bers 
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  fi bers 
are radially oriented and anchor perpendicularly or obliquely 
to the cartilaginous end plate (Yu et al.  2002,   2007  ) . They 
form a network, as is  fi brillin, 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  fi bers could play a signi fi cant 
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 Modi fi cations 

 The synthesis of collagen involves a cascade of unique post-
translational modi fi cations 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  a -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  a 1 and  a 2 chains, forming an 
 a 1 a 1 a 2 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  a 1 and  a 2 chains contains  fi ve 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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the chains assemble in the correct position as a triple helix. 
The terminal N and C domains are then excised, modi fi ed, 
or incorporated directly into the  fi nal structure, depending 
on protomer and function. Subsequently, speci fi c 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  fi brils. The C-NC 
domain is the key domain required for heterotrimer assem-
bly. Disul fi de bonding in the  a 2 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  fl anked 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 

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

D (67 nm)

Gap(0.53D) Overlap(0.47D)

  Fig. 5.5    Schematic illustration of the formation of tropocollagen, showing procollagen, cross-linking, propeptide cleavage, self-assembly, over-
laps, and GAP regions of micro fi brils       
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 subdomains (Telo, Ia, Ib, II, IV, III, and V) of the C-NC 
domain of the  a 1 and  a 2 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  a -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 disul fi de 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  a 2 and  a 12, peptide chains near the junction of 
domain III and domain IV-G2, and proceeds towards the 
N-terminus (Malone et al.  2005  ) . The  a 2 C-NC domain, 
speci fi cally domain V, provides the driving force for het-
erotrimer formation. Trimerization proceeds via a second 
interaction between the  a 2– a 12 dimer and the  a 11 at domain 
II-G1 after which the interchain disul fi de 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 disul fi de 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  fi brils, via covalent cross-linking 
(aldol reaction) by lysyl oxidase which links hydroxylysine 
and lysine residues. Multiple collagen  fi brils form into col-
lagen  fi bers.  

    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  fi bril assembly by 
hindering the addition of molecules at  fi bril 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  fi brils (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  fi brils aggregate spontaneously to form  fi bers. 
Proteoglycans and structural glycoproteins play an important 
role in the aggregation of tropocollagen to form  fi brils and in 
the formation of  fi bers from  fi brils. Collagen may be attached 
to cell membranes via several types of proteins, including 
 fi bronectin and integrin.  

    5.5.3   Fibril Formation 

 Formation of collagen  fi brils occurs by self-aggregation of tro-
pocollagen molecules in a staggered array (Fig.  5.5 ). Collagen 
 fi brils are stabilized by the formation of lysine-derived cross-
links between tropocollagen molecules catalyzed by lysyl oxi-
dase. The  fi brillar 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  fi brils to form a col-
lagen  fi ber is mediated by proteoglycans and FACIT 
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collagens. For correct assembly and/or turnover of collagen 
 fi brils, 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,  a  
1
  b  

1
 ,  a  

2
  b  

1
 ,  a  

10
  b  

1
 , 

and  a  
11

  b  
1
 , 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  a -sub-
unit. Integrin  a  

1
  b  

1
  also known as VLA-1 or CD49a–CD29 is 

strongly expressed during development. Integrin  a  
2
  b  

1
  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 

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  a 2-macro-
globulin and  a 1-antiprotease, the activities of matrix met-
alloproteinases (MMPs) are limited by speci fi c 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 TNF a  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 
 fi ssures in the annulus  fi brosus, 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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    5.8.2   Other Collagen-Related Diseases 

 See Table  5.1  and Box  5.3 .   

    5.9   Summary of Critical Concepts Discussed 
in the Chapter 

    Collagens provide the structural framework of the interver-• 
tebral discs and are responsible for biomechanical proper-
ties, including torsion and resistance to pressure or tension.  
  Proteoglycans, such as decorin,  fi bromodulin, and bigly-• 
can together with other matrix constituents, in fl uence col-
lagen  fi bril formation.  

  In the annulus, collagen lamellae are formed consisting of • 
concentric bundles of parallel collagen  fi bers arranged 
around the central gelatinous nucleus pulposus.  
  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 than an increase in the amount of secreted collagen.  
  Collagen II  fi brils in the nucleus pulposus are organized • 
randomly joined by hydroxypyridium cross-links. 
Procollagen II is expressed in two forms by alternative 
splicing with or without exon 2.  
  The  fi bril-forming collagens I and II form an important • 
network in the disc. Collagen I forms hybrids with other 
 fi brillar collagens, particularly collagen V. Co- fi bril for-
mation with collagen I regulates the  fi bril diameter.  
  The collagen chains are synthesized as procollagens. • 
Glycosylation of procollagen occurs in the rough ER and 
Golgi complex. Galactose and glucose residues are added 
to hydroxylysine residues, and long oligosaccharides are 
added to speci fi c asparagine residues in the C-propeptide.  
  The formation and passage of correctly folded triple- • 
helical collagen molecules through the secretory pathway 
involve disul fi de isomerase that recognizes the 
C-propeptide. The major collagen-binding protein in the 
RER is HSP47.  
  Outside of the cell, registration peptides are cleaved and • 
tropocollagen is formed by procollagen peptidase. 
Multiple tropocollagen molecules form collagen  fi brils, 
via covalent cross-linking by lysyl oxidase.  
  Mutations in collagen IX are associated with premature • 
disc degeneration in mice and a predisposition to disc dis-
orders in humans.  
  Noncollagenous  fi brous proteins in the disc include • 
COMP,  fi bronectin, amyloid, tenascin, and elastin.  
  Collagen cell interactions are mediated via discoidin • 
domain receptors and  i ntegrin  a  

2
  b  

1.
  Ligand binding to this 

receptor triggers p38 MAP kinase activation.         

   Table 5.1    Clinical phenotypes of collagen gene mutations   

 Gene or protein  Clinical phenotype 

 COL1A1, COLlA2 (collagen 1  a l,  a 2 
chains) 

 Family: Osteogenesis imperfecta 

 COL2A1 (collagen 2  a l chain)  Family: achondrogenesis 2, hypochondrogenesis, congenital spondyloepiphyseal dysplasia 
(SEDC), Kniest, Stickler arthro-ophthalmopathy, familial osteoarthritis, other variants 

 COL9Al,COL9A2, C0L9A3 (collagen 9  a 1, 
 a 2,  a 3 chains) 

 Multiple epiphyseal dysplasia (MED; two or more variants) 

 COLl0A1 (collagen 10)  Metaphyseal dysplasia (Schmid alchain) 

 COII IAI, Co111A2 (collagen 11  a l,  a 2 
chains) 

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

 COMP  Pseudoachondroplasia, multiple epiphyseal dysplasia (MED; one form) 
 MATN3 (matrilin-3)  Multiple epiphyseal dysplasia (MED; one variant) 
 Perlecan  Schwartz–Jampel type 1; dyssegmental dysplasia 

  Box 5.3 Clinical Disorders Resulting from Defects in 

Collagen Synthesis       

 Disorder  Defect  Symptoms 

 Ehlers–Danlos 
type III 

 Mutations in either one 
or two separate genes 
(also involved in 
Vascular EDS and 
tenascin-X de fi ciency) 

 Joint 
hypermobility 

 Ehlers–Danlos 
type IV 
(vascular EDS) 

 Faulty transcription or 
translation of type III 

 Aortic and/or 
intestinal rupture 

 Ehlers–Danlos 
type VI 

 Faulty lysine 
hydroxylation 

 Augmented skin 
elasticity, rupture 
of eyeball 

 Ehlers–Danlos 
type VII 

 Decrease in procollagen 
peptidase activity 

 Increased 
articular 
mobility, 
frequent luxation 

 Scurvy  Lack of vitamin C 
(cofactor for proline 
hydroxylase) 

 Ulceration of 
gums, 
hemorrhages 

 Osteogenesis 
imperfect 

 Change of one 
nucleotide in genes for 
collagen type I 

 Spontaneous 
fractures, cardiac 
insuf fi ciency 
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            6.1   De fi ning 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  fi brosus layer forms a ligamentous structure, 
composed of tightly packed parallel collagen I  fi brils that are 
inserted into contiguous superior and inferior vertebral bod-
ies. The inner surface of the annulus  fi brosus comprises a 
poorly organized  fi brocartilage containing collagen II  fi brils. 
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  fi brosus 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 semi fl uid nucleus pulposus 
and the tight molecular lattice of the annulus  fi brosus pro-
vides the biomechanical properties necessary for spinal sta-
bility. Disturbing this relationship by compromising the 
stability of the nucleus pulposus, the annulus  fi brosus, 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 

   Microenvironmental Control    of Disc Cell 
Function: In fl uence of Hypoxia 
and Osmotic Pressure       

        Makarand   V.   Risbud       and    Irving   M.   Shapiro       

     6 

    M.  V.   Risbud   (*) •     I.  M.   Shapiro  
     Department of Orthopaedic Surgery and Graduate Program 
in Cell and Developmental Biology , 
 Jefferson Medical College, Thomas Jefferson University ,
  1025 Walnut Street, Suite 511 College Bldg , 
 Philadelphia ,  PA   19107 ,  USA   
 e-mail:  makarand.risbud@jefferson.edu  ;   irving.shapiro@jefferson.edu   
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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 con fi nes 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 super fi cial region of the 
endplates; none of these vessels in fi ltrate 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 

2
 ) 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 de fi ning 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 

2
  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 (5XHRE-LacZ reporter) 
(Fig.  6.1 ). Labeling with hypoxia marker EF5 clearly showed 
a robust signal in the presumptive intervertebral disc 

 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 brie fl y 
discussed.  

    6.2   Role of HIF Proteins in the Intervertebral 
Disc Niche 

 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  a -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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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-2 a . Recent evidence suggests 
that HIF-1 a  and HIF-2 a  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 (SOD2), 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, 

expression of Sox9, Sox5, and Sox6 is hypoxia- (5 % O 
2
 ) 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-1 a  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 ).    

a b

  Fig. 6.1    The axial skeleton is hypoxic and expresses HIF-1 a . ( a ) 
Chara cterization of hypoxia- inducible reporter mice (5XHRE-LacZ 
reporter). Note activation of the reporter construct in mesenchymal 
 condensations by  b -gal staining ( black arrows ). ( b ) Staining with 

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

  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 %. 

 



96 M.V. Risbud and I.M. Shapiro

    6.2.1   Control of HIF- a  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-1 a  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-1 a  expression 
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  Fig. 6.2    Functional activity 
of HIF target genes. Critical 
functions include energy 
metabolism, angiogenesis, cell 
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 identi fi ed in the 
nucleus pulposus cells are shown 
in  parentheses  (Reproduced from 
Risbud et al.  (  2010  ) . With 
permission from Elsevier)       

 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  fi re. 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 “ fi re 
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. 
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and activity is always “on.” This unusual response suggests 
that stabilization of HIF-1 a  in cells of the nucleus pulposus 
ensures that transcriptional activity is a major determinant of 
cell function. The second HIF homologue, HIF-2 a , is 
robustly expressed by nucleus pulposus cells. Like HIF-1 a , 
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-1a 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

2
 sensing 

by one or more of the  prolyl hydroxylase (PHD) enzymes, 
members of the 2-oxoglutarate/Fe2+-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-2a degradation in these cells (Köditz 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-1 a  and HIF-2 a  
were degraded through the 26S proteasome pathway. Since all 
PHDs mediate proteasomal HIF- a  degradation, but differ in 
their ability to hydroxylate HIF-1 a  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-1 a  degradation even under hypoxic condi-
tions, indicating preservation of PHD2 enzymatic activity at 
low O 

2
  tension. This  fi nding is in marked contrast to previous 

reports demonstrating HIF-1 a  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 

there is very low cellular utilization of O 
2
 , an adaptive response 

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

 In contrast to HIF-1 a , the turnover of HIF-2 a  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-1 a  protein stabil-
ity and transcriptional activity. In nucleus pulposus, Hsp70 
was shown to interact with HIF-1 a  under hypoxic conditions 
and promoted degradation through the proteasomal pathway 
(Gogate et al.  2012  ) . These  fi ndings 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-1 a  and 
HIF-2 a  levels. With respect to regulation, in hypoxia, PHD3 
promotes HIF-1 a  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-1 a  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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  Fig. 6.3    A schematic model of the unique regulation of HIF-1 a  and 
HIF-2 a  degradation in nucleus pulposus cells. PHD2 controls a limited 
oxygen-dependent degradation of HIF-1 a  through 26S proteasome 
pathway. Oxygen-independent mechanisms through 26S proteasome as 
well as lysosomal pathway are active in HIF-1 a  turnover. In contrast, 
HIF-2 a  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)       
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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-speci fi c manner (Fujita et al.  2012b  ) . While 
PHD2 is selectively regulated by HIF-1 a , PHD3 expression 
is controlled by both HIF-1 a  and HIF-2 a  at the transcript 
level. Signi fi cantly when there is in fl ammatory disc disease, 
expression of PHD2 and PHD3 is primarily responsive to 
TNF- a  and IL-1 b  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-1 a  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-1 a  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-2 a  
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  fi rst 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.  2006  ) .  

    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 

2
  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 inef fi cient 
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 suf fi cient 
energy for both housekeeping functions and for protein 
synthesis. 

 One of the logical outcomes of stabilization of HIF-1 a  is 
the robust expression of glucose transporters and enzymes 
required for anaerobic glycolysis. When the expression of 

three target genes (glucose transporter [GLUT]-1 and −3 and 
GAPDH) at 2–21 % O 

2
  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  fl ux 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-1 a  in nucleus pulposus cells is optimal for sur-
vival in an environment where there are frequent shifts in 
vascular supply and O 

2
  delivery; in the intervertebral disc, 

these shifts may re fl ect 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 in fl uence 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  fi ts 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 



996 Microenvironmental Control    of Disc Cell Function: In fl uence of Hypoxia and Osmotic Pressure

mitochondrial function by  trans -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-1 a  
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 pO 

2
  was 

below 5 %, there was maximum disc cell survival. Studies of 
nucleus pulposus and chondrocytes showed that when HIF-
1 a  is partially silenced, viability is maintained in the face of 
an O 

2
  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-
1-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-1 a  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 

2
  (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 

2
  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 
in fl uences 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  fi nding 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  fi ndings, it is possible 
that in the hypoxic intervertebral disc, the robust expression 
of HIF-1 a  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  )  con fi rmed 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 

2
 . 

 As indicated above, there is growing interest in the sec-
ond HIF homologue, HIF-2 a . 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 
 fi nding 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. 

 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-2 a  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-2 a  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-1 a  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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    6.3   Contribution of TonEBP to the 
Maintenance of the Osmotic Niche 

 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  fi brosus 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 NFAT5 (Lopez-Rodríguez et al.  1999  ) . 
TonEBP/NFAT5 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- k 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-Rodríguez 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/ g -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-Rodríguez 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  fi ber 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  fi brosus 
(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  fi rst evolved in the primitive axial skeleton 
prior to diversi fi cation 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 

have adapted to hypoxia by expressing genes that mod-
ify oxygen transport and erythropoiesis. 
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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 in fl ux into the cell (Verkman  2006  ) . It has been sug-
gested that in the kidney, expression of AQP2 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  fi nding 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. 

    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 2+  is involved in TonEBP activation, the downstream 
mechanisms and contribution of calcineurin may be cell type 
speci fi c (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- b , 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- b  
increased protein levels of TonEBP and there was a signi fi cant 
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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  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 

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  fi brosus cells localized in a narrow zone of alcian blue-posi-
tive matrix ( g ,  arrowhead ) express TonEBP protein ( f ,  arrow ). 
Magni fi cation: ×20 (This research was originally published in Tsai 
et al.  (  2006  ) . © the American Society for Biochemistry and Molecular 
Biology)       
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for TGF- b -mediated TonEBP activation? Nevertheless, it is 
clear that irrespective of changes in Ca 2+   fl ux, TGF- b  and 
BMP-2 serve to upregulate TonEBP expression as well as its 
transcriptional activity possibly in a cell-/tissue-speci fi c man-
ner. The notion that TonEBP expression and activity is con-
trolled by tissue- and cell-speci fi c 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 

4
  2−  

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 re fl ects differences in species 
speci fi c 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-
1 a  positively controls aggrecan gene expression in nucleus 
pulposus cells. These  fi ndings 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 

chondroitin sulfate synthesis. Other workers have shown that 
galactose- b 1,3-glucuronysltransferase-1 (GlcAT-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-1 b  sup-
presses GAG biosynthesis by downregulating GlcAT-I expres-
sion and activity (Gouze et al.  2001  ) . A second factor 
regulating aggrecan as well as GAG synthesis is the intracel-
lular Ca 2+  concentration (Alford et al.  2003 ; Parvizi et al. 
 2002 ; Vijayagopal and Subramaniam  2001 ; Fagnen et al. 
 1999  ) ; it is speculated that Ca 2+  ions controlled a common 
early step in the GAG biosynthetic pathway. Building on these 
observations, we performed studies to investigate the role of 
Ca 2+  and TonEBP in GlcAT-I expression. Our studies clearly 
demonstrated that TonEBP regulates GlcAT-I expression and 
that regulation is dependent on intracellular Ca 2+  ions (Hiyama 
et al.  2009  ) . We also showed that Ca 2+ -dependent calcineurin 
(Cn)-NFAT signaling serves as a negative regulator of GlcAT-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 GlcAT-I expression (Gogate 
et al.  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 speci fi c and complex, with hypoxia pro-
moting production of CCN2 in most cells; in some, CCN2 
expression is downregulated.  

 Higgins et al.  (  2004  )  were the  fi rst 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-
1 a  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-1 a  to these sites and suggests a 
complex regulation of CCN2 by hypoxia and HIF-1 a  in 
nucleus pulposus cells (Tran et al.  2013  ) . This is not surpris-
ing given the unique stabilization of HIF-1 a  and a similar 
mode of regulation of other HIF-1 a  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- b  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 speci fi c, but may also be species speci fi c.   

    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 in fl uence 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 

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  fi brosus expressed genes of the notch 
signaling pathway (Hiyama et al.  2011  ) . Moreover, in both 
tissues, hypoxia increased notch1 and notch4 expression. 
Interestingly, some tissue speci fi city was also noticed in that 
Jagged1 was induced by hypoxia only in the annulus  fi brosus, 
while Jagged2 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-1 a  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-1 a  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  fi brosus 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 
 fi brosus 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 

    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.  

http://dx.doi.org/10.1007/978-3-7091-1535-0_23
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  In the disc niche, nucleus pulposus activities are controlled • 
by HIF and TonEBP, two major transcription factors.  
  HIF- • a  stability in the nucleus pulposus is primarily con-
trolled by oxygen-independent pathways. PHD2 plays a 
limited role in HIF-1 a  turnover, while HIF-2 a  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.  
  In the hyperosmolar and mechanically stressed environ-• 
ment of the disc, both nucleus pulpous and annulus 
 fi brosus cells robustly express TonEBP protein which is 
critical for the maintenance of cell survival.  
  Osmolarity and other niche factors such as hypoxia, • 
TGF- b  family proteins, and Ca 2+  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 signi fi cantly in fl uence cell function (Nelson 
et al.  2005 ; Hoffman and Crocker  2009  ) , how this process 
in fl uences nucleus pulposus and annulus  fi brosus 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 in fl uence 
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 identi fi es patterns in disc mechanobiology at vari-
ous levels of scale, disc regions, and cell types. Clari fi cation 
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  fi brosus 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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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,  fi brous annulus  fi brosus, and cartilage/bone composite 
vertebral end plate. Each disc sub-tissue has a different 
composition of cells, matrix  fi bers (collagen, elastin, retic-
ular), and ground substance (glycosaminoglycans (GAG), 
proteoglycans, glycoproteins) that de fi ne signature physical 
properties uniquely adapted for a speci fi c role. Spinal load-
ing is spatially  fi ltered 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 speci fi ed 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  fi rst is that the 
magnitude and distribution of loads within the nucleus pul-
posus and annulus  fi brosus govern disc cell function. The 
second is that load frequency and duration signi fi cantly 
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 in fl uenced at multiple hierarchical lev-
els. Within each disc sub-tissue, a unique combination of 
extracellular matrix  fi bers 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,  fl uid  fl ow, 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 signi fi cantly above typical 
physical demands (Patwardhan et al.  2000  ) , without markedly 
sacri fi cing  fl exibility 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  fi brosus constraint, which in turn 
generates circumferential and longitudinal annulus  fi brosus 
tension. Preservation of this structural interrelationship is 

Pressure

  Fig. 7.1    Static loading of the spine under a follower load con fi guration, 
resulting in a primarily axial compression of the intervertebral disc       
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important for tissue maintenance. This is perhaps most 
clearly  demonstrated in static compression of rodent discs. 
In such experiments, static loads induce  fl uid shifts that 
deplete nucleus pulposus volume, causing the annulus 
 fi brosus to function more as a compression-bearing strut than 
a biaxially stretched membrane (Lotz et al.  1998  ) . As  fl uid 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, bene fi cial effects of nucleus pulposus pressur-
ization and annulus  fi brosus 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  fi brosus 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  fi brosus 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  fi brosus, lower loading fre-
quencies also cause a shift in the balance of gene expression 
toward a more catabolic pro fi le (Maclean et al.  2004  ) . 

 Taken together, these studies demonstrate that physiologic 
load sharing between nucleus pulposus and annulus  fi brosus 
(principally nucleus pulposus pressure and annulus  fi brosus 
tension) promotes tissue homeostasis. This is underscored by 
experiments in which speci fi c 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  fi brosus 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  fi brosus 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 
 fi brosus 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 signi fi cantly 
(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 
 fl uid 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– fl uid interac-
tions de fi ne its viscoelastic behavior. Interstitial  fl uid 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 ef fl ux of interstitial  fl uid 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 ; P fl aster 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– fl uid 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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 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  fi brosus (Urban 
and Maroudas  1981  ) . The marked spatial variation in  fl uid 
distribution is a unique hallmark of the intervertebral disc 
and plays a signi fi cant role in its function. In the nucleus 
pulposus, a high negative  fi xed 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  fl uid 
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 

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  fi brosus, 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  fi brosus 
is thought to be primarily  fl ow independent. Speci fi cally, it 
relies on collagen  fi ber 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  fi brillar 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  fi brosus 
(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   fi bril- fi bril sliding leads to nonuniformly, increasing 
 fi bril 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  fi bers (Bruehlmann et al. 
 2004a,   b ; Screen et al.  2004  )  and by measuring the deformation 
of photobleached lines across labeled collagen  fi bers 
(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  fi brosus deformation, but shear stress likely also 
serves as a robust determinant of cell function. 

 Poroviscoelastic interactions between the nucleus pulposus 
and annulus  fi brosus cause nucleus pressurization and annulus 
tension to be time dependent, modulated by the nucleus pulpo-
sus hydration state and degree of annulus  fi brosus stress relax-
ation (Fig.  7.3 ). Thus, for any spinal load applied over a  fi nite 
duration, the micromechanical loading regime imposed on 
disc cells is de fi ned 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 
speci fi c 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  fi brosus 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  fi brosus. 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 signi fi cant during early growth in juvenile 
discs and that the decreased baseline tissue hydration and 
calci fi cation 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  fl uid 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 

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 pro fi le 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 

    7.3.1   Studies of Disc Cell Mechanical 
Responses In Vitro 

 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, 

600

400

200

0
0 2,0001,000 3,000

0 2,0001,000 3,000

Time (s)

Unequal final
intradiscal
pressures

In
tr

ad
is

ca
l

pr
es

su
re

 (
kP

a)
A

pp
lie

d
st

re
ss

 (
M

P
a)

0.6

0.4

0.2

0

Equal final
applied stress

Fluid redistribution

Collagen
fibril
sliding

Pressure

  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  fi nal 
pressures ( solid ,  bottom ) than that with the lower intermediate load 
( dotted ,  bottom ) (Adapted from Hwang et al.  2012 )          

 



114 J.C. Lotz and A.H. Hsieh

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  fi bronectin among other matrix constituents. 
This integrin/matrix bond may be in fl uenced by tensile 

 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 af fi nity of integrins for extracellular 
matrix proteins can be modi fi ed by tissue deformation and 
molecular conformation force-dependent unfolding (such as 
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  Fig. 7.4    Cells possess several 
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with  fi bronectin) that can expose binding sites (Vogel and 
Baneyx  2003  ) .  

 Disc cells express integrin receptors that vary by region 
and degree of degeneration. These include  fi bronectin-
binding integrins ( a  

5
  b  

1
  and  a  

v
  b  

3
 ), collagen-binding integrins 

( a  
1
  b  

1
 ,  a  

2
  b  

1
 , and  a  

v
  b  

1
 ), and laminin-binding integrins ( a  

6
  b  

1
  

and  a  
6
  b  

4
 ) (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,  fi bronectin fragments are known to accumulate with 
disc degeneration (Oegema et al.  2000  )  and trigger upregula-
tion of  a  

5
  b  

1
  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 in fl uence the cell’s lipid bilayer organization 
and tension (Fig.  7.6 ). When membrane tension increases (as 

observed during osmotic swelling), it can alter the channel 
cross section and protein con fi guration, leading to channel 
opening, even in the absence of direct activation by a speci fi c 
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  fl uxes that are 
observed after hypo-osmotic or  fl uid-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  fi laments (micro fi laments (F-actin), interme-
diate  fi laments (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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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  fl uid 
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  fi laments 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  fi laments. 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 

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 2+ , 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 de fi ne 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  fi bers 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 in fl uence 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  fi lters (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 
 fi brosus cells are  fi broblastic. Accordingly, nucleus cells pre-
fer the environment of inert hydrogels such as alginate or 
agarose that support a spherical con fi guration 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 signi fi cant down-
regulation of Col2 gene expression and a change to a  fi brotic 
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 dif fi cult to acquire without close 
af fi liation 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 signi fi cant 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 
con fi ned or uncon fi ned 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  fl uctuations can be 
signi fi cant, for example, during sleep, pressures decrease to 

http://dx.doi.org/10.1007/978-3-7091-1535-0_18
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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, 
 fi bromodulin,  fi bronectin (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 in fl ammatory 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 proin fl ammatory 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 stress, 
calcium signaling and F-actin cytoskeletal elements play an 
important role in restoring homeostasis (Pritchard and Guilak 
 2004  ) . The importance of the cytoskeleton is also implicated 
by observations that load-induced loss of proteoglycan 
expression can be inhibited by exposure to an RGD inhibi-
tory peptide (Le Maitre et al.  2009  ) . Given the role integrins 
play in connecting the cytoskeleton to extracellular matrix, 
this later observation further supports the importance of the 
cytoskeleton in the signaling cascade. Additionally, cell 
membrane water channels, aquaporins, have been identi fi ed 
in disc cells and are considered another important mecha-
nism of cell volume regulatory control that may be stimu-
lated by hydrostatic stress (Richardson et al.  2008 ; 
Haudenschild et al.  2009  ) . 

 Other bioactive factors are also considered important to 
disc cell pressure responsiveness. Hydrostatic pressure regu-
lates nitric oxide (NO) production by disc cells (Salvatierra 
et al.  2011  ) . NO is a short-lived molecule that is produced 
from citrulline via the enzyme NO synthase (NOS) (Mitchell 
et al.  1997  ) . NO production is known to inhibit aerobic oxi-
dation of pyruvate after glycolysis and could regulate mito-
chondrial respiration (Fernando et al.  2011 ; Salvatierra et al. 
 2011  ) . NO production by cells suppresses proteoglycan syn-
thesis (Liu et al.  2001  ) .  

    7.3.4   Disc Cell Response to Stretch 

 Generally speaking, the outer annulus  fi brosus in the healthy 
disc is subjected to biaxial stretch as it acts to contain the 
pressurized nucleus (Shirazi-Adl et al.  1984  ) . The extent of 

   Table 7.1    Experimental in vitro studies of pressure on disc cell function   

 Cell type  Cell source  Scaffold  Load  Frequency (Hz)  Duration  Reference 

 AF  Porcine  Alginate  1–3 MPa  0.5  3 h  Wenger et al.  (  2005  )  
 NP  Rats  Alginate  10 kPa, 20 % strain  0.5  1 h  Wang et al.  (  2011  )  
 AF, NP  Porcine  Agarose  15 % strain  2  4 h  Salvatierra et al.  (  2011  )  
 IAF, OAF  Bovine  PGLA  5 MPa  0.5  4 h/day, 3–14 days  Reza and Nicoll  (  2008  )  
 NP  Human, bovine  Col 1  0.25 and 2.5 MPa  0.1  1 h, 24 h  Neidlinger-Wilke et al.  (  2009  )  
 NP  Human, bovine  Col 1  0.25, 2.5 MPa  0.1  24 h  Neidlinger-Wilke et al.  (  2006  )  
 AF, NP  Human  Tissues  0.1, 0.3, 3 MPa  Static  2 h  Liu et al.  (  2001  )  
 AF, NP  Human  Alginate  0.35–0.95 MPa  1  2 h  Le Maitre et al.  (  2009  )  
 AF, NP  Porcine, bovine  Alginate  2–12 % strain  3  2 h/day, 7 days  Korecki et al.  (  2009  )  
 AF, NP  Rabbit  Alginate (NP)  0–3 MPa  1–20  30 min/day, 3 days  Kasra et al.  (  2003  )  
 AF, NP  Porcine  Alginate  1 MPa  1, 3, 5, 8, 10  30 min/day, 3 days  Kasra et al.  (  2006  )  
 AF, NP  Canine  Alginate  0.35, 0.1 MPa  Static  9 days  Hutton et al.  (  2001  )  
 IAF, OAF, NP  Human  Tissue  0.3, 3.0 MPa  Static  2 h  Handa et al.  (  1997  )  
 NP  Rabbit  Alginate  0.7, 2, 4 MPa  Static  4, 24 h  Sowa    et al.  (  2011a    )  
 AF, NP  Porcine  Agarose  15 % strain  Static, 0.1 and 1  4 h  Fernando et al.  (  2011  )  
 AF, NP  Porcine  Alginate  25 % strain  Static  2, 18, 30 h  Chen et al.  (  2004  )  

   AF  annulus  fi brosus,  NP  nucleus pulposus,  IAF  inner annulus  fi brosus,  OAF  outer annulus  fi brosus  
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annular stretch generated in response to in vivo  compression 
loading conditions is near 4 % strain and as high as 6 % 
during  fl exion and extension (Stokes  1987  ) . The impor-
tance of stretch to annular homeostasis has been elegantly 
demonstrated by Hayes and colleagues who show that dur-
ing development, pressures generated by the nucleus pulpo-
sus trigger stress  fi ber formation in annular  fi broblasts and 
ultimately patterning of the complex lamellar architecture 
(Hayes et al.  1999  ) . To mimic this process in a controlled 
fashion in vitro, several experimental systems have been 
described (Brown  2000  ) . The most common system is the 
Flexercell (Vande Geest et al.  2004  )  that permits cells to be 
maintained in deformable culture plates. The strain pattern, 
magnitude, waveform, frequency, and duty cycle can be con-
trolled thereby permitting a broad range of study parameters. 
Additionally, the dishes can be coated with matrix proteins 
such as collagen and laminin so as to better mimic in vivo 
cell/matrix interactions. Cell stretch is generated by vacuum 
pressures that deform the substrates over various sized posts 
and allow choice between uniaxial versus biaxial conditions. 
While the systems have been optimized for strain uniformity, 
variations in the strain  fi eld, particularly within the unsup-
ported portion of the membranes, should be recognized 
(Gilbert et al.  1994 ; Vande Geest et al.  2004  ) . 

 Disc cells are sensitive to stretch magnitude, duration, and 
duty cycle (Table  7.2 ). Continuous cyclic stretch (CCS) at 
low magnitude (1 %) and physiologic frequencies (1 Hz) is 
homeostatic (maintains proteoglycan production) for annu-
lus cells over a 24-h period (Rannou et al.  2003  ) . However, 
the response turns catabolic (decreased proteoglycan produc-
tion, increased NO production, increased Cox2 and MMP-3 
gene expression) with increasing strains (5–18 %) and time 
(beyond 4–6 h) (Rannou et al.  2003 ; Sowa et al.  2011a  ) . For 
rabbit nuclear cells, CCS (10 % strain at 0.5 Hz) increases 
are evident in cell proliferation and collagen production dur-
ing the  fi rst 1–2 days, but this anabolic effect is lost by 4 
and 8 days (Matsumoto et al.  1999  ) . The conversion from an 
anabolic to catabolic response to CCS with time may be due 
to fatigue: the cells’ inability to  sustain energy production 

 necessary for biosynthetic processes. For example, Yamazaki 
and colleagues demonstrated that annulus cells initially 
increase their resting production of ATP in response to con-
tinuous vibration, but this is only transient and becomes sup-
pressed after 15 min (Yamazaki et al.  2003  ) . Consequently, 
when the duty cycle is limited to 2 h twice per day, 5 % strain 
maintains collagen and proteoglycan production for 2 weeks 
relative to unloaded controls (Hee et al.  2010  )  Increasing 
the strain magnitude to 10 % elevates cell proliferation and 
causes a 25 % increase in collagen production.  

 Loading frequency also in fl uences the cellular response to 
stretch. Gilbert and coworkers subjected human annulus 
 fi brosus cells to 10 % stretch for 20 min at either 0.33 or 
1.0 Hz (Gilbert et al.  2010  ) . For healthy disc cells, 1 Hz stim-
ulation maintained collagen and aggrecan gene expression 
relative to control, whereas there was a shift toward catabo-
lism when the frequency was changed to 0.33 Hz. A frequen-
cy-dependent response to stretch has also been reported for 
rabbit annular  fi broblasts, where 1 Hz stimulation increased 
MMP-3 gene expression after 4 h of stimulation while 
TIMP-1 was downregulated with 0.1 and 0.5 Hz loading 
(Sowa et al.  2011a  ) . 

 Because painful disc degeneration has been linked to ele-
vated cytokine levels, several studies have questioned whether 
the cell’s response to stretch is modulated by proin fl ammatory 
cytokines. Miyamoto and coworkers subjected rat nucleus 
pulposus and annulus  fi brosus cells to CCS (20 % stretch at 
0.05 Hz for 48 h) with and without in fl ammatory factors in 
the culture media (10 ng/mL IL-1 b  or TNF- a ) (Miyamoto 
et al.  2006  ) . Their data indicate that stretch and cytokines 
individually had comparable effect on in fl ammatory media-
tor production (prostaglandin E2, PGE2). Importantly, there 
was a signi fi cant synergistic increase when both stimuli 
were combined. The effect was more pronounced in annular 
cells and correlated with the gene expression of COX-2, a 
rate-limiting enzyme for the cellular production of PGE2. 
However, there is also evidence that CCS can be protective 
against in fl ammation-induced catabolic behaviors. When 
measuring alternate marker genes for proin fl ammatory cell 

   Table 7.2    Experimental 
in vitro studies of stretch 
on disc cell function   

 Cell type  Cell source  Substrate  Stretch  Frequency (Hz)  Duration  Reference 

 AF  Rabbit  Col 1  3, 6, 8 %  0.1, 0.5, 1  4, 24 h  Sowa et al.  (  2011  b  )  
 AF, NP  Human  10 %  1  2 h/day, 7 days  Hee et al.  (  2010  )  
 AF, NP  Rat  Col 1  20 %  0.05  48 h  Miyamoto et al.  (  2006  )  
 AF  Rabbit, human  0.1 G vibration  6  up to 1 h  Yamazaki et al.  (  2003  )  
 AF  Rat  6 %  0.05  4 h  Sowa and 

Agarwal  (  2008  )  
 AF  Rabbit  Col 1  1, 5 %  1  0.5, 24 h  Rannou et al.  (  2003  )  
 AF  Human  10 %  0.33, 1  0.3 h  Gilbert et al.  (  2010  )  
 NP  Rabbit  10 %  0.5  8 days  Matsumoto et al. 

 (  1999  )  
 AF  Human  10 %  1  0.3 h  Gilbert et al.  (  2011  )  

   AF  annulus  fi brosus,  NP  nucleus pulposus  
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responses, Sowa and colleagues reported that CCS (6 % 
stretch at 0.05 Hz for 4 h) decreased an IL-1-induced pro-
duction of several in fl ammation markers (iNOS, TNF-alpha, 
MMP-3, and MMP-13) by 50 % (Sowa and Agarwal  2008  ) . 
Consistent with this  fi nding, Gilbert and co-investigators 
(Gilbert et al.  2010  )  report that the anti-catabolic effect of 
CCS (10 % stretch at 1 Hz for 1 h) on human annulus  fi brosus 
cells (suppression of MMP-3 and ADAMTS4 gene expres-
sion) was lost by exposure to cytokine inhibitors (IL-1Ra or 
IL-4RAb).   

    7.4   Final Comments 

 Information is encoded in a time-dependent manner in con-
formational changes of cell membrane receptors and the 
cytoskeleton. These changes can be induced by relative differ-
ences in cell and matrix stiffness, matrix deformation, osmo-
lality, with the responses tuned by in fl ammatory and other 
soluble molecules. Data from both organ- and cell-level stud-
ies suggest the existence of optimal loading regimens, where 
both excessive and negligible pressure/stretch responses are 
catabolic. This is consistent with clinical observations that 
show that disc injury rates are increased under situations of 
either chronic inactivity or extreme exposures, leading to the 
concept of a U-shaped distribution in the disc’s response to 
load (Lotz  2011 ; Panel on Musculoskeletal Disorders and the 
Workplace  2001  ) . Objectively, for both prevention and treat-
ment, de fi ning such boundaries would be very bene fi cial. 
Given that magnitude, frequency, and duration all contribute 
to cell responses, it would be valuable to combine these vari-
ables into a single-“dose” parameter (Gardner  2000  ) . Dose–
response relationships may be more easily compared between 
studies and ultimately extrapolated to humans. 

 It is hoped that this review clearly demonstrates the 
substantial effort that has been invested into elucidating 
tissue-level mechanobiologic principles and cellular mecha-
nobiologic phenomena. Yet, relatively little is understood 
about how these two hierarchical levels are quantitatively 
linked. This knowledge gap exists because of complexities 
in matrix structure-function and in the nature by which the 
deforming matrix affects cells function (Bruehlmann et al. 
 2004a,   b  ) . For example, in situ visualization of whole-tissue 
preparations show that in highly ordered collagenous tissues, 
an 8 % applied strain results in displacements that approxi-
mate 1 % strain along a collagen  fi ber and approximately 
4 % strain between  fi bers (Screen et al.  2004  ) . This distribu-
tion suggests that cells may experience a smaller degree of 
elongation and a greater amount of shear than tissue-level 
strains might indicate. Moreover, pressure gradients in the 
disc result in interstitial  fl uid  fl ux within and across tissue 
boundaries. Wang and colleagues  (  2011  )  have demonstrated 
that immature nucleus pulposus cells are sensitive to  fl uid 

shear stress. Fluid-induced shear stresses in tissues are not 
well characterized, but are likely also important determinants 
of cellular function. Thus, while extensive mechanobiology 
data are available at the tissue and cellular level, there remains 
a need to develop mathematical/computational models that 
link tissue/cellular dynamic responses so as to reconcile the 
phenomena observed at the two levels of scale. 

 More mechanistic studies are needed to de fi ne the acti-
vation of pathways that may underlie disease mechanisms 
and thereby inform pharmacologic interventions. In addition 
to those pathways discussed above, recent studies suggest 
alternate mechanisms by which disc cells transduce mechan-
ical signals. For example, caveolae are plasma membrane 
invaginations that are highly enriched with cholesterol, 
with their main constituents being caveolin-1 and caveo-
lin-2 (Sinha et al.  2011  ) . Acute increases in cell volume or 
stretch lead to a rapid loss of caveolae, and as such they are 
implicated in a membrane-mediated mechanical response 
triggered by tyrosine phosphorylation (Alenghat and Ingber 
 2002  ) . Caveolae are required to buffer  fl uctuations in cell 
membrane stress induced by acute membrane tension and 
osmotic shock, such that loss of caveolae compromises buff-
ering of cell membrane tension (Parton and Simons  2007  ) . 
Recently, caveolin-1 has been identi fi ed in nucleus pulposus 
cells, with its expression decreasing with age (Heath fi eld 
et al.  2008  ) . These observations suggest caveolae may par-
ticipate in nucleus pulposus cell responses to hydrostatic 
pressure. 

 Another potentially important component of the disc 
cell’s mechanoregulatory machinery is the glycocalyx (Fuster 
and Esko  2005  ) . Glycans can exist as cell membrane-bound 
glycoconjugates that mediate cell adhesion as well as other 
intracellular signaling events. The glycocalyx forms a por-
tion of the pericellular matrix known as the chondron that 
has been observed both in chondrocytes and in nucleus pul-
posus cells (Roberts et al.  1991 ; Chang and Poole  1997  ) . The 
presence of chondrons in the nucleus pulposus has been con-
sidered a phenotypical indicator of degeneration (Ciapetti 
et al.  2012  ) . Recently, the glycocalyx has been shown to con-
tribute to extracellular stiffness that mediates load-modulated 
 fl uctuations in integrin clustering and signaling (Paszek et al. 
 2009  ) . Similarly to the glycocalyx pericellular stiffness, 
extracellular matrix stiffness can in fl uence cell behaviors by 
modifying integrin-mediated TGF- b  activation, heterodi-
merization and signaling between integrins and TGF- b  
receptors, or the activity of TAZ (transcriptional co-activator 
with PDZ-binding motif), a transcriptional co-regulator that 
is a common effector of stiffness sensing and TGF- b  signal-
ing (Dupont et al.  2011 ; Hinz  2009  ) . 

 Ultimately, the translation of mechanobiologic under-
standing into clinical bene fi ts for patients requires coopera-
tive efforts of interdisciplinary teams that include clinicians, 
surgeons, bioengineers, and biologists. In this way, the 
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 necessarily diverse lines of evidence can be most ef fi ciently 
stitched into testable theories and research programs that 
link basic and clinical studies.  

    7.5   Summary of Critical Concepts 
Discussed in the Chapter 

    Spinal loading is  fi ltered into intradiscal regions of hydro-• 
static pressure and octahedral shear.  
  Disc matrix properties are poroviscoelastic, such that the • 
extracellular environment is time varying.  
  Coupled physical and biochemical cues in the tissue • 
microenvironment signal cells to regulate the extracellu-
lar matrix dynamically.  
  Microenvironment cues include pH, growth factor and • 
nutrient concentration, osmolality,  fl uid  fl ow, and extra-
cellular matrix stiffness and conformation.  
  Disc cells react to mechanical cues via four steps: mechan-• 
ical coupling to matrix, mechanotransduction or conver-
sion of mechanical to chemical signals, intracellular 
signal transmission, and the eventual cellular response.  
  Matrix and cellular response pathways function over • 
varying timescales, such that the disc/cell composite can 
function as a band-pass  fi lter.  
  Nucleus cells response to pressure is dependent on the • 
magnitude, frequency, and duration. Physiologic pressure 
loading (<1 MPa magnitude, <3 Hz frequency, and <24-h 
duration) is anabolic, whereas pressures outside that range 
are catabolic.  
  Annulus cell response to cyclic shear at low magnitude • 
(<1 % strain) and at physiologic frequencies (1 Hz) is 
anabolic for up to 1–2 days.  
  Cellular responses vary by species and are signi fi cantly • 
altered by the presence of degenerated matrix fragments 
and proin fl ammatory cytokines.         
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     8    The Role of the ADAMTS Proteins 
in the Intervertebral Disc       

     Jason   C.   Ho,       James   Wylie, and          Suneel   S.   Apte                

    8.1   Overview 

    8.1.1   Biological Signi fi cance and General 
Features of Proteinases 

 Proteinases (often referred to as proteases) are enzymes that 
hydrolyze the peptide bonds that hold amino acids together 
within a polypeptide (protein) molecule. Secreted and cell-
surface proteinases are indispensable in several processes, 
such as digestion, molecular maturation, or activation of pre-
cursor proteins (proproteins), and in the turnover of diverse 
cellular products such as cell-surface receptors and extracel-
lular matrix (ECM) proteins and proteoglycans. These last 
two functions are highly relevant to the skeletal system, 
which comprises ECM proteins, including proproteins such 
as procollagens, as quantitatively major components having 
an indispensable structural role. In addition, the ECM is 
increasingly being recognized for its role in regulating cell 
behavior, such as in signaling through cell-matrix adhesion 
molecules, and proteolytic products of ECM (matrikines). 
Proteinases are required for and participate in all major 
phases of vertebrate life, e.g., during embryonic develop-
ment, they are required for rapid tissue remodeling, whereas 
in the adult organism, they participate in essential homeo-
static processes, such as coagulation, or adaptive responses 
to biomechanical  fl uxes, e.g., bone and connective tissue 
remodeling in response to mechanical stress. They are recog-
nized to have diverse, complex roles in the origin and/or 
resolution of in fl ammatory, degenerative, and malignant dis-
orders. Indeed, proteinases, including ADAMTS proteinases, 
are frequently targeted for drug development because of their 
pivotal role in diseases (Fosang and Little  2008  ) . 

 The functional core of every proteinase is its catalytic 
domain, which is the effector domain for proteolysis, and it 
is usually conjoined with an ancillary domain, required for 
binding to the target protein that is cleaved (a  substrate ). 
Through the combination of binding properties of the ancil-
lary domain and the lock and key  fi t of the protease active 
site with its substrate, a  substrate speci fi city  ranging from 
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stringent to promiscuous is determined. Most proteinases 
contain an N-terminal regulatory peptide segment or domain 
(the  propeptide ) that is involved in maintaining the enzyme 
in an inactive or latent state (the  zymogen ) until its activity is 
required. An intriguing aspect of proteinase biology is exis-
tence of natural (endogenous) inhibitors, which bind to and 
inactivate proteinases and protect against indiscriminate, 
excess polypeptide destruction. The proteinase’s activity is 
further restricted to speci fi c substrates by its precise spatial 
localization. This is determined by information within the 
protease (such as a transmembrane domain or heparin- 
binding domain) that limits its activity to speci fi c spatial 
domains, e.g., cell-surface or pericellular matrix, or binding 
sites in ECM, which favors cleavage of the accessible sub-
strates. Additionally, spatial and temporal regulation of 
expression, such as by transcriptional and post-transcriptional 
mechanisms, is also crucial in proteinase regulation. 
Proteinases should be thought of as molecular scissors, usu-
ally cutting with precision, rather than indiscriminately 
destructive enzymes. Thus, the biology of a proteinase is 
closely linked to biology of its substrates, and it is the effect 
on the substrate that is the most relevant to biologic and dis-
ease processes.  

    8.1.2   Historical Perspective and Evolution 
of Metalloproteinases 

 Proteinases are grouped into distinct classes based on the 
chemical nature of their catalytic mechanism or their pre-
ferred pH optimum. Metalloproteinases (now known as 
matrix metalloproteinases or MMPs) comprise a very large 
and diverse group of proteinases whose catalytic mechanism 
requires a metal ion, most commonly zinc. In 1962, Gross 
and Lapiere identi fi ed the  fi rst metalloproteinase (an intersti-
tial collagenase) physiologically responsible for turnover of 
collagen, which is a triple helical rodlike molecule otherwise 
resistant to cleavage by most proteinases. They used an ele-
gant, yet simple model, i.e., digestion of collagen in vitro by 
the resorbing vestigial structures of tadpoles during morpho-
genesis, to identify this protease (Gross and Lapiere  1962  ) . 
Starting with characterization of the tadpole collagenase, the 
study of MMPs expanded considerably over the past half 
century to encompass closely related families: A disintegrin 
and metalloproteinase (ADAMs) (Klein and Bischoff  2011  ) , 
followed by A disintegrin-like and metalloproteinase with 
thrombospondin type 1 motif (ADAMTS) proteinases 
(Apte  2009  ) . Collectively, these proteinases are referred to as 
metzincins. In general, MMPs have the most diverse sub-
strate repertoire, being involved in processing of multiple 
ECM components, cytokines, and other soluble proteins, as 
well as shedding of cell-surface proteins. ADAMs appear to 
be almost exclusively involved in ectodomain shedding 

of cell-surface molecules and have little reported direct 
action on the ECM. ADAMTS proteinases appear thus far to 
have major roles related to proteolysis of the ECM rather 
than cell-surface substrates. 

 ADAMTS and ADAM proteinase catalytic domains are 
related to enzymes present in hemorrhagic snake venoms, 
such as those from rattlesnakes, since only these proteinases, 
but not MMPs, have the active-site zinc-binding sequence 
HEXXH + HD (single amino acid nomenclature, X is any 
amino acid). This sequence is referred to as the reprolysin 
signature. ADAMTS and ADAM proteinases also have a 
similar zymogen activation mechanism, since their propep-
tides are proteolytically excised within the secretory path-
way, at the cell surface, or extracellularly by proprotein 
convertases such as furin. In contrast, only a handful of 
MMPs, such as the membrane-type (MT) MMPs, utilize this 
mechanism. Instead, most MMPs have a “cysteine-switch 
mechanism” that results in exposure of the active-site cleft 
during activation. In contrast to ADAMs, which are trans-
membrane proteins with an extracellular catalytic domain, 
the ADAMTS proteinases are secreted, but they may func-
tion as operational cell-surface or cell-proximate proteinases 
through their binding to cell-surface/pericellular molecules 
(Fig.  8.1 ). Furthermore, despite sharing propeptide and cata-
lytic domain features, ADAMs and ADAMTSs have entirely 
different ancillary domains (Fig.  8.1 ).  

 Once genome sequencing of many organisms was com-
pleted, it became apparent that the repertoire of genes encod-
ing for extracellular matrix had expanded substantially in 
vertebrates (Huxley-Jones et al.  2009  ) , which intuitively 
suggests the reason for an observed concomitant expansion 
of genes encoding metzincins (Huxley-Jones et al.  2007  ) . 
Furthermore, tissue inhibitors of metalloproteinases (TIMPs), 
the main endogenous inhibitors of metalloproteinases, 
evolved from a single gene in  Drosophila  into the four human 
TIMPs studied today (Brew and Nagase  2010  ) , further sub-
stantiating the signi fi cance of proteolysis in advanced bio-
logic systems. 

 MMPs have been extensively studied in orthopaedic biol-
ogy (Pasternak and Aspenberg  2009  ) . For the purpose of this 
chapter, we will focus only on ADAMTS metalloproteinases 
and summarize their emerging roles in the intervertebral 
disc. ADAMs are mentioned where relevant, since they are 
often wrongly thought to be the same as ADAMTS protei-
nases yet have been neglected in the context of the disc. 

 The  fi rst ADAMTS protease (ADAMTS1) was identi fi ed 
15 years ago by Kuno et al.  (  1997  ) , as an in fl ammation 
associated gene product and initially thought to be a variant 
ADAM since it had the reprolysin-type catalytic domain 
(Kuno et al.  1997  ) . Subsequent molecular cloning of 18 
structurally similar proteinases, facilitated greatly by rapid 
progress in the human genome project, demonstrated 
the existence of this hitherto unknown metalloproteinase 
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family as one that is distinct from ADAMs. It should be 
noted that the enzyme designated as ADAMTS11 
(Abbaszade et al.  1999  )  is now referred to as ADAMTS5, 
and the designation ADAMTS11 is left vacant. Thus, 
although 20 ADAMTS numbers are assigned, there are 19 
ADAMTS proteinases.   

    8.2   ADAMTS Structure and Function 

 Once the full repertoire of ADAMTS proteinases was deter-
mined, evolutionary analysis showed that they clustered into 
several distinct subgroups (Apte  2004 ; Huxley-Jones et al. 
 2005  )  (Fig.  8.2 ). Typically, ADAMTS proteinases within 
these subgroups have similar domain structures, high 
sequence similarity, and suf fi cient functional overlap that 
they work cooperatively in certain contexts. The ADAMTS 
ancillary domain consists of a disintegrin-like module, a 
thrombospondin type 1 repeat (TSR), a cysteine-rich region, 
a cysteine-free spacer region, one or more additional TSRs, 
as well as other modules (Apte  2009  )  (Fig.  8.2 ). The differ-
ences in the ancillary domains allow each proteinase to bind 
and act on distinct substrates, and with very few exceptions, 
ADAMTS catalytic domains without adjoining ancillary 
domains lack proteolytic activity. The detailed structure and 
posttranslational modi fi cation of ADAMTS proteases were 
previously reviewed (Apte  2009  ) . Figure  8.1  contrasts the 
domain structure of a typical ADAMTS protease (ADAMTS5) 

with a prototypic ADAM, illustrating also the different local-
ization with respect to cells.  

 A high degree of regulation of ADAMTS proteinases is a 
crucial aspect of their biology. Proprotein convertases such 
as furin cleave ADAMTS and ADAM proteinases after 
paired basic residues at the junction of the propeptide and 
catalytic domains. Furin processing of ADAMs mostly 
occurs within the secretory pathway, but some ADAMTS 
proteinases, such as ADAMTS5, ADAMTS7, and 
ADAMTS9, may be cleaved at the cell surface or extracel-
lularly (Koo and Apte  2009 ; Longpré et al.  2009  ) . Indeed, 
activation of stored zymogen in the ECM rather than de novo 
production of ADAMTS5 has been suggested as a potential 
mechanism for cartilage destruction in arthritis (Malfait et al. 
 2008 ; Wylie et al.  2012  ) . 

 Of the four TIMPs, only TIMP3 is an ADAMTS/ADAM 
inhibitor; although all four TIMPs have inhibitory activity 
towards MMPs, certain TIMP-protease pairings (e.g., 
TIMP2-MMP2) show higher af fi nity. TIMP3 inhibitory 
activity towards ADAM17 and ADAMTS4 and ADAMTS5 
implicates it as a key player in regulating in fl ammation and 
cartilage matrix breakdown (Kashiwagi et al.  2001 ; Sahebjam 
et al.  2007  ) . As endogenous inhibitors of the metalloprotei-
nases, TIMPs likely play an important role in ECM turnover 
of the intervertebral disc, although this has yet to be 
speci fi cally investigated. The proteinase inhibitor  a 2-macro-
globulin, which unlike TIMPs has an extremely broad spec-
trum of inhibition, is also capable of blocking ADAMTS 
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activity (Somerville et al.  2004 ; Tortorella et al.  2004  )  and 
presumably does so in the circulation. 

 Despite their brief history, functional contexts were rap-
idly established for several ADAMTS family members, 
aided by their clustering into functional family groups 
(Fig.  8.2 ), stringently established associations with heredi-
tary and acquired diseases, and via several natural and engi-
neered animal mutations. These are summarized in Table  8.1  
and described in more detail in a previous review (Apte 
 2009  ) . Since some of these molecular functions clearly have 
potential or established relevance to the intervertebral disc, 
they are discussed here and illustrated in Fig.  8.3 . ADAMTS1 
cleaves aggrecan, versican, thrombospondin-1 and throm-
bospondin-2, and the cell-surface proteoglycan syndecan-4 
(Sandy et al.  2001 ; Lee et al.  2006 ; Rodríguez-Manzaneque 
et al.  2009  ) . It is associated with in fl ammation, cancer 
cachexia, infertility, urinary tract anomalies, and bone 
metastasis and has potent antiangiogenic activity (Luque 
et al.  2003 ; Mittaz et al.  2004 ; Apte  2009 ; Lu et al.  2009  ) . 
Thus, ADAMTS1 could be involved not only in matrix pro-
teolysis but also in in fl ammatory disc disease. ADAMTS2, 
ADAMTS3, and ADAMTS14 are procollagen-processing 

enzymes involved in excision of the amino (N)-terminal 
propeptide of procollagens I, II, and III (Colige et al.  1999, 
  2002 ; Fernandes et al.  2001  )  but could also have additional 
properties unrelated to procollagens. Removal of the bulky 
procollagen N-propeptides is a prerequisite for proper col-
lagen assembly. In the absence of ADAMTS2, an animal 
disorder named dermatosparaxis results, in which skin and 
other collagen-rich tissues show abnormal collagen  fi brils 
(Lapière and Nusgens  1993  ) , although the intervertebral 
disc was not one of the tissues speci fi cally investigated. 
Dermatosparactic collagen forms branched and thin  fi brils 
assuming a hieroglyphic or “cauli fl ower-like” pattern in 
electron microscopy, rather than highly ordered, broad, 
unbranched normal  fi brils. These anomalous  fi brils are 
structurally weak, a problem most strikingly evident in the 
exceedingly fragile skin of  dermatosparactic cattle. A cor-
responding human-inherited connective tissue disorder, 
Ehlers-Danlos syndrome,  dermatosparactic type, is similar 
in its clinical presentation (Colige et al.  1999  ) . However, 
neither spine nor disc was speci fi cally reported to be anom-
alous. In collagen II-rich tissues such as cartilage, 
ADAMTS3 is likely to have a more signi fi cant role than 
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ADAMTS2 because of its expression in cartilage and dem-
onstrated ability to process procollagen II (Le Goff et al. 
 2006  ) .   

 ADAMTS1, ADAMTS4, ADAMTS5, ADAMTS9, and 
ADAMTS20 have the ability to cleave the large aggregating 
chondroitin sulfate proteoglycans aggrecan and versican at 
speci fi c sites in their core proteins (Apte  2009  ) . ADAMTS9 
is also an antiangiogenic protease that is widely distributed 
in microvascular endothelial cells of most organs as an appar-
ently constitutive product (Koo et al.  2010  ) . ADAMTS4 and 
ADAMTS5 seem to be the most important aggrecan- 
degrading proteinases (aggrecanases) in the articular carti-
lage degradation in arthritis (Fosang and Little  2008  )  and 
have thus been most extensively investigated in the interver-
tebral disc, although much on the published analysis is of 
gene expression and protein distribution rather than de novo 
functional analysis. ADAMTS7 and ADAMTS12 are unique 
proteinases in also being chondroitin sulfate proteoglycans 
(Somerville et al.  2004  ) , the only known proteinases in mam-

malian genomes to have this property. They cleave cartilage 
oligomeric matrix protein (COMP) (Liu et al.  2006  ) , which 
is an important component of cartilage ECM, as well as gran-
ulin-epithelin precursor (GEP) (Guo et al.  2010  ) , a growth 
factor reported to be involved in tissue regeneration and 
in fl ammation (Bai et al.  2009  ) . GEP was reported to act as a 
competitive inhibitor of ADAMTS7 and ADAMTS12 (Guo 
et al.  2010  ) . Based on being a target of PTHrP and cleavage 
of GEP, ADAMTS7 was proposed as a negative regulator of 
endochondral bone formation, but this remains to be substan-
tiated in genetic models (Bai et al.  2009 ; Liu  2009  ) . 

 ADAMTS10 is mutated in a connective tissue disorder 
named recessive Weill-Marchesani syndrome (WMS). The 
identi fi cation of dominantly inherited  fi brillin-1 mutations in 
WMS (Faivre et al.  2003 ; Sengle et al.  2012  )  suggested a 
functional link between ADAMTS10 and  fi brillin-1. Such 
 fi brillin-1 mutations typically lead to Marfan syndrome, yet 
WMS appears to constitute an “opposite of Marfan syn-
drome,” featuring short stature, short digits, stiff skin and 

   Table 8.1    Functions of selected ADAMTS proteins and potential relevance to intervertebral disc biology   

 Known functions  Potential function in IVD 

 ADAMTS1  Cleaves versican, thrombospondin-1 and thrombospondin-2, and syndecan-4; inhibits 
angiogenesis. Has a role in TGF b  activation. Null mice have impaired fertility, 
abnormal cardiac development, and hydronephrosis 

 Potentially involved in ECM 
turnover, TGF b  activation, and 
angiogenesis 

 ADAMTS2, 
ADAMTS3, 
ADAMTS14 

 Removal of amino-propeptide of procollagens I, II, and III. ADAMTS2 mutations lead 
to dermatosparaxis in animals and EDS dermatosparactic type in humans 

 Potential role in procollagen I and 
procollagen II processing, collagen 
assembly, and maintaining tensile 
strength of annulus  fi brosus 

 ADAMTS4  Cleaves aggrecan and versican. Null mice are reported to be developmentally normal. 
Combinatorial null mice (with ADAMTS1) have a thin renal medulla 

 Potentially involved in proteoglycan 
turnover in nucleus pulposus, end 
plate, and perichondrium 

 ADAMTS5  Cleaves aggrecan, versican, and biglycan. ADAMTS5 null mice are resistant to induced 
cartilage degeneration. ADAMTS5 null mice lack embryonic sculpting of pulmonic 
valve lea fl ets and have reduced interdigital web regression. Cooperates with 
ADAMTS9 and ADAMTS20 in interdigital web regression 

 Potentially involved in proteoglycan 
turnover in nucleus pulposus, end 
plate, and perichondrium 

 ADAMTS7, 
ADAMTS12 

 Reported to bind to and cleave cartilage oligomeric protein (COMP, thrombospondin-5) 
and granulin-epithelin precursor. ADAMTS12 null mice are developmentally normal 

 Potentially involved in ECM 
turnover in annulus  fi brosus 

 ADAMTS9  Cleaves aggrecan and versican. ADAMTS9 null mice die early during embryogenesis. 
ADAMTS9 haploinsuf fi cient mice have cardiovascular defects. Cooperates with 
ADAMTS5 and ADAMTS20 in interdigital web regression and with ADAMTS20 in 
closure of the secondary palate in mice. ADAMTS9 is antiangiogenic 

 Potentially involved in proteoglycan 
turnover in nucleus pulposus, end 
plate, and perichondrium and 
regulation of angiogenesis 

 ADAMTS10  Binds to and possibly cleaves  fi brillin-1. Promotes  fi brillin micro fi bril assembly. 
ADAMTS10 is mutated in Weill-Marchesani syndrome in humans 

 Potential role in  fi brillin micro fi bril 
assembly 

 ADAMTS13  ADAMTS13 is required for maturation of ultra-large forms of von Willebrand factor. 
ADAMTS13 mutations or autoantibodies lead to thrombotic thrombocytopenic purpura 

 ADAMTS17  ADAMTS17 mutations lead to a Weill-Marchesani-like syndrome in humans and 
recessive isolated ectopia lentis in dogs 

 Potentially involved in  fi brillin 
micro fi bril assembly 

 ADAMTS20  Cleaves versican. ADAMTS20 mutations in mice lead to a white spotting mutant 
named  belted  ( bt ) 

 Potentially involved in versican 
turnover 

 ADAMTSL2  ADAMTSL2 binds to  fi brillin-1 and latent TGF b -binding protein 1. ADAMTSL2 
mutations lead to geleophysic dysplasia. In dogs, ADAMTSL2 mutations lead to 
Musladin-Lueke syndrome 

 Expressed in IVD. Potentially 
involved in regulating TGF b  
binding and/or activation 

 ADAMTSL4  ADAMTSL4 binds to  fi brillin-1 and enhances micro fi bril biogenesis in cultured 
 fi broblasts. ADAMTSL4 mutations lead to recessive isolated ectopia lentis in the eye 

 Potentially involved in micro fi bril 
assembly 

 ADAMTSL6  ADAMTSL6 binds to  fi brillin-1 and enhances micro fi bril biogenesis in cultured 
 fi broblasts and transgenic mice when it is overexpressed 

 Potentially involved in micro fi bril 
assembly 
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joints, and in the eye, lens dislocation, and glaucoma. 
Recent work showed that ADAMTS10 bound to  fi brillin-1 
and  fi brillin-2 was associated with  fi brillin micro fi brils in 
 tissues and enhanced  fi brillin-1 micro fi brils formation 
in vitro (Kutz et al.  2011  ) . 

 A unique aspect of ADAMTS proteases is the exis-
tence of a closely related family of seven independent gene 
products resembling ADAMTS ancillary domains (Apte 
 2009  ) . These molecules, named ADAMTS-like proteins 
(ADAMTSL), lack catalytic domains and are therefore 
not proteinases; however, together with ADAMTS protei-
nases, they are thought to comprise a protein superfamily. 
Intriguingly, like ADAMTS10, the majority of ADAMTSLs, 
speci fi cally, ADAMTSL2, ADAMTSL3, ADAMTSL4, and 
ADAMTSL6, also bind to or in fl uence micro fi bril forma-
tion (Le Goff et al.  2011 ; Saito et al.  2011 ; Gabriel et al. 
 2012 ; Sengle et al.  2012  )  (Table  8.1 ). Human genetic dis-
orders resulting from ADAMTSL2 or ADAMTSL4 muta-
tions, i.e., geleophysic dysplasia (GD) and isolated ectopia 
lentis, respectively, are also caused by  fi brillin-1 mutations, 
and both these proteins bind to  fi brillin-1 (Hubmacher and 
Apte  2011 ; Le Goff et al.  2011  ) . The mutations in GD lead 
to a short-stature, short-digit phenotype super fi cially resem-
bling WMS (these conditions fall within a category named 
acromelic dysplasias), although GD is much more severe 
and frequently lethal in children because of cardiac involve-
ment; however, unlike WMS, it lacks ocular involvement 
(Le Goff et al.  2008  ) . ADAMTSL2 mutations in dogs also 
cause dwar fi sm and severe skin and joint stiffness, a con-
nective tissue disorder named Musladin-Lueke syndrome 

(Bader et al.  2010  ) . Analysis of cells from GD patients 
has suggested that there is profound TGF b  dysregulation, 
likely related to the pivotal role of  fi brillin micro fi brils in 
regulating TGF b  and bone morphogenetic proteins (Le 
Goff et al.  2008  ) . Indeed, ADAMTSL2 also binds to latent 
TGF b -binding protein-1 (LTBP1), which strongly sup-
ports a role in TGF b  sequestration in ECM or activation. 
We recently reviewed the strong functional involvement of 
ADAMTS proteinases in connective tissue regulation vis-à-
vis  fi brillins, speci fi cally, in regulating the cellular microen-
vironment (Hubmacher and Apte  2011  ) . ADAMTSL2 is 
expressed in the nucleus pulposus of the intervertebral disc 
(Koo et al.  2007 ; Sohn et al.  2010  ) , and it could have a 
role in disc development because of the established role of 
TGF b  signaling in this process (Sohn et al.  2010  ) . 

 Another cluster of ADAMTS proteinases highly relevant 
to IVD is the so-called proteoglycanase cluster, containing 
ADAMTS1, ADAMTS4, ADAMTS5, ADAMTS9, and 
ADAMTS20 (Apte  2004 ; Huxley-Jones et al.  2005  ) . The 
major proteoglycan substrates of these proteinases are 
aggrecan, a cartilage-speci fi c chondroitin sulfate proteogly-
can, and its widely distributed relative in non-cartilaginous 
tissues, versican. The role of these proteinases in aggrecan 
destruction in osteoarthritis has been investigated by strin-
gent analysis of null mice, biochemical assays, and associa-
tion of mRNA, protein, and catabolic fragments with 
arthritic cartilage (Fosang and Little  2008  ) . ADAMTS5-
de fi cient mice are protected against either a mechanical 
instability-induced or cytokine-induced cartilage breakdown 
(Glasson et al.  2005 ; Stanton et al.  2005  ) . 

  Fig. 8.3    Potential roles 
of ADAMTS proteinases in 
various processes within the 
context of intervertebral disc 
components. The nucleus 
pulposus ( NP ), annulus  fi brosus 
( AF ), cartilaginous end plate 
( EP ), and vertebral bone ( B ) are 
indicated       
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 Although these  fi ve enzymes are potent aggrecanases, 
which of them has a role in physiological aggrecan break-
down, such as in skeletal development, is unclear. However, 
some of them were discovered to have a crucial role in turnover 
of versican in several developmental contexts, speci fi cally, 
myocardial compaction, closure of the  secondary palate, 
sculpting of heart valves, and resorption of interdigital webs 
(Stankunas et al.  2008 ; McCulloch et al.  2009 ; Enomoto 
et al.  2010 ; Dupuis et al.  2011  ) . Two intriguing  fi ndings 
emerged from these discoveries: One, that proteoglycanases 
cooperated in versican proteolysis in the context of palate 
closure and web regression, and two, that a product of ver-
sican proteolysis was a matrikine with context- dependent 
function in cell proliferation or apoptosis in these processes 
(McCulloch et al.  2009 ; Enomoto et al.  2010  ) . Further study 
of these families will no doubt  fi nd other important func-
tions of these proteinases in normal  development and disease 
pathogenesis. 

 In contrast to these functions of ADAMTS proteinases 
which are directly relevant to extracellular matrix matura-
tion, assembly, and turnover, ADAMs are primarily involved 
in ectodomain shedding of cell-surface molecules. In partic-
ular they are identi fi ed to have a pivotal role in growth con-
trol through epidermal growth factor receptor signaling 
pathways, in cell adhesion, in Notch signaling, and in 
in fl ammation through processing of pro-TNF- a  and cytokine 
receptors (Klein and Bischoff  2011 ; Saftig and Reiss  2011  ) . 
Thus, ADAM proteinases may play a role in disc develop-
ment and degeneration through modulation of these and sev-
eral other pathways. Unfortunately direct effects of ADAM 
proteinases in the intervertebral disc have not been eluci-
dated to any signi fi cant extent, and it remains an area of 
opportunity for future research.  

    8.3   ADAMTS Proteinases in Intervertebral 
Disc Biology and Disease 

 Three anatomic components of the intervertebral disc are rel-
evant to its physiology and pathology in regard to metallo-
proteinases, namely the cartilaginous end plates, annulus 
 fi brosus, and nucleus pulposus, which act together to ful fi ll 
the biological and mechanical functions of the disc but also 
differ in their matrix structure because each is mechanically 
specialized. The two major components of the ECM in the 
disc are the proteoglycan aggrecan and collagen, which are 
cleaved and modulated by ADAMTS proteinases. Collagen 
I, II, III, V, VI, IX, XI, XII, and XIV can be found in the disc 
at varying levels and will also change with age (Eyre et al. 
 2002  ) . Of the collagens, I and II are most abundant, with I 
comprising the outer layers of the annulus  fi brosus and II 
mainly located in the nucleus. Besides aggrecan in the 
nucleus pulposus, other proteoglycans found in lower 

amounts include versican, decorin, biglycan,  fi bromodulin, 
lumican, and perlecan (Roughley  2004  ) . Aggrecan is found 
in both the nucleus pulposus and annulus  fi brosus, mostly as 
aggregates complexed with hyaluronan and link protein, 
although it makes up a larger proportion of the nucleus pul-
posus (65 % dry weight) than the annulus  fi brosus (15–20 % 
dry weight) (Le Maitre et al.  2007  ) . The CEP of the vertebral 
bodies are similar in content and structure to articular carti-
lage found in other joints and are primarily comprised of col-
lagen II  fi bers with aggrecan aggregates complexed to 
hyaluronan and link protein. Previous chapters in this book 
(Chaps.   4     and   5    ) provide further details regarding the roles of 
the proteoglycans and collagens in the intervertebral disc. 

 As the intervertebral disc ages, its ECM undergoes 
signi fi cant catabolic changes in which ADAMTS proteinases 
are likely to have a role. The majority of experimental stud-
ies to date have focused on the levels and localization of 
ADAMTS4, ADAMTS5, and catabolic products of aggre-
can. Using immunohistochemistry, ADAMTS4 was detected 
in nondegrading disc cells from the nucleus pulposus and 
inner annulus  fi brosus, with little immunoreactivity in the 
outer annulus  fi brosus, suggesting a maintenance role, but in 
degenerated discs, the authors found an increase in 
ADAMTS4 that correlated with the severity of degeneration 
and increased TIMP1 and TIMP2 but not TIMP3 (Le Maitre 
et al.  2004  ) . It was also found that the presence of in fl ammatory 
modulators such as TNF- a  and IL-1 increased ADAMTS4 
and ADAMTS5 expression and ADAMTS aggrecan degra-
dation (Le Maitre et al.  2005 ; Séguin et al.  2005  ) . Toll-like 
receptor adaptor signaling molecule MyD88 antagonized 
LPS or IL-1-mediated induction of ADAMTS4 and 
ADAMTS5 (Ellman et al.  2012  ) . An immunohistochemical 
analysis of surgically resected discs showed ADAMTS4 pri-
marily in CD68-positive mononuclear cells (monocyte/mac-
rophages) in granulation tissue and adjacent disc, with a 
higher number of stained cells associated with speci fi c her-
niation patterns (transligamentous extrusion and sequestra-
tion). A recent detailed analysis investigated the role of 
syndecan-4 in ADAMTS5 activity in nucleus pulposus cells. 
TNF- a  and IL-1 a  increased ADAMTS4 and ADAMTS5 
expression and promoted syndecan-4 interaction with 
ADAMTS5 (Wang et al.  2011  ) . This was consistent with an 
association of aggrecan degradation with increased synde-
can-4 and ADAMTS5 in the human intervertebral disc (Wang 
et al.  2011  ) . 

 In addition to in fl ammatory modulators, studies have also 
shown that mechanical loading can alter proteinase expres-
sion (Maclean et al.  2004 ; MacLean et al.  2005  ) . Long-term 
upright posture in rats demonstrated increased disc expres-
sion of  MMP13 ,  ADAMTS5 , and  Col10a1  and decreased 
 Col2a1  and  Acan  (Liang et al.  2008  ) . Static compression of 
rat disc led to upregulation of ADAMTS4, but not ADAMTS5, 
with concomitant increase of aggrecan catabolic fragments 

http://dx.doi.org/10.1007/978-3-7091-1535-0_4
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(Yurube et al.  2012  ) . Loading of rat caudal intervertebral 
discs was noted to increase expression of ADAMTS7 and 
ADAMTS12 mRNA (Yu and Zhu  2012  ) . In human nucleus 
pulposus cells, a dynamic compressive load led to upregula-
tion of ADAMTS1, ADAMTS4, and ADAMTS5 mRNA and 
the respective proteins (Huang et al.  2012  ) , with the response 
to cyclic tensile stress being frequency dependent (Gilbert 
et al.  2010  ) . 

 A comparative gene expression analysis of healthy and 
severely degenerated discs identi fi ed downregulation of 
ADAMTSL3 and ADAMTS10 mRNA in degenerated discs 
(Gruber et al.  2011  ) . When comparing degenerated versus 
nondegenerated discs, it was found that  ADAMTS1 , 
 ADAMTS4 ,  ADAMTS5 , and  ADAMTS15  expression were 
signi fi cantly increased in degenerated tissue and ADAMTS4, 
ADAMTS5, ADAMTS9, and ADAMTS15 immunohis-
tochemical staining also increased (Pockert et al.  2009  ) . 
A study of human discs suggested that ADAMTS5 was 
involved in intervertebral disc degeneration and that IL-1 
induction of ADAMTS5 was mediated by nitric oxide (Zhao 
et al.  2011  ) ; another showed multiple positive correlations 
between MMPs and ADAMTS4 mRNA in herniated discs. 
In addition to de fi ning the expression of proteinases in the 
disc itself, there appear to be signi fi cant differences among 
the cell types of the disc. It was found that nucleus pulposus 
cells express more ADAMTS1, ADAMTS2, ADAMTS17, 
and TIMP1, whereas ADAMTS4, ADAMTS5, ADAMTS6, 
ADAMTS14, ADAMTS18, ADAMTS19 and TIMP3 were 
lower in nucleus cells versus articular chondrocytes (Cui 
et al.  2010  ) . A sheep annulus  fi brosus transection model 
showed increased ADAMTS5 mRNA and ADAMTS4 
mRNA in the annulus, but only ADAMTS5 mRNA increased 
in the nucleus pulposus, whereas ADAMTS4 mRNA 
decreased; however, there was no change in aggrecan neo-
epitopes (Melrose et al.  2012  ) . 

 ADAMTS1 and ADAMTS5 were identi fi ed as candidate 
genes for lumbar disc disease in the Finnish population 
(Virtanen et al.  2007  ) . A gene-pro fi ling study comparing 
chondrocytes and nucleus pulposus cells found that NP cells 
expressed higher levels of ADAMTS1, ADAMTS2, and 
ADAMTS17, but lower levels of ADAMTS4, ADAMTS5, 
ADAMTS6, ADAMTS14, ADAMTS18, ADAMTS19, and 
TIMP3. Such analysis could be useful in identifying differ-
ences between the metabolic pathways of chondrocytes and 
nucleus pulposus cells. ADAMTS5 mRNA was increased in 
rat nucleus pulposus cells after in fl ammatory stimulation via 
a NO-dependent pathway, and the amount of ADAMTS5 
protein appeared to increase with increasing age (Zhao et al. 
 2011  ) . It was also found that ADAMTS4, but not ADAMTS5, 
content was higher in Grade 4 versus Grade 2 degenerative 
tissue, but there was no difference in the amount of fragments 
in each group, suggesting involvement of other proteases 
such as MMPs in turnover of aggrecan (Patel et al.  2007  ) . 

 An intriguing study suggested that immunity to the versi-
can G1 domain led to development of spondylitis in mice 
(Shi et al.  2003  ) . Since one of the versican fragments released 
by ADAMTS proteases primarily comprises the G1 domain, 
it is an interesting possibility that humoral immunity to 
ADAMTS cleaved and released versican G1 domain could 
have a role in development of spinal pathology. 

 Figure  8.3  summarizes the various ways in which 
ADAMTS superfamily proteins, including ADAMTS protei-
nases and ADAMTSLs, could in fl uence intervertebral disc 
biology and disease. Expectedly, analysis of aggrecan break-
down has seen the lion’s share of attention, owing to its rel-
evance for disc degeneration. The considerable evidence 
accumulated to date strongly associates ADAMTS4 and 
ADAMTS5 with aggrecan breakdown in the nucleus pulpo-
sus; however, de fi nitive experiments using genetically 
de fi cient mice remain to be done. As shown in Fig.  8.3 , the 
procollagen proteinases could have a crucial role in normal 
disc development and repair, since their function appears to 
be primarily anabolic. The evidence for expression of 
ADAMTS7 and ADAMTS12 in the intervertebral disc is 
compelling, but the precise functions of these proteinases 
remain unknown. The most intriguing possibilities, however, 
are related to the potential for microenvironmental regula-
tion by ADAMTSLs and ADAMTS10. ADAMTSL2 and 
ADAMTS10 (authors unpublished data) are both expressed 
in the intervertebral disc, associated with inherited connec-
tive tissue disorders and functionally linked to  fi brillins, 
which control both TGF b s and bone morphogenetic proteins. 
Their potential role is worthy of further investigation. 
A major challenge, however, is functional overlap (referred 
to as redundancy) between such functionally related proteins 
that requires complex combinatorial genetics to elucidate 
their true roles. Finally, the ADAMs have been substantially 
neglected in disc research, yet their function is highly rele-
vant to tissue in fl ammation and repair.  

    8.4   Summary of Critical Concepts 
Discussed in the Chapter 

    The proteolytic activities and regulatory mechanisms of • 
ADAMTS and ADAM proteinases have considerable 
potential relevance for the intervertebral disc.  
  ADAMTS proteinases have been studied in the disc pri-• 
marily at the level of mRNA and protein expression. The 
published work has focused on a small number of pro-
teases, namely, ADAMTS4, ADAMTS5, and ADAMTS7, 
yet the activities of many other family members as well as 
ADAMTSLs are worthy of deeper investigation.  
  ADAM proteinases have not been extensively investi-• 
gated in disc disease and are likely to be highly relevant to 
in fl ammation and cell-surface proteolysis.  
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  With further investigation into the roles of these protei-• 
nases into pathogenesis of intervertebral disc disease, 
future identi fi cation of potential disease-modifying tar-
gets is viable and could capitalize on availability of sev-
eral well-characterized proteinase inhibitors.         
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     9    Epidemiology of Lumbar 
Disc Degeneration       

        Yue   Wang and          Michele   C.   Battié                

    9.1   Overview 

 The World Health Organization de fi nes epidemiology as the 
study of the distribution and determinants of health-related 
states or events (WHO  2012  ) . This chapter on the epidemiol-
ogy of disc degeneration begins with a brief overview of the 
early observations of disc degeneration and growing interest 
in the phenomenon, including the introduction and evolution 
of the currently ambiguous term “degenerative disc disease.” 
Attention is given to case de fi nition, as it is a core concept in 
epidemiology and the study of occurrence rates. While 
de fi nitions used for disc degeneration vary and depend 
greatly on the methods used to study or image the disc, the 
occurrence rates of degenerative  fi ndings reported in this 
chapter focus on population-based studies using MRI, which 
may provide a reference for clinical observations. Finally, 
we brie fl y discuss environmental, behavioral, and constitu-
tional factors associated with accelerated disc degeneration, 
where there has been a recent dramatic shift in views.  

    9.2   Historical Perspective 

    9.2.1   Disc Degeneration 

 The description of degenerative changes can be traced back 
to 1824, when Wenzel  fi rst recorded pathological changes in 
discs of the lumbar spine (Wenzel  1824  ) . Yet, the interverte-
bral disc received little attention over the following 100 
years. During this time, degenerative  fi ndings of the disc 
were mentioned only sporadically by a few pathologists, 
including Luschka (Schmorl and Junghanns  1971  )  and 
Rokitanski  (  1855  ) . In the 1920s, however, spine pathology 
and disc degeneration research substantially advanced, as 
did research in other medical disciplines. 

 Among the pioneers exploring the spine during this 
period, one of the most outstanding was Christian Georg 
Schmorl (1861–1932). The academic career and pioneering 
contributions of this legendary spine explorer were well 
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described previously (Vernon-Roberts  1994  )  and are only 
brie fl y noted here. Schmorl was a versatile German patholo-
gist who creatively advanced a number of pathological 
 techniques, including tissue processing and staining, photo-
micrography, and barium sulfate discography. While he 
 substantially contributed to knowledge of the pathology 
associated with many nonskeletal diseases, in 1926 he 
focused his research on the spine and devoted the last 6 years 
of his career exclusively to spine pathology. By advancing 
pathological techniques used in spine autopsy, Schmorl’s 
extensive work on spine pathology constituted the founda-
tional knowledge of a number of spine conditions, including 
disc degeneration (Vernon-Roberts  1994  ) . For example, 
based on autopsy examinations of over 4,000 spines, Schmorl 
systematically described the normal structure of the verte-
brae and discs, including typical morphology of age-related 
disc degeneration, various types of annular tears, as well as 
posterior and vertical disc protrusions. The latter pathology 
was named after him as Schmorl’s nodes (Schmorl and 
Junghanns  1971  ) . Unfortunately, Schmorl’s work was 
entirely written in German and did not obtain wide recogni-
tion until 1959 when his classic book was translated into 
English and published in North America as “The Human 
Spine in Health and Disease.” 

 Schmorl’s work on the intervertebral disc basically com-
prised postmortem autopsy descriptions and did not link 
pathological  fi ndings of the disc to clinical symptoms. In 
fact, Schmorl believed that such degenerative  fi ndings were 
too common to be clinically important (Parisien and Ball 

 1998  ) . With the accumulation of pathological knowledge 
and clinical observations of the lumbar spine in the 1920s, 
surgeons began to suspect that a diseased intervertebral disc 
may cause sciatica. In 1929, Walter Dandy (1886–1946), a 
neurosurgeon from The Johns Hopkins Hospital, accurately 
described disc herniation in detail, including related surgical, 
pathological, and clinical  fi ndings (Dandy  1929 ; Weinstein 
and Burchiel  2009  ) . Dandy’s report on two such cases was a 
historical  fi rst. However, William Mixter’s (1880–1958) 
1934 paper on the relationship between disc herniation and 
sciatica (Mixter and Barr  1934  )  gained much more attention 
and is often credited with providing the foundation for the 
contemporary understanding of disc herniation and clinical 
symptoms. His work is also frequently credited or admon-
ished for ushering in the so-called dynasty of the disc 
(Parisien and Ball  1998 ; Hadler et al.  2007  ) . The interverte-
bral disc was thus pushed to the forefront of spine practice 
and research and remains there today as a primary target of 
spine-related activities.  

    9.2.2   Degenerative Disc Disease 

 Degenerative disc disease as a concept and a term has 
also  fl ourished over recent decades. The word “disease” 
originated from “desaise” in the early fourteenth century, in 
which “des” means “without, away” and “aise” means “ease.” 
Clearly, disease is related to symptoms. On the other hand, 
“degeneration” basically means the process of declining 

  Box 9.1 Herbert Junghanns       
  Herbert Junghanns  ( 1902 – 1986 ) 
 Herbert Junghanns was a German surgeon and a respected 
researcher who focused on the biomechanics of the spine. 
He was the head of the Institute for Spinal Column 
Research in Frankfurt, a president of the German Spine 
Society, and the founder of the Association of the 
Scienti fi c Medical Societies in Germany, which consisted 
of 16 scienti fi c medical professional societies and is now 
an umbrella organization for more than 150 German med-
ical societies. He also served as the editor of the German 
book series  The Spine in Research and Practice . 
  As one of Christian Georg Schmorl’s outstanding stu-
dents, Junghanns was responsible for bringing much of 
Schmorl’s pioneering work on spinal pathology to light. It 
is this contribution for which he is perhaps best known. 
Junghanns produced a book compiling much of Schmorl’s 
work on the spine,  The Human Spine in Health and 
Disease,  that was  fi rst published in 1937. After Schmorl’s 
tremendous body of research on the spine contained in the 
4th edition of the book was translated into English and 

printed in North America in 1959, it became widely 
known around the world and regarded as a landmark of 
modern spine research. 
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from a former state, especially through loss of structure and 
function. Therefore, it is generally accepted that disc degen-
eration is one of the many progressive changes of the human 
body primarily attributable to natural aging (Adams and 
Roughley  2006  ) , which surely is not a disease. The process 
of disc degeneration, however, may be dramatically acceler-
ated by other etiological factors, such as severe trauma. This 
view, if generalized to lesser physical insults and more com-
mon loading of the spine through occupational and leisure 
activities, can lead in the notion that all disc degeneration is 
a result of injury or pathology and thus a “disease.” While 
current research does not support the repetitive or cumulative 
trauma model of disc degeneration, this was once the domi-
nant paradigm (Battie et al.  2004  ) . 

 Also, as most degenerated discs are not symptomatic, the 
use of “degenerative disc disease” or “DDD” as a synonym 
of disc degeneration may be misleading. Such use may have 
contributed to the occasional clinical practice of labeling 
idiopathic low back pain, in the presence of disc degenera-
tion, but no other clear pathology, as degenerative disc dis-
ease. Thus, the acronym of DDD has been translated 
humorously as “diagnostic de fi ciency disease.” 

 To better understand the origin and evolution of the use of 
the term “degenerative disc disease,” we traced it back to the 
early period of spine research in the 1940s and Captain 
Gilbert Fletcher, a military physician in Pennsylvania. In 
1947, he studied a cohort of 600 veterans of World War II 

who were discharged from the army for back pain (Fletcher 
 1947  ) . As is the case today, the pathologies underlying most 
spine disorders remained unclear. Based on radiographs, 
Captain Fletcher used signs of advanced disc degeneration of 
the lumbar spine, such as disc narrowing, sclerosis, hypertro-
phic changes (likely osteophytes), and “subluxation” of the 
facet joints, to diagnose “degenerative disc disease.” Later he 
concluded that the degenerative  fi ndings were highly related 
to backward displacement of the lumbar vertebra. In retro-
spect, Captain Fletcher was describing radiographic 
 manifestations of degenerative retrolisthesis. 

 Over the next two to three decades, the term “degenera-
tive disc disease” was only occasionally used (Friedenberg 
and Miller  1963  ) . When it was used, it was typically restricted 
to patients with symptomatic spinal disorders for which the 
disc was suspected as important, such as in nerve root impair-
ment (Weiner and Macnab  1970  ) , back and leg pain (Dilke 
et al.  1973 ; Macnab  1973  ) , and disc herniation (Gertzbein 
et al.  1975  ) . With growing interest in disc degeneration and 
back pain problems, use of the term “degenerative disc dis-
ease” also increased substantially in the 1970s. After 1975, 
however, use of the term was no longer reserved for 
 symptomatic disc-related disorders and began to be used as a 
synonym of disc degeneration, as well. Among the dozen or 
so early papers we came across referring to  fi ndings of disc 
degeneration as “degenerative disc disease,” a typical one 
was the well-cited paper published in the  Journal of Bone 

  Box 9.2 Alf Nachemson       
  Alf Nachemson  ( 1931 – 2006 ) 
 Alf Nachemson has been described as the most in fl uential 
spinal researcher of the twentieth century. During more 
than 45 years as a clinician (orthopaedic surgeon)-scien-
tist, his research on the spine had a broad span, ranging 
from basic science to population health. Before his work 
on macroscopic grading of disc degeneration and the 
disc’s nutrient supply, noted in this chapter, he began his 
research career studying biomechanics. It was this early 
work in the 1950s that led him to intradiscal pressure 
measurements, which were the  fi rst in vivo measurements 
to directly determine loading conditions of the spine, the 
research for which he may be best known. 
  Above all, Nachemson was a passionate and outspoken 
advocate for research excellence and improved patient 
care, particularly in his discipline of orthopaedic surgery. 
He held innumerable related leadership positions in 
Sweden and internationally. Among them was founding 
member of the International Society for the Study of the 
Lumbar Spine (ISSLS), which became the premier 
research society on common spinal disorders. Through 
the ISSLS, he initiated the prestigious Volvo Award 

(now ISSLS Prize) in 1979, which is arguably the most 
well-recognized award in spine research. His genuine 
dedication to excellence, enthusiasm and humor, were an 
inspiration to all who had the good fortune to work with 
him. 
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and Joint Surgery  ( Am ) (Torgerson and Dotter  1976  ) . In this 
paper, disc degeneration was judged as disc space narrowing 
on lateral radiographs; it was later called “degenerative disc 
disease,” a suggested cause of low back pain. 

 The term “degenerative disc disease” was widely used in 
medical and scienti fi c literature in the 1980s, and its use has 
increased exponentially over subsequent years. Sometimes, 
the term refers to painful disorders that are suspected or 
known to be disc related. In fact, currently, degenerative 
disc disease is the most common reason for lumbar fusion 
in the USA (Rajaee et al.  2012  ) . Yet, gradually “degenera-
tive disc disease” has also become a commonly used syn-
onym of disc degeneration, and unfortunately, its speci fi city 
for painful disc-related disorders has been lost. Adding to 
the confusion, this use of the term degenerative disc disease 
can also be seen in large-scale population-based epidemio-
logic studies of disc degeneration (Mok et al.  2010 ; 
Sambrook et al.  1999  ) . 

 Imprecise case de fi nitions and the interchangeable use of 
distinctly different terms, such as disc degeneration, 
 degenerative disc disease, and back pain, so common in the 
epidemiological literature, continue to cloud the interpreta-
tion of available research (Battie et al.  2007a ; Videman and 
Battie  2012  ) . Clearer de fi nitions and more uniform use of 
terms would help facilitate accurate communication in medi-
cine and research, avoid unnecessary confusion, and allow 
clearer comparison of different studies. As the phenomenon 
of disc degeneration is also lacking a standard de fi nition, the 
need to clarify concepts and terminology is of particular 
signi fi cance.   

    9.3   Case De fi nition: Measuring 
Disc Degeneration 

 No other human tissue or organ undergoes a process of such 
profound degeneration or starts so early (usually in the sec-
ond decade of age) as the intervertebral disc (Schmorl and 
Junghanns  1971  ) . Despite substantial clinical interest and 
extensive research, disc degeneration lacks a clear, standard 
de fi nition. This may be due, in part, to the wide variation in 
methodologies used to interrogate the disc by researchers 
and clinicians from many different disciplines. Thus, one 
standard de fi nition to address the pathogenesis and charac-
teristics of disc degeneration is likely unrealistic. Other 
chapters in this book highlight what can be learned about the 
disc and its degeneration from histological, biochemical, 
biomechanical, radiological, and other perspectives, includ-
ing clinical practice. In this chapter, taking an epidemiologi-
cal perspective, we will focus on disc degeneration as de fi ned 
primarily from imaging and, in particular, magnetic reso-
nance imaging. 

 Measurement and case de fi nition are fundamental to any 
study of occurrence, etiology, or clinical relevance of disc 

degeneration. According to a review (Kettler and Wilke 
 2006  ) , there are at least 22 grading systems available to rate 
the degree of lumbar disc degeneration. These scales were 
classi fi ed into  fi ve groups based on materials and modalities 
used, including macroscopic anatomy, histology, plain radi-
ography, discography, and magnetic resonance (MR) imag-
ing. Due to technical limitations in detecting changes within 
the intervertebral discs, no grading system used computer-
ized tomography. 

 Early descriptions of disc degeneration were based on 
autopsy examinations of cadaveric spines. Findings from 
macroscopic and histological observations primarily included 
desiccation of the nucleus pulposus,  fi brous fraying, clefts, 
and a loss of disc height. Although degenerative changes of 
the lumbar intervertebral discs were described in detail by a 
number of scholars from the 1930s to the 1950s (Coventry 
et al.  1945b ; Friberg and Hirsch  1948 ; Schmorl and Junghanns 
 1971 ; Virgin  1951  ) , no grading system was proposed. In a 
1960 study investigating the effects of disc degeneration on 
intradiscal pressure, Nachemson developed the  fi rst reliable 
macroscopic grading system to rate disc degeneration 
(Nachemson  1960  ) . Grading disc degeneration using histo-
logical examination was introduced as late as the 1990s 
(Gunzburg et al.  1992  ) . However, such macroscopic and his-
tological measurements of the disc cannot be applied to non-
surgical patients and, thus, are of limited clinical value. 

 Plain radiography was extensively used in imaging the 
spine by Schmorl in the 1920s, in an attempt to correlate 
radiological features to pathological  fi ndings (Schmorl and 
Junghanns  1971  ) . However, Schmorl realized that radio-
graphs showed only bony signs that are secondary to disc 
degeneration, such as corti fi cation of trabecular bone 
(Schmorl’s nodes), endplate sclerosis, and narrowing of the 
intervertebral disc space. Schmorl clearly pointed out that 
“only with considerable degrees of degeneration of the disc 
tissue, a decrease in the height of the disc space takes place.” 
Thus, he concluded that a loss of disc height cannot detect 
disc degeneration in the early stage. Yet, after 1950, the 
increasing clinical needs of investigating back pain 
demanded a noninvasive, feasible, and inexpensive modality 
to evaluate the lumbar spine and disc. Consequently, mea-
suring disc degeneration by judging disc height and verte-
bral endplate sclerosis on plain radiographs of the spine was 
introduced in 1952 (Kellgren and Lawrence  1952  ) . Since 
then, plain radiography has served as a primary approach to 
assess disc degeneration. Later, in the 1990s, osteophytes 
were added as another indicator of disc degeneration using 
the radiographic grading system (Mimura et al.  1994 ; Lane 
et al.  1993  ) . Despite reasonable reliability (Kellgren and 
Lawrence  1952  ) , measuring disc degeneration from plain 
radiography has inherent limitations, as previously 
 mentioned. In addition to depicting primarily nonspeci fi c 
bony degenerative  fi ndings of the lumbar spine and the 
inability to detect early degenerative changes, measuring 
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disc height and surrounding osteophytes together may be 
questionable, as the measurement of one may bias the 
assessment of the other. 

 Another approach that gained popularity and was once 
regarded as a gold standard for evaluating disc degeneration 
is discography. Different from plain radiography, discogra-
phy re fl ects the degree of morphological changes (annular 
disruption) within the disc by injecting opaque contrast into 
the disc and observing its distribution. The  fi rst discography 
using barium sulfate was performed in cadaveric spines by 
Schmorl in the 1920s to demonstrate various types of annu-
lar tears (Vernon-Roberts  1994  ) . In 1948, Lindblom and 
Hirsch applied discography clinically to patients with back 
pain to image herniated lumbar discs (Hirsch  1948 ; Lindblom 
 1948  ) . However, what impressed them most was that discog-
raphy could provoke or replicate patients’ back pain or sci-
atica. The enthusiasm for discography quickly grew, although 
it was later found to have a strikingly high false-positive rate 
(Guyer and Ohnmeiss  2003  ) . For a long period, discography 
was used in clinics to diagnose so-called discogenic back 
pain, rather than to detect morphological changes of the 
disc. 

 The distribution of contrast in discography was used to 
assess disc degeneration as late as the 1980s (Adams et al. 
 1986 ; Videman et al.  1987,   1990  ) . Before MR imaging was 
generally used in clinical practice, traditional discography 
was considered the best approach to evaluate disc degenera-
tion. It can differentiate successive morphological changes 
inside the disc (Adams et al.  1986  ) , beyond that possible 
with MRI (Schneiderman et al.  1987  ) . Although discography 
may not be able to detect all annular lesions (e.g., those that 
do not connect to the nucleus), it was reported to be more 
sensitive in detecting annular tears than using MRI (Gunzburg 
et al.  1992  ) . Yet, due to the invasive nature and the possibility 
of accelerating the progression of disc degeneration (Carragee 
et al.  2009  ) , the application of discography clinically has 
fallen out of favor and may eventually fade from surgical 
practice. 

 The advent of MRI, and its widespread use since the 
beginning of the 1990s, was a major advance for clinical and 
research investigation of the disc. Capable of depicting disc 
morphology in multiple planes noninvasively and without 
ionizing radiation, it quickly became the clinical imaging 
modality of choice for the disc. MRI also allowed large-scale 
epidemiological studies of general population samples to 
investigate the prevalence, etiological factors, and clinical 
relevance of disc degeneration. 

 Traditionally,  fi ndings of disc degeneration on MR 
images have included decreased signal intensity (desicca-
tion), disc bulging (anterior and posterior), disc height 
 narrowing, annulus  fi ssures, osteophytes, and endplate 
 irregularities. Which one should be used to indicate the 
severity of disc degeneration remains a matter of controversy. 
Some investigators combine some or all of these  fi ndings and 

develop summary scores of overall disc degeneration, while 
others use individual  fi ndings (e.g., signal or bulging) to 
answer speci fi c questions. In addition to the  fi ndings 
 correlating to one another, the qualitative assessment of one 
 fi nding may in fl uence the assessment of another, such that 
summing of  fi ndings into a global score may exaggerate the 
degree of disc degeneration. 

 MR imaging of the disc depends largely on changes of 
water content (Modic et al.  1984  ) , which is the  fi rst step in 
the process of disc degeneration. Therefore, MRI is able to 
detect disc degeneration in very early stages, even before 
morphological degenerative changes appear. Correspondingly, 
decreased signal intensity on T2-weighted MR imaging 
demonstrates the most marked change related to disc degen-
eration. There is evidence that digital signal measurements 
may provide the best MR depiction of degeneration available 
from standard imaging, as validated through association with 
age (Videman et al.  2008  ) . Yet, these measurements require 
specialized software and do not have immediate clinical use. 
Thus, disc signal changes continue to be based primarily on 
visual impressions. 

 There are a number of visual rating systems used for disc 
degeneration (Kettler and Wilke  2006  ) . The P fi rrmann 
classi fi cation of disc degeneration on MRI is one of the more 
commonly used grading protocols, with supporting evidence 
of reliability and validity (P fi rrmann et al.  2001  ) . Based on 
the structure of the disc, distinction of the nucleus and annu-
lus, signal intensity, and disc height, this system rates sever-
ity of disc degeneration using a  fi ve-grade ordinal scale. Due 
in part to its simplicity, the grading scheme is currently pop-
ular in both spine practice and research. However, the grad-
ing is more or less based on a subjective judgment of many 
perspectives of the disc, where it sometimes is dif fi cult to 
distinguish one stage of disc degeneration from another 
(Haughton  2006  ) . In addition, the ordinal nature of the scale 
also limits its sensitivity to detecting changes in disc degen-
eration in longitudinal studies. Yet, its current widespread 
use will likely aid comparisons between studies, which is 
needed to advance the  fi eld.  

    9.4   Prevalence of Disc Degeneration 

 Due to the wide variations in de fi nitions, methodologies, 
and samples used, the prevalence rates of disc degenera-
tion reported in the scienti fi c literature vary substantially 
(Battie et al.  2004  ) . Imaging approaches, such as 
 radiography and discography, are currently less commonly 
used to evaluate disc degeneration and thus will not be 
fully discussed in this section. Instead, the focus will be 
on studies using MRI, the preferred clinical imaging 
modality, as results from such studies may provide a 
 reference for clinical observations. Furthermore, while 
many studies of disc degeneration using MRI investigate 
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various highly selected populations, such as patients with 
back or leg pain or workers of certain occupations, we 
restrict this chapter to studies of general population-based 
samples. In addition, in previous studies, some bony 
 fi ndings, such as osteophytes, Schmorl’s nodes, and end-
plate irregularities, were included in the evaluation of disc 
degeneration. Although more or less associated with disc 
degeneration, they are not speci fi c  fi ndings of the disc and, 
therefore, are not presented in this section. Instead, we 
will further discuss epidemiological studies of endplate 
 fi ndings in a later section and consider their  relationship 
to disc degeneration. 

 A review of population-based studies of disc degeneration 
using MRI reveals that the prevalence rates vary consider-
ably between different degenerative  fi ndings, spinal levels, 

and age groups. The most commonly studied degenerative 
 fi nding of the lumbar disc, with the most consistent  fi ndings 
between studies, is reduced signal intensity, which report-
edly is already present to some degree in approximately half 
of adolescents (Table  9.1 ). Perhaps the  fi ndings that vary 
most in prevalence between adolescence and later adulthood 
are annular tears and high-intensity zones, which are visual-
ized in less than 10 % of adolescents and young adults and 
which increases to 30–50 % by middle adulthood. The prev-
alence of disc narrowing is relatively high in the young with 
nearly 40 % of adolescents having some degree of narrow-
ing, but there is only one study on which to base this obser-
vation (Table  9.1 ).  

 As the prevalence of degenerative  fi ndings at different 
disc levels of the lumbar spine varies considerably, ideally 

   Table 9.1    Prevalence of disc degeneration  fi ndings on MR images in lumbar spines of general populations   

 Author and year 
 Sample 
size  Race  Age  Gender 

 Reduced 
signal 
intensity 

 Reduced 
disc 
height  Bulging 

 Annular 
tears 

 High-intensity 
zone 

 Videman  (  1995  )  a   232  Finnish  49.3 (35–69)  100 % M  L1/2  41.6 %  9.3 %  58.6 %  11.6 % 
 L2/3  48.7 %  13.6 %  74.7 %  17.5 % 
 L3/4  57.7 %  24.1 %  81.9 %  27.4 % 
 L4/5  80.4 %  51.3 %  92.8 %  53.1 % 
 L5/S1  86.0 %  55.6 %  78.5 %  49.8 % 

 Kjaer  (  2005b  )  a   439  Danish  13.1 (12–14)  46.7 % M  L1/2  12 %  3 %  0 %  1 %  0 % 
 L2/3  8 %  1 %  0.3 %  1 %  0 % 
 L3/4  13 %  6 %  3 %  2 %  0 % 
 L4/5  31 %  31 %  10 %  2 %  1 % 
 L5/S1  50 %  17 %  12 %  3 %  4 % 
 57.6 % of spine  38 %  16.1 %  7.3 %  5 % 

 Kjaer  (  2005a  )  a   412  Danish  40  48.2 % M  45.2 %  50.2 %  52.4 %  39.3 %  40.8 % 
 Takatalo  (  2009  )  b   558  Finnish  21 (20–22)  58 % M  L1/2  2 % 

 L2/3  3 % 
 L3/4  5 % 
 L4/5  22 % 
 L5/S1  35 % 
 47.2 % of spine  24.9 %  9.1 %  6.8 % 

 Cheung  (  2009  )  c   1,043  Chinese  (18–55)  – 
 18–29  42 %  27.3 %  3.4 % 
 30–39  48 %  20.6 %  8.2 % 
 40–49  70 %  27.3 %  16.1 % 

  ³ 50  88 %  43.1 %  29.0 % 

 Mok  (  2010  )  c   2,449  Chinese  40.4 ± 10.9 
(9.7–88.4) 

 40 % M  L1/2  9.5 % 
 L2/3  15.7 % 
 L3/4  27.2 % 
 L4/5  45.8 % 
 L5/S1  51.0 % 

 Samartzis  (  2011  )  c   83  Chinese  18.3 ± 2.1 
(13–20) 

 46 % M  34.9 %  22.9 %  3.6 % 

   a Signal intensity was judged using a 4-point scale, with 0 representing normal and 1–3 progressive signal loss 
  b A modi fi ed P fi rrmann scale was used to evaluate disc degeneration, which takes both signal and disc height into consideration. Discs with a 
P fi rrmann grade of 1 or 2 were classi fi ed as normal and discs with grades 3, 4, or 5 were de fi ned as degenerated 
  c In these three studies, disc degeneration was rated using a 4-point Schneiderman scale, which assesses signal intensity and disc narrowing 
together  
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prevalence would be presented level by level. Most disc-
speci fi c degenerative  fi ndings on MRI, such as bulging, her-
niation, disc space narrowing, and annular tears, are more 
common and more severe at the L4/5 and L5/S1 discs than 
the upper lumbar discs (Fig.  9.1 ) (Videman et al.  1995  ) . This 
 fi nding is also consistent between MR evaluation protocols 
of disc degeneration. In general, degenerative  fi ndings in the 
L1/2, L2/3, and L3/4 discs are more similar to each other, as 
compared to those in the L4/5 and L5/S1 discs (Table  9.1 ). 
Therefore, it may be advisable to, at least, divide the  fi ve 
lumbar intervertebral discs into upper (L1/2, L2/3, and L3/4 
discs) and lower lumbar regions (L4/5 and L5/S1 discs) when 
investigating disc degeneration. There also appears to be a 
clear difference in genetic in fl uences between upper and 
lower lumbar regions (Battie et al.  2008  ) , further strengthen-
ing the case against using a summary score for degeneration 
across the entire lumbar spine.   

    9.5   Etiological Factors (Environmental, 
Behavioral, and Constitutional) 

 Before the mid- to late 1990s, the dominant model of the 
etiology of disc degeneration was one of repetitive load-
ing or wear and tear. This paradigm generally viewed disc 
degeneration as a consequence of repeated loading and 

associated tissue insults and injuries. Correspondingly, 
behavioral and environmental factors, such as occupa-
tional materials handling, were viewed as the main causes 
of disc degeneration. Not surprisingly, these in fl uences 
were the focus of research and prevention strategies. 
Based on knowledge of that time, Frymoyer summarized 
the  fi ndings of epidemiological studies on “degenerative 
disc disease” by stating “Among the factors associated 
with its occurrence are age, gender, occupation, cigarette 
smoking, and exposure to vehicular vibration. The contri-
bution of other factors such as height, weight, and genet-
ics is less certain” (Frymoyer  1992  ) . A decade later, a 
major shift in views was underway. Taking into account 
new knowledge gained from the intervening decade, in 
2002 Ala-Kokko concluded that “Even though several 
environmental and constitutional risk factors have been 
implicated in this disease, their effects are relatively 
minor, and recent family and twin studies have suggested 
that sciatica, disc herniation and disc degeneration may be 
explained to a large degree by genetic factors” (Ala-Kokko 
 2002  ) . Disc degeneration is now considered a condition 
that is largely genetically in fl uenced, with environmental 
factors, although elusive, also playing an important role 
(Battie et al.  2009  ) . An overview of the main factors which 
have been of interest in the etiology of disc degeneration 
follows. 
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  Fig. 9.1    Mean scores for speci fi c 
manifestations of disc 
degeneration by disc level 
(Adapted from the paper by 
Battié et al.  (  2004  ) , with 
permission)       
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    9.5.1   Age 

 With the possible exception of genetics, which will be 
 discussed later, age is perhaps the factor most strongly asso-
ciated with disc degeneration. The clear relationship between 
age and disc degeneration has been observed since the time 
of the pioneering pathologists using autopsy studies in the 
early twentieth century. Some classic autopsy studies using 
large samples clearly documented that the occurrence of disc 
degeneration increased “linearly” with age. For example, in 
a study from 1926 based on 1,000 consecutive autopsies, 
Heine reported the prevalence rate of macroscopic disc 
degeneration (or so-called spondylitis deformans) increased 
from 0 to 72 % from the age of 39–70 years (Heine  1926  ) . 
Schmorl and Coventry further con fi rmed that the occurrence 
rates of histological  fi ndings of disc degeneration, such as 
disc cell death, nucleus clefts, annular tears, and cartilage 
endplate  fi ssures, increase consistently with greater age 
(Schmorl and Junghanns  1971 ; Coventry et al.  1945a  ) . More 
recently, Miller reported that the prevalence of macroscopic 
disc degeneration increased from 16 % at 20 years of age to 
98 % at 70 years (Miller et al.  1988  ) . Later, in a systematic 
investigation of age-related changes in lumbar intervertebral 
discs, Boos et al. clearly depicted the association of increased 
prevalence rates of almost all histological degenerative 
 fi ndings in the disc with greater age in a sample spanning 
from fetal to 88 years (Boos et al.  2002  ) . 

 On the other hand, some degenerative changes seen from 
histology can occur in early childhood, complicating the role 

of age in disc degeneration. For example, mucoid degenera-
tion and mild clefts of the nucleus pulposus may present 
before the age of two (Boos et al.  2002  ) . In the second 
decade of life, nucleus pulposus clefts and radial tears are 
often observed in the disc center, as are cartilage cracks 
(Boos et al.  2002  ) . From 20 years old on, disc degenerative 
 fi ndings have been found to progressively increase in both 
frequency and severity. However, there is considerable vari-
ability in degenerative disc  fi ndings within age groups. 

 In general, use of MRI has provided a good opportunity to 
investigate the association between age and disc degenera-
tion. Cerebrospinal  fl uid-adjusted disc signal intensity mea-
surements, re fl ecting the water content of the nucleus 
pulposus, have been found to decrease from early childhood 
through late adulthood (Videman et al.  1994  ) . In a study of 
116 men ranging in age from 35 to 70 years, the associations 
of different degenerative  fi ndings on MRI were plotted in 
relation to age. Disc signal intensity measurement was more 
highly associated with age than other MR  fi ndings (Fig.  9.2 ). 
A further study reported that age could explain up to 31.7 % 
of the variation of signal-based digital measurements of disc 
degeneration, such as cerebrospinal  fl uid-adjusted disc sig-
nal, in the upper lumbar intervertebral discs and 11.5 % in 
the lower lumbar intervertebral discs (Videman et al.  2008  ) . 
Another advantage of signal intensity measurements acquired 
through standard MRI, as opposed to qualitative assess-
ments, is that they are continuous in nature, providing greater 
sensitivity to change and facilitating statistical analyses. 
However, such quantitative measurements can be in fl uenced 

  Box 9.3 De fi nitions 

  Variance  is a measure of the variability in the data or mea-
surements of interest. Central tendency and variability are 
two important statistical features for the distribution of 
observations. For a set of continuous scores ( X ) measured 
from  N  samples, mean ( x  ) usually is used to indicate its 
central tendency and variance ( S  2 ) or standard deviation 
(SD) is used to indicate its variability. Variance is de fi ned 
as the average of the squared deviations from the mean, 
which is calculated as:
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2 ( )
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X X
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n

-
=
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å

    

  Prevalence  refers to the existence of a particular state 
(e.g., disease) among members of a population, typically 
at a given point in time, whereas prevalence rate is the 
proportion of the population in that state. 

  Familial aggregation  is the clustering of a trait or state in 
family members beyond that expected by chance given 

the prevalence of the state in the general population. 
While observations of familial aggregation often lead to 
suspicions of genetic in fl uences, familial aggregation can 
also be due to shared cultural and environmental in fl uences 
among family members. 

  Heritability  is the proportion of population variance in a 
trait due to interindividual genetic variation or, in other 
words, the proportion of phenotypic (observable trait) 
variance attributable to genetic effects. 

  Association  refers to an occurrence relation, such that 
two traits or states occur together either more or less 
often than expected by chance. However, an observed, 
statistically signi fi cant association between a risk indica-
tor and a disease does not necessarily infer a causal 
relationship. 

  Causation  infers a causal connection between a 
 determinant and disease or outcome phenomenon. To 
judge whether an observed association represents a 
 cause-effect relationship between exposure and disease, 
comprehensive inferences or criteria are needed. 
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by scanner variations and are currently only used for research 
purposes.  

 In epidemiological studies age is a more complicated 
 factor than it may appear (Videman et al.  2008  ) . Age is an 
intrinsic indicator of the natural process of aging, with a 
dose-response effect of greater age associated with more 
degenerative changes. It re fl ects, however, more than natural 
aging and can be a complex risk factor with respect to disc 
degeneration and other outcomes, as it represents not only 
natural aging but also associated factors. For example, age 
also re fl ects cumulative exposure to a variety of known or 
unknown etiological factors that generally increase with the 
passage of time. In fact, many factors suspected of accelerat-
ing disc degeneration, such as excessive mechanical loading 
or trauma to the spine, cannot be accurately measured, par-
ticularly when lifetime exposures are of interest. However, 
the exposure to such factors, more or less, is associated with 
age, with greater age generally associated with greater expo-
sure to all risk factors.  

    9.5.2   Occupational and Leisure Physical 
Demands and Spinal Loading 

 Before genetic factors began to assume a leading role in 
disc degeneration in the middle to late 1990s (Battie et al. 
 1995a,   b ; Sambrook et al.  1999  ) , a wear-and-tear model of 
disc degeneration prevailed. Various forms of physical 
demands and spinal loading conditions, particularly heavy 
material handling, were regarded as the main causes of disc 
degeneration. The natural assumption under such an injury 

or wear-and-tear model was that heavy work and greater 
physical demands would lead to greater disc degeneration. 
Yet, epidemiological evidence of this has always been 
con fl icted. 

 In early studies using radiography, it was observed that 
disc degeneration, as judged from disc space narrowing and 
endplate sclerosis, was more common in miners and manual 
workers than in non-laborers (Lawrence  1955  )  and that the 
onset of disc degeneration was on average 10 years earlier in 
workers with heavy physical demands (Hult  1954  ) . 
Conversely, in a study of 15,160 “back trouble” patients, disc 
degeneration, as judged from disc space narrowing and 
osteophytes, was not found to be associated with heavy 
physical work (Friberg and Hirsch  1949  )  nor was occupa-
tional lifting as reported by others (Frymoyer et al.  1984  ) . 
More recent studies have continued to produce mixed results, 
with some suggesting a negative effect of greater physical 
demands (Seidler et al.  2009  ) , while others fail to observe 
detrimental effects on the disc (Porter et al.  1989 ; Videman 
et al.  2007  ) . In fact, Porter put forward the hypothesis that 
physical activity strengthens both the vertebrae and discs 
(Porter et al.  1989  ) . Results of a recent study by Videman 
et al. suggest that greater loading of the discs during routine 
activities may even have some positive effects on the disc, as 
seen through higher disc signal (hydration) (Videman et al. 
 2010  ) . Also, although occupational loading history, with a 
dose-response effect, was greater in patients with pain 
 attributed to disc pathology than in controls (Seidler et al. 
 2009  ) , most studies of the association between mechanical 
loading and disc degeneration have failed to uncover a clear 
relationship (Caplan et al.  1966 ; Riihimaki et al.  1990 ; 
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  Fig. 9.2    Mean scores for speci fi c 
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Sairanen et al.  1981  ) , further questioning whether there is a 
strong causal link between physical loading and disc 
degeneration. 

 Among the problems underlying the inconsistencies are 
measurement limitations of exposures and outcomes. 
Epidemiological studies on mechanical loading and disc 
degeneration are particularly challenging, as lifetime physi-
cal activities and associated loading cannot be measured 
accurately, which invariably has the effect of diluting the 
appearance of true associations. Moreover, standard 
de fi nitions of disc degeneration are also lacking. While most 
degenerative  fi ndings (e.g., signal loss, bulging, narrowing) 
are correlated to some degree, they do not necessarily repre-
sent the same phenomenon and important information may 
be lost by aggregating distinct  fi ndings into summary scores, 
which is a common practice. 

 Uncontrolled confounding factors are another major limi-
tation of most epidemiological studies. Exposure-discordant 
twin studies, which may provide for the best control of 
known and unknown confounding factors while minimizing 
extraneous variability related to the substantial genetic 
in fl uences, provide a particularly strong research design to 
investigate the effects of environmental exposures. Such 
studies have been employed to help clarify the effects of a 
number of suspected risk factors in disc degeneration, which 
are highlighted below. 

 It is well known that musculoskeletal tissues, such as bone, 
ligaments, cartilages, and muscles, are able to increase their 
physiological capacity and mechanical strength in response 
to repeated physical activities and greater physical loading. 
The adaptation to a changing mechanical environment is a 
rule in sport science and is typically the purpose of exercise 
and training. Yet, this rule is curiously often viewed as not 
“applicable” to the intervertebral disc. Instead, mechanical 
loading or repeated material handling, either from occupa-
tion or exercise, is viewed as a hazard that will accelerate 
disc degeneration. Herein is one of the great paradoxes in the 
relationship between physical loading and the lumbar spine 
as compared to other musculoskeletal structures. 

 Although doubts about the cumulative loading or 
 wear-and-tear model of disc degeneration have long existed, 
substantial evidence to challenge this paradigm was forth-
coming from exposure-discordant twin and heritability 
 studies. Despite extreme exposure, discordance in monozy-
gotic co-twins, very little variance in disc degeneration out-
comes was explained by substantial, long-term occupational 
or sport physical demands and lumbar loading conditions 
(Battié et al.  2009 ). 

 Also, using monozygotic twins with similar lifestyle but 
substantially different body weights (average body weight 
difference of 30 lb), long-term physical loading in the form 
of additional body weight was not associated with increased 
disc degeneration. Instead, greater body weight within the 
range studied, which did not include extreme obesity, was 

associated with slightly less upper lumbar disc desiccation, 
suggesting that greater routine loading of the lumbar spine is 
not detrimental to the disc (Videman et al.  2010  ) . The key, 
perhaps, is the amount of loading and the manner that load-
ing is imposed on the spine in relation to tissue strength, 
which likely varies substantially between individuals and 
over the lifespan. 

 It has been quite common for epidemiological studies of 
physical loading and disc degeneration to focus on occupa-
tional exposures and ignore physical activities outside of 
work. Considering that activities outside of paid employment 
usually occupy more of a person’s time than work hours and 
that combined work and leisure physical loading may give a 
very different picture than occupational loading alone, this is 
no small oversight. 

 In one of the more comprehensive epidemiological stud-
ies to date investigating the effects of lifetime exposures to 
suspected risk factors, physical loading exposures explained 
only 7 % of the variance in disc degeneration in the upper 
lumbar levels and 2 % in the lower lumbar levels, suggesting 
a modest role of commonly experienced occupational and 
leisure activities in disc degeneration (Battie et al.  1995b  ) . 
Interestingly, it was exposures reported during leisure activi-
ties that accounted for the variance in lower lumbar disc 
degeneration explained by physical loading exposures.  

    9.5.3   Driving and Whole-Body Vibration 

 Whole-body vibration (WBV) resulting from operating or 
riding in motorized vehicles is a special form of physical 
loading that was long thought to be deleterious to the lumbar 
spine and disc, in particular. According to an extensive 
review conducted in the early 1990s during the height of 
research activity and interest in whole-body vibration and 
lumbar disc degeneration, degenerative  fi ndings tended to be 
more common in subjects with greater exposure (Kjellberg 
et al.  1994  ) . However, the authors of the review also noted 
“uncontrolled confounding factors may have affected the 
results in all studies, and the conclusions about the causal 
role of WBV for the observed injuries and/or disorders there-
fore become uncertain.” 

 Since that time,  fi ndings have been con fl icting and effects 
uncertain. An exposure-discordant twin study, perhaps the 
most well-controlled epidemiological study of the associa-
tion of lifetime exposure to motorized vehicles and related 
WBV, investigated 45 pairs of monozygotic twin siblings 
highly discordant for lifetime vehicular driving. No signi fi cant 
differences, nor trends, of greater disc degeneration (e.g., 
disc signal loss, bulging, herniation, narrowing) were found 
in drivers as compared to their lesser exposed twin brothers 
(Battie et al.  2002  ) . 

 Whether or not WBV related to motorized vehicles exac-
erbates symptoms from lumbar degenerative conditions or 
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affects other structures is unclear (Lings and Leboeuf-Yde 
 2000  ) , but these are different issues. Interestingly, vibration 
has also been pursued more recently as a treatment for low 
back pain, using various frequencies (del Pozo-Cruz et al. 
 2011 ; Rittweger et al.  2002  ) . With respect to deleterious 
effects of exposures to motorized vehicles and related WBV 
during work and leisure on disc degeneration in humans, 
 fi ndings have not been persuasive and, in any event, do not 
suggest a major effect. Yet, after more than 50 years of 
research on the topic, pleas for continued in-depth biome-
chanical studies of the effects of vibration on the disc, both 
good and bad, continue (Hill et al.  2009  ) . This may signify 
the desire and need for rigorous scienti fi c evaluation to clar-
ify effects, better taking into account frequency, amplitude, 
and other aspects of vibration. On the other hand, it may also 
re fl ect the absence of clear environmental risk factors with 
substantial effects on which to focus etiological and inter-
vention research.  

    9.5.4   Trauma 

 Evidence from both experimental and clinical observations 
support that clear trauma is a risk factor for disc degenera-
tion. One animal model of disc degeneration involves surgi-
cally producing a peripheral annular lesion, which quickly 
leads to degenerative changes in the disc (Osti et al.  1990  ) . A 
recent clinical study observed a similar, although less dra-
matic, causal association between injury to the annulus 
 fi brosus and disc degeneration related to needle puncture in 
discography. Greater disc degeneration was observed in the 
non-degenerated or healthy discs following discography over 
a 10-year follow-up (Carragee et al.  2009  ) . Direct trauma or 
injury to the disc may destroy the homeostasis of the disc, 
in fl uence the metabolism of the disc cell, and alter biome-
chanics of the disc, leading to an accelerated degenerative 
process. 

 Trauma to tissues adjacent to the disc, including the ver-
tebral body and endplate, may also accelerate disc degenera-
tion. In animal models, endplate trauma directly induces disc 
cell apoptosis and promotes disc degeneration (Haschtmann 
et al.  2008  ) . Clinical long-term follow-up of young people 
with previous vertebral compression fractures revealed 
greater amounts of disc degeneration than in healthy con-
trols, also supporting an association of endplate trauma with 
accelerated disc degeneration (Kerttula et al.  2000  ) . 

 The question is: how much trauma or force is needed to 
damage the human disc in vivo and accelerate disc degenera-
tion? A recent autopsy study found that a history of lumbar 
injury, which referred to sudden onset back pain associated 
with a speci fi c accident or unusual activity, was associated 
with the presence of lumbar endplate lesions, which were 
closely associated with more severe discographic disc degen-
eration (Wang et al.  2012a ; Wang  2011  )  Endplate lesions 

may be one mechanism through which trauma or injury 
eventually leads to disc degeneration. Unfortunately, current 
clinical imaging modalities are unlikely to be capable of 
detecting endplate and annular lesions to the same degree, 
although the sensitivity of MRI to disc disruption may be 
improving. 

 Another study of recalled back “injuries” related to sport, 
leisure, or work activities, and episodes of sudden onset low 
back pain associated with an exceptional physical activity, 
used an exposure-discordant twin model. The study revealed 
that “back injury” based on recollection of such traumatic 
incidents was not associated with a subsequent increase in 
disc degeneration, as judged from disc height narrowing or 
reduced signal intensity (Hancock et al.  2010  ) . The inconsis-
tencies between studies could be explained by high variabil-
ity in the degree of trauma experienced and reported and that 
pain was the indicator of “injury,” which may not have been 
associated with substantial or consequential tissue change to 
the disc. Also, some painful injuries to the back may have 
been forgotten, resulting in recall bias.  

    9.5.5   Smoking 

 Cigarette smoking is the only chemical exposure known to 
associate with lumbar disc degeneration. While it is com-
monly accepted that smoking has deleterious effects on the 
disc and research has turned to understanding the mecha-
nisms involved (Vo et al.  2011  ) , it is important to keep in 
mind that the effects are likely to be very modest. Using 
identical twins grossly discordant for smoking exposure 
(over 32 pack-years), the overall disc degeneration across the 
entire lumbar spine was greater in smokers as compared to 
their nonsmoker siblings. Yet, the effect size was very small, 
explaining less than 2 % of the variance in degeneration 
scores (Battie et al.  1991  ) .  

    9.5.6   Vertebral Endplate Morphology 
and Status 

 Although substantial progress has been made in understand-
ing the pathogenesis of disc degeneration, the pathological 
mechanisms or pathways leading to degeneration are far 
from explicit. Recent research suggests that the endplate, an 
 interface tissue between the vertebral body and the 
 intervertebral disc, may be the structure through which a 
number of etiological factors lead to disc degeneration 
(Wang  2011  ) . 

 The endplate is essential to maintaining the structural 
integrity and physiological function of the intervertebral disc 
(Moore  2006  ) . It is the physical shield preventing the nucleus 
pulposus from “escaping” (Roberts et al.  1996  )  and the 
mechanical interface facilitating load distribution in the 
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vertebra-disc complex (Brinckmann et al.  1983 ; Setton et al. 
 1993 ; Ferguson and Steffen  2003  ) . In addition, it is the gate-
way for metabolite transport between the vertebral marrow 
and intervertebral disc (Benneker et al.  2005 ; Nachemson 
et al.  1970 ; Urban et al.  2004  ) . 

 Given the multiple functions of the endplate, its morpho-
metrics are generally thought to associate with disc degen-
eration. Yet, due to variations in study materials and 
limitations of inadequate measurements, the association 
between endplate morphometrics and disc degeneration 
remains largely unclear and controversial. In a series of stud-
ies to investigate the role of endplate morphometrics in disc 
degeneration (Wang  2011  ) , a large sample of lumbar end-
plates was extensively measured in vitro using accurate tech-
nologies, such as laser scanning and micro-CT. Among the 
endplate morphometrics studied, including thickness, con-
cavity, circularity, size, and bone mineral density, only end-
plate thickness (Wang et al.  2011  )  and size were found to 
associate with the degenerative disc (Wang  2011  ) . However, 
the observed associations were relatively weak, suggesting 
their contribution may be relatively small. 

 A more interesting area in endplate research is endplate 
pathology or endplate lesions, which drew substantial atten-
tion in early spine research. Schmorl’s nodes, one type of 
endplate lesion in which the nucleus pulposus protrudes 
through the endplate into the vertebral body, have been stud-
ied for over a century. To date the understanding of Schmorl’s 
nodes remains limited. The reported prevalence of Schmorl’s 
nodes varies dramatically from 9 to 75 % (Hamanishi et al. 
 1994 ; Hilton et al.  1976 ; Saluja et al.  1986 ; Williams et al. 
 2007  ) , and the association between Schmorl’s nodes and disc 
degeneration remains controversial (Hilton et al.  1976 ; 
P fi rrmann and Resnick  2001 ; Mok et al.  2010  ) . 

 Using an archive of over 150 lumbar spines, endplate 
pathologies were systematically investigated to determine 
the prevalence rate and association with disc degeneration 
(Wang et al.  2012b  ) . Strikingly, the study revealed that nearly 
half of the lumbar vertebral endplates examined had some 
sort of lesion, suggesting that the prevalence of endplate 
lesions has been substantially underestimated in clinical 
studies using MRI. Moreover, based on morphological char-
acteristics, four types of endplate lesions were further 
identi fi ed, including Schmorl’s nodes, fracture, erosion, and 
calci fi cation. The various types of endplate lesions have 
 different distribution patterns. For example, Schmorl’s nodes 
usually involved the endplate center and were more common 
in the upper lumbar region, while calci fi cation lesions tended 
to affect the whole endplate and were mainly located in the 
lower lumbar region (Wang  2011  ) . Increasing age was found 
to associate with not only the presence of endplate lesions 
but also greater number and size of lesions, suggesting that 
age and other associated factors may play a critical role in 
the pathogenesis of endplate lesions. A further analysis 

suggested that various types of endplate lesions may have 
different pathological origins and varying degrees of associ-
ation with adjacent disc degeneration (Wang et al.  2012a  ) . 

 In summary, the endplate is important to the intervertebral 
disc. While the in fl uence of endplate morphometrics on disc 
degeneration may be modest, endplate lesions may play an 
important role in the pathogenesis of disc degeneration. 
Endplate lesions are common  fi ndings in the spines of mid-
dle-aged men and appear to be grossly underestimated with 
standard clinical imaging approaches. In addition to 
Schmorl’s nodes, there are various types of endplate lesions, 
which may have different effects on adjacent discs. Thus, it 
will be important to differentiate other types of endplate 
lesions from Schmorl’s nodes to further understanding of 
their etiology and role in disc degeneration. Such research 
would greatly bene fi t from advances in imaging technologies 
for use in vivo.  

    9.5.7   Genetic In fl uences 

 This section will not deal with the speci fi c genes associated 
with disc degeneration and the mechanisms through 
which they act, as this is the subject of another chapter 
(see Chap.   10    ). Instead, the focus here will be on the broad 
concept of genetic versus environmental in fl uences on disc 
degeneration. 

    9.5.7.1   Familial Aggregation 
 Studies of genetic in fl uences typically begin by determining 
whether familial aggregation of a disease or condition exists. 
If the condition is found to aggregate in family members 
beyond what would be expected by chance given its preva-
lence in the population, then distinguishing between genetic 
and other sources of familial similarity becomes of interest 
in better understanding the etiology of the condition. 

 There have been a number of studies of familial aggrega-
tion of disc pathology associated with painful conditions, 
particularly disc herniation with radiculopathy (Battié and 
Videman  2004  ) . Yet, persons identi fi ed as having disc her-
niation are typically those who access and receive spine sur-
gery for associated pain, and signi fi cant regional variations 
in rates of spine surgery demonstrate that this measure is 
likely to be signi fi cantly in fl uenced by other factors than 
purely disc pathology (Cherkin et al.  1994  ) . 

 There have been a number of case examples of strikingly 
similar histories within family members, both related to 
juvenile (Matsui et al.  1990 ; Varlotta et al.  1991  )  and adult 
disc herniation (Scapinelli  1993 ; Varughese and Quartey 
 1979 ; Scapinelli  1993  ) . Such case reports demonstrate that 
familial aggregation occurs, but clarifying whether or not it 
occurs more often than might be expected by chance requires 
comparison to a control or reference group. When such 
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1519 Epidemiology of Lumbar Disc Degeneration

studies were conducted, they, too, revealed a higher inci-
dence of symptomatic disc herniation in the families of cases 
of juvenile disc herniation than in those without (Matsui 
et al.  1990 ; Varlotta et al.  1991  ) , with one study providing a 
typical age-adjusted relative risk of herniation of 4.5 in fam-
ily members of young patients who had undergone surgery 
for disc herniation as compared to control family members 
(Varlotta et al.  1991  ) . Furthermore, when considering those 9 
through 15, 16 through 19, and 20 through 25 years of age, 
younger patients who underwent discectomy were found to 
be signi fi cantly more likely to have a family history of back 
disorders than those of older age groups (Nelson et al.  1972  ) . 
Such a  fi nding is consistent with genetic epidemiological lit-
erature of stronger genetic effects associated with earlier 
onset. Case-control studies have also revealed familial aggre-
gation of symptomatic lumbar disc herniation in adults 
(Matsui et al.  1998 ; Postacchini et al.  1988 ; Richardson et al. 
 1997 ; Simmons et al.  1996  ) . Collectively, these studies make 
a convincing case that disc herniation for which care is 
sought in juveniles and adults is in fl uenced by familial 
factors. 

 Evidence of substantial familial aggregation of type, 
extent, and location of degenerative changes was found in 
two earlier studies of monozygotic twins published in 1995 
(Battie et al.  1995a,   b  ) . The  fi rst study of 20 pairs of adult 
male monozygotic (identical) twins assessed the degree of 
similarities in degenerative  fi ndings of qualitatively assessed 
disc desiccation, narrowing, and bulging or herniation in the 
upper and lower lumbar regions (Battie et al.  1995a  ) . 
Concordance in  fi ndings between twins was compared to that 
which would have been expected by chance based on the 
prevalence of the  fi ndings among all 40 subjects. Depending 
on the speci fi c disc degeneration phenotype and lumbar level, 
0–15 % of the variance in disc degeneration was explained 
by age and smoking, but the explained variance rose to 
26–72 % when familial aggregation (the twin sibling’s 
 fi ndings) was also considered. Less variance in disc degen-
eration was explained at the lower than upper lumbar levels. 

 Subsequently, an investigation of the lumbar MRI of 115 
pairs of adult male identical twins revealed even more sub-
stantial familial aggregation in terms of signal intensity, 
bulging, and height narrowing (Fig.  9.3 ) (Battie et al.  1995b  ) . 
In the multivariable analysis of the T12–L4 region, history of 
physical loading explained 7 % of the variance in disc degen-
eration scores among the 230 subjects, which rose to 16 % 
with the addition of age and to 77 % with the addition of a 
variable representing familial aggregation. In the L4–5 and 
L5–S1 region, history of physical loading explained only 
2 % of the variance in disc degeneration summary scores, 
which rose to 9 % with the addition of age and to 43 % with 
consideration of familial aggregation.  

 These studies revealing modest effects of suspected 
 environmental risk factors and substantial familial 

in fl uences suggested the possibility of a strong genetic 
in fl uence on disc degeneration. Yet, the  fi nding that 
signi fi cantly less variance in degeneration was explained in 
the lower lumbar region, as compared to the upper lumbar 
region, was puzzling. It was speculated that such a differ-
ence could be due to variations in spinal anthropometrics 
between upper and lower lumbar regions interacting with 
environmental conditions resulting in a disproportional 
effect at the lower lumbar levels (Battie et al.  1995b  ) . Since 
that time, further study has suggested that while some 
genetic effects appear to act on all lumbar discs, there are 
also substantial genetic in fl uences that are distinct for the 
upper and lower lumbar regions (Battie et al.  2007b  ) .  

    9.5.7.2   Heritability 
 Once familial aggregation in a trait is established, interest 
shifts to disentangling genetic and shared environmental 
in fl uences. Classic twin studies comparing concordance of 
 fi ndings in monozygotic and dizygotic twin pairs provide a 
methodology for doing this. Classic twin studies are based, 
in part, on the assumption that monozygotic (identical) twin 
siblings have 100 % of their genes in common, whereas 
dizygotic (nonidentical) same-sex twins share 50 % of their 
genes, on average, while co-twins of either zygosity share 
the same environment similarly. Such studies can provide 
overall estimates of genetic versus environmental in fl uences. 
Speci fi cally, heritability, which is the proportion of popula-
tion variance in a trait, in this case disc degeneration, that is 
due to interindividual genetic variation, can be estimated. 

 Following the previous studies suggesting the strong pos-
sibility of substantial genetic in fl uences, Sambrook et al. 
conducted a classic twin study to examine heritability of disc 
degeneration using spine MRI for 86 pairs of monozygotic 
and 77 dizygotic pairs, primarily women from Australia and 
the UK (Sambrook et al.  1999  ) . A substantial genetic 
in fl uence was found. For an overall disc degeneration score 
comprised of qualitative ratings of disc height, signal inten-
sity, bulging and anterior osteophyte formation, heritability 
estimates were 74 % (95 % CI, 64–81 %) for the lumbar 
spine and 73 % (95 % CI, 64–80 %) for the cervical spine. 
Interestingly, when examining the components of the sum-
mary score, they reported that a genetic in fl uence was not 
apparent for signal intensity, which is perhaps the most fun-
damental sign of disc degeneration on MRI, and that most 
highly associated with aging. 

 A later classic twin study of 600 Finnish men (300 twin 
pairs) further con fi rmed a substantial genetic in fl uence on 
disc degeneration (Battie et al.  2008  ) . In this case, the herita-
bility estimates, ranging from 29 to 54 % (depending on the 
particular phenotype and lumbar level), were not as high as 
those reported in the earlier classic twin study of Australian 
and UK women. The substantial but more moderate genetic 
in fl uences found for disc signal, height narrowing, and 



152 Y. Wang and M.C. Battié

bulging in the study of Finnish twins were in line with what 
could have been expected from the earlier study of familial 
aggregation among male monozygotic twins. Among the 
strengths of the study of Finnish men were the examination 

of distinct disc degeneration phenotypes, the investigation of 
genetic in fl uences by spinal level, and the use of multivariate 
genetic analyses to investigate shared genetic and environ-
mental pathways between phenotypes. 

a b

dc

  Fig. 9.3    Examples of monozygotic twin sibling MRIs demonstrating 
similarities in degenerative  fi ndings despite substantial lifelong differ-
ences in occupational physical loading. The twin siblings are 44 ( a ), 48 

( b ), 49 ( c ) and 61 years of age ( d ) (From the paper by Battié el al. 
 (  2004  ) , with permission)       
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 The variance in heritability estimates between the classic 
twin studies may re fl ect differences in de fi nitions of the 
 phenotype of disc degeneration, sample characteristics, or 
true population differences. The disc degeneration pheno-
type used in the study by Sambrook et al. was a combination 
of individual qualitative ratings of disc narrowing, signal, 
bulging, and osteophytes, which were summed across all lev-
els of the lumbar spine. Yet, as disc narrowing and bulging 
were credited with primarily being responsible for the herita-
bility estimates, it seems unlikely that the difference in the 
estimates between studies would be mainly due to pheno-
types used. The one dramatic exception, however, relates to 
the measurement of disc signal and related heritability esti-
mates between studies. Heritability estimates for disc signal 
in Finnish men ranged from 30 to 54 %, depending on spinal 
level, whereas the study  fi ndings from the UK and Australia 
suggested that disc signal was not heritable. We suspect that 
this difference is largely due to the quality of the measures of 
signal used. A qualitative score of 0–3 was used in the study 
primarily of female twins, whereas the study of male twins 
used a quantitative measure with greater precision, based on 
the MRI digital data. 

 The most obvious difference in the classic twin studies 
samples was that one was comprised primarily of middle-
aged women, and the other of men. Since heritability esti-
mates are dependent on genotype and exposure to in fl uential 
environmental factors, it may be that the adult men had 
greater exposure to environmental risk factors on average 
than the sample of women, such that the genetic contribution 
to total variance in disc degeneration was greater in women. 
Also, theoretically, sex-linked genetic differences may be 
in fl uencing disc degeneration. 

 One potentially important  fi nding from the study of 
Finnish twins was the surprisingly modest shared genetic 
and environmental in fl uences between upper and lower lum-
bar regions. Although some genetic in fl uences were shared, 
a large portion appeared to be unique to either the upper or 
lower lumbar discs. This  fi nding has important implications 
for studying the effects of genes, environmental exposures, 
and biomechanical factors and strongly suggests that the 
upper and lower lumbar regions should be considered sepa-
rately. It was speculated that in addition to genetic effects on 
the disc’s structural components and their integrity, genes 
may also in fl uence lumbar morphology, neuromuscular 
 control, biomechanics, and other factors, which may have 
different or disproportionate effects on degeneration in upper 
and lower lumbar levels (Battie et al.  2008  ) . Conversely, 
there was a high degree of shared genetic in fl uences between 
the disc degeneration phenotypes of disc signal intensity, 
height narrowing, and bulging, suggesting that these pheno-
types may have a common etiopathogenesis and represent 
different aspects or stages of the same degenerative 
process. 

 As might be expected from the strong genetic in fl uence 
on disc degeneration based on cross-sectional data, there is 
also evidence of a strong familial and genetic in fl uence 
on the rate of progression of disc degeneration in adult-
hood (Videman et al.  2006 ; Williams et al.  2011  ) . It was 
suggested by one longitudinal study, however, that the heri-
tability of progression of disc degeneration may be most 
apparent, at least in women, under the age of 50 years 
(Williams et al.  2011  ) . 

 Several mechanisms have been suggested through which 
hereditary factors could in fl uence disc degeneration and her-
niation. Turnover of the disc’s biochemical and structural 
constituents could be genetically predetermined, in part, 
leading to varying susceptibility to degenerative changes in 
some persons relative to others. This has attracted the most 
attention in gene studies. Genes may also act through deter-
mining the size and shape of spinal structures, affecting the 
spine’s mechanical properties and thus its vulnerability to 
internal and external forces. Given the far-reaching effects of 
genes, the heritability estimates of disc degeneration may 
come from a myriad of relevant, genetically in fl uenced struc-
tural, functional, and behavioral factors. 

 In summary, the results of classic twin studies of disc 
degeneration reveal a substantial role for genetics but also 
emphasize that environmental factors are in fl uential. Yet, 
the major suspected environmental risk factors of materials 
handling and physical demands, as indicated by occupation 
or regularly performed leisure and sports activities, 
explain little of the variation seen in disc degeneration. 
Progress in identifying important environmental in fl uences 
will likely require new ideas and reconceptualizing 
in fl uential environmental factors, as well as advances in 
their measurement.    

    9.6   Summary of Critical Concepts 
Discussed in the Chapter 

    Although “degenerative disc disease” and disc degenera-• 
tion have been used as synonyms in the scienti fi c litera-
ture by many, disc degeneration does not equate to disc 
disease or necessarily result in back pain.  
  Currently there is no universal case de fi nition for disc • 
degeneration. The presence and severity of disc degenera-
tion are typically judged from MRI based on decreased 
signal intensity, disc bulging, disc height narrowing, 
annular  fi ssures, and osteophytes, either separately or 
combined.  
  Disc degeneration begins in youth and is ubiquitous in • 
adulthood, with a higher prevalence and severity in the 
lower than upper lumbar region.  
  Previously, disc degeneration was thought to be a conse-• 
quence of mechanical wear and tear. Current research, 
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however, supports the view that disc degeneration is pri-
marily a result of genetic in fl uences, with environmental 
factors also being important.  
  Age and age-associated factors also play a critical role in • 
the pathogenesis of disc degeneration.  
  The endplate may be the structure through which a num-• 
ber of etiological factors lead to disc degeneration.                  
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                  10.1   Understanding Disease Mechanism 
Through Genetic Studies 

 Genetics is an area    of study that connects genes with func-
tions, variations with phenotypes, and, of most interest to 
scientists and clinicians, mutations with diseases. 
According to the Online Mendelian Inheritance in Man 
(OMIM), an online catalog for human genes and Mendelian 
disorders, over 3,000 known “genotype-phenotype” pairs 
have been recorded. A direct application of such knowl-
edge is  diagnosis , of which prenatal testing and newborn 
screening of rare conditions are common nowadays; ide-
ally, this would be extended in future for disease preven-
tion or the development of personalized medicine. It is 
clear that our understanding of disease mechanism of rare 
skeletal disorders such as osteogenesis imperfecta (OI), 
spondyloepiphyseal dysplasia (SED), achondroplasia, and 
Ehlers-Danlos syndrome (EDS) has come directly from 
knowing the genes involved, allowing detailed in vitro 
and in vivo functional studies. While more dif fi cult for 
common disorders such as intervertebral disc degenera-
tion, the same principle can be applied, bearing in mind 
the effect size, the number of genes involved, and contri-
butions from environment factors. These are the issues 
that this chapter will address systematically, namely, to 
provide the basic concepts of what genetic studies can 
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achieve and with the bene fi t of hindsight from studies of 
similar disorders such as osteoarthritis (OA) to generate a 
road map for studies of intervertebral disc degeneration.  

    10.2   Applying Genetic Studies 
to Intervertebral Disc Degeneration 

    10.2.1   Classical Approaches in Human 
Genetic Studies 

 Gregor Mendel, regarded as the “Father of Genetics,” laid the 
foundation of modern genetics with his work in the nineteenth 
century,  Versuche über P fl anzen - Hybriden  (Experiments in 
Plant Hybridization). 

    10.2.1.1   Mendelian Genetics: Single Gene Defects 
 The genetic materials in human, except those in sex chromo-
somes, exist in pairs which are called alleles (Box  10.1 ). The 
two alleles at a certain position can be the same or different. In 
a simple scenario of genetic diseases, they represent normal and 
disease-causing alleles. Disease-causing alleles (often regarded 
as mutations) connect to phenotypes; however, whether or not 
one would develop the phenotype depends on the number of 
disease-causing allele being carried and whether the allele exerts 
a dominant or recessive trait. For dominant alleles, a single copy 
is suf fi cient to show an effect or phenotype, while for recessive 
alleles, two copies are required. To pass on the alleles to next 
generation, Mendelian genetics state that the parental alleles 
would segregate, and an individual would obtain one allele from 
each parent randomly. In dominant inheritance, one parent 
would be carrying a disease-causing allele, and the offspring 
who receive this allele will have the phenotype (Fig.  10.1a ). For 
recessive inheritance, both parents must carry at least one copy 
of the disease-causing allele, and only the offspring who obtain 
both copies would show the phenotype (Fig.  10.1b ).  

 There are a number of skeletal abnormalities that follow 
Mendelian inheritance. Classic examples included osteogenesis 
imperfecta (OI), a fragile bone condition due to mutations in 
one of the two  a -chains of the collagen I genes ( COL1A1  and 
 COL1A2 ), and spondyloepiphyseal dysplasia (SED), which is 
characterized by dwar fi sm and shortened limbs, caused by 
mutations in the gene encoding collagen II ( COL2A1 ), affecting 
the spine and epiphyses of long bones. These are rare disorders 

  Box 10.1: Glossary 

  Allele : An alternative form of the genetic material at a 
certain position (locus), which may or may not lead to 
a difference in observable traits (phenotype). 

  Mutation : A change in the genetic material which can 
involve a single nucleotide (point mutation) or a seg-
ment of genomic sequence (insertion, deletion, dupli-
cation, inversion, and translocation). The outcome of a 
mutation can be harmful leading to diseases, while 
neutral or bene fi cial effects are also possible. 

  Phenotype : An observable trait as a result of the geno-
typic composition but at the same time can be affected 
by environmental factors and their interactions with 
the genetic components. 

  Dominance : The relationship of the two alleles at a 
certain locus where one allele can mask the effect of 
the other to demonstrate the phenotype. 

  Recessive : The relationship of the two alleles at a cer-
tain locus where the effect of one allele is masked by 
the other and thus two copies of such allele are required 
to demonstrate the phenotype. 

  Linkage disequilibrium  ( LD ): A situation when geno-
types at two or more loci are not independent of each 
other and that there would be a difference between the 
observed and expected frequencies of certain 
 combinations of alleles (haplotype) in a population. 

  Restriction fragment length polymorphism  ( RFLP ): 
Genetic variation leading to the creation or destruction 
of restriction enzyme site and therefore generating dif-
ferent DNA fragments after enzymatic digestion. The 
variation can be identi fi ed simply by detecting the 
resultant fragment lengths using gel electrophoresis. 
This is an inexpensive technique for genotyping. 

  Variable number of tandem repeat  ( VNTR ): A type of 
genetic variation in which a short nucleotide sequence 
repeats consecutively. The number of repeats can be 
variable, and thus in a population, more than two 
alleles can be present for a particular locus. 

  Single nucleotide polymorphism  ( SNP ): The most 
common type of genetic variation which involves only 
a single nucleotide difference. It occurs throughout the 
whole genome. Unlike VNTR, each SNP typically 
contains only two alleles. 

  Genome - wide association study  ( GWAS ): Examination 
of a huge number of genetic variants that are distributed 
all over the genome in multiple individuals to identify 
whether any of them are associated with a trait. The 
focuses are generally placed on the common SNPs and 
traits such as common diseases. 

  Epigenome - wide association study  ( EWAS ): A new 
concept similar to GWAS – examination of a large 
number of epigenetic variations, such as DNA methy-
lation, over the genome in multiple individuals to iden-
tify their associations with a trait. 
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resulting from a single rare mutation which seriously affects the 
proper functioning of the gene products. On the other hand, 
common genetic variants in these genes can give rise to milder 
conditions. For example, genetic variations in  COL1A1  are 
associated with reduced bone density and osteoporosis (Grant 
et al.  1996  ) , while the  COL2A1  gene is linked to osteoarthritis 
(OA) (Vikkula et al.  1993  ) . These conditions, in general, are 
caused by multiple factors rather than a single genetic mutation, 
leading to the concept of complex diseases.  

    10.2.1.2   Complex Diseases 
 Complex diseases are dependent on multiple factors, which 
can be due to genes alone, or genes in combination with 
environmental factors. Taking osteoporosis as an example, 
apart from  COL1A1 , genes associated with bone loss include 
apolipoprotein E ( APOE ), vitamin D receptor ( VDR ), and 
interleukin 6 ( IL6 ); identi fi ed environmental risk factor are 
age, gender, body mass index, smoking, and medications. 
Moreover, the association with  APOE  and  COL1A1  being 
restricted to a subgroup of postmenopausal women not using 
hormone replacement therapy suggests that  environmental 

factor could modulate the genetic effect on the disease 
(Mitchell and Yerges-Armstrong  2011  ) . Similarly for OA, 
multiple genes including  COL2A1 ,  SMAD3 , growth dif-
ferentiation factor 5 ( GDF5 ), and type II iodothyronine 
deiodinase ( DIO2 ) also showed association with age, gen-
der, and body mass index as known risk factors (Valdes 
and Spector  2011  ) . In these cases, the allelic variations 
associated with the diseases are common, and individuals 
with these alleles may only increase their risk of develop-
ing the diseases. Therefore, in complex diseases, multiple 
genetic  susceptibility and environmental factors contribute 
to  disease  outcome; they may act independently, or they 
modify the effect of each other through gene-gene interac-
tion and/or gene-environment interaction (Fig.  10.2 ). Such 
effects can be additive, synergistic, or suppressive. Thus, 
complex diseases no longer present as simple Mendelian 
inheritance, and intervertebral disc degeneration is another 
such an example.    

    10.2.2   Intervertebral Disc Degeneration 
Is a Complex Trait 

 Prior to the involvement of genetic studies, age, gender, 
cigarette smoking, and mechanical loading related to occu-
pation and sport activities have been reported to in fl uence 
disc degeneration (this topic is discussed in more detail in 
Chap.   9    ). These  fi ndings place disc degeneration within 
the category of a complex trait. However, there is no con-
sensus on the contribution of these environment factors to 
the degenerative process and hence this begs the question: 
what is the contribution of genetics to the intervertebral 
disc disease?  
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  Fig. 10.1    Concepts of Mendelian inheritance. ( a ) In dominant 
 inheritance, one parent carries the disease-causing allele  D , with one 
copy suf fi cient to show the phenotype. Offspring who inherited the  D  
allele from this parent would show the phenotype. Based on Mendelian 
genetics, the ratio of inheriting to not inheriting the  D  allele would be 1:1. 
( b ) In recessive inheritance, both parents have to be carriers of the dis-
ease-causing allele  r . Only the offspring who inherited two  r  alleles from 
both parents would show the phenotype. The Mendelian ratio of non-
carrier to carrier to diseased offspring in this example would be 1:2:1       
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  Fig. 10.2    Concept of complex diseases. Multiple genetic and environ-
mental factors can be involved in a complex disease. They can act inde-
pendently (e.g.,  gene A  and  environmental factor 1 ). Genetic factors can 
interact (e.g.,  gene B  and  gene C ), or they can interact with environmen-
tal factor (e.g.,  environmental factor 2  and  gene C ) contributing to the 
disease       
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    10.2.3   Genetics as a Major Contributing Factor 
to Intervertebral Disc Degeneration 

 To decipher the involvement of genetics in intervertebral 
disc degeneration, a classical heritability test (Box  10.2 ) was 
 undertaken to identify patterns of familial aggregation. Two 
such analyses were conducted in 1995. In one study, 20 pairs 
of Finnish male identical twins were assessed based on mag-
netic resonance imaging (MRI) for the degree of similari-
ties in degenerative  fi ndings, including disc desiccation, disc 
height  narrowing, and disc bulging or herniation. The authors 
 concluded that while smoking and age accounted for at most 
15 % of the variability in the degenerative  fi ndings, 26–72 % 
of the variability was explained when the co-twin status was 
included (Battie et al.  1995a  ) . In another study, 115 pairs of 
male identical twins with discordant exposures to suspected 
environmental risks were assessed for degenerative changes of 
the spine and symptomology. For changes in the upper lumbar 
region, occupational physical loading explained only 7 % of the 
variability in the summary score for degeneration; this increased 
to 16 % when age was included and to 77 % when twin status 
was added. In the lower lumbar region, leisure physical loading 
explained only 2 % of the variability in the degeneration scores; 
this increased to 9 % with the addition of age as a factor and to 
43 % with the addition of the twin status (Battie et al.  1995b  ) . 
These studies provide quantitative evidence for the existence of 
familial aggregation and potential genetic in fl uences in interver-
tebral disc degeneration. These  fi ndings were later consolidated 
in a study comparing 86 pairs of monozygotic twins and 77 

pairs of dizygotic twins from Australia and Britain for the con-
tributions of genetic and environmental effects on disc degen-
eration (Sambrook et al.  1999  ) . Using an overall degenerative 
score (summing the grades of disc height, bulge, osteophytosis, 
and signal intensity), heritability was estimated to be 74 % at the 
lumbar spine, after adjusting for age, weight, height, smoking, 
occupation, and exercise (Sambrook et al.  1999  ) . This  fi nding 
indicated a high degree of genetic involvement in intervertebral 
disc degeneration that lead to the  fi rst publication in 1997 on 
an associated gene, vitamin D receptor ( VDR ) (Videman et al. 
 1998  ) , and subsequently other genes.      

    10.3   Phenotypic Parameters for Assessing 
the Genetics of Intervertebral Disc 
Degeneration 

    10.3.1   What De fi nes Disc Degeneration? 

 Knowing that genetic components are involved in interverte-
bral disc degeneration, it raises the question what genes or 
genetic variations contribute to the “disease”? To address this 
question, it is  fi rst critical to de fi ne disc degeneration. Having 
a precise phenotype de fi nition is essential for genetic studies 
in that the phenotype should be a distinguishable trait and 
preferably quanti fi able (Wagner and Zhang  2011  ) . Disc 
degeneration is a continuous process throughout life: predict-
able macroscopic changes include disruption of the highly 
organized lamellae structure, formation of tears and  fi ssures 
in the annulus  fi brosus, leakage of the nucleus pulposus 
through the  fi ssures leading to disc bulge and herniation, 
damage of the end plate, an overall reduction in disc height, 
dehydration, increased cell death, and cell cluster formation. 
From a biochemical perspective, the major biochemical alter-
ations include the loss and breakdown of collagens and aggre-
can, resulting in reduced tensile strength and impaired 
hydration, respectively. Thus, while ample observations have 
been made to assess the alterations in disc degeneration, its 
de fi nition remains indistinct, and there is a poor understand-
ing of the relationship between these changes and their repre-
sentation in the degenerative process.   

    10.3.2   Parameter Currently Used 
to De fi ne Disc Degeneration 

 Theoretically, all the features mentioned above, and in other 
chapters of this book, could be used as measurable parameters 
for the study of disc degeneration; however, only a few can be 
assessed in vivo. Current assessments of disc degeneration 
rely on radiography and MRI. Radiographs display the density 
and composition of an object based on the proportion of X-rays 
being absorbed, providing information such as disc height and 

  Box 10.2: Heritability Test 

 Heritability refers to the proportion of phenotypic vari-
ance attributed to genetic variance. It involves observ-
ing and statistically analyzing the patterns of 
phenotypes with varying levels of genetic or environ-
mental background in close kin, such as parent- 
offspring, siblings, and twins (Visscher et al.  2008  ) . 
More often, heritability can be estimated from identi-
cal twins grown up in separate environment (adoption 
studies). Under this situation, the genotype would be 
identical but the environmental factors vary, and thus 
the effects of the two factors can be separated. However, 
such twins are not easy to gather, and the age when 
they are separated may affect the  fi ndings. Another 
design would be to compare monozygotic and dizy-
gotic twin pairs. In this scenario, the twin pairs would 
experience similar environmental factors, and thus 
comparing the phenotypic concordance of these two 
types of twins allows an estimation of the impact of 
genetic factors 



16110 Genetic Basis of Intervertebral Disc Degeneration

osteophyte formation. In contrast, MRI detects the rotating 
magnetic  fi eld of photons, an obvious advantage for the inter-
vertebral disc as the nucleus pulposus is a hydrated tissue. 
Therefore, MRI can provide information on the hydration sta-
tus, bulging and herniation, as well as irregularities of the end 
plates. In particular, the MRI images of a disc which is bright 
and bloated represent a highly hydrated tissue, and with the 
progressive loss of water, the image becomes dark. As indi-
cated in Chap.   12    , MRI can also assess proteoglycan contents 
in the disc, although improvements in accuracy are still 
required (Benneker et al.  2005 ; Marinelli et al.  2009  ) . 

 There are multiple ways to evaluate the degenerative 
changes in the intervertebral disc. The  fi rst one would be to 
provide a de fi nitive notation on the presence or absence of 
disc degeneration. This method is simple but the shortcom-
ing is loss of information on the progressive changes during 
the degenerative process. Another method is to classify the 
severity of degeneration based on a scaling system. This is 
the most widely used method, and a number of classi fi cation 
systems have been developed. For example, Kellgren scale 
(Kellgren et al.  1963  )  combines the features of osteophytes 
and joint space narrowing based on radiographs and sum-
marizes using a four-point score, ranging from score of 1 
indicating no or very small osteophytes to score of 4 rep-
resenting large osteophytes and pronounced disc space nar-
rowing; Schneiderman’s grading (Schneiderman et al.  1987  )  
focuses on the signal intensity of the nucleus pulposus from 
MRI images and classi fi es them into four grades, with the 
lowest grade indicating hyperintense signal to the highest 
grade illustrating hypointense signal with disc space narrow-
ing; P fi rrmann’s classi fi cation (P fi rrmann et al.  2001  )  also 
utilizes the MRI images to evaluate the homogeneity of disc 
structure, signal intensity, distinction of nucleus pulposus 
and annulus  fi brosus, as well as disc height. The information 
is converted into  fi ve grades, the lowest grade being homo-
geneous disc structure, hyperintense bright signal intensity, 
and normal disc height and the highest grade being inho-
mogeneous disc structure, hypointense black signal, loss of 
distinction between nucleus pulposus and annulus  fi brosus, 
as well as collapsed disc space. While these grading systems 
maintain information regarding the severity of disc degener-
ation and provide semiquantitative evaluation of the degen-
erative status, interpretation of the MRI images is subjective 
and thus requires multiple experienced observers to perform 
the grading. The third method for assessing disc degenera-
tion is by computational evaluation of the absolute signal 
intensity values of the MRI images (Videman et al.  1994  ) . 
This approach can circumvent the potential bias arising from 
observers’ judgment, but the data generated would likely be 
composed of a spectrum of values complicating subsequent 
data analyses. 

 The methods mentioned above evaluate the status of a 
single disc, whereas there are multiple disc levels and each 

may display a different stage of degeneration. This raises the 
question, should the grades of various levels be combined and 
a summation score obtained representative of the degree of 
proneness of an individual to disc degeneration? Alternatively, 
should each level be treated separately and reported as multi-
level disc degeneration? Moreover, should other parameters 
such as disc bulging, herniation, and end-plate irregularities 
from the MRI images be treated independently or considered 
as a part of the degenerative process? This is still uncertain, 
again due to the limited understanding of disc degeneration. 

 The variability of phenotypic parameters that de fi ne the 
degenerative status of the intervertebral disc confounds 
genetic studies. This is especially true for many situations, 
where replication and meta-analysis studies are required to 
substantiate the research  fi ndings, particularly, when the 
effect size is small. Replication provides credibility to initial 
 fi ndings of association, while meta-analysis increases the 
statistical power to detect associated genes. Both require 
comparable phenotypes among studies to produce meaning-
ful results (Chanock et al.  2007 ; Nakaoka and Inoue  2009  ) . 
Therefore, a uni fi ed phenotypic de fi nition for disc degenera-
tion is an absolute requirement for the successful identi fi cation 
of the involved genetic components.  

    10.3.3   Aging and Intervertebral 
Disc Degeneration 

 Disc degeneration is part of the normal aging process. With 
age, an increasing prevalence and severity of disc degenera-
tion have been observed (Cheung et al.  2009  ) . However, an 
understanding of what constitutes “normal progression” 
remains unclear, as many factors can participate and modify 
the degenerative process. Genetics is one of the components 
that can alter this “normality” by accelerating or decelerating 
the degenerative process. This change is reviewed elsewhere 
in the book and includes changes in cell function such as 
expression levels of genes, the stability of mRNA transcripts 
or proteins, or the binding af fi nity of proteins interacting 
partners, caused by the genetic variations in or near partici-
pating genes. In establishing a cohort for genetic study of 
disc degeneration, the effect of age must be taken into con-
sideration in terms of subject recruitment and data analyses. 
Statistically, if suf fi cient population information is available, 
then appropriate adjustments can be established. An example 
would be a sliding window method, in which the degenera-
tive score was logarithmic transformed to reduce skewness 
and standardized to a mean of 0 and a variance of 1 in each 
decade of age of the samples (Virtanen et al.  2007  ) . The idea 
behind such adjustment is to identify the “normality” within 
the age band of a certain cohort, such that samples showing 
“accelerated” or “retarded” degeneration can be highlighted 
during analysis.   
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    10.4   Moving from Phenotype Information 
to Identi fi cation of Genes Causing 
or Contributing to Disease 

    10.4.1   Candidate Genes 

 This approach utilizes the biological knowledge and etiol-
ogy of the disease to identify genes of interest and to 
determine correlations between variants within the genes 
and the  phenotype. The phenotype can provide clues to 
potential  candidate genes, while information gathered 
from expression studies and animal models can enhance 
the selection process (Tabor et al.  2002  ) . This method has 
been successful in identifying the genetic components of 
several skeletal diseases. For example, although over 90 % 
of the osteogenesis imperfecta cases are due to mutations 
in  COL1A1  and  COL1A2  genes, the causes of the remain-
ing cases remained unknown. Until recently, candidate 
gene approach helped identify mutations in genes involved 
in posttranslational modi fi cations required for collagen 
folding and stability. One of the modifying complexes, 
prolyl 3-hydroxylase 1 ( LEPRE1 ) coupled with cartilage-
associated protein ( CRTAP ) and cyclophilin B ( PPIB ), 
converts speci fi c proline to 3-hydroxyproline, which is 
important in the formation of collagen triple helix. Also, 
since  Crtap -null mice demonstrated skeletal abnormali-
ties resembling a subtype of OI (Morello et al.  2006  ) , 
mutation analysis of  CRTAP  in this subtype of OI (Barnes 
et al.  2006  )  identi fi ed mutations associated with the dis-
ease. Similarly, mutations in  LEPRE1  and  PPIB  were also 
detected in OI patients (Cabral et al.  2007 ; van Dijk et al. 
 2009  ) . 

 Apart from rare diseases, candidate gene approach also 
aids the identi fi cation of risk factors in common skeletal dis-
eases, with osteoarthritis being an excellent example. There 
have been many genes reported to be associated with OA 
(Valdes and Spector  2011  ) , among which  GDF5  is one of the 
promising candidates as it survived testing in multiple popu-
lations and showed high signi fi cance in a meta-analysis 
(Miyamoto et al.  2007  ) . It was selected as a candidate since 
it is involved in joint formation (Francis-West et al.  1999  ) , 
and thus, a common variant in  GDF5  could play a role in the 
disease (Miyamoto et al.  2007  ) . Similarly, genes related to 
cartilage homeostasis have been studied as candidates, 
including extracellular matrix components, matrix degrading 
enzymes, and genes involved in TGF- b  and Wnt signaling 
pathways, in fl ammation, and apoptosis. A careful selection 
of candidates with high biological relevance to the diseases 
of interest is often the key to success. Moreover, the results 
and downstream functional studies can provide new under-
standing in connecting molecular mechanisms with the dis-
ease state.  

    10.4.2   Family Linkage Analysis 

 Unlike the candidate gene approach, classical linkage analy-
sis relies less on biological knowledge of the disease being 
studied; rather, it utilizes the principle of co-segregation 
where the disease-causing alleles, together with nearby mark-
ers, are passed on to the next generation within a family. 
These markers are linked to the disease because recombina-
tion events are infrequent within a short stretch of DNA. They 
can be in the form of restriction fragment length polymor-
phisms (RFLP) of a candidate gene, where speci fi c  patterns 
of DNA fragments are linked to disease. If there is no clue to 
any candidate genes, whole-genome scans using microsatel-
lite markers can be used to locate disease susceptible loci, 
while further genotyping or sequencing can identify the caus-
ative variants. More recently, initial mapping has used high-
density whole-genome SNP arrays and was successful in 
locating several new OI loci for downstream investigation 
(Alanay et al.  2010 ; Lapunzina et al.  2010 ; Martinez-Glez 
et al.  2011  ) . In general, detection is most successful with large 
families with multiple generations of affected members evi-
dencing a clearly de fi ned phenotype. As such, the traditional 
family linkage approach is more commonly used to identify 
affected genetic regions of rare disorders.  

    10.4.3   Case-Control Association Studies 

 This is the method of choice for common diseases with 
a complex trait. It does not rely on family data, but rather on 
a large cohort selected from the general population or recruit-
ment of patients with a de fi ned phenotype. The allele or 
genotype frequencies between the case and control groups 
are compared, with statistical tests being applied to objec-
tively discern if there are differences (Daly  2009  ) . Chi-square 
test is commonly used for this purpose, while Fisher’s exact 
test should be used when sample sizes are small. On the other 
hand, regression analysis can be used if it is presumed that 
there is varying degree of effects, such as an additive in fl uence 
between different genotypes. A disadvantage of this approach 
is that if the effect size is small, statistical signi fi cance is usu-
ally achieved only with very large cohorts (in the thousands) 
or if meta-analysis is performed using different cohort col-
lected from multiple centers, regional and international.   

    10.5   Genes Associated with Intervertebral 
Disc Degeneration 

 While different strategies can be used to  fi nd genetic risk fac-
tors for intervertebral disc degeneration, the predominant 
approach is through case-control studies and the selection of 
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appropriate candidate genes. These genes are usually chosen 
based on our current knowledge of the biology of the disc in 
health and disease, and the logic behind the selection is cen-
tered on the integrity of the disc tissue (Fig.  10.3 ). Collagens 
and aggrecan, together with other structural proteins, form 
the basis of the extracellular matrix which is an integral part 
of the disc. Not only are they the most abundant molecules, 
their role in providing tensile strength and osmotic pressure is 
essential for proper disc function. Therefore, it is not surpris-
ing that the extracellular matrix genes were prime candidates 
for study. In addition, tissue homeostasis – a balance between 
synthesis and degradation – would be equally important, and 
there are a number of studies focusing on catabolic genes, 
namely, the aggrecanases and matrix metalloproteinases 
(MMPs). In fact, a number of these genes are found to have 
elevated expression levels as well as increased enzymatic 
activity during disc degeneration (Roberts et al.  2000 ; Le 
Maitre et al.  2004  ) . Such changes can be triggered by the 
proin fl ammatory cytokines, such as interleukins (Millward-
Sadler et al.  2009  ) , which are also expressed at elevated levels 
in the degenerative process (Le Maitre et al.  2005,   2007  ) , 
resulting in overall accelerated degradation and posing an 
adverse effect on matrix integrity. Ultimately, it is the disc 

cells that are responsible for producing and maintaining the 
extracellular matrix; thus, genes that affect cell function and 
survival have also been studied for their associations with 
disc degeneration. In this section, speci fi c genes will be high-
lighted, enhancing our understanding of their functions in the 
disc as well as their roles in the degenerative process.  

    10.5.1   Extracellular Matrix Proteins 

 Aggrecan is the major proteoglycan in the disc, responsible 
for water absorption and retention through its highly negative 
charged chondroitin sulfate (CS) side chains. A variable 
 number of tandem repeat (VNTR), located at exon 12 
 encoding the CS attachment domain, have been identi fi ed, 
which dictate the length of the aggrecan core protein as well 
as the potential number of attached CS chains (Doege et al. 
 1997  ) . The  fi rst study showed an association between this 
VNTR of aggrecan with lumbar disc degeneration in a group 
of 64 young Japanese women aged 20–29 (Kawaguchi et al. 
 1999  ) . There was an overrepresentation of the shorter alleles 
of 18 and 21 repeats in multilevel disc degeneration as well as 
an association with the severity of disc degeneration 
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  Fig. 10.3    Current concepts of candidate gene selection. Candidate 
gene selection is closely related to the biology of normal disc and 
involvement in disc degeneration. ( a ) The extracellular matrix mole-
cules form an integral part of the disc, providing mechanical strength, 
water absorption properties, as well as proper environment for cells. 
Their functional importance and high abundance make them the major 

genetic candidates. ( b ) During degeneration, increased matrix degrada-
tion is caused by enzymes such as MMPs and aggrecanases, while the 
presence of proin fl ammatory cytokines can accelerate such a process; 
moreover, cell maintenance is affected. These are the current under-
standing of the degeneration mechanisms, in which the involved mole-
cules serve as important candidates to be studied       
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(Kawaguchi et al.  1999  ) . The relevance of 21 repeat alleles 
with multilevel disc degeneration was replicated in a study of 
Koreans; the age of the subjects analyzed was limited to the 
fourth decade or younger (Kim et al.  2011  ) . On the other 
hand, a Turkish study showed that the shorter alleles (13–25 
repeats) were overrepresented in young individuals with disc 
degeneration (Eser et al.  2011  ) . The shorter alleles were also 
associated with disc herniation in Han Chinese (21 and 25 
repeats) (Cong et al.  2010a,   b  )  and Turkish populations (13–
25 repeats) (Eser et al.  2011  ) . Together, these studies indicate 
that individuals carrying the shorter alleles are more suscep-
tible to the severe forms of disc degeneration. Interestingly, 
the study in Han Chinese also showed a 4.5-fold increase in 
risk for symptomatic disc degeneration with smoking, 
 suggesting an  interaction between this polymorphism and 
smoking (Cong et al.  2010a,   b  ) . It is possible that smoking or 
nicotine metabolites can alter the metabolism of aggrecan, 
with a greater effect on the shorter forms of this molecule. 
However, similar association tests have not been conducted 
with other populations, and the author also pointed out the 
study was limited by the small sample size (132 cases) (Cong 
et al.  2010a,   b  ) . While most studies support the in fl uence of 
the shorter alleles, 25 repeats or less, with disc degeneration, 
a study conducted with a Finnish cohort of 132 males, 40–45 
years of age, showed that only the allele with 26 repeats was 
signi fi cantly associated among individuals with a dark nucleus 
pulposus (Solovieva et al.  2007  ) . The differences could be 
due to ethnic variations, as well as the relatively small sample 
size. Nevertheless, as these studies provided supportive evi-
dence for aggrecan as a genetic risk factor for disc degenera-
tion, it would be worthwhile to perform a meta-analysis. 

 Collagen I is the predominant collagen in the annulus 
 fi brosus and responsible for the highly organized lamellae 
structure that provides the tissue with its tensile strength. It is 
encoded by two genes,  COL1A1  and  COL1A2 . An SNP 
located at the binding site of the transcription factor Sp1 
(rs1800012) in the  fi rst intron of  COL1A1  was initially 
identi fi ed and found to be associated with reduced bone min-
eral density and an increased risk of fracture and turnover 
(Grant et al.  1996 ; Garnero et al.  1998 ; Uitterlinden et al. 
 1998  ) . Since it was suggested that there was an inverse rela-
tionship between osteoporosis and disc degeneration, the 
Sp1 binding site polymorphism in the  COL1A1  gene was 
investigated in a Dutch cohort of 517 individuals who are at 
least 65 years of age (Pluijm et al.  2004  ) . Individuals with 
the TT genotype were shown to have a 3.6 times higher risk 
of disc degeneration when compared with those having GT 
or GG genotype, after adjusting for age, sex, and body weight 
(Pluijm et al.  2004  ) . It should be noted that disc degeneration 
in this study was de fi ned by the presence of osteophytes and 
articular joint space narrowing based on radiographs, as 
opposed to the reduced signal intensity seen on MRI images. 
Despite this limitation, the Sp1 polymorphism was replicated 

in a small study of 40 young Greek army recruits. Here, the 
TT genotype was not found in any of the controls, but 33.3 % 
among those with disc degeneration (Tilkeridis et al.  2005  ) . 
Association studies also showed that the Sp1 polymorphism 
was involved in hip osteoarthritis (Lian et al.  2005  ) , myocar-
dial infarction (Speer et al.  2006  ) , cruciate ligament ruptures 
(Khoschnau et al.  2008  ) , and stress urinary incontinence 
(Skorupski et al.  2006  ) . It remains uncertain how a single 
polymorphism can participate in all of these dissimilar con-
ditions, but it is generally agreed that increased binding 
af fi nity of Sp1 for the T allele leads to an increase in mRNA 
and protein levels. This in turn changes the ratio of  a 1(I) to 
 a 2(I) chains, resulting in an altered biomechanical proper-
ties (Mann et al.  2001  ) . 

 Collagen IX is minor collagen coating the surface of col-
lagen II/XI  fi brils and is thought to interact with other matrix 
molecules to maintain matrix integrity (see Chap.   5    ). Its 
importance has been demonstrated in mice carrying truncated 
form of  a 1(IX) (Kimura et al.  1996  )  or inactivated  Col9a1  
gene (Boyd et al.  2008  ) , both of which showed accelerated 
disc degeneration when compared with their normal counter-
parts. It is a heterotrimer encoded by three different genes, 
namely,  COL9A1 ,  COL9A2 , and  COL9A3 . Analysis of the 
 COL9A2  gene identi fi ed two consecutive SNP polymorphisms 
(rs12077871 and rs2228564) in exon 19, leading to a substitu-
tion of tryptophan for either glutamine or arginine at residue 
326 (Annunen et al.  1999  ) . Interestingly, this tryptophan allele 
was present in 6 out of 157 Finnish individuals with disc 
degeneration and associated sciatica, but none among the 174 
controls (Annunen et al.  1999  ) . Since this polymorphism 
involves a tryptophan (Trp) substitution in the  a 2(IX) chain, it 
is named the Trp2 allele. An age-strati fi ed analysis of a group 
of 804 Southern Chinese (40–49 years) showed a 2.4-fold 
increase in risk of developing disc degeneration and end-plate 
herniation in those carrying the Trp2 allele (Jim et al.  2005  ) . 
Moreover, affected Trp2 individuals were found to have more 
severe disc degeneration (Jim et al.  2005  ) . This was con fi rmed 
in a study of 84 Japanese patients (under 40 years) undergoing 
lumbar disc nucleotomy (Higashino et al.  2007  ) . However, 
another larger-scale Japanese study of 658 controls and 470 
cases could not replicate the  fi ndings (Seki et al.  2006  ) . 

 In addition to the Trp2 allele, a similar arginine to tryp-
tophan substitution at residue 103 was detected in exon 5 
of the  COL9A3  gene (rs61734651) (Paassilta et al.  2001  ) . 
This Trp3 allele was found in a Finnish cohort of patients at 
a signi fi cantly higher frequency of 12.2 % among 171 cases 
when compared to 4.7 % among the 321 controls, with a three-
fold increase in the risk of disc degeneration (Paassilta et al. 
 2001  ) . A higher proportion of the Trp3 allele was also detected 
among people with disc degeneration than controls in a Greek 
study, but the difference did not reach statistical signi fi cance 
(Kales et al.  2004  ) . There was also the possibility that the 
Trp3 allele might act synergistically with persistent obesity, an 
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interaction that would serve to increase the risk of disc degen-
eration (Solovieva et al.  2002  ) . In addition, interaction of Trp3 
with another polymorphism, interleukin-1 b  (C(3954)-T), was 
examined. It was noted that carrying this allele in the absence 
of the interleukin-1 b  3954T allele resulted in an increase in the 
risk of a “dark nucleus pulposus” (Solovieva et al.  2006  ) . These 
results indicated the potential of the Trp3 allele interacting with 
environmental and genetic factors modifying its effect. There 
were other studies testing the association of Trp2 and Trp3 
alleles, but the Trp2 allele was absent in Greek (Kales et al. 
 2004  )  and only present at a low frequency of 1.2 % in German 
(Wrocklage et al.  2000  ) , while Trp3 was absent in Southern 
Chinese (Jim et al.  2005  )  and Japanese (Higashino et al.  2007  ) , 
suggesting substantial ethnic variations. 

 An association for the  COL9A1  gene with disc degenera-
tion was also suggested in a study of 25 selected candidate 
genes in a cohort of 588 Finnish male monozygotic and dizy-
gotic twins (Videman et al.  2009  ) . A particular SNP 
(rs696990) located at the 5 ¢  of the gene was associated with 
the disc signal intensity, which survived an empirical thresh-
old value for global signi fi cance. 

 The Trp2 and Trp3 allelic products are incorporated into the 
cross-linked  fi brillar network of developing human cartilage 
(Matsui et al.  2003  ) . Thus, any pathological consequences are 
likely to be long term and cause alterations in the tissues 
mechanical properties (Matsui et al.  2003  ) . Indeed, among 
human disc samples carrying the Trp2 allele, altered or com-
prised swelling pressure and compressive modulus was detected 
(Aladin et al.  2007  ) . Although, the precise mechanism is still 
unclear, a hypothesis is the bulk side chain of Trp residue may 
interfere with the interaction of collagen IX with other matrix 
molecules including collagen II. This would destabilize the 
matrix and thus affect the biomechanical properties of the disc. 

 Type XI collagen forms the core of collagen II/XI/XI 
 fi brils and functions to control the diameter of the  fi bril. It is 
composed of three  a -chains encoded by the  COL11A1 , 
 COL11A2 , and  COL2A1  genes (see Chap.   5    ). An initial 
screening of these genes identi fi ed an SNP c.4603C  T 
(rs1676486) in the coding region of  COL11A1  to be associ-
ated with lumbar disc herniation among Japanese (Mio et al. 
 2007  ) . The association was con fi rmed by testing all the 
sequence variations in  COL11A1 , among which this SNP 
remained the most signi fi cant, as well as by increasing the 
cohort size to a total of 823 cases and 838 controls. It was 
suggested that this SNP affected mRNA stability since the 
expression level of the T allele is signi fi cantly lower than that 
of the C allele (Mio et al.  2007  ) . 

 Cartilage intermediate layer protein (CILP) is a non-col-
lagenous matrix component initially found in the middle 
zone of human articular cartilage (Lorenzo et al.  1998  ) . An 
SNP 1184T → C (rs2073711) in the encoded region of the 
gene was identi fi ed to be signi fi cantly associated with disc 
degeneration in a cohort of 467 cases and 654 controls of a 

Japanese population (Seki et al.  2005  ) . This SNP is non-syn-
onymous, resulting in an amino acid substitution of isoleu-
cine at residue 395 to threonine. The authors demonstrated 
in vitro that CILP could inhibit TGF- b -induced transcrip-
tion, and the effect of inhibition was increased in the pres-
ence of C allelic product (Seki et al.  2005  ) . This SNP might 
also exhibit a differential gender effect since a small study in 
Japanese collegiate athletes showed an association in male, 
but not female athletes (Min et al.  2010  ) . On the other hand, 
a recent study in a Finnish cohort found an association only 
in females (Kelempisioti et al.  2011  ) , while replication in 
Chinese population cohort failed (Virtanen et al.  2007  ) , sug-
gesting that other factors such as ethnicity, sex, and environ-
ment may be modulating the effect of this polymorphism. 

 Asporin (ASPN) belongs to the family of small leucine-
rich proteoglycans (SLRP), members of which include deco-
rin and biglycan (see Chap.   4    ) (Lorenzo et al.  2001  ) . It 
contains a stretch of aspartic acid residues at the amino- 
terminal, which are variable in number (Lorenzo et al.  2001  ) . 
While a repeat of 13 aspartic acid residues (D13) was the 
most common variant, a repeat of 14 residues (D14) was 
overrepresented among patients with osteoarthritis in a 
Japanese population (Kizawa et al.  2005  ) . Since both osteoar-
thritis and disc degeneration are degenerative “cartilage dis-
eases,”  ASPN  was hypothesized as a candidate gene for disc 
degeneration (Song et al.  2008a  ) . The aspartic acid repeats 
were tested in Chinese and Japanese cohorts of 1,055 and 
1,353 individuals, respectively, and the D14 allele was over-
represented in the case groups. Meta-analysis showed that 
individuals carrying this allele were at higher risk with an 
overall odds ratio of 1.7 (Song et al.  2008a  ) . Increased 
asporin expression was detected among degenerated discs 
(Song et al.  2008a ; Gruber et al.  2009  ) ; in addition, the D14 
allelic product showed a greater suppression of TGF- b -
mediated transcription than that of the D13 allelic product 
in vitro (Kizawa et al.  2005  ) . As discussed elsewhere in this 
book, TGF- b  signaling regulates the expression of key matrix 
proteins such as collagen II and aggrecan. Indeed, in vitro 
studies support the notion that the risk allele would have a 
negative effect on the synthesis of matrix molecules (Kizawa 
et al.  2005  ) . 

 Matrilins are a four-member family of multi-subunit 
extracellular matrix proteins (see Chap.   5    ). They function as 
adaptors in the assembly of various matrix molecules includ-
ing aggrecan, collagen type II, SLRPs, and cartilage oligo-
meric matrix protein (COMP) (Klatt et al.  2011  ) . In a 
Rotterdam study, it was found that a non-synonymous SNP 
(rs28939676) of matrilin-3, in which threonine at position 
303 was substituted by methionine, was associated with disc 
degeneration at two or more levels based on radiographs, 
leading to an increased risk of 2.9 among individuals carry-
ing the T allele (Min et al.  2006  ) . On the other hand, this 
association was not con fi rmed in another cohort study of 
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 sibling pairs of Dutch origin (Min et al.  2006  ) . While the 
effect of this polymorphism during disc degeneration 
remained unknown, it was postulated that the polymorphism 
weakened the role of matrilin-3 in stabilizing the extracellu-
lar matrix molecules (Min et al.  2006  ) . Related to this  fi nding, 
recent studies demonstrated that in primary human chondro-
cytes, the presence of matrilin-3 can induce the expression a 
number of proin fl ammatory cytokines including IL6, IL8, 
and TNF a , as well as degradative enzymes MMP1, MMP3, 
and MMP13 (Klatt et al.  2009  ) . These molecules are known 
to be triggered during disc degeneration, suggesting a possi-
ble relationship between matrilin-3 and in fl ammation. 

 Thrombospondin-2 (THBS2) belongs to a family of extra-
cellular matrix proteins, thrombospondins, with  multi- subunit. 
The protein is thought to be involved in cell-matrix interac-
tion, antiangiogenesis, regulation of collagen  fi brillogenesis, 
and the effective levels of MMP2 and MMP9 (Bornstein 
et al.  2004  ) . An intronic SNP, IVS10-8C → T (rs9406328) in 
 THBS2  was shown to be signi fi cantly associated with lumbar 
disc herniation in two independent Japanese populations, 
composed of 847 cases and 896 controls (Hirose et al.  2008  ) . 
The TT genotype caused a signi fi cantly higher rate of exon 
11 skipping when compared to the CC genotype, with a 
reduction of MMP2 and MMP9 binding. These data sug-
gested that THBS2 could be involved in regulating MMP 
expression in the disc, which in turn participate in the patho-
genesis of disc herniation. Moreover, the authors also 
identi fi ed a combinatorial effect with a non-synonymous 
SNP (rs17576) in  MMP9 , with an odds ratio of 3.03, indicat-
ing a potential gene-gene interaction (Hirose et al.  2008  ) .  

    10.5.2   Matrix Metalloproteinases 
and Other Proteases 

 Matrix metalloproteinases (MMPs) are a large protein family 
with a wide spectrum of substrates including extracellular 
matrix components. Based on their speci fi city, they can be 
broadly categorized into subgroups such as collagenases 
(MMP1, MMP8, and MMP13), gelatinases (MMP2 and 
MMP9), and stromelysins (MMP3) (Goupille et al.  1998  ) . 
Details of these enzymes are presented in Chap.   8    . A polymor-
phism for G insertion/deletion (G/D) at the −1607 promoter 
region of  MMP1  was assessed in a Southern Chinese cohort of 
691 individuals. The identi fi ed deletion (D) allele was found to 
be signi fi cantly associated with disc degeneration; this was par-
ticularly evident among individuals aged 40 or above (Song 
et al.  2008b  ) . In another Chinese cohort of 162 cases and 318 
controls, an SNP in the promoter region of  MMP2 , −1306C → T, 
was shown to be associated with disc degeneration, with the 
CC genotype being more prevalent in cases of severe degenera-
tion (Dong et al.  2007  ) . This polymorphism was previously 

found to disrupt an Sp1 binding site that can lead to a reduction 
in transcriptional activity (Price et al.  2001  ) . 

 A polymorphic site for either six continuous adenosines 
(6A) or  fi ve adenosines (5A) in the promoter region of  MMP3  
was assessed for an association with disc degeneration in 49 
elderly Japanese (Takahashi et al.  2001  ) . When compared with 
individuals having only the 6A allele, the 5A allele was associ-
ated with disc degeneration as well as severity of degeneration; 
however, this association was not detected in a group of 54 
young subjects (Takahashi et al.  2001  ) . For  MMP9 , in addition 
to the interacting  THBS2  SNP described earlier, an SNP at the 
promoter region, −1562C → T, was shown to be associated 
with disc degeneration in a Northern Chinese cohort of 408 
cases and 451 controls. Those individuals carrying the TT or 
CT genotype had an increased risk of developing and having 
more severe grades of disc degeneration (Sun et al.  2009  ) . One 
explanation for this observation was that the T allele may have 
a higher transcriptional activity than the C allele (Sun et al. 
 2009  ) . These studies, while limited, have focused on polymor-
phic sites within the promoter region of MMP genes that func-
tionally in fl uence transcriptional activity, thus providing a 
functional support for the genetic  fi ndings. It is likely that vari-
ations at promoters or cis-regulatory elements of genes could 
have a more signi fi cant role in disc degeneration, and hence, a 
more thorough investigation of the genome is warranted.  

    10.5.3   Proin fl ammatory Cytokines 

 Genes within the interleukin 1 (IL1) cluster are among the 
proin fl ammatory cytokines that have been associated with 
disc degeneration; from a functional viewpoint, elevated 
expression could enhance the expression of MMPs, an initia-
tion factor in the degenerative process. A number of common 
variants in the  IL1  gene cluster were evaluated in a group of 
133 Finnish males, and  IL1 a   889C → T and  IL1 b   3954C → T 
were found to be associated with disc bulges, with odds ratio 
of 2.4 and 1.9 for individuals carrying the respective T alleles 
(Solovieva et al.  2004  ) . Interestingly, a genetic interaction 
between the  IL1 b   3954T and the  COL9A3  Trp3 allele was 
identi fi ed; its implication however is not clear. 

 Two SNPs at the promoter region, −592C → A and 
−1082G → A, of interleukin 10 ( IL10 ) were studied for an 
association in a Chinese cohort of 320 cases and 269 controls 
(Lin et al.  2011  ) . The AA genotypes for both SNPs were 
found to be more frequent in the cases. An effect on tran-
scriptional level is suggested as lower IL10 mRNA levels 
were detected in disc samples from individuals with the AA 
genotypes, when compared to the CC genotype at −592 and 
GG genotype at −1082 (Lin et al.  2011  ) . 

 A number of other speci fi c polymorphic sites in genes of the 
in fl ammatory pathways have been studied in relationship to disc 
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degeneration. These included a GGG haplotype from three 
respective SNPs rs1800797, rs1800796, and rs1800795 of inter-
leukin 6 ( IL6 ) (Kelempisioti et al.  2011  ) , the SNP rs1420100 in 
intron 2 and rs917997 downstream of interleukin 18 receptor 
accessory protein ( IL18RAP ) (Videman et al.  2009  ) , and a syn-
onymous substitution of Val at position 102 (rs5277) in cycloox-
ygenase 2 ( COX2 ) (Valdes et al.  2005  ) . How these variations 
may affect the respective genes in disc degeneration is not clear.  

    10.5.4   Genes Affecting Cell Function 
and Survival 

 Vitamin D receptor (VDR) is an intracellular receptor for 
1,25-dihydroxyvitamin D3, the metabolite involved in min-
eral metabolism. VDR was the  fi rst gene to be found 
 associated with disc degeneration in a Finnish population 
(Videman et al.  1998  ) . Two variants of  VDR , namely, the 
FokI polymorphism at exon 2 and the TaqI polymorphism at 
exon 9, were initially studied in 85 pairs of monozygotic 
twins. The TaqI tt genotype (with restriction enzyme site) 
was found to be associated with individuals with signi fi cantly 
lower disc MRI signal intensities when compared with the 
other two genotypes; similar  fi ndings were noted when FokI 
polymorphism was evaluated (Videman et al.  1998  ) . The 
association of the TaqI polymorphism with disc degeneration 
was replicated in a Japanese cohort of 205 individuals 
(Kawaguchi et al.  2002  ) . The tt genotype was absent, while 
the Tt genotype was associated with multilevel and severe 
disc degeneration, as well as disc herniation (Kawaguchi 
et al.  2002  ) . In a study of a Southern Chinese cohort, indi-
viduals carrying the t allele were 2.6 times more likely to 
develop disc degeneration and disc bulge. Moreover, the 
association was highly signi fi cant for a subgroup of individ-
uals age 40 or below (Cheung et al.  2006  ) . The TaqI poly-
morphism represents a synonymous substitution, which is 
believed, in conjunction with other nearby polymorphisms, 
to affect mRNA stability (Uitterlinden et al.  2004  ) . 

 Insulin-like growth factor 1 receptor (IGF1R) acts as a 
signal transducer for insulin-like growth factor 1 (IGF1), an 
anabolic protein that stimulates matrix synthesis and cell 
proliferation in the disc. An intronic SNP, IVS1 + 14488C → G 
(rs11247361) in  IGF1R  was found to be associated with 
radiographic disc narrowing in a cohort of 434 postmeno-
pausal Japanese women (Urano et al.  2008  ) . However, the 
effect of this polymorphism remained unknown. 

 Sickle tail ( SKT ) is a gene recently identi fi ed through 
gene-trap mutagenesis in mice.  SKT -null mice showed devel-
opmental spinal abnormalities including dislocation and 
defects of the nucleus pulposus at E17.5, leading to a kinky 
tail phenotype in the adult (Semba et al.  2006  ) . As these 
observations suggested that SKT has an important role in the 

development and maintenance of the intervertebral disc, it 
thus served as a candidate gene. In a study of two indepen-
dent Japanese populations with a total of 862 cases and 896 
controls, out of the 68 selected tag SNPs in  SKT , two SNPs 
located at intron 2 (rs16924573 and 2285592) were found to 
be signi fi cantly associated with disc herniation. Moreover, 
rs16924573 was further replicated in Finnish cohorts 
(Karasugi et al.  2009 ; Kelempisioti et al.  2011  ) . The function 
of SKT is unknown and further studies are needed to evalu-
ate the effect of this SNP on disc herniation. 

 As mentioned earlier, growth and differentiation factor 5 
( GDF5 ) is required for joint formation (Francis-West et al. 
 1999  )  (see Chap.   3    ). An SNP (rs143383) located at the 5 ¢  
untranslated region of the gene was identi fi ed as a key risk 
factor for OA, and in vitro studies suggested that the risk allele 
T led to a reduced promoter activity (Miyamoto et al.  2007  ) . In 
 fi ve independent European cohorts with a total sample size of 
5,259, this SNP was recently tested for association with disc 
degeneration. Meta-analysis showed signi fi cant association 
between the SNP and the combination of disc space narrowing 
plus osteophytes in women (Williams et al.  2011  ) . The result 
suggested that in addition to  ASPN ,  GDF5  is another shared 
genetic risk factor for both disc degeneration and OA, further 
implicating similarities in “disease” mechanisms.   

    10.6   Making Sense of Risk Factors 
and Intervertebral Disc Degeneration 

 At present, over 20 genes have been reported to be associated 
with intervertebral disc degeneration. Since these are selected 
candidates, they are not dif fi cult to assign an individual bio-
logical function while grouping of these genes can be easily 
linked to molecular processes leading to disc degeneration. 
However, many of the  fi ndings need to be critically scrutinized 
for the “quality” of the genetic data: interim guidelines pro-
posed by the HuGENet working group in 2008 provide an 
excellent assessment based on three criteria: amount of evi-
dence, replication, and protection from bias (Ioannidis et al. 
 2008  ) . Under each criterion, a classi fi cation of strong (A), 
moderate (B), or weak (C) can be assigned to the gene study 
or studies. The degree of credibility can then be estimated 
from standardized 3 × 3 tables as illustrated in Fig.  10.4 : a 
score of AAA represents the highest credibility and CCC is 
the lowest. Additional validation is provided by biological 
data and functional studies. Leaving the complex issue of the 
phenotype aside, none of the studies of disc degeneration 
genes reach the level of strong credibility, and few are within 
the level of moderate support. Reasons for this include rela-
tively small cohort size and lack of replication.  

  VDR  represents the best replicated gene linked to disc 
degeneration across three different populations. In contrast, 
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 ASPN  (OR 1.70 [95 % CI 1.35–2.20],  P  = 0.000013),  CILP  
(OR 1.61 [95 % CI 1.31–1.98],  P  = 0.0000068),  COL11A1  
(OR 1.42 [95 % CI 1.23–1.65],  P  = 0.0000033),  GDF5  (OR 
1.72 [95 % CI 1.15–2.57],  P  = 0.008),  SKT  (OR 1.34 [95 % 
CI 1.14–1.58],  P  = 0.0004),  THBS2  (OR 1.43 [95 % CI 1.20–
1.70],  P  = 0.00004), and  MMP9  (OR 1.29 [95 % CI 1.12–
1.48],  P  = 0.00049) could be considered as potential risk 
factors with moderate genetic evidence. Based on this lim-
ited set of genes, it is clear that the effect size of these genes 
is very modest with odd ratios between 1.3 and 1.7. With the 
estimated heritability of 74 %, there is likely to be many 
more genes associated with disc degeneration yet to be dis-
covered. Whether there are genes with strong effects remains 
to be seen and perhaps such genes will be identi fi ed from a 
more unbiased genome-wide approach. 

 In general, increasing emphasis should be placed on rep-
lication of association studies in cohorts with comparable 
phenotypes; this is important when evaluating the initial 
 fi ndings and minimizing false positives (Neale and Sham 
 2004 ; Chanock et al.  2007  ) . False positives may easily arise 
when the sample size is small, leading to insuf fi cient power 
and imprecise statistical estimation. It can also occur when 
the experimental design is inappropriate. Heterogeneity in 
the genetic background, environmental exposures, and popu-
lation strati fi cation between cases and controls will result in 
bias. Technical and genotyping artifacts can also be another 
source of false positives. Ideally, functional studies should be 
performed to provide an understanding of the biological rel-
evance of the associated polymorphisms with the disease.  

    10.7   Technologies in Genetic Studies 
and Intervertebral Disc Degeneration 

 Advances in both the knowledge of genetic variants and in 
genotyping technologies provide a useful platform for under-
standing how genes in fl uence disc degeneration. The 
International HapMap Project aims to capture common vari-
ants across the genome, as well as frequencies and correla-
tions in different populations (International HapMap 
Consortium  2003 ; Altshuler et al.  2010  )  (Box  10.3 ). SNPs 
were the initial focus of study as they represented major 
types of variations in populations. From the data generated, 
the variants and their frequencies provide useful reference 
information and allow identi fi cation of regions of SNPs with 
strong associations where alleles are co-inherited or in link-
age  disequilibrium (LD). An LD map can be produced allow-
ing the visualization of the relative co-inheritance of the 
SNPs. A practical application of this information is that by 
careful selection, genotyping of only a few SNPs (tag SNPs) 
can be informative as they cover a large region of interest. 
Information concerning the remaining common SNPs in that 
region can be predicted, thus signi fi cantly reducing genotyp-
ing costs. More recently, the 1000 Genomes Project has been 
launched, which is aimed at providing a more profound char-
acterization of genetic variations in multiple populations 
(1000 Genomes Project Consortium  2010  ) . Through high-
throughput sequencing technologies, its target is to identify 
over 95 % of variants, with the ability to detect low-frequency 
variants down to 1 %. The types of variants being detected 
are also broadened to cover short insertions and deletions 
(indels) and structural variations. 
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  Fig. 10.4    Categories for the credibility    of cumulative epidemiology 
evidence. The three letters,  A ,  B , and  C  correspond (in order) to the 
“amount” of evidence, replication, and protection from bias. Evidence 
is categorized as strong when there is  A  for all three items and is catego-
rized as weak when there is a  C  for any of the three items. All other 
combinations are categorized as moderate (Permission obtained from 
Springer for the reproduction of this  fi gure from Ioannidis et al.  2008 ; 
License number 2938180337505)       

  Box 10.3: The International HapMap Project 

 The International HapMap Project is a large-scale col-
laborative program involving multiple research centers 
from Japan, UK, Canada, China, USA, and Nigeria, 
aiming to determine the common genetic variants in 
human genome, their frequencies and correlations 
between them, in populations with ancestry from 
Africa, Asia, and Europe (International HapMap 
Consortium  2003  ) . The idea for initiation of this proj-
ect is as follows. Common diseases are believed to be 
caused by common variants, each having a modest 
effect. Although one can genotype all the variants for 
testing their association with the traits of interest, it is 
impractical due to the cost. An alternative method is to 
identify a subset of these variants that can serve as 
genetic markers to re fi ne the regions for association, 
which can then be further analyzed in details. However, 
how can the suitable markers be selected? 
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 For genotyping platforms, there are now more options 
than the traditional, labor-intensive approach of RFLP. For 
SNP genotyping, the multiplexing Sequenom MassARRAY 
system can process up to 40 SNPs with a maximum of 384 
DNA samples in a single assay. Illumina VeraCode technol-
ogy is similar multiplexing system. They are ef fi cient and 
cost-effective when there are well-selected candidate genes 
or speci fi c regions for  fi ne-mapping with a considerable 
number of SNPs to be genotyped in a large cohort. On the 
other hand, the whole-genome approach can also be used to 
identify new candidates. Predesigned genotyping arrays of 
genetic markers of SNPs and copy number variations are 
commercially available. The Illumina Omni array is able to 
detect more than 4.3 million markers, while the Affymetrix 
SNP array can assess 1.8 million markers. The objective of 
both systems is to cover variants with at least 1% of fre-
quency. Huge amount of data can thus be generated using 
these arrays and tested directly for genotype-phenotype asso-
ciation; this type of whole-genome association is termed as 
genome-wide association study (GWAS). 

 As common diseases usually require large sample size for 
statistical power, a major drawback is cost. To address this 
problem, studies can be designed in which smaller represen-
tative sets of cases and controls are used for GWAS. The 
results can then be validated in larger cohorts or other GWAS 
in order to achieve desirable sample size for meta-analysis. 
Another issue is the limited  fl exibility of predesigned arrays, 
which are restricted to relatively common variants and eth-
nicity. These limitations can be overcome by next-generation 

sequencing (NGS), an emerging technology which provides 
the most comprehensive genetic information with low fre-
quency and simultaneously identi fi es rare SNPs, indels, and 
structural variants (Metzker  2010  ) . Its application is not only 
restricted to genotyping but also includes genome-wide 
marker and variant discovery (Davey et al.  2011  ) . Despite a 
continuous reduction in NGS costs and improvement in 
throughput, sequencing the whole genome of every  individual 
in a large cohort would appear to be ideal, but not practical. 
Depending on the purpose of the study, various methods for 
restricting the speci fi ed region and reducing the number of 
samples to be sequenced have been proposed so as to maxi-
mize the data yield at reasonable price (Davey et al.  2011  ) . 

 The dramatic increase in genetic information and improve-
ments in genotyping technology over this past decade has 
changed the usual practice of studying the genetics of human 
disease. The comprehensive resources of the International 
HapMap Project can be used to select variants for associa-
tion studies, while the 1000 Genomes Project has the poten-
tial of providing information on the relationship between 
low-frequency variants and diseases. Various genotyping 
platforms provide opportunities for study of large number of 
variants or samples in a short period of time. At present, 
genetic studies of disc degeneration are based on the candi-
date gene approach, analyzing speci fi c variants within the 
genes. It is clear that GWAS analysis is the direction that the 
spine community needs to consider as it is lagging behind 
genetic studies of other common disorders such as diabetes, 
neural degenerative disorder, cardiovascular diseases, and 
osteoarthritis (Bertram et al.  2010 ; Loughlin  2011 ; Visscher 
et al.  2012 ; Zeller et al.  2012  ) . However, as we enter into yet 
another new era of genetic data acquisition and building on 
important lessons learnt from other GWAS, we should be 
able to custom design a new approach to evaluate genes asso-
ciated with disc degeneration.   

    10.8   The Moving Goals in Modern-Day 
Genetic Studies 

 Large-scale genetic studies of a plethora of many common 
diseases provide an excellent baseline on which to re fi ne 
study designs and anticipate potential problems that may 
arise. Indeed, over 1,100 GWAS for various human traits and 
diseases have been published, with the identi fi cation of over 
2,700 SNP associations    ( P  < 10 −8 ) (Hindorff et al.  2012  ) . 
Large-scale    GWAS has also been conducted for osteoarthri-
tis in populations that include Dutch (Rotterdam study) 
(Kerkhof et al.  2010  ) , Japanese (Nakajima et al.  2010  ) , and 
British (arcOGEN) (Panoutsopoulou et al.  2011  ) , which 
sums to a total sample size of over 17,000. Despite regions 
such as chromosome 7q22, human leukocyte antigen (HLA) 
locus on chromosome 6p, and other SNPs being identi fi ed 

 The probability of recombination events reduces 
with genetic distance, and therefore, alleles in close 
proximity are likely to be co-inherited together. Such 
group of alleles is known as a haplotype. A stronger 
 association among the nearby variants represents a 
higher level of linkage disequilibrium (LD) and that 
there would only be a few haplotypes in that region 
accounting for most of the variations in a population. 
By choosing and genotyping a few key variants within 
the haplotype (“tags”), the identity of remaining vari-
ants can be predicted. Unfortunately, the extent of 
association of nearby variants varies across the genome. 
Neither a random nor an evenly spaced selection of 
variants is ideal for recognizing good “tags.” The 
International HapMap Project assists this important 
step in association studies by developing a haplotype 
map (“HapMap”) of the human genome which con-
tains comprehensive information of the common SNPs 
and the association between them. “Tag SNPs” that 
best represent the regions of interest can be generated 
based on this information. 
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that in fl uence osteoarthritis susceptibility, the effect sizes are 
small and appear to explain only a small portion of the genetic 
variance of the disease. Since this is similar to other diseases 
that include type 2 diabetes, coronary artery disease, and 
schizophrenia (So et al.  2011  ) , this begs the question: what 
contributes to the “missing heritability”? There are intense dis-
cussions on this topic and a number of possibilities have been 
raised (Manolio et al.  2009 ; Eichler et al.  2010  ) . GWAS focuses 
on mainly common SNPs, whereas the human genome con-
tains many more low-frequency SNPs and structural variants, 
including deletions, duplication, and inversion. These variants, 
although individually rare, are collectively common, and their 
impact on common diseases has not been widely studied. 
Moreover, interactions among genes and to what extent they 
shape phenotypic, epigenetic, and transgenerational genetic 
effects may introduce another level of complexity. Genetic 
variants may also in fl uence noncoding microRNA, involving 
translational regulation and therefore, in turn, in fl uencing 
mRNA and protein expression and interactions. The contribu-
tion of these variables may explain missing heritability and, 
more importantly, shed light on future research strategies. 

 Rare variants are generally not in linkage disequilibrium 
with common variants, as they are likely to occur in more 
recent generations of the population, and therefore may not 
be detectable in GWAS (Bodmer and Bonilla  2008  ) . However, 
collectively, these variants can be numerous. There is increas-
ing evidences that rare variants do play a role in common 
diseases, contributing to intermediate effect sizes. Examples 
include three rare deletions associated with schizophrenia, 
with one demonstrating an odds ratio of 14.8 (Stefansson 
et al.  2008  ) ; four rare SNPs in  IFIH1  independently reduced 
the risk of type 1 diabetes, with one of the SNPs having an 
odds ratio of 0.5 (Nejentsev et al.  2009  ) ; as well as 36 very 
rare non-synonymous variants associated with type 2 diabetes 
with odds ratio of 3.3 (Bonnefond et al.  2012  ) . These  fi ndings 
suggest that rare variants contribution to susceptibility of 
common diseases is not an unusual event. Even though the 
1000 Genomes Project can serve as a reference panel for the 
less common variants, it has a limitation in terms of identify-
ing variants with frequency of at least 1 %. Genetic variants 
with lower frequencies are unlikely to be revealed in this 
database. Moreover, rare variants are generally population 
speci fi c, and that information generated from a certain popu-
lation may not be applicable to another. To uncover the rare 
variants in a speci fi c cohort study, sequencing is currently the 
best, but expensive, method. Strategies to reduce costs have 
been proposed; whole-exome sequencing is useful when the 
variants contributing to the diseases are expected to be located 
in exons; or sequencing the regions where potential associa-
tions have been indicated by GWAS, or with relevance to dis-
ease etiology. Alternatively, sequencing can be performed on 
co-affected members in families to determine co-segregated 

variants or on a small number of selected individuals with 
extreme phenotypes to identify shared rare variants. The 
resultant candidates can then be genotyped in a large cohort 
for validation (Cirulli and Goldstein  2010  ) . Apart from the 
sequencing study design, other challenges for studying rare 
variants that need to be overcome include selection of appro-
priate controls and performing proper statistical analysis. 

 So far the discussion has focused on the presence and 
identi fi cation of genetic variants leading to disease. However, 
there are numerous potential “modi fi ers” that can alter the 
impact on the penetrance of genetic susceptibility, and epigenet-
ics is one good example. Epigenetics refers to the heritable 
changes of gene expression that are due to mechanisms other 
than the underlying DNA sequences (Box  10.4 ). These mecha-
nisms can be DNA methylation and histone modi fi cation, which 
remodel chromatin and modify the accessibility of transcription 
 factors to gene promoters. The involvement of epigenetic fac-
tors in common diseases has been demonstrated in a recent 
study of schizophrenia and bipolar disorder, in which genome-
wide DNA methylation patterns between monozygotic twins 
discordant for the phenotypes were analyzed. Substantial differ-
ences were identi fi ed, indicating that epigenetic variations con-
tribute to phenotypic differences (Dempster et al.  2011  ) . These 
observations have culminated in a new hypothesis, common 
disease genetic and epigenetic (CDGE), which argues that 
epigenetic variations can interplay with genetic variations, 
thus serving as a potential heritable determinant and mod-
ulating the outcome of a disease (Bjornsson et al.  2004 ; 

  Box 10.4: Epigenetics 

 Epigenetics refers to the heritable changes of gene 
expression that are due to mechanisms other than the 
underlying DNA sequences, such as DNA methylation 
and histone modi fi cations. DNA methylation generally 
occurs at GC-rich regions; however, in certain special 
areas named CpG islands, the proportion of methyla-
tion is much lower. CpG islands are mainly located 
near the promoter regions of human genes. Their meth-
ylation patterns, which may change during develop-
ment, are believed to affect the transcriptional activity 
of the associated genes. Histones are molecules that 
allow DNA to wrap around to form a highly ordered 
chromatin structure. Various types of modi fi cations 
such as methylation, acetylation, and phosphorylation 
can occur on the histone molecules. The chromatin 
structure would be opened up or tightened depending 
on the positions and types of modi fi cation acquires, 
thus, changing the accessibility of transcription factors 
to the DNA and, in turn, the expression level of corre-
sponding genes. 
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Feinberg  2007  ) . Attempt has been made to integrate genetic 
and epigenetic data, in which increased DNA methylation was 
noted in the  FTO  locus, a region previously shown to be sus-
ceptible to type 2 diabetes and obesity. While the methylation 
difference was driven by several SNPs creating CpG sites, the 
resultant effects on the diseases still require further elucidation 
(Bell et al.  2010  ) . This study provides a hint concerning the 
potential genetic and epigenetic interactions in shaping com-
mon diseases; from this perspective there is a need to further 
global investigation of epigenetics. “Epigenome-wide associa-
tion studies” (EWAS), similar to the notion of GWAS, is a new 
concept directed at studying epigenetic variations in relation-
ship to disease in a genome-wide manner (Rakyan et al.  2011b  ) . 
This has been made possible by array-based pro fi ling or whole-
genome bisulphite sequencing with appropriate experimental 
design and statistical analysis. Despite these approaches, cur-
rently the only target to detect is DNA methylation. An initial 
EWAS study has already been conducted in type 1 diabetes 
(Rakyan et al.  2011a  ) , which has provided insights on its appli-
cation to common human diseases. 

 Due to the ability to regulate gene expression, microR-
NAs, a class of small noncoding RNAs of approximately 22 
nucleotides, also contribute to genetic outcomes. Depending 
on the degree of complementarity between microRNAs and 
mRNAs, they repress translation processes through mRNA 
degradation, or by inhibiting translation initiation. Differential 
expression of microRNAs has been reported for many com-
mon diseases, such as osteoarthritis (Jones et al.  2009  ) , 
schizophrenia (Perkins et al.  2007  ) , and bipolar disorder 
(Moreau et al.  2011  ) . Another level of regulation complexity 
arises when the genetic variants occur at microRNA binding 
sites of mRNA. This can alter the binding af fi nity and 

 differentially regulate the mRNA allelic products (Sethupathy 
et al.  2007 ; Brest et al.  2011  ) ; moreover, variance can also 
exist at the level of the microRNA transcripts themselves 
(Ripke et al.  2011  ) , potentially affecting multiple mRNAs. 

 Currently, there is no gold standard for identi fi cation of 
genetic components causing or promoting disc degeneration. 
Based on what was discussed earlier in this and other chapters 
of the book, it is unlikely that its genetic architecture would be 
too different from the many other common diseases. The 
ample examples of large-scale GWAS would suggest that a 
more comprehensive whole-genome approach should be used 
to identify new susceptible loci that may not be obvious from 
the current understanding of the biology of disc degeneration. 
Successful studies of rare variants, epigenetics, and noncoding 
RNAs are important references to consider, thus broadening 
the scope of investigation. Given that there are many advances 
in DNA sequencing technology, we should not be con fi ned to 
candidate gene case-control analysis. Instead, every possibil-
ity should be explored to achieve the best understanding of the 
genetic components of disc degeneration.   

    10.9   Genetic Studies of Intervertebral Disc 
Degeneration: The Way Forward 

 It is dif fi cult to recommend a speci fi c direction for future 
investigations of the genetics of disc degeneration. 
Nevertheless, from the authors’ experience, there are sev-
eral points that hopefully can make the most of the studies 
already performed and maximize the chance of identifying 
new risk factors. A uni fi ed phenotypic de fi nition is required 
such that there is a consensus of what constitutes the dis-
ease status, so that the same group of underlying genetic 
factors can be identi fi ed. Careful selection of cases and 
controls can avoid biases and hidden population 
strati fi cations leading to false positive results. Larger sam-
ple sizes always provide a more accurate evaluation of vari-
ants under study. All these criteria form the important basis 
of genetic studies; when ful fi lled, they can make each indi-
vidual study more reliable and relevant. Moreover, the new 
information can be easily integrated for replication in other 
populations and for con fi rmation through meta-analysis. 
Regions previously showing (marginal) signi fi cance should 
be considered for reanalysis. For example, partially linked 
common variants with weak associations may actually 
re fl ect causal and neighboring rare alleles. As we now 
know, since rare variants can affect common diseases with 
moderate effect sizes, revisiting these studies can help to 
provide a more comprehensive evaluation of these regions. 
In parallel, functional analyses of the associated variants 
are required as they provide biological insights while at the 
same time further consolidating the initial  fi ndings. 

 Epigenetics can be stable as well as plastic (Petronis 
 2010  ) . It can be transmitted to the next generation 
(transgenerational epigenetic heritability) while at the 
same time reprogrammed during fertilization and 
gametogenesis. This can be used to interpret the situa-
tions of sporadic and familial diseases, when patho-
logical epigenetic marks are reprogrammed or failed to 
reset, respectively. Epigenetic changes can be induced 
by environmental stimuli, but these events can be sto-
chastic as well. The  fi delity of epigenetic pattern trans-
mission during mitosis is much lower than that of DNA 
replication, leading to high variability which can 
account for the differences observed in monozygotic 
twins. All these properties of epigenetics  fi t in with the 
understanding of complex diseases, and therefore, 
there are increasing emphasis of investigating the roles 
of epigenetics in the etiology of complex diseases. 
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  Fig. 10.6    Current and future genetics studies of disc degeneration. Based 
on the studies of other common diseases, we understand that genetics, 
while by itself is one of the major contributor to disc degeneration, can also 
interact with a number of other factors leading to altered effects. Both non-
coding RNA and epigenetics can modulate the expression outcome. On the 
other hand, noncoding RNAs can be affected by the genetic variants at their 
expression levels, binding sites, or even their own sequence, while 

 epigenetic patterns may be modi fi ed by genetic variants. Environmental 
factors can interact with genes and epigenetics, and at the same time, they 
can directly contribute to disc degeneration. Last but not least, gene-gene 
interactions also exist, which leads to variable consequences. Together, 
these represent a complicated network that needs to be investigated for a 
better understanding of disc degeneration and that genetics is not indepen-
dent but should be studied in conjunction with other factors       
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  Fig. 10.5    Summary on the approaches for genetic studies. Candidate 
gene approach is a primarily gene-by-gene investigation. Common 
alleles (or lower frequency alleles) can be studied easily using data-
bases such as HapMap and 1000 Genomes as reference. On the other 
hand, if rare alleles are of interest, one would need to adopt the sequenc-
ing method. GWAS approach, as its name suggested, looks into the 
whole genome. In general, it is designed to accommodate common 

alleles, but now, lower frequency alleles are also incorporated in the 
higher density arrays as well. Family linkage is also a whole-genome 
approach. Its detection of susceptible loci relies on large families with 
multiple affected members and, more importantly, variants with high 
penetrance and large effect sizes. Therefore, its application in detecting 
common disease variants is limited       
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 Technology for providing genetic information is rapidly 
developing. Its success with other common diseases leads 
to the following questions: is it necessary to catch up with 
the latest technology in studying the genetics of disc 
degeneration, and if so, how should that be achieved? 
Obviously, each of the current technologies has its own 
strength: GWAS allows SNP analysis on the whole genome 
and is advantageous for identifying new susceptible loci, 
while sequencing is favorable for discovering new variants 
(Fig.  10.5 ). Both are promising tools; however, instead of 
blindly chasing after a new technology, it is more impor-
tant to consider carefully which aspects of genetics is 
being studied and the type of information desired. Based 
on these considerations, the optimum technology can be 
chosen or various strategies can be combined to maximize 
data generation while minimizing costs. Factors modify-
ing expression outcome such as epigenetics and noncoding 
RNA and interactions between genes, genes and proteins, 
as well as genes and environment should not be neglected 
(Fig.  10.6 ). The overall information can then be fed back 
to the investigators to provide a more complete under-
standing of the biology of the intervertebral disc and 
mechanisms of degeneration.    

    10.10   Summary of Critical Concepts 
Discussed in the Chapter 

    Intervertebral disc degeneration is a complex trait contrib-• 
uted by genetics and multiple environmental factors such 
as age, gender, smoking, and mechanical loading.  
  Heritability for disc degeneration at the lumbar region is • 
approximately 70 %, suggesting a high degree of genetic 
involvement.  
  Over 20 genes are reported to be associated with • 
disc degeneration by case-control studies of selected 
candidates.  
   • VDR  is the best replicated gene, while  ASPN ,  CILP , 
 COL11A1 ,  GDF5 ,  SKT ,  THBS2 , and  MMP9  can be con-
sidered as potential risk factors with moderate genetic 
evidence based on interim guidelines propose by HuGENet 
to assess the “quality” of genetic data.  
  The International HapMap Project and 1000 Genomes • 
Project, as well as the latest high-throughput genotyping 
technologies, are valuable resources that can be integrated 
with current approaches to push forward genetics studies 
of disc degeneration.  
  Factors such as epigenetics and noncoding RNA and • 
interactions between genes, genes and proteins, as well as 
genes and environment should not be neglected as they 
may affect the  fi nal outcome of the genetic components.         
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             11.1   Introduction 

 It is estimated that as much as 84 % of the population will 
suffer from low back pain (LBP) at some point in their life-
time (Walker  2000  ) , with around 10 % of sufferers being 
chronically disabled. As such LBP is one of the most preva-
lent musculoskeletal conditions affecting Western society 
(Stewart et al.  2003  ) , and its prevalence has increased over 
recent decades (Harkness et al.  2005  ) . The socio-economic 
cost of LBP is also huge, with associated costs, in terms of 
lost productivity, disability bene fi ts and direct and indirect 
health-care costs, estimated in the UK to be around £12 bil-
lion annually (Maniadakis and Gray  2000  )  and in the USA to 
be over $85 billion per annum (Martin et al.  2008  ) . 
Importantly, increases in both the size and average age of the 
population both suggest that the prevalence and costs associ-
ated with LBP will continue to rise over future decades, 
unless novel therapies can be developed to alleviate pain and 
restore long-term function and mobility to the spine. 
However, in order to develop such therapies, a more thor-
ough understanding of the underlying aetiology is required. 

 While it is acknowledged that LBP is a multifactorial con-
dition, a strong correlation with degeneration of the interver-
tebral disc has been shown in 40 % of cases (Cheung et al. 
 2009  ) . However, until recently, the pathogenesis of disc 
degeneration and its role in LBP were poorly understood. 
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This chapter will describe the normal intervertebral disc and 
the changes which occur during degeneration at a molecular, 
cellular and tissue level and review the clinical implications 
of these pathological changes in the context of LBP.  

    11.2   The Cell Biology of the Normal Human 
Intervertebral Disc 

 The intervertebral disc is located between the vertebrae of 
the spine and is comprised of three morphologically distinct 
regions. The central core of the disc, the nucleus pulposus, is 
a highly hydrated, gelatinous tissue containing small rounded 
nucleus pulposus cells embedded within a dense extracellu-
lar matrix. These cells are routinely described as being chon-
drocyte-like (Sive et al.  2002  ) , due in part to similarities in 
both their morphology and composition of the matrix that 
they synthesise and secrete. Noteworthy, recent microarray 
studies have shed new light on the exact phenotype of nucleus 
pulposus and annulus  fi brosus cells, illustrating distinct dif-
ferences in gene expression pro fi les between these cells and 
articular chondrocytes (Lee et al.  2007 ; Sakai et al.  2009 ; 
Minogue et al.  2010a,   b  ) . The extracellular matrix of the 
nucleus pulposus is rich in proteoglycans, particularly the 
large aggregating proteoglycans aggrecan and versican 
which possess a large number of negatively charged gly-
cosaminoglycan (GAG) side chains. The GAGs attract posi-
tively charged ions, which gives the nucleus pulposus a high 
osmotic potential, which in turn acts to draw in water result-
ing in a tissue with a water content between 70 and 90 % 
(Antoniou et al.  1996  ) . A range of other smaller PGs are also 
present, including biglycan, decorin and  fi bromodulin, which 
are thought to play a number of structural and physiological 
roles, including growth factor binding and mediation of sig-
nalling between cells and the extracellular matrix (Roughley 
 2004 ; Feng et al.  2006  ) . Further details of the proteoglycans 
of the disc are presented in Chap.   4    . The nucleus pulposus 
also contains a range of collagens, predominantly collagen 
II, although III, V, VI, IX and XI have also been described 
(Nerlich et al.  1998 ; Roughley  2004  ) . The collagen II  fi brils 
appear randomly distributed within the matrix, meaning the 
extracellular matrix lacks the structural architecture noted in 
similar tissues such as articular cartilage (see Chap.   5    ). While 
the extracellular matrix possesses many of the same compo-
nent molecules as articular cartilage, the ratio of PGs/colla-
gens in the nucleus pulposus is substantially higher, at around 
27:1, compared to only around 2:1 in cartilage (Mwale et al. 
 2004  ) . The elevated proteoglycans content of the nucleus 
pulposus, in conjunction with the associated high water con-
tent, results in a high swelling pressure giving it the ability to 
effectively act as a ‘shock absorber’ and withstand the high 
compressive forces experienced within the spine (see 
Chap.   2    ). 

 The nucleus pulposus is constrained circumferentially by 
the outer region of the disc, the annulus  fi brosus, a  fi brous 
ring of tissue with highly ordered collagen I  fi brils orientated 
in 60° oblique lamellae (Marchand and Ahmed  1990  ) . 
Collagens II and III are also present in the annulus  fi brosus 
and the total collagen content is around 80 %, compared to 
only around 20 % in the nucleus pulposus (Roughley  2004 ; 
Le Maitre et al.  2007d  ) . While the extracellular matrix of the 
annulus  fi brosus does contain proteoglycans, predominantly 
versican, they are mainly located between the lamellae, along 
with elastin  fi bres which are thought to allow  fl exion or 
extension during movement (Yu et al.  2002 ; Melrose et al. 
 2008 ; Smith et al.  2009  ) . Morphologically and phenotypi-
cally,  fi broblastic annulus  fi brosus cells appear to orientate 
with the collagen  fi bres in each lamella ring. Although the 
cell and matrix biology differs between the nucleus pulposus 
and annulus  fi brosus, there is no distinct demarcation between 
the tissues. Instead, the inner annulus  fi brosus, sometimes 
referred to as a ‘transition zone’, demonstrates a mix of cell 
types with both rounded nucleus pulposus and  fl attened 
annulus  fi brosus cells present. The matrix changes are also 
gradual, with collagens I and II contents being inversely cor-
related (Eyre and Muir  1976  ) . This integration of tissues 
allows the disc to bulge in a constrained manner under load-
ing, allowing distribution and dissipation of the mechanical 
forces, including  fl exion, tension, compression and torsion, 
experienced during everyday motion. These concepts are 
further developed in Chap.   7    . 

 The inferior and superior faces on the disc, where they 
meet adjacent vertebral bodies, are covered by a thin layer of 
hyaline cartilage, the cartilaginous end plates. This is a thin 
layer of hyaline cartilage containing a population of chon-
drocytic cells. Collagen  fi bres from the annulus  fi brosus 
embed directly into the vertebral bodies and into the carti-
laginous end plates, which prevent the nucleus pulposus 
bulging into the vertebral bodies (Humzah and Soames 
 1988  ) . The cartilaginous end plates are also thought to play a 
crucial role in regulating disc nutrition (Nachemson et al. 
 1970 ; Roberts et al.  1996  ) . 

 The adult human intervertebral disc is both avascular and 
aneural, with blood vessels and associated nerves found only 
in the very outer regions of the annulus  fi brosus and in the 
vertebral bodies adjacent to the cartilaginous end plates 
(Yasuma et al.  1993 ; Repanti et al.  1998 ; Roughley  2004  ) . It 
is these capillaries that provide nutrients to cells within the 
disc, through a process of diffusion facilitated by  fl uid trans-
port that occurs during normal movement. Under compres-
sive loading, water is extruded from the nucleus pulposus, 
taking metabolic waste products such as lactic acid away 
from cells towards the blood vessels. As load is brie fl y alle-
viated, the osmotic potential of the nucleus draws water back 
in, supplying the cells with nutrients such as glucose and 
oxygen. However, as cells in the core of the nucleus pulposus 

http://dx.doi.org/10.1007/978-3-7091-1535-0_4
http://dx.doi.org/10.1007/978-3-7091-1535-0_5
http://dx.doi.org/10.1007/978-3-7091-1535-0_2
http://dx.doi.org/10.1007/978-3-7091-1535-0_7
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can be as much as 8 mm from the nearest blood vessel, this 
results in a tissue which is both nutrient and oxygen poor and 
with a relatively low pH, primarily due to an accumulation of 
lactic acid (Urban et al.  1982 ; Katz et al.  1986  ) . This hostile 
environment is re fl ected in the cell densities of the tissue 
which are considerably less than in other cartilaginous tis-
sues. In early life, cellularity decreases to approximately 
4,000 cells/mm 3  in the normal adult nucleus pulposus and 
9,000 cells/mm 3  in the annulus  fi brosus by the time skeletal 
maturity is achieved (Maroudas et al.  1975  ) . There is also a 
reduction in the proportion of large, vacuolated, morphologi-
cally distinct notochordal cells within the nucleus pulposus 
and an increase in or transition to smaller mature nucleus 
cells, which are thought to have a lower metabolic activity 
than notochordal cells (Guehring et al.  2008  ) . Cell metabo-
lism within the disc is also thought to be relatively low, due 
in part to the low pH and oxygen concentration, with cells 
generating ATP predominantly through glycolysis (Urban 
et al.  2004  ) . 

 However, while cell number and metabolic activity are 
both low, the resident cells are responsible for homeostatic 
turnover of the extracellular matrix, producing catabolic fac-
tors and degradative enzymes, as well as anabolic growth 
factors and new matrix proteins. This process is tightly con-
trolled and any imbalance in degradative and synthetic pro-
cesses can lead to a matrix breakdown and loss of tissue 
integrity. While the exact reasons for this imbalance are not 
fully understood, research over recent years has shed light on 
the processes which contribute to, or are potentially respon-
sible for, the tissue breakdown observed during interverte-
bral disc degeneration.  

    11.3   Intervertebral Disc Degeneration 

 Disc degeneration is characterised by an overall breakdown 
of extracellular matrix, combined with altered matrix synthe-
sis and changes in resident cell number, cell phenotype and 
behaviour. While many of these features are evident during 
normal ageing, changes are accelerated in degeneration and 
are associated with discogenic pain or pain caused by spinal 
instability and impingement of nerve roots in the spine. 

    11.3.1   Morphological Features of Degeneration 

 Degeneration is routinely characterised radiographically 
(Antoniou et al.  1998 ; P fi rrmann et al.  2001  ) , with the 
Thompson grading system used to classify gross morpho-
logical changes (Thompson et al.  1990  ) . This system 
describes the decreasing water content within the nucleus 
pulposus, combined with disc narrowing and bulging and 
eventually osteophyte formation and end-plate sclerosis. 

Histologically, degeneration can be characterised using a 
range of features (Sive et al.  2002  ) . There is progressive loss 
of demarcation between the nucleus pulposus and annulus 
 fi brosus with loss of the transition zone. This is due, in part, 
to a change in collagen synthesis by the nucleus cells from 
collagen II to collagen I; a loss of proteoglycan, which results 
in dehydration of the nucleus pulposus; presence and extent 
of  fi ssuring within the nucleus pulposus, which radiate even-
tually into the annulus  fi brosus; and formation of cell clus-
ters due to abnormal cell turnover. Changes also occur in the 
annulus  fi brosus, with disruption of the collagen lamellae as 
 fi ssures extend, and there is a change in collagen  fi bre organ-
isation with  fi bres bifurcating and interdigitating (Lyons 
et al.  1981  ) . The poor repair capacity of the disc means that 
in the late stages of degeneration, the nucleus pulposus is 
replaced by disorganised scar and granulation tissue, and 
repair of the annulus  fi brosus results in scaring and neovas-
cularisation (Peng et al.  2006  ) . Vascular ingrowth extends 
eventually into the nucleus pulposus and is associated with 
innervation into the disc causing discogenic pain (Freemont 
et al.  1997,   2002  ) . The decrease in water content and increas-
ing  fi brous nature of the nucleus pulposus cause the disc nar-
rowing observed radiographically. There is also an increase 
in collagen cross-linking with tissue sugars, making the disc 
stiffer, more dif fi cult to repair and more easily injured 
(Hormel and Eyre  1991 ; Duance et al.  1998 ; Pokharna and 
Phillips  1998 ; Wagner et al.  2006  ) . Importantly, this reduced 
disc height signi fi cantly alters the biomechanics of the spinal 
motion segment, with decompression of the nucleus pulpo-
sus and removal of stress within  fi bres of the annulus  fi brosus 
that ultimately causes spinal instability and leaves the disc 
less able to resist forces experienced during motions such as 
bending (Zhao et al.  2005 ; Adams and Roughley  2006  ) . 
Increased pressure is also placed on the neural arch and this 
can result in non-discogenic nerve pain during movement 
(Pollintine et al.  2004  ) . 

 Although the anatomical and morphological features of 
degeneration have been well documented, the underlying 
cellular and pathophysiological changes occurring during 
degeneration have not been thoroughly described. However, 
in an attempt to identify novel therapies, recent widespread 
interest in the elucidating mechanisms underlying degenera-
tion has resulted in a more thorough understanding of the 
pathogenesis of degenerative disc disease.  

    11.3.2   Genetic In fl uences 

 Age and environmental factors, such as smoking, vibration, 
excessive heavy loading and localised injury, have all been 
proposed as risk factors (Holm and Nachemson  1988 ; Hirano 
et al.  1988 ; Deyo and Bass  1989 ; Wilder et al.  1996 ; Adams 
et al.  1999,   2000  ) . Genetic and hereditary factors are 
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 considered to play a dominant role in predisposing individu-
als to disc degeneration and back pain. A familial survey by 
Postacchini et al. found that in the group of individuals with 
discogenic LBP, 35 % had at least 1 family member with a 
history of discogenic LBP and 5 % had one or two members 
who had undergone disc surgery (Postacchini et al.  1988  ) . 
This compared to 12 and 1 % respectively in the asymptom-
atic cohort. Further studies, including identical and noniden-
tical twin studies, have also shown strong familial links in 
discogenic LBP predisposition (Richardson et al.  1997 ; 
MacGregor et al.  2004 ; Frino et al.  2006  ) . 

 In addition to familial studies, a growing body of research 
has investigated genetic associations with degeneration. The 
genes for collagen I (COL1A1), IX (COL9A2 and COL9A3), 
XI (COL11A2), aggrecan, MMP-3, IL-1, IL-6, vitamin D 
receptor (VDR), cartilage intermediate layer protein (CILP) 
and hyaluronan and proteoglycan link protein 1 (HAPLN1) 
have all been associated with disc degeneration (Videman 
et al.  1998 ; Annunen et al.  1999 ; Takahashi et al.  2001 ; 
Kawaguchi et al.  2002 ; Pluijm et al.  2004 ; Solovieva et al. 
 2004,   2006 ; Seki et al.  2005 ; Kawakami et al.  2005 ; Roughley 
et al.  2006  ) . However, to date, in different ethnic groups, 
only COL1A1, COL9A2, MMP-3 and VDR polymorphisms 
have been shown reproducibly to be disease associated. This 
topic is developed further in Chap.   10    . In order to prove links 
between gene polymorphisms and disc degeneration, then 
more detailed and large-scale linkage studies on families 
with members who are predisposed to early onset degenera-
tion are required. If genetic predisposition and association 
with single gene polymorphisms can be established, this may 
lead to the development of diagnostic tools to screen disc 
degeneration predisposition. However, these studies may 
also reveal that disc degeneration is a complex, multifacto-
rial, oliogenic disorder for which a clear predisposition is 
dif fi cult to detect.  

    11.3.3   Alterations in Extracellular Matrix 
Composition 

 While many of the matrix changes evident during degenera-
tion are due to increased matrix catabolism by degradative 
enzymes (as will be discussed in the next section), there are 
also alterations in the synthesis and distribution of matrix 
components. In the early stages of degeneration, there is an 
increase in expression of collagen II, thought to be an attempted 
repair mechanism (Takaishi et al.  1997  ) . However, with 
advancing degeneration, there is a general decrease in colla-
gen II synthesis and a shift to collagen I production by nucleus 
pulposus and inner annulus  fi brosus cells (Buckwalter  1995 ; 
Schollmeier et al.  2000 ; Le Maitre et al.  2007d  ) . Collagen X 
has been identi fi ed in the disc during advanced degeneration, 
particularly around clefts and cell clusters (Boos et al.  1997  ) . 

The induction of collagen X during late-stage degeneration is 
suggested to be a cellular response to enhance oxidative stress 
and is thought to signify nucleus pulposus cell hypertrophy as 
it is often accompanied by increased expression of Runt-
related transcription factor 2 (Runx2), osteoprotegerin and 
alkaline phosphatase in areas of calci fi cation (Boos et al.  1997 ; 
Nerlich et al.  1997 ; Rutges et al.  2010  ) . 

 Collagen cross-linking also changes during degeneration, 
with a decrease in pyridinoline cross-links which give stabil-
ity to collagen  fi brils, especially in the nucleus pulposus 
where the collagen  fi bres are less densely packed than the 
annulus  fi brosus. There is also an increase in nonenzymatic 
glycosylation, which causes cross-linking of matrix proteins, 
with an increase in pentosidine during degeneration being 
one marker of this process. This increase in advanced glyca-
tion end products (AGEs) within the disc during both natural 
ageing and degeneration has been demonstrated to cause tis-
sue stiffness, particularly in the annulus  fi brosus, and may 
make the disc more susceptible to mechanical damage dur-
ing degeneration (Hormel and Eyre  1991 ; Duance et al. 
 1998 ; Pokharna and Phillips  1998 ; Wagner et al.  2006 ; 
Adams et al.  2010  ) . 

 Combined with the changes in collagen expression, there 
is a decrease in the proteoglycans content of the disc (Pearce 
et al.  1987 ; Inkinen et al.  1998 ; Cs-Szabo et al.  2002 ; 
Sztrolovics et al.  2002  ) . While degenerate nucleus pulposus 
cells are capable of synthesising aggrecan, versican synthe-
sis increases, as does production of biglycan and decorin 
(Lyons et al.  1981 ; Buckwalter  1995 ; Inkinen et al.  1998 ; Le 
Maitre et al.  2007d  ) . In contrast, there is increased degrada-
tion of aggrecan and versican fragmentation thereby reduc-
ing disc overall proteoglycans content. Several versican 
isoforms have been identi fi ed in the disc with varying molec-
ular weights (Sztrolovics et al.  2002  ) . However, one of the 
key features of all isoforms is that they contain fewer chon-
droitin sulphate side chains than aggrecan and hence have a 
lower negative charge which reduces the osmotic potential of 
versican-containing aggregates. Therefore, the overall loss 
of aggrecan, combined with the shift to versican production, 
reduces the water content in the disc, and the shift in colla-
gen production to collagen I results in a more  fi brous tissue, 
less capable of withstanding load. 

 There are other changes evident in the disc, caused either 
as a result of degeneration or as an attempt at repair. One 
example is the increase in  fi bronectin and importantly 
 fi bronectin fragments during degeneration (Oegema et al. 
 2000  ) . Fibronectin is a large extracellular glycoprotein that 
contains binding sites for several cell membrane and matrix 
proteins, including integrins and collagens, respectively, and 
is thought to play a role in extracellular matrix organisation. 
Its expression increases in degeneration, although there is 
also an increase in  fi bronectin fragments which have been 
demonstrated in vitro to stimulate matrix metalloprotein 

http://dx.doi.org/10.1007/978-3-7091-1535-0_10
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(MMP) production and suppress aggrecan synthesis 
(Anderson et al.  2005 ; Aota et al.  2005  )  and in vivo to stimu-
late disc degeneration (Greg et al.  2003  ) . One mechanism for 
this change may be the stimulation of catabolic cytokine 
expression, which has been demonstrated to occur following 
the addition of  fi bronectin fragments to cartilage explants 
in vitro (Homandberg et al.  1997  ) .  

    11.3.4   Matrix Degradation 

 A range of proteolytic enzymes are responsible for break-
down of the extracellular matrix, including members of the 
MMP and ‘a disintegrin and metalloproteinase with throm-
bospondin motifs’ (ADAMTS) families (for details of these 
enzymes, see Chap.   8    ). MMPs are capable of cleaving the 
majority of constituents of the disc extracellular matrix. Most 
notably, MMPs 1, 8 and 13 degrade intact triple-helical col-
lagens including collagens I and II, while 2 and 9 are gelati-
nases cleaving partially degraded triple-helical domains 
(Nagase and Woessner  1999  ) . 

 MMPs 1, 2, 3, 7, 8, 9, 10, 13, 19 and 28 have all been 
identi fi ed within the disc, with levels of many increasing 
during degeneration (Roberts et al.  2000 ; Weiler et al.  2002 ; 
Le Maitre et al.  2004,   2006b ; Gruber et al.  2005 ; Richardson 
et al.  2009 ; Bachmeier et al.  2009 ; Klawitter et al.  2011  ) . In 
particular, the number of cells immunopositive for MMPs 1, 
3, 7 and 13 was shown to be increased in degeneration (Le 
Maitre et al.  2004,   2006b  ) . We have also demonstrated a 
signi fi cant increase in the expression of MMP-10 in symp-
tomatic (painful) degenerate discs and shown a correlation 
between expression of MMP-10 and IL-1 and NGF, but not 
TNF- a , suggesting a possible role for MMP-10 in the initia-
tion of nociception during degeneration (Richardson et al. 
 2009  ) . MMP-10 is also capable of activating proMMPs, 
including MMPs 1, 7, 8, 9 and 13, and has been shown to be 
capable of ‘superactivating’ proMMPs 1, 8 and 13, giving 
them a higher-than-normal speci fi c activity and potentially 
shifting the homeostatic balance of activity towards catabo-
lism (Barksby et al.  2006  ) . 

 In addition to their activity against collagens, members of 
the MMP family also have the ability to degrade aggrecan at 
discrete sites within the G1-G2 and G2-G3 interglobular 
domains, although their activity against this substrate is 
signi fi cantly lower than that of the aggrecanase members of 
the ADAMTS family. The ADAMTS family includes the 
aggrecanases ADAMTSs 1, 4, 5, 8, 9 and 15, which are all 
capable of degrading aggrecan at sites distinct from those of 
the MMPs and at an activity substantially higher than that of 
the MMPs (Tortorella et al.  1999 ; Abbaszade et al.  1999 ; Cal 
et al.  2002 ; Nagase and Kashiwagi  2003 ; Somerville et al. 
 2003 ; Collins-Racie et al.  2004  ) . An increase in aggrecanase-
generated aggrecan fragments has been identi fi ed in both 

aged and diseased discs, with a correlation being shown 
between increasing grade of degeneration and an increase in 
the presence of aggrecanase-generated fragments (Sztrolovics 
et al.  1997 ; Roberts et al.  2000  ) . Studies initially identi fi ed 
ADAMTS 4 (aggrecanase 1) in the disc (Le Maitre et al. 
 2004 ; Hatano et al.  2006  ) , with a correlation noted between 
ADAMTS 4, but not ADAMTS 5 (aggrecanase 2), expres-
sion with degeneration (Patel et al.  2007  ) . Subsequently, we 
have shown that the expression of ADAMTSs 1, 4, 5, 9 and 
15 are all increased with intervertebral disc degeneration 
(Pockert et al.  2009  ) , with their expression potentially being 
regulated by IL-1 b  (Demircan et al.  2005  ) . Building on this 
 fi nding, in vitro stimulation experiments demonstrated 
increased expression of both ADAMTSs 4 and 5 following 
IL-1 b  stimulation, with nitric oxide being the mediating fac-
tor (Le Maitre et al.  2005a ; Zhao et al.  2011  ) . More recently, 
ADAMTSs 7 and 12, enzymes which are capable of degrad-
ing cartilage oligomeric matrix protein (COMP), were both 
shown to be upregulated in a rat model of degeneration; how-
ever, their presence in human discs or role in degeneration is 
yet to be elucidated (Yu and Zhu  2012  ) . 

 Those molecules discussed above, along with a broad 
spectrum of other proteolytic enzymes including cathepsins 
D, G, K and L (Konttinen et al.  1999 ; Ariga et al.  2001  ) , are 
responsible for the homeostatic turnover of disc extracellular 
matrix. Their expression and activity are closely controlled 
by soluble mediators, such as catabolic (pro-in fl ammatory) 
cytokines and anabolic growth factors, and through blocking 
cognate inhibitors, the tissue inhibitors of metalloproteinases 
(TIMPs). The TIMP family consists of four members (TIMPs 
1, 2, 3 and 4) which play various roles, including MMP acti-
vation and inhibition and induction of angiogenesis (Brew 
et al.  2000  ) . However, their main role is the inhibition of 
MMPs and ADAMTSs, which is achieved primarily through 
irreversible non-covalent coupling to active MMPs in a 1:1 
stoichiometric fashion (Cooper et al.  1985 ; Stetler-Stevenson 
et al.  1989  ) . TIMPs 1, 2 and 3 have been identi fi ed in the 
disc, with TIMPs 1 and 2 exhibiting broad speci fi city of inhi-
bition of members of the MMP family, while TIMP 3 appears 
to selectively inhibit aggrecanases (Kashiwagi et al.  2001  ) . 
Both TIMP 1 and 2 are upregulated in degeneration (Le 
Maitre et al.  2004  ) , although they have higher speci fi city for 
certain MMPs than others, suggesting those MMPs (e.g. 
MMP 7) that are resistant to TIMP inhibition may play a 
greater role in degeneration (Le Maitre et al.  2006b  ) . 
Conversely, while TIMP 3 expression levels in nondegener-
ate human nucleus pulposus cells have been shown to be 
higher than that of any of the ADAMTSs (Pockert et al. 
 2009  ) , its expression does not change in degeneration (Le 
Maitre et al.  2004 ; Pockert et al.  2009  ) , suggesting a poten-
tial imbalance between active ADAMTSs and TIMP 3 that 
could lead to the matrix, particularly aggrecan, degradation, 
a characteristic of the degenerate disc.   

http://dx.doi.org/10.1007/978-3-7091-1535-0_8
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    11.4   Vascular and Nerve Ingrowth 

 At birth, both the end plates and annulus  fi brosus possess 
blood vessels, although these soon recede, meaning that, 
with the exception of the external lamellae of the annulus, 
the normal adult intervertebral disc is both avascular and 
aneural (Yasuma et al.  1993 ; Repanti et al.  1998 ; Roughley 
 2004 ; Roberts et al.  2006b  ) . However, during degeneration, 
both neovascularisation and innervation occur, with blood 
vessels and nerve  fi bres in fi ltrating the annulus  fi brosus and 
eventually the nucleus pulposus (Freemont et al.  1997,   2002 ; 
Coppes et al.  1997 ; Nerlich et al.  2007  ) . Matrix alterations, 
particularly vascular ingrowth, and increasing angiogenesis 
have been correlated with decreasing proteoglycan content 
in an ovine annular lesion model (Melrose et al.  2002a  ) . 
Indeed, aggrecan has been shown to be inhibitory to endothe-
lial cell adhesion and migration in a concentration-dependant 
manner (Johnson et al.  2005  ) , a  fi nding that provides a pos-
sible mechanism for accelerating the degenerative process. 
Extensive capillary networks have also been found to be 
associated with annular clefts and tears (Nerlich et al.  2007  ) , 
suggesting the breakdown of the normal disc extracellular 
matrix is permissive for neovascularisation. However, the 
mechanisms or the factors underlying initiation of angiogen-
esis have not yet been clearly elucidated. Pleiotrophin, a 
growth factor reported to be involved in cell migration and 
differentiation in various cellular processes, has been impli-
cated as an angiogenic factor in the disc as it has been shown 
that the frequency of pleiotrophin-positive disc cells was 
signi fi cantly correlated with the amount of vascularisation 
(Johnson et al.  2007  ) . Additionally, other angiogenic factors 
have also been implicated including vascular endothelial 
growth factor (VEGF) (Ohba et al.  2009  ) , basic  fi broblast 
growth factor (FGF-2), TGF- b  and osteonectin (Melrose 
et al.  2002b  ) . More recently, it has also been suggested that 
IL-1 b  is capable of inducing angiogenesis through stimula-
tion of the growth factors VEGF, NGF and BDNF, although 
these results were based on immunohistochemical correla-
tion studies rather than direct stimulation with IL-1 b  (Lee 
et al.  2011  ) . While the mechanisms underlying vascular 
ingrowth are still unclear, neovascularisation is thought to 
provide a route for various cytokines and growth factors to 
reach the inner disc regions at an accelerated rate than 
through the usual route of diffusion (Nerlich et al.  2007  ) , 
which may be one of the driving forces behind the increased 
nucleus pulposus cell-derived degradative enzyme produc-
tion and accelerated proteoglycan loss in the inner annulus 
 fi brosus and nucleus pulposus. 

 During degeneration, there is also an increase in nerve 
 fi bres both physically associated with, and distant from, 
in fi ltrating blood vessels. In the majority of these cases, nerve 
 fi bres are found alongside blood vessels, and during angio-
genesis, endothelial cells from in fi ltrating vessels secrete 

NGF. Since nerves possess the high-af fi nity NGF receptor 
TrkA, it is likely that there is a vasoregulatory role for the 
nerve  fi bres (Freemont et al.  2002 ). These nerve  fi bres have 
been shown to be positive for protein gene product 9.5 
(PGP9.5), acetylcholinesterase, neuro fi lament protein (NFP), 
substance P (SP) and calcitonin gene-related peptide (CGRP), 
amongst other proteins. On this basis, it has been suggested 
that these nerve  fi bres originate from the dorsal root ganglion 
(Ashton et al.  1994 ; Brown et al.  1997 ; Ohtori et al.  2002 ; 
Takahashi et al.  2009 ; Garcia-Cosamalon et al.  2010  )  and are 
nociceptive. Studies on degenerate intervertebral disc tissues 
have demonstrated a similar protein expression pro fi le for 
nerves in fi ltrating the inner annulus  fi brosus and nucleus pul-
posus, suggesting a quantitative increase in nociceptive neu-
rite number, rather than a change in type of neurite (Ashton 
et al.  1994 ; Freemont et al.  1997 ; Brown et al.  1997 ; Johnson 
et al.  2002 ; Melrose et al.  2002a ; Takahashi et al.  2009  ) . On 
the other hand, there is evidence that suggests there is an 
increase in sympathetic afferents in degenerate tissue, which 
are hypothesised to play a signi fi cant role in low back pain 
(Takebayashi et al.  2006  ) . In vitro studies demonstrated a 
concentration-dependant inhibition in nerve  fi bre outgrowth 
by human aggrecan, suggesting the decreases in proteogly-
cans content in the disc during degeneration may permit neu-
ral ingrowth (Johnson et al.  2002  ) . The same study also 
indicates that deglycosylation of aggrecan may also be impor-
tant as enzymatic removal of keratan and chondroitin sulphate 
from aggrecan abrogated the inhibitory effect of intact aggre-
can. As the effect was greater following chondroitinase ABC 
than keratanase treatment, it was inferred that there was a 
greater role for chondroitin sulphate than keratan sulphate in 
inhibiting nerve outgrowth. Since there is an increase in the 
ratio of keratin sulphate/chondroitin sulphate, the authors also 
hypothesised that this change may also be important in terms 
of allowing nerve in fi ltration into the disc. 

 Importantly, however, a complex interplay between cata-
bolic cytokines, neurotrophins, neurotrophin receptors and 
chemorepellant molecules may be responsible for guiding 
nerve ingrowth during degeneration, in particular sema-
phorins, a large family of secreted and membrane-bound 
axonal guidance molecules (Kolodkin et al.  1993  ) . Gene and 
protein expression studies of the class 3 semaphorin family 
member Sema3A, which can cause axonal collapse when 
found in high concentrations, identi fi ed high levels of cell 
immunopositivity in the outer annulus  fi brosus of normal tis-
sue (Tolofari et al.  2010  ) . The percentage of semaphorin-
positive cells was found to decrease with increasing grades 
of degeneration, particularly in individuals with symptom-
atic (painful) degeneration, suggesting an important role for 
Sema3A in inhibiting nerve ingrowth into normal disc 
tissue. 

 Both nucleus pulposus and annulus  fi brosus cells from 
normal discs have been shown to express low levels of the 
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neurotrophin nerve growth factor (NGF) and brain-derived 
neurotrophic factor (BDNF), and expression levels increase 
in degeneration, particularly in individuals with symptom-
atic (painful) disc degeneration (Abe et al.  2007 ; Purmessur 
et al.  2008 ; Gruber et al.  2008  ) . Interestingly, these disc 
cells also express the high-af fi nity NGF receptor TrkA, the 
high-af fi nity BDNF receptor TrkB and the low-af fi nity 
NGF/BDNF receptor p75 NTR , as well as SP, suggesting pos-
sible autocrine signalling by the disc cells themselves 
(Purmessur et al.  2008  ) . However, the predominant role for 
NGF and BDNF may be to act in a paracrine manner on 
dorsal root ganglion neurons to stimulate nerve ingrowth. 
We have recently demonstrated that coculture of human 
nucleus pulposus cells, derived from the degenerate inter-
vertebral disc, with the neural cell line SH-SY5Y cells 
caused an increase in both percentage of neurite-expressing 
cells and mean neurite length (Richardson et al.  2011  ) . This 
 fi nding supports earlier work by Johnson and colleagues 
who showed that normal inhibition of neurite outgrowth by 
aggrecan could be prevented by cells derived from degener-
ate disc, suggesting that such cells release neurotrophins 
(Johnson et al.  2006  ) . Indeed, our own studies show that 
these increases in neurite-expressing cells and neurite 
length could be inhibited by the addition of anti-BDNF 
antibodies. In contrast, when inhibition was activated by 
anti-NGF antibodies, there was only a decrease in the per-
centage number of neurite-expressing cells (Richardson 
et al.  2011  ) . 

 Interestingly, both NGF and BDNF expression can be 
stimulated by addition of recombinant IL-1 b  and TNF- a  
(cytokines shown to be increased in intervertebral disc 
degeneration) to cultured human nucleus pulposus cells 
in vitro, while TNF- a  stimulation also induces expression of 
substance P (Purmessur et al.  2008  ) . Such in vitro results 
suggest that these pro-in fl ammatory cytokines stimulate the 
production of neurotrophins which promotes the growth of 
sensory nerve  fi bres into the intervertebral disc and induce 
substance P related with pain transmission. Noteworthy, sig-
nalling of NGF and BDNF through their receptors initiates 
activation of a number of pathways, including the NF- k B 
pathway; activation induces a range of pro-in fl ammatory 
cytokines which may then perpetuate the cycle leading to 
innervation (Wallach et al.  2002  ) . The expression of NGF 
also correlates with expression of speci fi c MMPs (Richardson 
et al.  2009  ) , suggesting a potential role for neurotrophins in 
driving matrix catabolism, possibly to ease nerve ingrowth 
through the disc. Importantly, this interaction between cytok-
ines and neurotrophins is complex and requires further exten-
sive study before a clear pathway can be elucidated. 
Unfortunately, however, this is hindered by the inability to 
study nerve ingrowth in humans and the potential differences 
between humans and the model animal systems routinely 
used in disc degeneration research.  

    11.5   Alterations in Disc Cell Biology 
in Degeneration 

 A wide range of factors are thought to be involved in the 
initiation and progression of degeneration (Fig.  11.1 ). While 
individuals may experience discogenic back pain for differ-
ent reasons, correlation studies and detailed molecular and 
cellular biology studies suggest that there are four main cat-
egories of factors in fl uencing cell function and hence drive 
intervertebral disc degeneration. These include soluble regu-
lators of disc cell function (mainly cytokines and growth fac-
tors), nutritional status, cell ageing and death and response to 
mechanical load.  

    11.5.1   Soluble Regulators of Cellular Function 

 During degeneration, a range of pro-in fl ammatory cytokines 
and in fl ammatory mediators are increased. These include 
members of the interleukin family, including IL-1, IL-2, 
IL-6, IL-12 and IL-17, as well as interferon gamma (IFN- g ), 
TNF- a  and the in fl ammatory mediators prostaglandin E2 
(PGE2) and nitric oxide (NOx) (Kang et al.  1996 ; Olmarker 
and Larsson  1998 ; Le Maitre et al.  2005a,   2007b ; Bachmeier 
et al.  2007 ; Akyol et al.  2010 ; Gabr et al.  2011 ; Studer et al. 
 2011  ) . The pro-in fl ammatory cytokines are all thought to 
play independent roles in matrix catabolism, although inter-
plays between the molecules have been identi fi ed. For exam-
ple, IL-6 is thought to potentiate the response of nucleus 
pulposus cells to both IL-1 and TNF- a  (Studer et al.  2011  ) , 
while IL-17 synergises with both TNF- a  and IFN- g , increas-
ing the catabolic activities of human nucleus pulposus and 
annulus  fi brosus cells and possibly serving as a key regulator 
of in fl ammation in the degenerating disc (Gabr et al.  2011  ) . 

 However, although there is evidence for the involvement 
of multiple pro-in fl ammatory cytokines in the pathogenesis 
of disc degeneration, the predominant catabolic cytokines 
appear to be interleukin-1 (IL-1) and tumour necrosis factor-
alpha (TNF- a ). While there is no clear consensus on which 
molecule mediates degeneration, research suggests both are 
fundamentally important in controlling the observed cellular 
and matrix changes. 

    11.5.1.1   Interleukin-1 
 Both isoforms of IL-1 (IL-1 a  and IL-1 b ) have been identi fi ed 
within the disc, along with their receptor (IL-1R1), the 
exported decoy receptor (IL-1RII) and their natural inhibitor 
(IL-1 receptor antagonist or IL-1Ra) (Le Maitre et al.  2005a  ) . 
During degeneration, expression of IL-1 a  and  b  and IL1RI 
increases signi fi cantly in both the nucleus pulposus and inner 
annulus  fi brosus. However, IL-1Ra expression does not 
increase and this imbalance leads to an excess of IL-1 iso-
forms in degenerate tissues. Importantly, in vitro studies have 
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shown that IL-1 induces a number of cellular and molecular 
changes associated with disc degeneration. Stimulation of 
human nucleus pulposus cells with recombinant IL-1 has 
been shown to induce an upregulation of both MMPs, includ-
ing MMPs 3 and 13, and ADAMTSs, including ADAMTS 4, 
a shift in collagen expression from II to I and reduction in 
aggrecan expression (Le Maitre et al.  2005a  ) . There appear 
to be differences in the responses of normal and degenerate 
disc cells to IL-1 stimulation, with a more catabolic response 
in degenerate nucleus pulposus cells compared to normal. 
IL-1 stimulation also resulted in signi fi cant increases in both 
IL-1 isoforms by degenerate nucleus pulposus cells and a 
decrease in expression by normal nucleus pulposus cells, 
suggesting a homeostatic response in nondegenerate cells 
and an aberrant catabolic response once degeneration has 
been activated. IL-1 has also been shown to induce both 
angiogenesis (by inducing expression of VEGF) and neuro-
nogenesis (via the stimulation of neurotrophic factors) into 
disc tissue (Lee et al.  2011  )  and stimulation of apoptosis (Cui 
et al.  2007 ; Zhao et al.  2007a  ) . Conversely an inhibition or 
reversal of these processes has been demonstrated through 

the addition of exogenous IL-1Ra, and application of IL-1Ra 
has been proposed as a potential therapeutic intervention to 
inhibit intervertebral disc degeneration (Le Maitre et al. 
 2006a,   2007c ; Box  11.1 ).     
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  Fig. 11.1    A schematic overview of the pathogenesis of intervertebral disc degeneration demonstrating the involvement of IL-1 in driving the 
aberrant cell biology and processes involved in matrix catabolism and generation of back pain       

  Box 11.1: Interleukin-1 as the Driving Force Behind the 

Pathogenesis of Disc Degeneration 

 While for some TNF- a  has been the focus of inves-
tigation as the molecular regulator of disc degenera-
tion, our research has focussed on the involvement 
of IL-1. These studies have demonstrated an increase 
in the expression of both isoforms ( a  and  b ) of IL-1, 
along with its receptor (IL-1RI) during degeneration. 
However, no such increase was demonstrated for its 
natural inhibitor, IL-1Ra, suggesting an imbalance 
that may be responsible for driving the cellular and 
matrix changes evident during degeneration. These 
roles include inducing expression of both MMPs 
and ADAMTSs, which are known to catabolise the 
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    11.5.1.2   TNF- a  
 TNF- a , like IL-1, has been shown to be capable of inducing 
neural ingrowths into the degenerate intervertebral disc. 
TNF- a  has also been implicated in causing nerve root dam-
age and sciatic pain, with blocking studies supporting this 
theory (Igarashi et al.  2000 ; Olmarker and Rydevik  2001  ) . 
While evidence for a role for TNF- a  in nerve ingrowth is 
compelling, evidence supporting its role in driving matrix 
catabolism during degeneration is less clear. Although expres-
sion of TNF- a  is increased in degenerate tissues (Weiler et al. 
 2005 ; Bachmeier et al.  2007  ) , other studies have either failed 
to identify TNF receptor I in degenerate samples or shown 
that there is no increase in the receptor gene expression in 
degenerate samples. The result suggests that native disc cells 
in vivo may not be able to respond to TNF- a  (Le Maitre et al. 
 2007b  ) . However, in studies where recombinant TNF- a  was 
used to stimulate cultured nucleus pulposus cells, there were 
increases in expression of MMPs 1, 3, 9 and 13, as well as 
ADAMTSs 4 and 5, although induction of expression of a 
number of these enzymes was greater following stimulation 
with IL-1 than with TNF- a  (Hoyland et al.  2008  ) . Conversely, 
in situ zymography studies of normal and degenerate human 
nucleus pulposus tissue treated with either IL-1 or TNF- a  
indicated there was only an increase in enzyme activity in the 
IL-1 group and not the TNF- a  group. In this study, addition 
of IL-1Ra caused a decrease in enzyme activity that was not 
evident following addition of anti-TNF. While demonstrating 
an increase in TNF- a  in degeneration, the documented low 
expression of its receptor on disc cells together with differ-
ences in  fi ndings from the other studies begs the question: 
what is the target of nucleus pulposus cell secreted TNF- a ? 
Does it play a more fundamental role in innervation and 
development of discogenic pain, than in matrix catabolism 
and tissue breakdown?  

    11.5.1.3   Anabolic Growth Factors 
 Growth factors have a number of effects on cells, most nota-
bly the shift in metabolic balance towards anabolism, promo-
tion of cell proliferation and prevention of cell death. A range 
of growth factors, including many members of the TGF- b  

superfamily, are known to be present in the normal interver-
tebral disc, while evidence for their involvement in disease 
comes from both in vitro cell stimulation studies and studies 
of in vivo models of disc degeneration. Many workers have 
focussed on the ability of growth factors to stimulate proteo-
glycans synthesis by nucleus pulposus and annulus  fi brosus 
cells and shown positive results following stimulation with 
transforming growth factor- b  (TGF- b ), epidermal growth 
factor (EGF), insulin-like growth factor-1 (IGF-1), connec-
tive tissue growth factor (CTGF) and the bone morphoge-
netic proteins (BMPs) 2, 7 (also known as osteogenic 
protein-1 or OP-1), 12, 13 (also known as growth and dif-
ferentiation factor 6 (GDF-6) or cartilage-derived morphoge-
netic protein-2 (CDMP-2)) and 14 (also known as growth 
and differentiation factor 5 (GDF-5) or cartilage-derived 
morphogenetic protein-1 (CDMP-1)) either alone or in com-
bination (Thompson et al.  1991 ; Osada et al.  1996 ; Gruber 
et al.  1997 ; Masuda et al.  2003 ; Tim et al.  2003 ; Imai et al. 
 2007a ; Gilbertson et al.  2008 ; Le Maitre et al.  2009  ) . Cell 
proliferation has also been demonstrated in vitro following 
stimulation with TGF- b  and IGF-1, while the same growth 
factors and platelet-derived growth factor (PDGF) are all 
capable of reducing disc cell apoptosis and secretion of cata-
bolic cytokines (Gruber et al.  1997,   2000  ) . 

 In vivo studies also show positive effects of TGF- b , IGF-
1, BMPs 2 and 5,  fi broblast growth factor-2 (FGF-2) and 
OP-1 on cell proliferation, matrix synthesis and restoration 
of disc height in models of disc degeneration (Walsh et al. 
 2004 ; An et al.  2005 ; Masuda et al.  2006 ; Miyamoto et al. 
 2006  ) . Of these, the most widely studied is OP-1, with posi-
tive effects noted both in vitro and in vivo. Indeed, OP-1 was 
capable of stimulating proteoglycans and collagen synthesis 
by human nucleus pulposus cells following IL-1 and chon-
droitinase ABC treatment in vitro (Takegami et al.  2005 ; 
Imai et al.  2007a  )  and restoring disc height and matrix deg-
radation caused by annular needle injury or chemonucleoly-
sis with chondroitinase ABC (Miyamoto et al.  2006 ; Imai 
et al.  2007b  ) . OP-1 also reduced the production of aggreca-
nase, MMP-13, substance P, TNF- a  and IL-1 b , suggesting 
that it may have both anabolic and anti-catabolic effects 
(Chubinskaya et al.  2007  ) . The effect of OP-1 on substance 
P expression, combined with the interplay between catabolic 
cytokines and pain markers or pain modulators, has led to the 
hypothesis that application of recombinant growth factors 
may have bene fi cial effects in terms of pain reduction, as 
well as matrix restoration during degeneration (Kawakami 
et al.  2005  ) . However, the clinical translation of growth fac-
tor therapies is complicated by their diverse and sometimes 
biphasic roles. While growth factors such as TGF- b  and 
CTGF are known to promote extracellular matrix synthesis, 
studies on clinical human samples have linked their over-
expression to  fi brosis and angiogenesis (Ali et al.  2008 ; Peng 
et al.  2009  ) . The application of growth factor therapies is 

 extracellular matrix; reducing matrix component 
 molecule expression, most notably aggrecan; induc-
ing apoptosis and senescence of disc cells; and induc-
ing both angiogenesis and innervation into the disc. 
However, the key question at present is: what initiates 
the upregulation of IL-1 that then induces the degen-
erative cascade? Elucidation of this mechanism may 
lead to the development of novel therapies or allow 
disc degeneration to be prevented. 
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further complicated by possible changes in receptor distribu-
tion. While data in this area is limited, studies suggest that 
there is no change in the expression levels of major growth 
factor receptors, including TGF b RII, BMPRII, FGFR3 and 
IGFRI (Le Maitre et al.  2005b ; Peng et al.  2006  ) . However, 
expression of growth factor receptors, including TGFRII, 
FGFR3, IGFRI and VEGF receptors I and II, on ingrowing 
blood vessels (Haro et al.  2002 ; Le Maitre et al.  2005b  )  and 
in granulation tissue in painful degenerate discs (Peng et al. 
 2006  )  suggests that the use of growth factors should care-
fully be controlled to avoid stimulation of unwanted events 
such as angiogenesis. Therefore, a more detailed understand-
ing of their expression pro fi les and roles in both disc degen-
eration and repair are currently required. 

 Another area where growth factors show potential is in 
the stimulation of adult mesenchymal stem cell (MSC) dif-
ferentiation. Previous studies have shown that TGF- b , along 
with members of the BMP family, most notably BMPs 2 and 
14, can stimulate MSC differentiation towards nucleus pul-
posus-like cells in vitro (Stoyanov et al.  2011 ; McCanless 
et al.  2011  ) . Given the increasing information on the nucleus 
pulposus phenotype, further studies will no doubt shed light 
on the role that growth factors play in MSC differentiation 
and may lead to combined regenerative cell/growth factor 
therapies for treatment of disc degeneration.    

    11.6   Changes in Disc Nutrition and Oxygen 
Tension 

 As mentioned previously, nutrient supply to the disc is pre-
dominantly from blood vessels in the vertebral bodies and 
occurs via diffusion through the cartilaginous end plates. 
This theory has been well studied and con fi rmed using a 
range of tracer diffusion experiments, including MRI con-
trast media,  fl uorescent and radioactive tracers and gaseous 
tracers such as nitrous oxide (Brodin  1955 ; Holm and 
Nachemson  1982,   1983 ; Adams and Hutton  1986 ; Urban 
et al.  2001  ) . Exposure to cigarette smoke has also been shown 
to inhibit transport of oxygen into, and lactic acid out of, the 
disc in animal experiments due to constriction of the micro-
vasculature in the vertebrae (Holm and Nachemson  1988  ) ; 
this  fi nding supports epidemiological evidence linking smok-
ing to disc degeneration in humans. The size and charge of 
solutes also affect their penetration into the disc, with anions 
showing lower rates of diffusion than cations due to the poly-
anionic nature of the disc (Urban et al.  2004  ) , while larger 
molecules such as albumin are effectively prevented from 
diffusing through the cartilaginous end plate (Urban et al. 
 2004  ) . Compared to uni- or bivalent electrolytes, and the fact 
that glucose is a relatively large molecule, Urban et al. opined 
that diffusion into and through the disc may be slow (Urban 
et al.  2004  ) . This lack of nutrient supply to the core of the 
nucleus pulposus is re fl ected in the non-uniform cell 

 distribution throughout the disc: cell number in the outer 
annulus (which is closer to capillaries surrounding the tis-
sue) is substantially higher than that of the nucleus which 
can be as far as 8 mm from the nearest capillary. 

 With age, the nutrient supply to the disc is reduced in part 
due to reductions in both the density and integrity of capillar-
ies in the vertebral bodies and in part due to calci fi cation of 
the cartilaginous end plates (Bernick and Cailliet  1982 ; 
Roberts et al.  1996  ) . While it is currently unclear whether 
cartilaginous end-plate calci fi cation is causative of, or the 
result of, disc degeneration, it is thought to play an important 
role in disease progression by posing a signi fi cant barrier to 
diffusion of solutes into and out of the disc. However, recent 
 m CT studies on graded normal and degenerate human sam-
ples have suggested that, contrary to popular belief, porosity 
in vertebral end plates increases in degeneration by as much 
as 130 %, while trabecular thickness decreases by as much as 
50 % (Rodriguez et al.  2011,   2012  ) . One result of these 
changes appeared to be an increase in cell proliferation and 
decrease in proteoglycan content in the nucleus pulposus. 
While solute transport was not assessed in this study, the 
authors proposed that ischemic cell changes in degeneration 
may re fl ect capillary transport activity rather than a decrease 
in end-plate permeability. 

 Whatever its cause, a reduction in essential nutrients is 
thought to drive the progression of degeneration. Given that 
the main energy-generating pathway in disc cells, even in the 
presence of oxygen, is glycolysis (Holm et al.  1981 ; Ishihara 
and Urban  1999  ) , which requires principally glucose and 
produces lactic acid, free diffusion of solutes to and from the 
cells is essential. Evidence suggests that reduction in glucose 
concentration below 0.5 mmol/L, even for a relatively short 
period, can cause cell death. Likewise, reduction in the pH to 
below 6.4 can also promote death (Horner and Urban  2001 ; 
Bibby and Urban  2004  ) , while less severe reductions in pH 
can impact cell metabolism (Ohshima and Urban  1992  ) . 
Evidence from a range of assays, including biochemical 
assays and microelectrode measurements, shows that this 
drop in glucose concentration and pH is similar to that 
observed in degenerate discs. Therefore, while cell activity 
and even viability may be impaired by a decrease in nutrient 
supply, enzyme activity is not reduced. In this case, there 
would be an imbalance between matrix anabolism and catab-
olism which may contribute to an elevation in matrix degra-
dation in degenerate discs. 

 The other key metabolite in the disc is oxygen, although 
its role is less clear than that of glucose. Oxygen levels vary 
widely in human discs, with no clear correlation between a 
change in oxygen tension and disc degeneration. However, 
there exists a steep oxygen gradient within discs – studies in 
dogs demonstrating a decrease from 8 to 10 % O 

2
  at the 

 disc-vertebral body interface to 0.3–0.5 % in the centre of the 
nucleus pulposus (Holm et al.  1981  ) . Human discs show 
similar trends, with readings as low as 0.7 % O 

2
  in the core 
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of the degenerate human nucleus (Bartels et al.  1998  ) . While 
oxygen is consumed by disc cells, relatively little CO 

2
  is pro-

duced and disc cells can survive for at least 2 weeks without 
oxygen (Horner and Urban  2001  ) , suggesting oxidative 
phosphorylation is not the primary mechanism for energy 
metabolism. Further studies on both canine and bovine disc 
cells demonstrated that as O 

2
  concentration decreases from 

21 to 1 %, there was a decrease in oxygen consumption of 
around 75 % and a sharp increase in lactate production 
(Ishihara and Urban  1999  ) . This suggests a positive Pasteur 
effect since glycolysis is stimulated under hypoxic condi-
tions. However, studies on the effect of hypoxia on disc cells 
have also demonstrated cellular inactivity (Horner and Urban 
 2001  )  and a loss of matrix synthesis (Ishihara and Urban 
 1999  )  below an oxygen concentration of around 5 %. As the 
increase in lactate production under hypoxic conditions is 
likely to reduce the pH, this in turn would reduce matrix syn-
thesis (Ohshima and Urban  1992  )  and eventually cause cell 
death (Horner and Urban  2001 ; Bibby and Urban  2004  ) . 
Hence, the effects of low oxygen and low pH are likely to be 
cumulative and a destructive in fl uence of disc cell survival. 
The mechanism by which cells sense oxygen and accommo-
date to the oxemic state is discussed in exhaustive detail in 
Chap.   6    . 

 Confounding the problem of evaluating the consequences 
of oxygen and nutrient limitation is the fact that human tis-
sues are different from those of animal models. Therefore, 
investigators have increasingly turned to mathematical  fi nite 
element modelling to elucidate the effect of nutrient limita-
tion on the disc microenvironment and cellular metabolism. 
However, since all of the variables involved in disc nutrition 
are poorly understood, the studies published in this area are 
relatively simple, dealing with only one or two aspects of 
nutrient supply. Nevertheless, they all suggest that limited 
nutrient supply affects disc cell viability and metabolic activ-
ity (Selard et al.  2003 ; Yao and Gu  2006 ; Mokhbi et al.  2009 ; 
Malandrino et al.  2011 ; Jackson et al.  2011  ) . 

 As with  fi ndings from  fi nite element modelling, in vitro 
studies appear to con fi rm that during degeneration, glucose 
limitation and decrease in pH are the predominant factors 
affecting cell metabolism. While nucleus pulposus cells have 
mechanisms to regulate intracellular pH, such as the expres-
sion of the carbonic anhydrases 9 and 12 (Minogue et al. 
 2010a  ) , our preliminary data indicates that the expression of 
these molecules decreases with degeneration, suggesting that 
cells may not be capable of withstanding the low pH over 
extended periods (Fig.  11.2 ). Likewise, changes in the 
nucleus pulposus membrane glucose transporters (GLUTs), 
present in degenerative tissues, suggest that there are molec-
ular adaptations to compensate for the reduced glucose con-
centrations (Richardson et al.  2008b  ) . However, the harsh 
environment of the degenerate disc is likely to be detrimental 
not just to resident cells but also to cells that are introduced 
into the disc. Accordingly, for future cell-based therapies, 

the introduction of too many cells, or cells which are unable 
to withstand the conditions of the microenvironmental niche, 
may exacerbate the degenerative problem rather than provide 
a cure.   

    11.7   Cell Ageing and Death 

 During development, the nucleus pulposus is populated by 
large, vacuolated, metabolically active and morphologically 
distinct notochordal cells which produce high levels of pro-
teoglycans (Boos et al.  2002 ; Cappello et al.  2006  ) . However, 
by the age of 10, this population has been replaced by smaller, 
chondrocyte-like nucleus pulposus cells which are less meta-
bolically active (Wolfe et al.  1965 ; Pazzaglia et al.  1989 ; 
Boos et al.  2002 ; Guehring et al.  2008  ) . The period between 
3 and 10 years of age, during which identi fi able notochordal 
cells disappear, is also the time during which there is a high 
level of cell death (Boos et al.  2002  ) . These changes appear 
to signal the initiation of a transition from a highly hydrated, 
gelatinous extracellular matrix to a more  fi brous, cartilagi-
nous nucleus pulposus seen in adults. It also coincides with 
the earliest identi fi able signs of degeneration seen in MRI 
studies. In addition, histological studies have identi fi ed 
matrix changes in this age group, which progress throughout 
adult life (Boos et al.  2002  ) . Although these changes may be 
considered to be part of the normal ageing process, as dis-
cussed previously, the accelerated matrix degradation sug-
gests that in disc degeneration, there is premature ageing. 

 Several studies have identi fi ed necrotic cells within the 
disc which increase both with age and degeneration; 
however, more recently, apoptosis has been identi fi ed as the 

  Fig. 11.2    Histogram illustrating real-time quantitative PCR data 
demonstrating a decrease in expression of carbonic anhydrase 9 (CAIX) 
and 12 (CAXII) in nucleus pulposus cells during disc degeneration. The 
expression of CAIX is signi fi cantly decreased with disease progression, 
while a decrease is also seen for CAXII. The carbonic anhydrases play 
a role in regulating intracellular pH, and a downregulation in their 
expression may result in cells being incapable of withstanding the harsh 
physicochemical environment of the degenerate intervertebral disc       
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principle mechanism of cell death. Evidence for this has 
come from a number of studies, using a diverse range of 
markers including transferase-mediated dUTP nick-end 
labelling (TUNEL) staining (Gruber and Hanley  1998 ; Lotz 
and Chin  2000 ; Rannou et al.  2004 ; Kim et al.  2005 ; Risbud 
et al.  2005 ; Heyde et al.  2006 ; Park et al.  2006 ; Loreto et al. 
 2011  ) , annexinV-propidium iodide  fl ow cytometry (Rannou 
et al.  2004 ; Risbud et al.  2005 ; Park et al.  2006  ) , caspase 
activity analysis (Rannou et al.  2004 ; Heyde et al.  2006 ; Park 
et al.  2006 ; Tschoeke et al.  2008  )  and gene expression stud-
ies of apoptosis-related markers such as Bax and Bcl-2 
(Heyde et al.  2006 ; Tschoeke et al.  2008 ; Loreto et al.  2011  ) . 
The method employed to establish the incidence of apoptosis 
appears to in fl uence  fi ndings both in vivo and in vitro. Serum 
deprivation resulted in only 1 % cell apoptosis when studied 
using TUNEL staining (Gruber et al.  2000  ) ; in contrast, sim-
ilar conditions increased in the incidence of apoptosis in rat 
annulus  fi brosus cells to 56 % when annexinV-propidium 
iodide  fl ow cytometry was used (Risbud et al.  2005  ) . Other 
studies have also suggested that incidence of apoptosis in 
disc cells can be as high as 73–74 % (Gruber and Hanley 

 1998 ; Ha et al.  2006  ) , although this would be an overesti-
mate since it would result in the de-cellularisation of the disc 
within days (Alvarez and Ortiz  1999  ) . Conversely, studies 
using  fl uorescent cell viability assays on fresh disc tissue 
have repeatedly demonstrated 60 % to over 90 % cell viabil-
ity even in degenerate and scoliotic discs, further suggesting 
that the apoptosis measurements are an overestimation 
(Bibby et al.  2002 ; Johnson and Roberts  2007  ) . However, 
while no causative link has been found between apoptosis 
and increased extracellular matrix degradation, it is probable 
that programmed cell death plays an essential role in the 
pathogenesis of disc disease. 

 Autophagy, a pathway that may lead to programmed cell 
death, has recently been identi fi ed in the rat nucleus pulpo-
sus (Ye et al.  2011  )  and annulus  fi brosus (Shen et al.  2011  ) . 
We have also demonstrated evidence of autophagy in tis-
sues of the degenerate human intervertebral disc, through 
immunostaining for the key markers LC-3 and beclin-1 
(Fig.  11.3 ). While autophagy can lead to cell death, it can 
also maintain cell viability during periods of environmental 
or nutritional stress by catabolism of intracellular 

  Fig. 11.3    Evidence for the 
presence of autophagy markers in 
normal and degenerate human 
IVD cells. Immunohistochemistry 
for LC-3 ( a – c ) and beclin-1 ( d – f ) 
demonstrated staining for both 
markers in normal ( b ,  e ) and 
degenerate ( c ,  f ) nucleus pulposus 
cells, with strong immunopositiv-
ity in degenerate cell clusters. 
Semi-quantitative analysis of cell 
positivity demonstrated signi fi cant 
increases in both LC-3 and 
beclin-1 in the nucleus pulposus 
with progression of degeneration 
( a ,  d ) and in the inner annulus 
 fi brosus ( IAF ), but not outer 
annulus  fi brosus ( OAF ), for 
beclin-1. Although preliminary 
data, these  fi ndings suggest a role 
for autophagy in disc cells and that 
there may be an increase in the 
number of autophagic cells in 
intervertebral disc degeneration         
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organelles and unfolded or damaged proteins. Therefore, 
more work is required to establish the role of autophagy in 
disc degeneration.  

 Studies on intervertebral disc cell number suggest that 
rather than a steady decline in cell numbers over time, there 
is a cyclical pattern of cell death followed by a period of 
proliferation. Indeed between 11 and 16 years, following the 
extensive cell death noted between 3 and 10 years, there is 
notable cell proliferation. The authors hypothesise that this is 
a compensatory mechanism in response to the early matrix 
changes seen during this time period (Boos et al.  2002  ) . Cell 
clustering and proliferation, a characteristic phenomenon of 
degenerating tissue, is seen in the nucleus pulposus; both 
parameters increase both with age and with stage of degen-
eration (Boos et al.  2002  ) . Both histological parameters are 
routinely identi fi ed adjacent to clefts and tears within the 
 tissue, possibly due to a localised increase in the local nutri-
ent supply in these regions (compared to an overall decrease 
in nutrients within the disc) rather than as a reparative mech-
anism (Beard et al.  1981 ; Boos et al.  2002 ; Zhao et al.  2007b  ) . 
This hypothesis is further supported by evidence obtained 
from scoliotic discs which exhibit an increase in cell popula-

tion in the inner annulus  fi brosus in association with regional 
neovascularisation (Beard et al.  1981  ) . Although signs of 
cell death are seldom seen, markers of cell proliferation, 
most notably proliferating cell nuclear antigen (PCNA) and 
the proliferation-associated Ki-67, have been identi fi ed 
within these cell clusters (Johnson et al.  2001 ; Zhao et al. 
 2007b  ) . 

 A number of potential theories have been proposed to 
explain this  fi nding. The increased local nutrition may enable 
cells within clusters to resist apoptosis, or possibly dead cells 
may be cleared more quickly from clusters than from the rest 
of the disc. In this respect, other workers have identi fi ed 
morphologically nucleus pulposus-like but CD68-positive 
cells within cells cluster in the nucleus pulposus of degener-
ate discs (Nerlich et al.  2002  ) . These cells have the ability to 
phagocytose apoptotic bodies and are thought to be trans-
formed nucleus pulposus cells, rather than in fi ltrating cells. 
In vitro studies have also demonstrated the ability of bovine 
nucleus pulposus cells to phagocytose apoptotic cells, sug-
gesting that cell clearance from the disc may be undertaken 
by resident disc cells rather than in fi ltrating macrophages or 
monocytes (Jones et al.  2008  ) . 

Fig.11.3 (continued)
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 Within clusters, increased proliferation predisposes the 
resident cells to replicative senescence. Several studies have 
identi fi ed markers of cellular senescence in degenerate discs 
(Roberts et al.  2006a ; Gruber et al.  2007  ) , and in 2007, a link 
between accelerated cell senescence and degeneration was 
identi fi ed. Through both gene and protein expression stud-
ies, Le Maitre et al.  (  2007a  )  showed that there was an increase 
in expression of p16 INK4A , a cell cycle inhibitor which is 
upregulated in senescence, a decrease in both mean telomere 
length and replicative potential and an increase in senes-
cence-associated  b -gal staining. While similar trends were 
identi fi ed with ageing, these senescence changes were posi-
tively related to stage of degeneration, irrespective of age, 
clearly demonstrating a role for senescence in degeneration. 
Such  fi ndings are supported by those of Kim and colleagues 
who also demonstrated an accumulation of senescent cells in 
degenerate discs. These workers reported that the telomere-
based p53-p21-pRB pathway plays an important role in 
inducing senescence in nucleus pulposus cells (Kim et al. 
 2009  ) . In addition to replicative senescence, caveolin-1, a 
marker of stress-induced premature senescence (SIPS), has 
also been identi fi ed in the disc. Its expression is correlated 
with increases in p16 INK4A , but not with age, suggesting a 
potential role for SIPS in degeneration (Heath fi eld et al. 
 2008  ) . Interestingly, various stressors such as reactive oxy-
gen species (Homma et al.  1994 ; Chen et al.  1995  ) , mechani-
cal loading (Martin et al.  2004  )  and the presence of cytokines 
such as IL-1 (Dai et al.  2006  ) , all thought to play a role in the 
processes leading to disc degeneration, have been reported to 
induce SIPS, suggesting that this type of senescence may 
contribute to disc degeneration. However, more work is 
required to con fi rm these links. 

 Expression of cell senescence markers in the study by Le 
Maitre et al. was also shown to be correlated with changes in 
expression of two proteolytic enzymes, MMP 13 and 
ADAMTS 5, which are known to be upregulated in degener-
ate tissue. This  fi nding indicated that a link may exist between 
senescence and induction of matrix catabolism (Le Maitre 
et al.  2007a  ) . As well as inhibiting proliferation, studies in 
other tissues show that senescent cells adopt an altered phe-
notype, described as the senescence-associated secretory phe-
notype (SASP) (Freund et al.  2011  ) . Such cells secrete a range 
of pro-ageing and catabolic factors, most notably IL-1, which 
are found to be elevated in the degenerate intervertebral disc. 
Studies on senescent chondrocytes show similar increases in 
cytokines, as well as MMPs (including MMP 13) and other 
proteolytic enzymes. Likewise, these cells exhibit a decreased 
response to anabolic stimuli that is characteristic of cells from 
degenerate discs. While more work is clearly needed to eluci-
date a potential causative link between senescence and disc 
degeneration, it is clear that the increase in senescence in 
degeneration and the phenotype adopted by the senescent cell 
suggest that this process may be important in disease 
progression.     

    11.8   Response to Mechanical Load 

 The human intervertebral disc is exposed to a number of 
physical stresses, including compressive loading, which 
predominantly affects the nucleus pulposus, and stretch, 
shear and torsion which mainly affect the annulus  fi brosus. 
Using pressure-sensitive needles inserted into the nucleus 
pulposus, Nachemson et al. demonstrated that loads expe-
rienced within the human disc ranged from 250N when 
lying down to 1900N when lifting a 10 kg weight with a 
bent spine (Nachemson  1981  ) . However, further analysis 
of this data, taking into consideration the tensile forces 
exerted by muscles in the back, suggests that loading may 
be as high as 9000N when lifting. It has been suggested 
that this combination of compression and  fl exion is respon-
sible for disc prolapse, with over- fl exion combined with 
moderate load being more detrimental than excessive load 
with moderate  fl exion (Hutton and Adams  1982  ) . Following 
on from Nachemsons research, Wilke et al. demonstrated a 

  Box 11.2: Elucidation of Cellular Phenotype Is Central to 

Improving Understanding of the Degenerative Process 

and Development of Novel Therapies 

 The adult nucleus pulposus is populated by cells rou-
tinely described as ‘chondrocyte-like’ based on their 
rounded morphology and expression of SOX-9, type II 
collagen and aggrecan, although controversy has long 
surrounded their origin and exact phenotype. However, 
recent microarray studies from our group and others 
have begun to elucidate the true phenotype of these 
cells. They reveal interesting gene signatures, the 
signi fi cance of which are yet to be fully understood. 
However, the expression of some of these genes (such 
as FOXF1) lends weight to the growing body of evi-
dence from developmental biology studies and other 
sources that the adult human nucleus pulposus is popu-
lated, at least in part, by notochordally derived cells. 
Notochordal cells produce higher levels of proteogly-
cans than mature disc cells and animals which retain 
their notochordal cells have a gelatinous nucleus pul-
posus which does not show signs of degeneration. How 
the novel marker genes change during degeneration 
and their potential role in the pathogenesis of disease 
has yet to be fully elucidated. However, the elucidation 
of the nucleus pulposus phenotype has important 
implications for the development of novel stem cell-
based regenerative medicine therapies as it allows 
researchers to understand the end point of differentia-
tion and avoid generation of chondrocyte-like cells 
which may not produce a correctly functioning extra-
cellular matrix. 
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load of between 0.1 MPa when lying prone and 2.3 MPa 
when lifting a 20 kg weight with a  fl exed spine (Wilke et al. 
 1999  ) ; however, this study again did not take into consider-
ation the tensile forces exerted by the musculature in 
the back. 

 The investigations mentioned above indicate that cells in 
the disc experience substantial loads, and predictably, these 
loads are thought to have a profound effect on cell behaviour. 
Indeed, mechanical-loading studies using in vivo animal 
models and in vitro cell culture techniques have demon-
strated that the type, magnitude, frequency and duration of 
loading are paramount in determining cell response (MacLean 
et al.  2004,   2005 ; Wang et al.  2007 ; Wuertz et al.  2009 ; 
Korecki et al.  2009 ; Sowa et al.  2011  ) . In particular, while 
moderate loads and low-frequency loading both promote 
anabolic responses, high-magnitude, high-frequency as well 
as sustained static loads all elicit a catabolic or anti-anabolic 
response in disc cells. Using human intervertebral disc cells, 
Neidlinger-Wilke et al. reported increased matrix protein 
expression (type I collagen and aggrecan), but no change in 
the expression of matrix-degrading enzymes (MMPs 1, 2, 3 
and 13) after low-magnitude compressive loading; high-
magnitude loads led to decreased matrix protein expression 
with increased matrix-degrading enzyme expression (mainly 
MMP 3) (Neidlinger-Wilke et al.  2006  ) . Similarly, Handa 
et al. found that load in fl uenced proteoglycan synthesis and 
MMP gene expression in human nucleus explants, with low 
loads promoting matrix anabolism and high loads leading to 
matrix catabolism (Handa et al.  1997  ) . 

 While the effect of mechanical load on nondegenerate 
disc cells has been well documented, studies into the response 
of degenerate nucleus pulposus cells remain limited. To 
address this need, recent investigations have compared load-
ing responses of nondegenerate and degenerate human 
nucleus pulposus. With physiological loads, Le Maitre et al. 
showed that nondegenerate nucleus pulposus cells produced 
an anabolic response, while degenerate cells remained unre-
sponsive (Le Maitre et al.  2008  ) . This  fi nding suggests an 
alteration in mechanotransduction pathways between normal 
and degenerate cells. In support of this notion, Gilbert et al. 
showed differences in response to cyclic tensile strain 
between nondegenerate and degenerate human annulus 
 fi brosus cells (Gilbert et al.  2010,   2011  ) . Accordingly, while 
cyclic tensile strain applied at 1 Hz to nondegenerate annulus 
 fi brosus cells resulted in a decrease in catabolic gene expres-
sion, the same strain caused a decrease in anabolic gene 
expression by degenerate annulus  fi brosus cells. In the latter 
cells, there was evidence of an altered mechanotransduction 
pathway which appeared to be independent of cytokine 
involvement (Gilbert et al.  2010,   2011  ) . While the implica-
tions of these changes require further elucidation, the pro-
found effects of mechanical forces on cell behaviour cannot 
be ignored, and the possibility exists that force plays a funda-
mental role in the initiation or progression of disc degenera-

tion. For a further discussion of the effects of force on cells, 
see Chap.  7    .  

    11.9   Clinical Implications: Relevance of 
Understanding the Cell Biology and 
Pathogenesis of Intervertebral Disc 
Degeneration for Development of Novel 
Therapeutic Agents 

 Current clinical interventions for back pain are predomi-
nantly aimed at relieving symptoms rather than treating the 
underlying disorder. In many cases, this involves regular 
administration of pain-relieving pharmaceuticals, e.g. non-
steroidal anti-in fl ammatories, or application of more novel 
therapies, such as transcutaneous electrical nerve stimula-
tion, physical manipulation, exercise therapy or behavioural 
therapies (Bogduk  2004  ) . However, despite widespread use, 
the ef fi cacy of these interventions is still questionable (van 
der Roer et al.  2005  ) . In patients who are unresponsive to 
conservative therapies, but have identi fi able imaging de fi cits 
and clinical symptoms of back pain, fusion surgery is the 
ultimate end point (Errico  2005  ) . This approach removes the 
source of pain, but due to alterations in spinal biomechanics, 
it reduces mobility and can cause problems at adjacent 
motion segments (Hilibrand and Robbins  2004  ) . One alter-
native to spinal fusion is whole intervertebral disc or nucleus 
pulposus transplantation, using either autologous or alloge-
neic tissues (Katsuura and Hukuda  1994 ; Luk et al.  1997  ) . 
These procedures have been successfully performed, but 
require complicated surgery, and issues have arisen regard-
ing loss of tissue integrity, tissue instability and immunoge-
nicity (Alini et al.  2002  ) . While tissue transplantation does 
not seem a feasible alternative, an increasing range of disc 
replacement devices are currently being investigated. These 
include devices such as the prosthetic disc nucleus (PDN) 
device or whole-disc replacements such as Charite and 
ProDisc (Jin et al.  2003 ; Guyer et al.  2009 ; Delamarter et al. 
 2011  ) . Large-scale trials are ongoing with these devices, and 
with the whole-disc replacement, a signi fi cant reduction in 
pain score has been demonstrated. However, complications 
including device migration, extrusion and failure are all 
issues and studies have so far failed to show improved out-
comes compared to fusion (Errico  2005 ; Di et al.  2005 ; 
Lindley et al.  2010  ) . For a more detailed discussion of these 
devices, see Chaps.   13     and   14    . 

 This lack of clinically successful long-term treatment for 
discogenic back pain has led researchers to investigate both 
biological modulators of disc cell function and novel cell-
based tissue engineering and regenerative medicine 
therapies. 

 In line with the increase in knowledge surrounding the 
control of disc matrix anabolism and tissue degradation 
during degeneration, the utility of a number of biologically 

http://dx.doi.org/10.1007/978-3-7091-1535-0_7
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192 S.M. Richardson et al.

active agents has been evaluated. These modulators include 
cytokine inhibitors, such as IL-1Ra, to inhibit matrix deg-
radation (Le Maitre et al.  2006a  )  and growth factors, such 
as OP-1, to promote matrix restoration (Masuda et al. 
 2006  ) . Given the growing understanding of nerve ingrowth 
into the degenerate disc, it should also be possible to use 
biological modulators to prevent or inhibit migration of 
nerves into the disc and thereby block transmission of dis-
cogenic pain. Of course, while biological agents provide a 
mechanism to inhibit the progression of early-stage degen-
eration, they may not be suf fi cient to regenerate tissue at 
later stages of degeneration. At this late stage, pain is the 
driver behind an individual seeking clinical help, and thus, 
identi fi cation of a suitable cohort of early-stage patients 
may be dif fi cult. However, a clearer understanding of 
genetic predisposition may enable individuals to be 
screened and interventions targeted prior to the develop-
ment of symptomatic back pain. 

 The other area where biological modulators may be 
bene fi cial is in combination with cell-based tissue engineer-
ing therapies, where they may be used to stimulate cell dif-
ferentiation or matrix formation. For intervertebral disc 
tissue engineering, the use of nucleus pulposus cells would 
initially appear to be the obvious choice, with disc cell reim-
plantation showing promising results in both animal models 
and small-scale human safety trials (Meisel et al.  2006  ) . 
However, the alterations in disc cell phenotype and function 
during degeneration raises questions about the applicability 
of using autologous cells, isolated from degenerate discs, for 
such therapies. Problems also surround the acquisition of 
autologous cells from discs adjacent to the degenerate level, 
as the local damage caused by removing tissue from those 
regions has been shown to lead to degeneration at an acceler-
ated rate (Nomura et al.  2001  ) . The use of allogeneic cells 
from young, healthy donors also poses immunogenicity 
risks. For these reasons, the focus has shifted to the use of 
autologous adult stem cells, derived from either bone mar-
row or adipose tissue, which have been shown to be capable 
of differentiating into nucleus pulposus-like cells and pro-
ducing an nucleus pulposus-like extracellular matrix both 
in vitro and in vivo (Sakai et al.  2005 ; Richardson et al. 
 2006a,   b,   2008a ; Box  11.2  ) . The potential value of these 
therapies is that they may be able to regenerate disc tissue 
and restore long-term functionality. However, for the therapy 
to be successful, it is important to take into account the envi-
ronment into which these cells will be implanted. Thus, these 
studies must be conducted under conditions which closely 
mimic the complex microenvironment of the degenerate 
disc. This microenvironment includes increased levels of 
catabolic cytokines, with low levels of nutrients and a low 
pH, all factors which are known to affect cell function and 
may have a profound effect on the ability of stem cells to 
survive, differentiate or secrete matrix. 

 To aid cell survival and function following implantation, 
advanced biomaterials are required which can be implanted 
using minimally invasive procedures. These materials must 
be deformable and able to withstand the loads experienced 
by the spine; they must be able to support or promote cell 
survival, differentiation and matrix formation; and  fi nally, 
they can biodegrade over a suitable timescale to non-toxic 
by-products. At present, no ‘ideal’ biomaterials exist, but the 
 fi eld is developing rapidly and cell-based regenerative medi-
cine therapies appear likely to revolutionise the treatment of 
discogenic back pain over the coming decades.  

    11.10   Summary of Critical Concepts Discussed 
in the Chapter 

    Disc degeneration is a complex, multifactorial process, in • 
which disc cells themselves play a fundamental role. 
While there are strong genetic predeterminants, a clear 
predisposition is dif fi cult to detect.  
  During degeneration, there is a cell-driven loss of proteo-• 
glycans from the extracellular matrix, which results in 
gross morphological, biological and biomechanical 
changes within the spine and the development of clinical 
back pain.  
  Members of the MMP and ADAMTS families are respon-• 
sible for breakdown of the extracellular matrix, including 
an imbalance between ADAMTSs and TIMP that could 
lead to aggrecan degradation.  
  In the disease state, the loss of aggrecan, with the shift to • 
versican production, reduces the disc water content and 
the shift to collagen type I production results in a more 
 fi brous tissue, less capable of withstanding load.  
  Expression levels of NGF and BDNF are increased in • 
individuals with symptomatic disc degeneration. The disc 
cells express the high-af fi nity NGF and BDNF receptors 
and the low-af fi nity NGF/BDNF receptor p75 NTR , as well 
as SP, suggesting autocrine signalling.  
  Interplay between catabolic cytokines and neurotrophins, • 
neurotrophin receptors and chemorepellant molecules 
may guide nerve ingrowth during degeneration.  
  The predominant catabolic cytokines are IL-1 and TNF- • a . 
During degeneration, interleukin family members, inter-
feron gamma (IFN- g ), TNF- a , PGE2 and NOx are 
increased.  
  TGF- • b , along with BMPs 2 and 14, can stimulate MSC 
differentiation towards nucleus pulposus-like cells 
in vitro.  
  A reduction in essential nutrients drives degeneration. • 
With tissue hypoxia, an increase in lactate production 
reduces the pH, which in turn reduces matrix synthesis 
and can cause cell death. The effects of low oxygen and 
low pH may be cumulative and promote disc cell death.  
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  During 3 and 10 years of age, identi fi able notochordal • 
cells disappear, and the highly hydrated, gelatinous extra-
cellular matrix converts to a more  fi brous, cartilaginous 
nucleus pulposus.  
  It is probable that apoptosis plays a critical role in the • 
pathogenesis of disc disease. Autophagic changes have 
also been identi fi ed in the degenerate disc. While 
autophagy can lead to cell death, it can also maintain cell 
viability during periods of stress.  
  Senescent cells are present in the disc, adopt a senescence-• 
associated secretory phenotype and secrete pro-ageing 
and catabolic factors.  
  Disc loading has a profound effect on cell behaviour. • 
Moderate loads and low-frequency loading promote ana-
bolic responses; high-magnitude, high-frequency and 
static loads elicit a catabolic response.    
 The increasing understanding of the processes involved in 
degeneration is leading to the development of novel strat-
egies which have the potential to revolutionise medical 
intervention in discogenic back pain.      
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     12    Imaging Modalities 
for Studying Disc Pathology       

     Ari   Borthakur          and    Ravinder   Reddy       

          12.1   Introduction 

 Low back pain is the second most frequent reason for a 
 physician visit and permanently disables more than 5 million 
Americans with annual costs of $100 billion in the USA 
(Sheehan  2010 ; Chou et al.  2007  ) . While not well under-
stood, it is widely accepted that degenerative disc disease of 
the intervertebral disc contributes directly to axial back pain 
(Deyo  2002  ) . With degeneration, alterations in matrix com-
position, structure, and mechanical loading occur in a pro-
gressive cascade that leads to tissue breakdown and pain. It 
would not be unreasonable to surmise that (1) aging alone 
does not account for degenerative disc disease since that 
would imply that all older people have painful discs and (2) 
success of treatment strategies aimed at halting the progres-
sion of degenerative disc disease-related chronic back pain 
will bene fi t from noninvasive methods to detect early changes 
in discs undergoing transition down the cascade. 

 New imaging technologies (Sheehan  2010  )  have proven 
useful for surgical planning and to categorize patients into 
those with radiculopathy (nerve root pain) and stenosis (spi-
nal pathology). However, the majority of chronic low back 
pain patients fall into a third category, nonspeci fi c low back 
pain, where no speci fi c pathology can be identi fi ed, and con-
sequently, the use of advanced imaging has not been shown 
to improve outcomes (Chou et al.  2007  ) . In some cases, 
imaging can increase the identi fi cation of incidental  fi ndings 
that can trigger a cascade of diagnostic procedures or treat-
ments that can be costly and may be riskier to the patient 
(Deyo  2002 ; Lurie et al.  2000  ) . Consequently, current con-
sensus recommends against the routine use of advanced 
imaging except in cases of suspected serious pathology and 
when conservative care is unsuccessful (Rubinstein and van 
Tulder  2008 ; Koes et al.  2010  ) . 

 Mixed pathologies are common in degenerative disc 
 disease, challenging the clinician’s ability to identify the 
single or dominant pathology responsible for the patient’s 
pain. Hence, reducing the chances for unnecessary 
and  unsuccessful treatment will require a shift from the 
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 traditional approach of detecting and diagnosing speci fi c 
types of late-stage disc pathology based on the clinical phe-
notype of back pain to one that includes the detection of the 
responsible pathology as part of the diagnostic inclusion cri-
teria. To this end, noninvasive imaging methods have the 
potential to increase diagnostic certainty, particularly during 
the initial stage of disc degeneration, and to provide informa-
tion about disease activity that can be used to measure treat-
ment ef fi cacy in clinical trials. 

 What follows are highlights of novel MRI-based imaging 
tools that may localize functional attributes speci fi c to patho-
logical disc degeneration rather than simply anatomical fea-
tures readily visualized in conventional MRI, X-ray, or CT 
imaging. The novel approaches not only would detect pain-
ful spinal levels but also could sensitively monitor new and 
experimental therapies aimed at preventing or repairing dis-
eased disc tissue. We begin with a description of the degen-
erative changes amenable to targeting with imaging 
biomarkers.  

    12.2   Targeting Degenerative Disc Disease 

 The early stage of degenerative disc disease is characterized 
by loss of proteoglycan in the nucleus pulposus resulting in 
reduced capacity to bind water and a loss of hydration and 
pressure in the disc (Antoniou et al.  1996 ; Sieber and Kostuik 
 2004  ) . In its late stages, degenerative disc disease is charac-
terized by a loss of disc height, annular tears and rim lesions, 
and osteophyte formation (Andersson  1998  ) . It has been 
implicated as a potential source of low back pain (Erkintalo 
et al.  1995 ; Luoma et al.  2000 ; Urban and Maroudas  1979  ) . 
Marked compositional changes also occur with degenera-
tion: water and proteoglycan content decrease, proteoglycan 
distribution changes, total collagen content increases, and 
the distribution of collagen types changes (Eyre  1979 ; 
Roberts et al.  1991 ; Antoniou et al.  1996 ; Nerlich et al. 
 1998  ) . The earliest structural degenerative changes occur in 
the nucleus pulposus and the endplate (Buckwalter et al. 
 2000 ; Boos et al.  2002  ) . As early as the teenage years, the 
nucleus pulposus exhibits granular changes, clefts, tears, and 
cell death (Boos et al.  2002  ) . The moderately  fi brous nucleus 
pulposus during this time period is intact with no tears (Yu 
et al.  1989  ) . At this same early age, proteoglycan of the 
nucleus pulposus begins to form clusters of short aggregated 
and non-aggregated molecules, the glycosaminoglycan con-
tent decreases, and the water content falls (Antoniou et al. 
 1996 ; Buckwalter et al.  2000  ) . Mechanically, the nucleus 
pulposus is the  fi rst substructure to exhibit degenerative 
changes. Its increased modulus and decreased hydrostatic 
pressure result in a phase change from a  fl uidlike gel to a 
more solid-like material (Urban and McMullin  1988 ; Iatridis 
et al.  1997 ; Johannessen and Elliott  2005  ) . With increasing 

age and degeneration, the granular changes, mucoid 
 degeneration, clefts and tears, and decaying cells are seen 
with increasing frequency throughout the disc (Boos et al. 
 2002  ) . Mechanical function of degenerated motion segments 
is compromised in all loading categories (Goel  1996 ; 
Pope  1992  ) . However, predicting mechanical changes with 
 degeneration is complicated because motion segment 
 stiffness tends to decrease with moderate degeneration and 
increase with advanced degeneration under all loading 
 conditions (Berkson et al.  1979 ; Fujiwara et al.  2000 ; 
Haughton et al.  2000 ; Reuber et al.  1982  ) . 

 Pathologic, painful degeneration can occur when matrix 
damage at disc margins exceeds the body’s ability to heal, 
thereby inciting a wound reaction. Increased production of 
growth factors such as  fi broblast growth factor, insulin-like 
growth factor, and platelet-derived growth factor within 
annular  fi ssures can encourage granulation tissue formation 
(Pratsinis and Kletsas  2008  ) . In fl ammatory stimulation of 
disc cells causes secretion of neurotrophic factors, such as 
nerve growth factor and brain-derived neurotrophic factor 
that, along with decreases in proteoglycan, encourage neo-
innervation and neovascularization at the vertebral endplate 
and peripheral annulus (Purmessur et al.  2008  ) . In fl ammatory 
and neurotrophic factors may diffuse into the adjacent verte-
bra through endplate  fi ssures leading to bone marrow edema 
(Ulrich et al.  2007 ; Crock  1986 ; Brown et al.  1997 ; Ohtori 
et al.  2006  ) . Endplate and annular nociceptors can be further 
sensitized by release of pro-in fl ammatory cell products, such 
as TNF-alpha or lactic acid (Olmarker et al.  1995  ) .  

    12.3   Radiographic Imaging 

 The main objective of imaging the intervertebral disc is to 
provide the physician with a classi fi cation scheme that pro-
vides information concerning treatment options. The ideal 
classi fi cation system for disc degeneration is quantitative, 
permits region-speci fi c evaluation within the disc substruc-
tures, avoids observer bias, can detect early subtle changes, 
and correlates with clinical symptoms. X-ray radiographic 
detection of disc degeneration via the Thompson grading 
scale (Thompson et al.  1990  )  is the most common clinical 
method in use but can only detect gross morphological defor-
mities. Moreover, it does not depict soft tissues clearly and 
requires the injection of contrast agents to detect subtle disc 
abnormalities such as  fi ssures.  

    12.4   Computed Tomography 

 Computed tomography (CT) discography has been used to 
improve surgical outcome (Tehranzadeh  1998  ) . However, it 
is an invasive technique due to its use of radiation and some 
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cases require the placement of needle and injection of a 
 contrast agent through the annular  fi bers; a further drawback 
to its use is the high incidence of false positives (An and 
Haughton  1993  ) . While CT can accurately visualize disc 
morphology, it fails to distinguish  fi ndings that are 
 symptomatic from those that are incidental. Related to these 
problems, CT fails to demonstrate the cause of pain in 
patients without obvious nerve root compression. “Dynamic” 
CT can be employed to accurately measure ranges of motion 
of vertebrae when a load or torque is applied, in vivo. This 
technique is made possible due to the advent of high-speed 
capability and image processing tools in CT scanners 
(Haughton  2004  ) .  

    12.5   MRI Methods to Investigate 
Spinal Morphology 

 MRI with its exquisite soft tissue contrast has tremendous 
potential for characterizing disc quality through morphologi-
cal and functional parameters. In conventional (T 

2
 -weighted) 

MR images, the nucleus pulposus appears bright and the 
annulus  fi brosus is invisible due to its short T 

2
  in the normal 

disc. Degeneration can be qualitatively graded by quantify-
ing the reduction in signal intensity of the nucleus pulposus 
(Modic et al.  1984  ) , while in advance stages of degeneration, 
there is no clear distinction between nucleus and annulus. 
The widely used classi fi cation system of P fi rrmann (P fi rrmann 
et al.  2001  )  is based on T 

2
 -weighted MR images. An integer 

grade (between I and V) is assigned to the disc, based on 
structural morphology (e.g., homogeneity within the nucleus 
pulposus, distinction between the nucleus and annulus, sig-
nal intensity, and disc height). Although this classi fi cation 
system is among the most widely accepted and used (Kettler 
and Wilke  2005  )  and provides excellent detection of advanced 
stage degeneration, integer-based classi fi cation systems can-
not discriminate among early degenerative changes 
(Bertagnoli and Kumar  2002 ; Luoma et al.  2001  ) . Moreover, 

these classi fi cation systems are  qualitative, are susceptible to 
observer bias, and are not speci fi c for disc substructures. As 
there is little correlation with presence or severity of clinical 
symptoms, its usefulness in clinical decision-making is 
dependent on correlating P fi rrmann grades with other clini-
cal and radiographic  fi ndings. 

 To improve the capability of MRI-based methods to 
objectively quantify disc degeneration, several studies have 
measured T 

1
  and T 

2
  relaxation times and the diffusion 

coef fi cient of water. In  ex vivo  disc specimens (Chatani et al. 
 1993 ; Weidenbaum et al.  1992 ; Chiu et al.  2001  ) , correla-
tions were observed between T 

2
  and water content and 

signi fi cant differences noted in relaxation rates between the 
human nucleus and annulus  fi brosus (Marinelli et al.  2009  ) . 
And although an in vivo study (Jenkins et al.  1985  )  found no 
correlation between proton density and age, there were 
signi fi cant differences in T 

1
  and T 

2
  between normal and 

degenerated discs. However, a later study (Boos et al.  1994  )  
showed that the differences were only 196 ms for T 

1
  and 

15 ms for T 
2
  and reproducibility for the measurements were 

low, at 16.4 and 13.4 %, respectively. Diurnal variations in T 
2
  

due to changing water content from morning to evening in 
the same individual would further confound the T 

2
  measure-

ments. However, quantitative T 
2
  measurements may have a 

clinical relevance, for example, if diurnal differences were 
present between cohorts of patients with back pain and 
asymptomatic controls (Roberts et al.  1998  ) . Indeed, 
signi fi cant decreases in these parameters were observed in 
both human nucleus and annulus  fi brosus compartments with 
increase in Thompson grade and loading in disc specimens 
(Chiu et al.  2001  ) . A decrease in the diffusion of water in the 
nucleus was detected by diffusion-weighted MRI with reduc-
tion of proteoglycan  ex vivo  (Antoniou et al.  2004  )  and with 
degeneration in vivo compared to healthy controls (Kerttula 
et al.  2001 ; Kealey et al.  2005  ) . However, diffusion-weighted 
MR images suffer from low SNR and resolution and are sus-
ceptible to motion artifacts and dif fi cult to reproduce mea-
surements in vivo.     

  Box 12.1 What Is MRI? 

 Magnetic resonance imaging is a diagnostic imaging 
method that uses radiofrequency (RF) waves to excite and 
detect a magnetic signal from the human body. The MRI 
system consists of a scanner that produces a strong mag-
netic  fi eld in order to magnetize hydrogen nuclei of water 
in tissues. The MRI scanner is typically cylindrical shaped 
and also contains magnetic gradient coils that can be elec-
tronically controlled to alter the main magnetic  fi eld. 
A computer-controlled console has several “pulse 
sequence” software to dynamically manipulate the RF and 

gradient  fi elds so that the subsequently detected MRI sig-
nal can be spatially encoded. The MR “image” is simply 
a computer-processed “map” of hydrogen nuclei in tis-
sues. The 2003 Nobel Prize in physiology or medicine 
was awarded to Paul Lauterbur, of the University of 
Illinois, and Sir Peter Mans fi eld, of the University of 
Nottingham, for their invention of MRI. 

 Unlike other imaging modalities like X-rays, com-
puted tomography (CT), and positron emission tomogra-
phy (PET), MRI uses no ionizing radiation and, hence, is 
ideally suited for clinical research. 
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    12.6   Biochemistry-Based MRI Techniques 

 A major drawback of the MRI methods discussed above is 
that while they effectively detect morphological changes in 
the disc, they lack sensitivity at the early stages of disc 
degeneration. Since changes in nucleus pulposus and annu-
lus  fi brosus composition and structure are the earliest changes 
in degenerative disc disease, the newer MRI-based methods 
have approached the diagnostic process by attempting to 
detect and quantify the biochemical composition of the 
extracellular matrix of the disc. The following techniques 
have evolved over the last few years by several research 
groups for eventual clinical application. 

    12.6.1   T 
1 R 

  MRI 

 Tumors, muscle, myocardium, blood  fl ow, and cartilage 
have been imaged using T 

1 r 
 (“T-1-rho”) (Santyr et al.  1989 ; 

Lamminen et al.  1993 ; Dixon et al.  1996 ; Markkola et al. 
 1997 ; Charagundla et al.  1998 ; Mlynarik et al.  1999 ; Grohn 
et al.  2000 ; Poptani et al.  2001 ; Duvvuri et al.  2001 ; 
Borthakur et al.  2004 ; Wheaton et al.  2004 ; Hulvershorn 
et al.  2005  ) . T 

1 r 
  MRI is an alternative to conventional T 

1
  and 

T 
2
  MRI (Borthakur et al.  2006  )  in which a long-duration, 

low-power radiofrequency (RF) referred to as “spin-lock” 
(SL) pulse is applied to the magnetization in the transverse 
plane (Fig.  12.1 ). The spin-locked magnetization undergoes 

T2 T1ρ T2 T1ρ T2 T1ρ

69,21, N 51,7, P 86 ms

93 ms

82 ms

120 ms

95,19, N

42,17, P

88,17, N

62,17, N

52,23, N

45, 7, P

250

0 ms

a b c

  Fig. 12.1    Representative proton T2 MRI (grayscale) and correspond-
ing T1 r  maps (in color overlaid on grayscale T1 r -weighted image) of 
the lumbar discs from a 52-year-old female ( a ) and a 35-year-old male 
( b ) patients diagnosed with low back pain and from an asymptomatic 
38-year-old male ( c ). Average T1 r  (in ms) was measured in the disc 
nucleus and is displayed below each disc, followed by the opening pres-

sure (in psi) and whether discs were painful ( P ) or non-painful ( N ), both 
determined by discography are indicated in the lower back pain patients 
(Borthakur et al.  2011  ) . This data demonstrates the potential for nonin-
vasive T 

1 r 
  measurements as a surrogate measure of disc pressure in the 

clinics       

 MRI scanners differ in  fi eld strength, shape,  dimensions, 
and bore size. Clinical scanners found in hospitals are 
typically 1.5T or 3T, in units of magnetic  fi eld strength 
(tesla), while a few research centers now have 7T whole-
body scanners. The higher  fi eld strength produces more 
magnetization and could potentially generate higher qual-
ity images. There are open-bore scanners that are more 
comfortable for some patients but come at the cost of 
lower  fi eld strength. Smaller bore scanners used for small 
animal imaging typically attain higher  fi eld strengths 

(4.7T and 9.4T) and are a more cost-effective option than 
clinical scanners. 

 Variations in T 
1
 , T 

2
 , T 

2
 *, and T 

1 
r

 
   relaxation time con-

stants  produce different MRI signal decay and recovery 
characteristics in different tissues. A MRI technician will 
utilize prede fi ned  protocols  to generate several images 
during a single scan session. The protocols manipulate 
parameters in the MRI pulse sequence in order to create 
images with different contrasts to ful fi ll the clinical diag-
nostic or research study requirements. 
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relaxation in the presence of a RF  fi eld (B 
1
 ) in the rotating 

frame, a situation similar to that of the longitudinal magne-
tization in the main magnetic (B 

0
 )  fi eld. The spin-locked 

magnetization will relax with a time constant T 
1 r 

 , called the 
spin–lattice relaxation in the rotating frame, during the B 

1
  

 fi eld which attenuates the effect of signal loss mechanisms 
(i.e., dipolar relaxation, static dipolar coupling, chemical 
exchange, and background gradients) on the MRI signal 
(Borthakur et al.  2006  ) . For this reason, T 

1 r 
  is always greater 

than T 
2
 . In a typical T 

1 r 
  mapping experiment, the duration of 

the SL pulse is incremented while the amplitude of SL pulse 
( g B 

1
  ~ 0.1-few kHz) is  fi xed. T 

1 r 
  MRI has recently been used 

as a biomarker for degenerative disc disease with low values 
correlating with higher degeneration, low proteoglycan con-
tent, and reduced swelling pressure in the nucleus pulposus 
(Johannessen et al.  2006 ; Auerbach et al.  2006 ; Nguyen 
et al.  2008 ; Wang et al.  2010b ; Borthakur et al.  2011  ) .  

 Since annular  fi ssures can be innervated, degeneration of 
the annulus  fi brosus may be the source of back pain in 
patients with degenerative disc disease (Peng et al.  2006  ) . 
Unfortunately, due to the non-averaged dipolar interaction of 
water bound to highly oriented collagen  fi bers, which shorten 
T 

2
 , the annulus appears dark in conventional MRI. The effect 

of spin-locking on the laminar appearance of cartilage in 
MRI, using orientation-dependent studies, indicated that 
when the normal to the surface of cartilage was parallel to 
B 

0
 , a typical laminar appearance was present in T 

2
 -weighted 

images but was absent in T 
1 r 

 -weighted images of the 
same specimen (Akella et al.  2004  ) . At the “magic angle” 

orientation (when the surface normal was 54.7° with respect 
to B 

0
 ), neither T 

2
  nor T 

1 r 
  images demonstrated laminae. 

However, T 
1 r 

  values were greater than T 
2
  at both orientations 

throughout the cartilage layers. 
 In experiments on a bovine disc specimen (Fig.  12.2 ), we 

noted that the annulus signal could be enhanced by simply 
increasing the spin-lock frequency of the T 

1 r 
  MRI pulse 

sequence compared to T 
2
  MRI (image in the top left). The 

qualitative difference between T 
2
  and T 

1 r 
  images, especially 

in the annulus  fi brosus, at the standard operating frequency 
of 500 Hz for clinical T 

1 r 
  MRI protocol is obvious. T 

1 r 
  MRI 

provides 2-fold higher signal in the nucleus and 4-fold higher 
in the annulus compared to T 

2
  MRI. This approach serves as 

a method to overcome MRI signal loss mechanisms. The 
measurement of T 

1 r 
  as a function of the B 

1
  amplitude is 

known as “T 
1 r 

 -dispersion” and contrast is governed by the 
spectral density components of the sample that are in the 
neighborhood of  g B 

1
 . While the literature on the contributors 

to T 
1 r 

  dispersion in cartilage is sparse, the data in Fig.  12.2  
clearly supports the notion that the non-averaged dipolar 
interaction between water protons associated with collagen 
is the predominant contributor.   

    12.6.2   Magnetization Transfer (MT) MRI 

 The MT pulse sequence employs a pulse to selectively 
 saturate magnetization, and hence the MRI signal, 
from water bound to macromolecules such as collagen 

T2 MRI T1ρ  @ 50 Hz T1ρ @ 100 Hz T1ρ @ 200 Hz T1ρ @ 300 Hz

T1ρ @ 400 Hz T1ρ @ 500 Hz T1ρ @ 1,000 Hz T1ρ @ 1,500 Hz T1ρ @ 2,000 Hz

  Fig. 12.2    Increased MRI signal was observed in the annulus  fi brosus 
region in bovine disc specimens compared to T2 MRI (image in the  top 
left ) by increasing the spin-lock frequency of the T1 r  MRI pulse 
sequence. The qualitative difference between T2 and T1 r  images, espe-

cially in the annulus  fi brosus, at the standard operating frequency of 
500 Hz for clinical T1 r  MRI protocol is clearly visible. T1 r  MRI pro-
vides a twofold higher signal in the nucleus pulposus and fourfold 
higher in the annulus  fi brosus compared to T2 MRI       
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(Wolff et al.  1991  ) . MT ratio (MTR) maps can be generated 
from two images that are collected, with MT preparation 
(M 

s
 ) and without (M 

0
 ). These maps are generated by setting 

the off-resonance saturation pulse at 6.4 kHz down  fi eld of 
the free water proton resonance frequency (Fig.  12.3 ). 
Differences in lumbar discs can be seen in the proton-density 
MRI of a 30-year-old healthy individual and a 69-year-old 
asymptomatic subject who exhibits decreased disc height, 
loss of nucleus pulposus hydration, as well as herniation in 
the lower lumbar discs. The corresponding MTR maps (in 
color) showed increased values in the nucleus pulposus of 
the 69-year-old subject, while there is a clear delineation of 
the annulus  fi brosus-nucleus pulposus boundary in the 
30-year-old subject. High MTR values (in white) indicate 
intact collagen in the annulus  fi brosus of the younger 
 individual. A closer look at the MTR maps of the L3/L2 disc, 
for example, demonstrates a distinct boundary between MTR 
values within the nucleus pulposus and annulus  fi brosus of 
the 30-year-old subject, while it is diffuse in the 69-year-old 
subject, indicating a loss of collagen architecture in the 
 annulus and deposition of collagen into the nucleus 
(Wang et al.  2010c  ) .   

    12.6.3   Chemical Exchange Saturation 
Transfer (CEST) MRI 

 Chemical exchange saturation transfer (CEST) is a method 
to directly detect exchangeable solute protons in tissues by 
constant irradiation and saturation of their chemically 
shifted magnetization (Ward et al.  2000 ; Ward and Balaban 
 2000  ) . The CEST signal is detected as a reduction in the 
water signal after the saturated spins undergo chemical 
exchange with water (Forsen and Hoffman  1963  ) , provided 
that the exchange is more rapid than the T 

1
  of either site. 

The asymmetric distribution of labile protons around the 
central water peak in cartilage is readily detected in the dif-
ference image obtained after saturating symmetrically on 
either side of the water. A very homogeneous B 

0
  is neces-

sary for a robust estimation of the difference signal. 
Furthermore, care must also be taken to avoid the direct 
saturation of the water peak due to the close resonances of 
labile species of interest. 

 In spite of these stringent requirements, solutes in the 
nanomolar to millimolar range have been reliably detected 
using this approach in vitro (Aime et al.  1988 ; Zhang et al. 
 2001 ; Goffeney et al.  2001 ; Gilad et al.  2007  )  and in vivo 
(Zhou et al.  2003 ; van Zijl et al.  2007  ) . The feasibility of 
CEST MRI to reliably detect glycosaminoglycan (GAG) 
in vivo was recently demonstrated in the cartilage of the knee 
joint (Schmitt et al.  2011  )  by comparing it with sodium MRI 
of the same joint and in the disc by Kim et al. (Fig.  12.4 ) 
utilizing a new water frequency mapping approach called 
“water saturation shift referencing” (WASSR), which pro-
vides a more accurate quanti fi cation of CEST effects (Kim 
et al.  2011  ) . However, the “gagCEST” approach (Ling et al. 
 2008  )  should be limited to high- fi eld scanners such as 7T 
since –OH protons in cartilage are only 1 ppm down fi eld 
from the water resonance and exchange at a rate of ~1,000 s −1  
(Schiller et al.  2001  ) . Hence, the –OH chemical shift is only 
129 Hz at 3FT and CEST MRI would introduce a substantial 
direct water saturation. Further, the slow to intermediate 
exchange limit (i.e., chemical shift between exchanging site 
and water,  D   w   > exchange rate,  k ), required for optimal CEST 
effect, is not ful fi lled in the case of –OH protons at 3T. 
However, at 7T and higher  fi elds, the larger frequency sepa-
ration of –OH resonance from water ful fi lls both the ( D   w   >  k ) 
condition and also reduces the direct water saturation effect 
enabling a more reliable quanti fi cation of GAG at 7T using 
the gagCEST approach (Schmitt et al.  2011  ) .   
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  Fig. 12.3    ( a ) Proton-density MRI of a 30-year-old healthy and a 69-year-old asymptomatic subject. ( b ) MTR map (in color), ( c ) MTR maps of 
the L3/L2 disc (Wang et al.  2010c  )        
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    12.6.4   Ultrashort Echo Time (UTE) MRI 

 The vertebral endplate is composed of an inner bony and 
outer cartilaginous endplates. This endplate is the route for 
nutrient and metabolite supply to the avascular disc and is 
involved in metabolism, exchange of waste products, and 
biomechanics of the disc (Urban and Winlove  2007  ) . It has 
previously been hypothesized that changes in disc mechanics 
may be initiated by damage to the endplate (Adams and 
Roughley  2006  ) . Hence, visualizing morphological defects 
in the endplate could facilitate diagnosis of the cause of disc 
degeneration. 

 However, it appears dark on T 
2
 , endplate integrity is not 

discernable by conventional T 
2
  MRI. This is due to a strong 

dipolar interaction experienced by protons in water bound to 
collagen resulting in short T 

2
 s (~1–10 ms). The UTE MRI 

pulse sequence overcomes this impediment by one of the two 
methods, selecting the short T 

2
  components with RF pulses 

or combining images acquired at different echo times effec-
tively producing a MRI of only the short T 

2
  species (Robson 

et al.  2003  ) . There are several methods to perform UTE MRI 
on clinical scanners. Some employ a narrow bandwidth exci-
tation RF pulse to selectively nutate long T 

2
  components into 

the transverse plane, where they are nominally de-phased by 
gradients, leaving the short T 

2
  components largely unaffected 

(Sussman et al.  1998 ; Larson et al.  2006  ) . Other methods 
combine pairs of images such as those obtained by a half RF 
excitation, with and without gradient reversal, followed by 
radial imaging (Gatehouse and Bydder  2003  ) . The later 

method has been employed to visualize the collagen-rich 
annulus  fi brosus in human discs (Hall-Craggs et al.  2004  )  in 
which patients with the most severe degeneration show irreg-
ular signal from the endplates compared to normal; however, 
the reason for this observation is not clear (Fig.  12.5 ).   

    12.6.5   Sodium MRI 

 Based on the fact that Donnan equilibrium holds for cartilage 
equilibrated in very dilute solutions, Maroudas et al. have 
shown that the  fi xed charge density of cartilage is correlated 
with the proteoglycan content of the extracellular matrix of 
cartilage (Maroudas et al.  1969  ) . In addition, Gu et al. 
reported that there was a reduction in the streaming potential 
(a measurement directly related to the  fi xed charge density) 
with intervertebral disc degeneration in tissue specimens (Gu 
et al.  1999a,   b  ) . As the charge density is counterbalanced by 
Na +  activity, the loss of the negatively charged PG due to 
degeneration lowers the  fi xed charge density in the tissue. 
Hence, there is a reduction in the concentration of positively 
charged sodium ions and a lowering tissue osmotic 
pressure. 

 Sodium ( 23 Na) is one of the most “NMR-visible” nuclei in 
living systems. As a spin-3/2 nucleus with a nonzero quadru-
polar moment,  23 Na exhibits bi-exponential relaxation in tis-
sues, i.e., fast and slow components of T 

2
  and T 

2
 *. While 

nonquantitative sodium MRI of the spine has been performed 
(Insko et al.  2002  ) , Wang et al.  (  2010a  )  recently imaged 
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  Fig. 12.4    Representative water 
saturation shift referencing 
(WASSR)-corrected 
glycosaminoglycan chemical 
exchange saturation transfer 
(gagCEST) maps of intervertebral 
disc (IVD) ( zoomed ) in two 
subjects: ( a ) 25-year-old woman 
at L5/S1 and ( b ) 54-year-old man 
at L5/S1. The gagCEST maps are 
shown at 0.25, 0.5, 0.75, 1, 1.25, 
and 1.5 ppm. The broken circle 
inside the map at 1.5 ppm shows 
an approximation of the nucleus 
pulposus ( NP ) and annulus 
 fi brosus ( AF ) regions. In both 
subjects, the gagCEST effect is 
highest in the 0.75–1 ppm 
frequency range (Kim et al.  2011  )        
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sodium in the bovine intervertebral disc and noted a 
signi fi cant correlation with proteoglycans measured by 
DMMB assay (Fig.  12.6 ). Subsequent imaging of the human 
disc in vivo revealed differences in the sodium MRI between 
an asymptomatic subject and a subject with lower back pain 
(Fig.  12.7 ). The lower sodium concentration in both L3–L4 

and L4–L5 discs in the patient with back pain indicated a 
loss of proteoglycan, perhaps an early sign of disc disease.   

 Due to its low gyromagnetic ratio (  g  ) and concentrations 
in tissues, sodium MRI requires  fi eld strengths  ³ 3T to 
obtain quality images to enable accurate quanti fi cation 
of  fi xed charge density and proteoglycan. The short T 

2
  of 

a b  Fig. 12.5    ( a ) Normal spine in a 
33-year-old volunteer. Sagittal fat 
and long T 

2
 -suppressed ultrashort 

echo time MRI of the lumbar and 
lower thoracic discs display a faint 
high signal in the region of the 
annulus  fi brosus and endplates and 
low signal in the nucleus pulposus. 
( b ) Male aged 29 years with 
 b -thalassemia major-induced 
degenerative disc disease. 
High-signal bands are observed 
parallel to the endplates at all 
levels as well as more centrally 
in the discs in some levels 
(Hall-Craggs et al.  2004  )        
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  Fig. 12.6    Nine consecutive axial slices of a bovine disc specimen with [Na] ranging from 150 to 300 mM as calculated from sodium MRI ( a ). 
A plot of [Na] from the nucleus pulposus (NP) correlated well ( r  = 0.7) with PG measured by DMMB blue assay ( b ) (Wang et al.  2010a  )        
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 23 Na (~few ms) indicates that sodium MRI has to be  performed 
with MRI pulse sequences with ultrashort echo times. Since 
 23 Na   g   is 1/4 of that of proton, sodium MRI requires 4 times 
stronger gradients to obtain images with identical resolution 
to that of proton MRI. Consequently, sodium MRI pulse 
sequences are forced to image at a long echo time (TE) of 
 ³ 2 ms, but again because of the short T 

2
 , substantial MRI 

signal is lost before acquisition. Recent advances in the 
development of high- fi eld 7-tesla MRI scanners and gradient 
technology (with a gradient strength of >4 G/cm) should 
allow an ultrashort TE (<200  m s) that can signi fi cantly 
improve resolution and signal and provide hope for clinical 
sodium MRI. Radiofrequency coil technology (multiple 
channel capability) and parallel imaging approaches such as 
SENSE (Pruessmann et al.  1999  )  and SMASH (Sodickson 
and Manning  1997  )  and tuned preampli fi ers could further 
contribute to make clinical sodium MRI feasible.   

    12.7   Path to Clinical Utility 

 The biochemical-based MRI biomarker technologies dis-
cussed here detect subtle molecular events that occur with 
disc degeneration, and therefore, they are of considerable 
clinical value. However, there remain some con fl icts con-
cerning their use (Lurie et al.  2000  ) , while the natural his-
tory of the subtle  fi ndings revealed by the new technologies 
needs careful consideration and study (Deyo  2010  ) . Further, 
image biomarkers are considerably more complex than bio-
chemical biomarkers, and even if a composite biomarker can 
be delineated in the future, it is not clear how this would 
impact disease diagnosis. One potential answer is to utilize 
statistical and machine-learning algorithms to combine bio-
markers to build a classi fi er suitable for diagnosis (Breiman 
 1996 ; Guyon et al.  2002  )  to answer the question: which 

approach gives the most timely, reliable, and accurate mea-
surement of the pathological changes due to degenerative 
disc disease? 

 The experimental MRI CEST, MT, and T 
1 r 

  pulse sequences 
represent small modi fi cation to routine clinical imaging 
sequences and carry a potential risk of local tissue heating 
from the RF pulses. A previously validated method has been 
used to determine that the heat generated both theoretically 
and experimentally (Borthakur et al.  2003  )  by these pulse 
sequences is not in violation of FDA guidelines (Borthakur 
et al.  2004  ) . Additional safeguards are also built into the 
scanner software, such that during MRI, the scanner continu-
ously monitors the RF power automatically stopping the scan 
when FDA-allowed limits are exceeded. This safeguard 
eliminates the risk associated with any inadvertent errors 
during the scan. In addition, MRI near metallic implants 
remains a challenge because of severe image artifacts mainly 
stemming from large metal-induced  fi eld inhomogeneities 
causing local gradient-induced eddy currents (Guermazi 
et al.  2003  ) . This is an impediment to routine MRI in back 
pain patients who have implants, such as pedicle screws, 
from prior surgery. To meet this challenge, new methods of 
MRI artifact reduction (Glover  1999 ; Lu et al.  2009  )  may 
need to be incorporated into existing protocols in order to 
advance these MRI-based biomarker technologies into rou-
tine clinical use.  

    12.8   Summary of Critical Concepts 
Discussed in the Chapter 

    Noninvasive imaging methods have the potential to • 
increase diagnostic certainty and to provide information 
about disease activity that can be used to measure 
 treatment ef fi cacy in clinical trials.  
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  Fig. 12.7    Representative proton T2 MRI (grayscale) and corresponding [Na] maps (color) obtained in vivo on a 22-year-old male with lower 
lumbar trauma that resulted in chronic lower back pain and a 26-year-old healthy male (Wang et al.  2010a  )        
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  Current imaging methods (X-ray, computed tomography, • 
and MRI) can detect morphological changes in the disc, 
but they lack sensitivity at the early stages of disc 
degeneration.  
  Novel MRI techniques such as T • 

1 r 
 , magnetization transfer 

(MT), chemical exchange saturation transfer (CEST), 
ultrashort echo time (UTE) MRI, and sodium MRI are 
sensitive to matrix macromolecules such as proteoglycan 
and collagen to varying degrees.  
  These MRI-based biomarkers of IVD degeneration • 
should be incorporated into existing research imaging 
protocols in order to advance these technologies into 
 routine clinical use.         
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     13

          13.1   Introduction 

 Lumbar degenerative disease is a common and debilitat-
ing condition that describes the age-dependent pathologic 
changes that occur in the spine. Degenerative disease of the 
lumbar spine accounts for a relatively large proportion of the 
annual health-care expenditures in the USA and is respon-
sible for considerable indirect losses due to time-off of work 
(Luo et al.  2008  ) . A study by Hanson et al. assessed the health 
status of patients with musculoskeletal pathology requiring 
surgical treatment and found that patients with lumbar spinal 
conditions (i.e., chronic low back pain, stenosis, and spon-
dylolisthesis) suffered from considerable disability when 
compared to patients with other orthopedic conditions, such 
as hip and knee arthritis (Hansson et al.  2008  ) . 

 Degenerative changes that occur in the lumbar spine with 
aging include intervertebral disc degeneration, facet arthrop-
athy and hypertrophy, and ligamentum  fl avum hypertrophy. 
This process may manifest as discogenic low back pain, disc 
herniation, spinal stenosis, and/or spondylolisthesis. It can 
cause a variety of symptoms including low back pain, neuro-
genic claudication, or radicular symptoms, including pain, 
numbness, tingling, and weakness in the affected nerve root 
distribution. The pathophysiology producing these symp-
toms is multifactorial and often a speci fi c pain generator can-
not be identi fi ed. Each component of the functional spinal 
unit undergoes changes with aging and degeneration. It is not 
clear, however, why some people become symptomatic and 
others do not. Boden et al. reviewed the lumbar spine MRI 
studies in patients who had never experienced back pain or 
sciatica and noted that in patients under age 60, 22 % had a 
disc herniation, 54 % had a disc bulge, and 46 % had disc 
degeneration. In patients over age 60, the percentages 
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increased to 36, 79 and 93 %, respectively (Boden et al. 
 1999a   ,   b  ) . The purpose of this chapter is to provide an over-
view of the most common manifestations of lumbar degen-
eration and the indications for surgical management of these 
conditions.  

    13.2   Discogenic Low Back Pain 

    13.2.1   Epidemiology of Low Back Pain 

 Disc degeneration and low back pain is a dif fi cult condition 
to evaluate. Chronic low back pain is the most common cause 
of morbidity and chronic pain in the USA (Deyo et al.  2006  ) . 
It is estimated that up to 80 % of individuals will experience 
low back pain at one time in their lives (Walker  2000  ) . For a 
detailed discussion of the epidemiology of back pain, see 
Chaps.   9     and   16    . The majority of mechanical nonspeci fi c low 
back pain requires little or no formal medical treatment and 
should be an infrequent indication for surgical intervention. 
Surgery for chronic low back pain in the absence of defor-
mity or instability is generally reserved for when a degener-
ated disc is thought to be the primary generator of 
non-radicular discogenic pain.  

    13.2.2   Pathogenesis of Disc Disease 

 Discogenic low back pain is the result of a complex cas-
cade of degenerative changes. The intervertebral discs lie 
between each vertebral segment and they provide motion 
and  fl exibility to the spine. They are approximately 7–10 mm 
thick and 4 cm in diameter in the lumbar section (Twomey 
and Taylor  1987 ; Roberts et al.  1989  ) . The disc consists of 
two distinct anatomic regions: the outer annulus  fi brosus and 
the inner nucleus pulposus. The annulus  fi brosus in the lumbar 
spine has upwards of 25 layers containing mostly collagen I 
arranged in a dense parallel pattern (Roberts  2002  ) . The intri-
cate cross-linked con fi guration of the collagen  fi brils allows 
the intervertebral disc to resist the tensile forces that occur in 
the lumbar spine during bending and torsional movements. 
The central nucleus pulposus consists of predominantly colla-
gen II  fi brils within a rich proteoglycan matrix. This composi-
tion produces a highly viscoelastic core that allows resistance 
to axial loads (Buckwalter et al.  2002  ) . A third morphologi-
cally distinct region that is often described is the cartilaginous 
end plate. The end plate is a thin horizontal layer of hyaline 
cartilage measuring less than 1 mm in thickness. Its collagen 
 fi bers interface the disc and the vertebral body (Johnson et al. 
 2001  ) . For more detailed information on the structure of the 
intervertebral disc, see Chaps.   4     and   5    . 

 Kirkaldy-Willis described a widely accepted pathway that 
divided lumbar disc degeneration into three stages based on 
the amount of damage that has occurred (Johnson et al.  2001 ; 

Yong-Hing and Kirkaldy-Willis  1983  ) . These stages were 
dysfunction, instability, and stabilization (Yong-Hing and 
Kirkaldy-Willis  1983  ) . However, it is important to note that 
this cascade of individual motion segment degeneration is a 
continuum rather than as three de fi nable and separate stages. 
Most commonly, the L4–5 and L5–S1 discs typically are the 
 fi rst two lumbar levels to undergo degenerative changes. The 
initial change that occurs during disc degeneration is circum-
ferential  fi ssuring of the outer annulus  fi brosus. This is 
thought to be the result of repetitive microtrauma and subse-
quent disruption in the intervertebral vascular supply and 
impairment of the normal disc metabolism (Yong-Hing and 
Kirkaldy-Willis  1983  ) . Over time, there is delamination of 
the annular layers and the circumferential tears coalesce to 
form larger radial tears. There is a decrease in the amount 
and organization of proteoglycans in the nucleus pulposus 
(Yong-Hing and Kirkaldy-Willis  1983  ) . Vertebral segment 
instability occurs, and this results in a decline in the amount 
of nuclear proteoglycan composition with a resulting fall in 
osmotic pressure and of water content (Yong-Hing and 
Kirkaldy-Willis  1983  ) . Over time, there are continued end-
stage tissue damage and unsuccessful attempts at repair. The 
end result is intervertebral disc space narrowing,  fi brosis, 
end plate irregularities, and osteophyte formation. The 
pathophysiology of the degenerative process is described in 
considerable detail in Chap.   11    . 

 The changes that occur with intervertebral disc degenera-
tion have a major effect on disc function and its load-bearing 
capacity. With matrix disorganization and the fragmentation 
and loss of proteoglycan, the osmotic pressure of the disc is 
reduced and it is subsequently less able to maintain hydra-
tion under load (Yong-Hing and Kirkaldy-Willis  1983 ; Lyons 
et al.  1981  ) . Inappropriate stress develops along the end plate 
and in the annulus. 

 The relationship between disc degeneration and low back 
pain is incompletely understood. Some patients with pro-
nounced degenerative changes will have low back pain while 
others with a similar degree of pathology are pain-free. 
Indeed, approximately one third of asymptomatic individu-
als will have degenerative changes apparent on a lumbar 
MRI scan (Boden et al.  1999a,   b  ) . Factors that may contrib-
ute to the generation of pain include altered spine biome-
chanics, neural hypersensitivity, and neurovascular ingrowth 
into the disc.  

    13.2.3   Clinical Presentation 
of Discogenic Disease 

 Discogenic disease of the lumbar spine may produce low 
back pain. Acute low back pain is de fi ned as pain lasting less 
than 3 months and chronic pain as greater than 3 months. 
Patient complaints are often of nonspeci fi c back symptoms. 
Typically, discogenic pain is associated with activities that 

http://dx.doi.org/10.1007/978-3-7091-1535-0_9
http://dx.doi.org/10.1007/978-3-7091-1535-0_16
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increase the pressure within the intervertebral disc such as 
sitting and trunk  fl exion. Most episodes of acute low back 
pain are self-limiting. It is important for the clinician to 
maintain an awareness of the so-called red  fl ags that may 
signify a serious underlying pathology such as fracture, 
infection, or malignancy.  

    13.2.4   Evaluation of the Spine 
by Imaging Technologies 

 AP and lateral radiographs should be the  fi rst study in the 
evaluation of the lumbar spine. These views should be 
reserved for patients who have had low back pain for 6 weeks. 
However, earlier imaging is warranted if there is a concern 
for serious pathology (“red  fl ags”). MRI should be performed 
if back pain is unresponsive to conservative management for 
3 months. Plain radiographs, magnetic resonance imaging 
(MRI), and computed tomography (CT) are sensitive to 
degenerative changes but clinically are nonspeci fi c (Boden 
et al.  1999a,   b ; Wiesel et al.  1984  ) , as indicated by the rela-
tively high incidence of degenerative changes noted by the 
MRI study by Boden et al. in asymptomatic patients (Boden 
et al.  1999a,   b  )  (Fig.  13.1 ).  

 Discography can be a useful tool to differentiate the 
source in discogenic low back pain. The test involves pres-
surizing the disc with contrast dye in an attempt to stimulate 
nerve endings in injured discs. Discography can provide 
information regarding the morphology of the degenerated 
disc and can assist with identifying the pain generator 
(Fig.  13.2 ). Precise reproduction of the patients presenting 
pain symptoms, or concordance, makes the test clinically 
useful. Some studies have identi fi ed a high level of sensitiv-
ity and speci fi city, whereas others have disputed this claim 
(Mooney et al.  1988 ; Walsh et al.  1990 ; Simmons et al.  1988 ; 
Carragee et al.  2000 ; Guyer and Ohnmeiss  1995  ) . Carragee 
et al. showed discography to have a best-case positive pre-
dictive value of 50–60 % (Carragee et al.  2006  ) . The subjec-
tive nature of the test can never completely be overcome, but 
it is arguably the only study whereby a painful degenerated 
disc can potentially be identi fi ed. However, the use of dis-
cography should be carefully considered in terms of risks 
and bene fi ts because accelerated disc degeneration, disc her-
niation, and loss of disc height have been reported in com-
parison to matched controls at a 7–10-year follow-up 
(Carragee et al.  2009  ) .   

    13.2.5   Treatment of Discogenic Pain 

 The initial treatment of discogenic pain is nonsurgical. It 
is important to note, however, that the evidence available 
supporting various nonsurgical treatment options is limited 
(Ostelo et al.  2009 ; Thomas et al.  2006  ) . For non-radicular low 

back pain, systematic review has shown no or insuf fi cient evi-
dence to support the use of botulinum toxin injections, local 
injections, prolotherapy, intraspinal steroid injections, epi-
dural injections, facet joint or intradiscal steroid injections, 
sacroiliac injections or medial branch blocks, intradiscal 
electrothermic therapy, radiofrequency denervation, or spinal 
cord stimulation (Chou et al.  2007,   2009  ) . There are “weak 
recommendations” from the American Pain Society for exer-
cise, spinal manipulation, and interdisciplinary rehabilitation 
for chronic LBP or subacute LBP, as well as acupuncture, 
massage therapy, and yoga (Chou et al.  2007,   2009  ) . 

 Despite these limitations, the initial treatment of disco-
genic LBP is nonsurgical and includes medication and physi-
cal therapy. Acetaminophen is effective for pain relief but has 
minimal anti-in fl ammatory effects. Hepatotoxicity may be 
encountered at high doses. Nonsteroidal anti-in fl ammatory 
drugs (NSAIDs) and COX-2 inhibitors are a mainstay in 
treatment as well. Opiate analgesics are more useful in treat-
ing chronic nociceptive pain and are rarely necessary in the 
treatment of acute pain. Muscle relaxants and antidepres-
sants, particularly those that block norepinephrine, may 

  Fig. 13.1    Sagittal T2-weighted lumbar MRI image demonstrating 
degeneration of the L4–5 intervertebral disc ( white arrow ). Water has 
high signal intensity on T2-weighted MRI imaging. As the disc degen-
erates, it loses its water content and, as such, loses its high signal inten-
sity compared to the healthy disc. The degenerative disc becomes grey 
or black and is often referred to as a “dark disc.” Note that the L3–4 and 
L5–S1 discs above and below the L4–5 level still have high signal 
intensity       
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provide analgesia. Physical therapy relies on mobilization, 
stretching, conditioning, and aerobic training. For discogenic 
low back pain, McKenzie extension-based exercise programs 
are the most bene fi cial. It is believed that these exercises will 
unload the disc by restoring lumbar lordosis and decreasing 
mechanical strain. Other recommendations include smoking 
cessation, weight loss, and activity alteration. The topic of 
nonsurgical treatment of low back pain is discussed in detail 
in Chap.   15    . 

 Surgical interventions for discogenic disc disease are con-
troversial and the results of high-level randomized studies 
are con fl icting (Ostelo et al.  2009 ; Thomas et al.  2006 ; Chou 
et al.  2007,   2009  ) . Surgery should not be considered until a 

structured 6-month regimen of physical therapy, NSAIDs, 
and activity modi fi cation has failed to improve the patient’s 
symptoms. In addition, it is important to rule out serious 
underlying pathology as the source of pain – it is necessary 
to screen for secondary pain, localize the pain to a speci fi c 
region, and characterize the type of pain as mechanical  versus 
myofascial. Brox et al. performed a single-blind randomized 
study to compare the effectiveness of lumbar instrumented 
fusion with cognitive intervention and exercises in patients 
with chronic low back pain and disc degeneration (Brox et al. 
 2003  ) . At 1-year follow-up, there was equal improvement in 
patients with chronic low back pain and disc degeneration 
randomized to cognitive intervention and exercises, or lum-
bar fusion (Brox et al.  2003  ) . Fairbanks et al. performed a 
randomized control trial to assess the effectiveness of spinal 
fusion versus intensive rehabilitation in patients with chronic 
low back pain. Over the 2-year follow-up, both groups 
reported statistically similar reductions in disability (Fairbank 
et al.  2005  ) . A randomized controlled study was carried out 
to determine whether lumbar fusion could reduce pain and 
diminish disability more effectively than nonsurgical treat-
ment in patients with severe chronic low back pain (Fritzell 
et al.  2001  ) . Patients in the nonsurgical group were treated 
with different kinds of physical therapy. At 2 years, back 
pain was reduced in the surgical group by 33 % compared 
with 7 % (63 to 58) in the nonsurgical group (Fritzell et al. 
 2001  ) . 

 Surgical options are largely limited to lumbar arthrod-
esis through an anterior, posterior, or combined approach. 
More recent options that are still under investigation 
include dynamic stabilization and total disc arthroplasty. 
Surgery is considered if the patient has failed a prolonged 
course of conservative management and there exists a 
strong correlation between clinical presentation and radio-
graphic  fi ndings, and possibly discography. Posterolateral 
fusion has been shown to successfully manage chronic dis-
cogenic back pain in a highly selected subset of patients 
receiving worker’s compensation and those chronically 
disabled (Parker et al.  1996  ) .   

    13.3   Intervertebral Disc Herniation 

    13.3.1   Epidemiology of Disc Herniation 

 Disc herniation is one of the most common intervertebral 
disc pathologies presented to spinal surgeons. Lumbar disc 
herniation has a peak incidence in the fourth decade of life, 
and men are more likely to be affected than women (Weinstein 
et al.  2008a,   b  ) . However, it is reported that only 4–6 % of 
lumbar herniations will become symptomatic (Weinstein 
et al.  2008a,   b  ) .  

  Fig. 13.2    A lateral lumbar  fl uoroscopic image obtained during a dis-
cogram. Needles are inserted into the L3–4, L4–5, and L5–S1 discs (in 
this speci fi c case), and contrast dye is inserted under pressure into each 
of the discs. The L4–5 and L5–S1 levels ( solid black arrows ) demon-
strate posterior leakage of the dye, indicating the presence of an annular 
tear at each of these levels. There is no dye leakage at L3–4 level ( bro-
ken black arrow ) as it all remains contained within the disc space, thus 
indicating the absence of a signi fi cant annular tear. If, while injecting 
the dye into a certain disc, the patient complains of pain similar to that 
which he/she experiences clinically, the disc that triggers such pain is 
said to cause concordant pain. This study is largely used in patients who 
are considering a surgical fusion for low back pain and is used to help 
decide which levels need to be fused, i.e., those levels which produce 
concordant pain on discography       
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    13.3.2   Pathoetiology of Disc Herniation 

 A cascade of degenerative changes occurs in the lumbar 
spine with age. The nucleus pulposus desiccates and loses its 
ability to recover from compressive deformation. In the 
annulus  fi brosis, there are  fi ssures that form between the col-
lagen  fi brils of the lamellae. With continued torsional, axial, 
and  fl exion strains across the disc, the nucleus pulposus can 
herniate through the  fi ssures in the weakened outer annulus. 
The loss of nucleus pulposus containment alters the biome-
chanics of the entire disc. The annular  fi brils become exposed 
to higher forces, which may lead to chondro-osseous changes 
at the disc–vertebral body junction. Details of these changes 
are presented in greater detail in Chaps.   7     and   19    . A herni-
ated nucleus pulposus can cause mechanical and/or chemical 
irritation of the affected nerve root and lead to severe radicu-
lar symptoms. 

 Disc herniation may have one of three morphological 
characteristics. A disc protrusion is de fi ned as an eccen-
tric bulging of the nucleus pulposus into an intact but 
thinned annulus. Disc extrusion occurs when disc material 
crosses through an annular defect but remains continuous 
with the disc space. A sequestered disc refers to one that 
is not continuous with the disc space and is a free frag-
ment. Disc herniation can also be classi fi ed according to 
the location of the disc herniation in relation to the spinal 
canal, i.e., central, paracentral, foraminal, or far lateral. 
The most common location of disc herniation is paracen-
tral, in which the herniated disc compresses the traversing 
nerve root (e.g., the L5 nerve root at the L4–5 disc level). 
A foraminal or far lateral disc will compress the exiting 
nerve root of the involved level (e.g., the L4 nerve root at 
the L4–5 disc level).  

    13.3.3   Clinical Presentation of Herniation 

 Most disc herniations are characterized by back and leg pain 
of varying severity and duration. Onset may be insidious or 
proceeded by a traumatic event. The L4–5 and L5–S1 discs 
are most commonly affected. Leg pain commonly occurs in 
the dermatome supplied by the compressed nerve root. Low 
back pain may subside after herniation because of the depres-
surization of the intervertebral space and relief of annular 
tension. Radiculopathy can present as pain, paresthesias, 
motor de fi cits, sensory de fi cits, and/or depressed re fl exes. 
The distribution of symptoms (i.e., speci fi c dermatome and 
myotome) often provides information as to the level of disc 
herniation than can then be correlated with the  fi ndings on 
MRI. Symptoms from a disc herniation are typically worse 
with sitting and improved with standing and walking. Sitting 
with the waist  fl exed not only causes an increase in the disc 

pressure but also causes the involved nerve to be stretched 
over the herniated disc. Often, paracentral and foraminal 
herniations will present with a predominance of leg pain, 
whereas central herniations often present with a predomi-
nance of back pain, as the central herniation, unless very 
large, does not directly compress the exiting or traversing 
nerve root. 

 A thorough evaluation and examination is needed for 
a patient with suspected disc disease. A detailed medical 
history includes investigation of possible serious underly-
ing pathology, such as tumor, infection, fracture, or critical 
neurologic compromise. “Red  fl ags” such as fever, chills, 
night pain, unrelenting pain, unexplained weight loss, 
progressive lower extremity weakness, and bowel or blad-
der dysfunction are indicative of a more severe and poten-
tially emergent condition. These symptoms should prompt 
an expedited workup, including advanced imaging, such 
as an MRI. Family history may be informative as well as 
reports exist of a familiar and genetic predisposition to 
lumbar disc herniation. A full neurologic evaluation of 
muscle strength, sensation, proprioception, vibration, and 
deep tendon re fl exes should be performed. Examination 
of patient standing position and gait may also provide use-
ful information. A variety of maneuvers exist, such as the 
straight leg raise, to help diagnose a herniated disc.  

    13.3.4   Imaging of Herniation 

 Imaging studies are useful to con fi rm clinical diagnosis. 
Plain lumbar radiographs are of little bene fi t in the direct 
evaluation of a disc herniation, as they do not show soft tis-
sue. However, they are indicated in patients with longer than 
6 weeks of low back pain and in patients with medical history 
of serious underlying pathology, such as cancer or infection. 
Furthermore, radiographs (anteroposterior, lateral,  fl exion, 
and extension views) are helpful in evaluating a patient with 
lumbar degenerative disease for evidence of instability, disc 
collapse, and deformity (i.e., scoliosis). MRI is the diagnos-
tic test of choice for evaluating a patient for a disc hernia-
tion (Fig.  13.3a, b ). However, relatively high rates of lumbar 
disc herniations are found on MRI in asymptomatic patients 
(Boden et al.  1999a,   b  ) . Therefore, clinical correlation is of 
great importance. Dynamic MRI performed with patients in 
a variety of patients has begun to gain popularity. CT scan 
may be useful in speci fi c situations, such as to assess bony 
anatomy in a patient who has had prior fusion surgery. CT 
myelogram is the study of choice in patients who cannot 
have an MRI. It is important to keep in mind when treating 
a patient with a symptomatic lumbar disc herniation that up 
to 90 % of patients will have gradual resolution of symptoms 
within 3 months of onset. For this reason, unless “red  fl ags” 

http://dx.doi.org/10.1007/978-3-7091-1535-0_7
http://dx.doi.org/10.1007/978-3-7091-1535-0_19
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exist, imaging is not indicated for at least 6 weeks following 
the onset of radiculopathy and low back pain.   

    13.3.5   Herniation Treatment 

 Initial treatment for patients presenting with acute radicular 
symptoms is conservative. It involves a short period of rest, 
activity modi fi cation, and anti-in fl ammatory analgesia. 
Muscle relaxants and a short course of oral steroids have also 
proven bene fi cial. Physical therapy and spinal manipulation 
are used frequently as well. Fluoroscopic epidural steroid 
injections can be administered to reduce nerve root 
in fl ammation and signi fi cantly improve symptoms. Generally, 
conservative management is performed for at least 6 weeks. 

 Radicular symptoms not relieved by nonoperative meth-
ods are often treated by surgery to remove the herniated disc. 
Relative indications for surgery include intractable radicular 
pain, pseudoclaudication, neurologic de fi cit that does not 

improve with conservative treatment, recurrent symptoms 
following a successful trial of nonsurgical care, and signi fi cant 
motor de fi cit. Absolute indications include cauda equina dis-
ease or a progressive neurologic de fi cit. 

 The Spine Patient Outcomes Research Trial (SPORT) 
prospectively evaluated the outcomes of surgical versus 
nonsurgical intervention in patients with symptomatic lum-
bar disc herniation. Candidates with image-con fi rmed her-
niation meeting eligibility criteria were enrolled and 
randomized to standard open discectomy versus nonopera-
tive care. At 4 years, patients who underwent surgery 
achieved greater improvement than nonoperatively treated 
patients (Weinstein et al.  2008a,   b  ) . Furthermore, it has also 
been demonstrated that with appropriate patient selection 
(i.e., symptoms and physical examination correlate to the 
 fi ndings on MRI), surgery provides faster resolution of 
symptoms and perceived quicker recovery than nonopera-
tive management at 1–2 years (Weinstein et al.  2006 ; Peul 
et al.  2007  ) . 

a b

  Fig. 13.3    Sagittal ( a ) and axial ( b ) T2-weighted lumbar MRI images 
demonstrating a left-sided L5–S1 paracentral disc herniation. On the 
sagittal image ( a ) the disc herniation is demonstrated by the open white 
arrow. The herniated disc can be seen protruding posteriorly into the 
spinal canal. The L5–S1 disc itself is considerably degenerated, and 
bone marrow edema ( black arrow ) is noted within this L5 vertebral 
body, adjacent to the inferior end plate, and, to a lesser extent, in the S1 
vertebral body, adjacent to the superior end plate. This edema likely 

represents the bone response to abnormal load distribution that results 
from the degenerative disc. The axial image ( b ) demonstrates the loca-
tion of the disc in the left paracentral region, extending somewhat into 
the left L5–S1 intervertebral foramen ( open white arrow ). The right 
exiting L5 nerve root ( black arrow ) and right traversing S1 nerve root 
( closed white arrow ) are demonstrated. The exiting L5 and traversing 
S1 nerve roots on the left side are signi fi cantly compressed by the disc 
herniation       
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 Microdiscectomy is the gold standard surgical procedure 
for lumbar disc herniation. This procedure can be performed 
through a small incision in an outpatient setting. Complications 
of surgical intervention include inadvertent durotomy, nerve 
root injury, and infection. Later complications can include 
postoperative instability and recurrent disc herniation, which 
can occur up to 7 % of cases (Weinstein et al.  2008a,   b  ) . It is 
often dif fi cult to discern recurrent disc herniation from epi-
dural  fi brosis on standard MRI imaging. Therefore, when 
evaluating for recurrent disc herniation, gadolinium-enhanced 
MRI should be used to differentiate between disc herniation 
and  fi brosis.   

    13.4   Lumbar Stenosis 

    13.4.1   Epidemiology of Lumbar Stenosis 

 Lumbar stenosis refers to the narrowing of the neural canal 
and neuroforaminal spaces of the lumbar spine. It is the most 
common end-stage consequence of disc degeneration often 
resulting from adaptive changes of the facet joints and end 
plates. Most patients with symptomatic lumbar stenosis pres-
ent between the ages of 60 and 80 (Johnson et al.  1992 ; Arbit 
and Pannullo  2001  ) . Women are slightly more likely to have 
lumbar stenosis than men, and the majority of patients with 
lumbar stenosis are of Caucasian descent (Johnson et al. 
 1992 ; Arbit and Pannullo  2001  ) . Degenerative spinal steno-
sis most commonly affects the L3–4 and L4–5 (Arbit and 
Pannullo  2001  ) . Clinically, adults with radiographic evidence 
of lumbar stenosis may be asymptomatic; however, as age 
increases, a higher percentage becomes symptomatic 
(Johnson et al.  1992 ; Arbit and Pannullo  2001  ) .  

    13.4.2   Etiology of Lumbar Stenosis 

 The most common cause of lumbar stenosis is age-related 
degenerative changes of the spine (Arbit and Pannullo  2001  ) . 
End-stage lumbar disc degeneration alters facet and disc bio-
mechanics and may induce hypertrophy and overgrowth of 
the facet joints and vertebral end plates, respectively. The 
resultant encroachment and the narrowing of the neurofo-
ramina from osteophyte formation, loss of disc space height, 
and hypertrophy of the ligamentum  fl avum can cause marked 
reduction in space available for the spinal nerve roots. 

 Another cause of spinal stenosis is congenital lumbar spi-
nal stenosis, which is associated with shorter pedicle lengths 
and innately narrowed spaces for neural elements in patients 
from birth   . Instability associated with spinal stenosis most 
commonly occurs due to lumbar disc and/or facet degen-
eration and translation (spondylolisthesis) of the vertebra 
relative to each other. Instability can also result from the 
structural incompetence of the pars interarticularis (isthmic 

spondylolisthesis) or scoliosis. The shift forward, backward, 
or laterally can further reduce space in the spinal column 
centrally and/or foraminal spaces. Less common causes of 
lumbar spinal stenosis include epidural lipomatosis, tumors, 
infections, and metabolic bone disorders such as Paget’s dis-
ease. The main anatomic regions of lumbar stenosis include 
the central canal, lateral recess (subarticular), foraminal, and 
extraforaminal (Arbit and Pannullo  2001  ) .  

    13.4.3   Clinical Presentation of Lumbar Stenosis 

 Lumbar spinal stenosis symptoms are often re fl ective of the 
severity and the anatomic region of the narrowed spaces. 
Often insidious due to the gradual narrowing over many 
years, spinal stenosis can be asymptomatic for long periods 
of time (Arbit and Pannullo  2001  ) . Early symptoms may 
include intermittent low back pain without radiculopathy, 
signaling the onset of early disc degeneration. As the nar-
rowing of the spaces continues to compress nerves and limit 
normal nerve gliding and excursion, radiculopathy or claudi-
cation symptoms may become more apparent. Patients often 
complain of leg pain that is activity related, associated with 
upright posture and/or prolonged walking (Paine  1976 ; 
Wilson  1969  ) . The symptoms are often distributed along der-
matomes or myotomes corresponding to the areas of affected 
neural compression. Pain symptoms may also be associated 
with weakness, paresthesias, or numbness. 

 The classic clinical presentation of lumbar stenosis is 
neurogenic claudication (Paine  1976 ; Wilson  1969  ) . 
Claudication refers to the gradual increase in symptoms with 
prolonged or repetitive activity (i.e., walking), which often is 
associated with upright posture. The patients often relieve 
this pain by changing posture such as sitting or leaning for-
ward (lumbar  fl exion) which results in neuroforaminal and 
spinal canal opening. Patients presenting with spinal stenosis 
may note symptoms gradually worsening over time or acute 
onset radiculopathy. Aggravation of severe stenosis can 
sometimes lead to cauda equina syndrome (loss of bowel or 
bladder control). There are no speci fi c physical exam tests or 
signs associated with lumbar stenosis. Patients often have 
normal strength and sensation. Con fi rmation of posture-
related improvement of pain (i.e., sitting or lumbar  fl exion) 
may further assist in clinical diagnosis. Nerve tension signs 
may be present in patients with severe radiculopathy.  

    13.4.4   Imaging of Lumbar Stenosis 

 Lumbar stenosis is a radiological  fi nding as well as a clini-
cal diagnosis. Imaging studies are often used to correlate 
clinical symptoms and quantify severity. Initial evaluation is 
performed using plain lumbar radiographs to assess spinal 
alignment and rule out instability or metabolic bone disease. 
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CT scans are useful to view bony anatomy in detail and rule 
out fractures or detect other bone defects. Plain CT is not 
often employed for the diagnosis of lumbar stenosis. CT scan 
combined with myelography is extremely useful to visual-
ize neural element compression and con fi rm areas of bony 
impingement and is often used to evaluate patients who can-
not undergo MRI. The most common test used to con fi rm 
lumbar stenosis is MRI, which can show disc degeneration, 
end plate morphology, facet and ligamentum hypertrophy, 
neural elements, and available neural spaces (Fig.  13.4 ). 
Analysis of sequential images of the lumbar spine in sagittal 
and axial planes can allow localization of speci fi c areas of 
stenosis in all four anatomic regions (central, lateral recess, 
foraminal, and extraforaminal). Relative stenosis is de fi ned 
as a central canal diameter of 10–13 mm, whereas absolute 
spinal stenosis describes a canal diameter of less than 10 mm 
(Verbiest  1979  ) .  

 It is important to note that there is very little correlation 
between radiological  fi ndings and patient symptoms (Sirvanci 
et al.  2008  ) . Severe stenosis radiologically can be asymp-
tomatic in some patients, while low-grade stenosis may cause 

severe pain in others (Sirvanci et al.  2008  ) . In patients whose 
radiological  fi ndings con fi rm their clinical symptoms, appro-
priate treatment plans can be employed and predictable out-
comes can be anticipated.  

    13.4.5   Treatment of Lumbar Stenosis 

 The  fi rst-line treatment in lumbar spinal stenosis is nonop-
erative. These measures may include NSAIDs, analgesics, 
and activity modi fi cation. Oral steroids may also be given to 
help reduce acute in fl ammatory symptoms and minimize 
radicular pain. Physical therapy can also be attempted, with 
the main exercises being low impact, core strengthening, 
aerobic conditioning, and stretching. Alternative exercise 
modalities include Tai chi, water therapy, chiropractic care, 
and stationary biking. 

 Epidural steroid injections can reduce in fl ammation 
around the nerve roots and may help treat radiculopathy. 
Selective nerve root block can be very effective for pain 
relief in the short term and can also be useful as a diagnostic 
tool. Recent level 1 evidence con fi rms their effectiveness for 
short-term relief of radicular pain (Weinstein et al.  2008a,   b  ) . 
Unlike injections for radiculopathy associated with a herni-
ated disc where the natural history is spontaneous resolution, 
injections for stenosis do not resolve the underlying com-
pression of the nerve root(s) associated with bony stenosis, 
and symptoms may recur. 

 De fi nitive management of symptomatic lumbar stenosis 
involves surgery. Surgery is indicated for patients who fail 
nonoperative management. The standard surgical procedure 
for degenerative lumbar stenosis is a decompressive laminec-
tomy. Neural decompression is achieved by removing the cen-
tral bony elements of the posterior spine (spinous process and 
lamina). This allows the restoration of adequate central canal 
space, whereas medial facetectomy and foraminotomy allow 
for lateral recess and foraminal decompression, respectively. 
Surgical outcomes for decompressive laminectomy are cost 
effective, reliable, and superior to nonoperative management 
in functional restoration (Weinstein et al.  2008a,   b ; Tosteson 
et al.  2008  ) . Complications of lumbar laminectomy include 
incidental dural tears, postoperative instability, persistent back 
pain, persistent radiculopathy, and recurrence of stenosis.   

    13.5   Degenerative Spondylolisthesis 

    13.5.1   Epidemiology of Spondylolisthesis 

 Degenerative spondylolisthesis refers to spinal instability 
and translation resulting from lumbar degenerative condi-
tions. Most commonly, patients initially present after 50 years 
of age; however, more severe symptoms are often noted with 

  Fig. 13.4    Sagittal T2-weighted lumbar MRI image demonstrating 
moderate L2–3 and severe L3–4 and L4–5 stenosis. In addition, there is 
a slight degenerative spondylolisthesis at L4–5, where the L4 vertebral 
body is located slightly anterior to the L5 vertebral body ( black arrow )       
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increasing age and in patients over 65 years of age (Valkenburg 
and Haanen  1982 ; Frymoyer  1994  ) . Females are affected 
more, with a 3:1 ratio over men (Frymoyer  1994  ) . Body mass 
index, age, and angle of lordosis were signi fi cantly associ-
ated with degenerative spondylolisthesis in women. In men, 
no individual risk factors for degenerative spondylolisthesis 
were found, save increased age (Jacobsen et al.  2007  ) .  

    13.5.2   Etiology of Spondylolisthesis 

 Degenerative spondylolisthesis is most commonly brought 
on by facet joint degeneration and intervertebral disc degen-
eration. This occurs most commonly at level L4–5 (Frymoyer 
 1994  ) . Degenerative changes of the facet joints result in associ-
ated morphological changes that allow vertebral body transla-
tion and secondary neuroforaminal compression. Loss of disc 
height contributes to the magnitude of translation and subse-
quent neural compression. In degenerative spondylolisthesis, 
slippage of the vertebral body is typically less than 50 % of the 
anterior–posterior vertebral body diameter (Frymoyer  1994  ) . 
Facet joints tend to enlarge in degenerative spondylolisthesis, 
which further encroaches into the spinal canal and can cause 
lateral recess stenosis and radicular symptoms.  

    13.5.3   Clinical Presentation of Spondylolisthesis 

 It should be noted that the degree of slippage is not always 
directly correlated with the severity of clinical  fi ndings or 
pain. Symptomatic patients most often present with aching 
back pain that travels into the buttocks and back of the thighs 
(radiculopathy). Concomitant neurogenic claudication may 
also be noted. Neuroforaminal stenosis is often associated 
with radicular pain along the affected nerve root. 

 Physical exam  fi ndings are similar to lumbar spinal stenosis 
and may include point tenderness at the lumbosacral junction 
and a restricted trunk range of motion. Neurological exami-
nation is usually normal in terms of strength and sensation; 
however, paresthesias and weakness may be noted in patients 
with a signi fi cant radiculopathy component. Mechanical 
back pain may be present more in patients with spinal steno-
sis associated with spondylolisthesis. Patients often report 
more pain with extremes of  fl exion and extension.  

    13.5.4   Imaging of Spondylolisthesis 

 Standing orthogonal radiographs with dynamic views are 
very useful to diagnose disc degeneration and instability. The 
lateral views will show slippage of one vertebra in relation to 
the vertebra below it, and grading is often done based on the 
percentage of slip as measured by the posterior vertebral body 

wall translation (Meyerding Grading System) (Fig.  13.5 ). 
Oblique radiographs can be used to diagnose pars defects. 
Advanced imaging such as MRI or CT myelography can fur-
ther delineate areas of neural compression and severity of 
stenosis (Fig.  13.6 ). Evaluation of  fl uid in the facet joints on 
axial cuts may also indicate instability or spondylolisthesis 
when x-rays are unavailable (Rihn et al.  2007  ) .    

    13.5.5   Treatment of Spondylolisthesis 

 Conservative treatment should be employed initially. This 
may include activity modi fi cation, NSAIDs, and low-impact 
exercise programs. A weight loss regimen can aid in the alle-
viation of symptoms, but this will not cure or reverse the 
problem. Increased activity can cause aggravation of pain 

  Fig. 13.5    Lateral lumbar plain radiograph demonstrating a degenera-
tive spondylolisthesis at L4–5, where the L4 vertebral body is located 
slightly anterior to the L5 vertebral body. There is also multilevel lum-
bar disc collapse, most signi fi cant at L4–5       
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symptoms; however, physical therapy may help improve 
mechanical back pain associated with a slipping vertebral 
body, but may not improve nerve compression and neuro-
genic symptoms. Focal epidural steroid injections may help 
reduce in fl ammation and alleviate radicular pain. 

 If nonoperative measures fail, surgical options should be 
considered. Indicated procedures should include neural 
decompression with laminectomy and foraminotomy. Often 
times, fusion is also performed to reduce risk of slippage 
progression and recurrence of symptoms and optimize long-
term outcomes. Decompressive laminectomy with success-
ful fusion has been shown to result in improved outcomes 
when compared to decompression alone (Herkowitz and 
Kurz  1991 ; Fischgrund et al.  1997 ; Kornblum et al.  2004  )  
(Fig.  13.7a, b ). Clinical outcomes of lumbar decompression 
and fusion for degenerative spondylolisthesis indicate high 
success rates and better outcomes than nonoperative man-
agement alone (Weinstein et al.  2009  ) . Complications unique 
to spinal fusion include failure to achieve solid fusion, stiff-
ness, and/or persistent back pain.    

    13.6   Concluding Comments 

 Degenerative changes of lumbar spine produce a spectrum 
of potentially disabling conditions that affect patients 

  Fig. 13.6    Sagittal T2-weighted lumbar MRI image demonstrating 
degenerative spondylolisthesis and severe stenosis at the L4–5 level       

a b

  Fig. 13.7    Postoperative anteroposterior ( a ) and lateral ( b ) lumbar 
plain radiographs in the patient from Fig.  13.6  who underwent a lumbar 
laminectomy and a posterior and transforaminal lumbar interbody 

fusion with the use of a posterior pedicle screw-rod construct and an 
interbody cage with bone grafting       
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across a wide age range, including discogenic low back 
pain, lumbar disc herniation, lumbar stenosis, and degen-
erative spondylolisthesis. In the absence of “red  fl ags” 
such as progressive neurological de fi cits, loss of bowel 
and/or bladder function, and constitutional symptoms, 
these conditions should initially be managed conserva-
tively with a combination of medication, physical therapy, 
patient education, and possibly epidural injections. In 
patients who have persistent, disabling symptoms despite a 
dedicated conservative treatment program, surgery may 
offer signi fi cant bene fi t over a continued nonoperative 
approach.  

    13.7   Summary of Critical Concepts 
Discussed in the Chapter 

       Degenerative disease of the lumbar spine accounts for a • 
relatively large proportion of the annual health-care 
expenditures in the USA and is responsible for consider-
able indirect losses due to time-off of work.  
      Chronic low back pain is the most common cause of mor-• 
bidity and chronic pain in the USA. It is estimated that up 
to 80 % of individuals will experience low back pain at 
one time in their lives.  
      Kirkaldy-Willis described a widely accepted pathway that • 
divided lumbar disc degeneration into three stages based 
on the amount of damage that has occurred; these stages 
are dysfunction, instability, and stabilization.  
      The relationship between disc degeneration and low back • 
pain is incompletely understood.  
      Most episodes of acute low back pain are self-limiting. • 
It is important for the clinician to maintain an awareness 
of the so-called red  fl ags that may signify a serious 
underlying pathology such as fracture, infection, or 
malignancy.  
      Surgical intervention for discogenic disc disease is con-• 
troversial, and the results of high-level randomized stud-
ies are con fl icting.  
      Patients who underwent surgery for disc herniation • 
achieved greater improvement than nonoperatively treated 
patients at 4 years. Furthermore, it has been demonstrated 
that with appropriate patient selection (i.e., symptoms and 
physical examination correlate to the  fi ndings on MRI), 
surgery provides faster resolution of symptoms and per-
ceived quicker recovery than nonoperative management 
at one to two years.  
      There may be poor correlation between radiological • 
 fi ndings in patients with lumbar stenosis and their 
symptoms.  
      For degenerative lumbar spondylolisthesis, clinical out-• 
comes of decompression and fusion indicate high success 
rates and better outcomes than nonoperative management 
alone.          
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     14    Spinal Motion Restoration 
Devices for the Degenerative Disc       

     Daniel   G.   Kang,           Melvin   D.   Helgeson, 
and           Alexander   R.   Vaccaro              

       14.1   Introduction 

 Cervical and lumbar degenerative disc disease is common in 
today’s society and can be associated with signi fi cant pain 
and disability (Taksali et al.  2004  ) . Spinal fusion continues 
to be the most common surgical treatment for degenerative 
conditions in the neck and low back (Davis  1994 ; Lee and 
Langrana  2004  ) . While fusion has been similarly used for 
the treatment of degenerative arthritis of the hip and knee 
joints, it has been replaced by revolutionary joint arthro-
plasty techniques with excellent outcomes in terms of reliev-
ing pain and restoring function (Santos et al.  2004  ) . In 
contrast, disc arthroplasty has only recently been considered 
an alternative to spinal arthrodesis and has not replaced 
fusion as the “gold standard” treatment. Studies regarding 
spinal fusion for degenerative disc disease have demon-
strated inconsistent clinical results even in properly selected 
patients, and despite advances in spinal fusion technique and 
instrumentation, patient outcomes have not been signi fi cantly 
altered (Barrick et al.  2000 ; Kleeman et al.  2001 ; Madan and 
Boeree  2003 ; Bono and Lee  2004 ; Lee and Langrana  2004 ; 
Santos et al.  2004  ) . 

 A particular concern following spinal arthrodesis has been 
the failure to restore normal physiologic motion, possibly 
leading to an increase in adjacent segment degeneration and 
disease (Lehmann et al.  1987 ; Lee  1988 ; Eck et al.  1999 ; 
Akamaru et al.  2003 ; Gillet  2003 ; Lee and Langrana  2004 ; 
Santos et al.  2004  ) . Alterations in spine biomechanics 
 following arthrodesis include loss of motion and shock 
absorption; these changes have been shown to cause a 
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 compensatory increase in motion, abnormal stress  fl ow, and 
elevated intradiscal pressure at adjacent segments (Lee and 
Langrana  1984,   2004 ; Shono et al.  1998 ; Akamaru et al. 
 2003 ; Chang et al.  2007 ; Gao et al.  2011  ) . Although adjacent 
segment degeneration and disease may be due to natural dis-
ease progression, rather than a consequence of spinal fusion, 
there has been continued enthusiasm and advancement of 
motion restoration surgery for the degenerative disc (Santos 
et al.  2004  ) . With the basic premise that motion preservation 
at the treated symptomatic degenerative disc may slow pro-
gression or even prevent symptomatic degeneration at adja-
cent segments, the change represents a potential paradigm 
shift in approach: from motion-elimination surgery to motion-
preserving surgery (Santos et al.  2004 ; Madigan et al.  2009  ) . 

 Spinal motion restoration devices encompass various new 
technologies and surgical procedures, including total disc 
arthroplasty (TDA), posterior soft tissue stabilization, poste-
rior dynamic screw and rod systems, nucleus pulposus 
replacement, and even injection of the degenerative disc with 
polymeric agents (Madan and Boeree  2003  ) . However, most 
of these spinal motion restoration devices remain experimen-
tal with limited clinical use. However, TDA has been rou-
tinely performed in Europe since the early 1990s, although a 
few devices have been recently approved in the USA by the 
Food and Drug Administration (FDA) following prospec-
tive, randomized clinical trials (Santos et al.  2004 ; 
Mummaneni et al.  2007 ; Sasso et al.  2007 ; Zigler et al.  2007 ; 
Guyer et al.  2009 ; Murrey et al.  2009 ; Burkus et al.  2010 ; 
Garrido et al.  2010 ; Delamarter et al.  2011  ) . While total disc 
arthroplasty continues to gain popularity as an alternative to 
spinal fusion, the ideal device design, as well as the appropri-
ate indications for arthroplasty in the cervical spine and lum-
bar spine, remains unknown. Further experience and 
long-term follow-up studies will determine if TDA provides 
acceptable clinical outcomes, as well as in fl uencing the rate 
of adjacent segment disease (Hilibrand and Robbins  2004  ) . 
Clinical success of total disc arthroplasty will require a com-
bination of appropriate patient selection, good implant mate-
rials and design, and proper implantation technique. The 
following discussion will address the evolving history and 
principles of TDA; describe the biomechanical, biomaterial, 
and design concepts behind TDA; and then detail the surgi-
cal indications and techniques for TDA in both the cervical 
and lumbar spines. In addition, other emerging spinal motion 
restoration devices for the lumbar spine will be brie fl y 
considered.  

    14.2   Adjacent Segment Disease: 
Does There Need to Be an 
Alternative to Spinal Fusion? 

 Spinal fusion has evolved over the past 100 years for 
 treatment of numerous pathologic conditions, throughout 
the human spine, involving spinal segments from the occiput 

to pelvis (Hilibrand and Robbins  2004  ) . Spinal segment 
arthrodesis was  fi rst described in 1911 by Hibbs  (  1911  )  for 
treatment of spinal deformity and Albee  (  1911  )  for the treat-
ment of Pott’s disease. While spinal fusion has also been 
used for other spinal conditions such as spinal trauma, spon-
dylolisthesis, spinal stenosis, or tumors, it is most commonly 
used for the treatment of symptomatic degenerative disc dis-
ease causing neck or low back pain (Davis  1994 ; Hilibrand 
and Robbins  2004  ) . Treatment goals, not unlike those for 
fusion of arthritic appendicular joints, are to eliminate pain, 
maintain or restore stability, and correct deformity/height 
loss (Orr et al.  2007  ) . 

 Chandler  fi rst reported the use of spinal fusion for the 
treatment of low back pain in 1929 (Chandler  1929  ) , while 
Robinson and Smith described anterior cervical discectomy 
and fusion (ACDF) in 1955 (Robinson and Smith  1955  )  for 
treatment of degenerative spondylotic conditions (Lee and 
Langrana  2004  ) . In fact, ACDF is considered by many to be 
one of the most successful spine procedures performed in 
the last several decades (Murrey et al.  2009  ) . Following 
ACDF, patients have reported greater than 90 % rate of 
relief of radicular complaints and stabilization/improve-
ment of myelopathic symptoms (Hilibrand and Robbins 
 2004 ; Riew et al.  2008 ; Murrey et al.  2009  ) . On the other 
hand, use of spinal fusion for treatment of discogenic low 
back pain has been a controversial subject, with often 
con fl icting  fi ndings (Frymoyer et al.  1978 ; Lee and 
Langrana  2004  ) . In a landmark study, Fritzell et al.  (  2003  )  
found that patients with discogenic low back pain have bet-
ter outcomes after successful spinal fusion compared with 
continued conservative treatment (McAfee  2004  ) . The 
study was a randomized controlled trial of 294 patients 
with a 2-year follow-up by an independent observer. It was 
reported that disability assessed by the Oswestry Disability 
Index (ODI) was reduced to 25 % in the surgical group 
compared with 6 % in the nonsurgical group (Fritzell et al. 
 2003  ) . Despite these  fi ndings, because of the published 
variable success rates ranging from 32 to 99 % and because 
of the wide variety of study methods, it is dif fi cult to draw 
de fi nitive conclusions concerning the indications for fusion 
and surgical techniques (Jackson et al.  1985 ; Lehmann 
et al.  1987 ; O’Beirne et al.  1992 ; Bono and Lee  2004 ; Lee 
and Langrana  2004 ; Lin and Wang  2006  ) . 

 Although symptomatic degenerative disc disease contin-
ues to be treated surgically, there is debate concerning the 
long-term consequences of spinal fusion. Of particular con-
cern has been adjacent segment degeneration and adjacent 
segment disease. The term “adjacent segment degenera-
tion” is used to describe radiographic changes without 
symptoms evident at a level adjacent to a previous fusion, 
while “adjacent segment disease” refers to radiographic 
 fi ndings that correlate with new clinical symptoms 
(Hilibrand et al.  1999 ; Hilibrand and Robbins  2004 ; Lee 
and Langrana  2004  ) . The current scienti fi c literature fails 
to clearly demonstrate if adjacent segment disease is the 
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result of altered biomechanics due to an iatrogenic rigid 
motion segment, a consequence of surgical technique, pro-
gression of the natural history of degenerative disease, or 
more likely a combination of all of these factors (Hilibrand 
et al.  1999 ; Hilibrand and Robbins  2004 ; Ishihara et al. 
 2004 ; Robertson et al.  2005 ; Yue et al.  2005 ; Lin and Wang 
 2006  ) . However, biomechanical studies have shown 
increased motion, strain, and intradiscal pressures at a spine 
segment adjacent to a spinal fusion, which may explain the 
occurrence of adjacent segment disease (Lee and Langrana 
 1984 ; Weinhoffer et al.  1995 ; Matsunaga et al.  1999 ; 
Reitman et al.  2004 ; Murrey et al.  2009  ) . These conse-
quences have been inconsistently experienced in the clini-
cal setting, and there have been con fl icting  fi ndings in the 
cervical and lumbar spines due to dissimilar biomechanical 
environments. 

 Following cervical spine fusion, the prevalence of adja-
cent segment disease requiring additional surgery ranges 
from 9 to 17 %, with an annual incidence of 1.5 to 4 % 
(Williams et al.  1968 ; Gore and Sepic  1984 ; Bohlman et al. 
 1993 ; Hilibrand and Robbins  2004  ) . In a landmark study, 
Hilibrand et al.  (  1999  )  reported that following anterior cer-
vical fusion, the annual incidence of adjacent segment dis-
ease was approximately 3 % and predicted prevalence of 
25.6 % at 10 years. Interestingly, it was noted that when 
anterior cervical fusion was performed at more than one 
level, adjacent segment disease was at a signi fi cantly lower 
rate than when performed at a single level. The authors 
therefore concluded that adjacent segment disease is a com-
mon problem following anterior cervical fusions but may 
also be related to the natural history of cervical spondylosis 
(Hilibrand et al.  1999  ) . The argument for natural disease 
progression is also supported by Herkowitz et al.  (  1990  ) . 
Thus, following posterior foraminotomy without fusion, 
41 % of patients randomized to anterior cervical fusion 
developed adjacent segment degeneration compared to 
50 % of patients. 

 In the lumbar spine, studies of adjacent segment disease 
following spinal fusion have also elicited con fl icting 
results. Although one-third to one-half of patients develop 
adjacent segment degeneration following lumbar fusion, 
the radiographic  fi ndings did not correlate with clinical 
symptoms (Lehmann et al.  1987 ; Luk et al.  1987 ; Hilibrand 
and Robbins  2004  ) . Regarding the argument for natural 
disease progression, Penta et al.  (  1995  )  compared patients 
with greater than 10-year follow-up treated nonoperatively 
with those treated by anterior lumbar interbody fusion. 
These workers found no difference in the rate of adjacent 
segment degeneration (approximately one-third of patients) 
between the two groups. However, a study by Ghiselli et al. 
 (  2004  )  found a signi fi cantly higher incidence (27.4 %) of 
adjacent segment disease requiring further surgery at 6.7 
years. 

 The inconsistent clinical results and con fl icting opin-
ions on the ef fi cacy of spinal fusion lend strength to the 

notion that cervical and lumbar degenerative disc disease 
is exceedingly complex, and a complete understanding of 
its etiology continues to be elusive. Even in carefully 
selected patient populations, a successful clinical result 
can be dif fi cult to achieve even when radiographic fusion 
is successful. Since pain is a critical measure of success, 
fusion may fail due to generation of pain from the degen-
erative nucleus pulposus, nociceptive nerve endings within 
the annulus  fi brosus, dorsal root ganglion, facet joints, and 
joint capsules, or even the surrounding ligamentous and 
muscular structures at a single or multiple levels (Bono 
and Gar fi n  2004  ) . Incomplete pain relief due to failure to 
address a speci fi c pain generator may lead to treatment 
failure and may be further impacted by factors such as 
psychosocial dysfunction, pseudarthrosis, adjacent seg-
ment disease, as well as morbidity arising from surgery 
(Kumar et al.  2001 ; Lin and Wang  2006 ; Orr et al.  2007  ) . 
Given the uncertainties and potential complications fol-
lowing spinal fusion for treatment of degenerative disc 
disease, there has been increasing enthusiasm for total disc 
arthroplasty.  

    14.3   History and Evolution 
of Disc Arthroplasty Devices 

 Disc arthroplasty devices are an emerging technology for 
the treatment of spinal disc degeneration. With recent 
advances in our understanding of this technology, an appre-
ciation of its origins, history, and evolution provides a use-
ful perspective on its role in the treatment of spinal 
disorders (Bono and Gar fi n  2004  ) . The earliest disc replace-
ment procedure was reported in the late 1950s by Fernstrom, 
at approximately the time of Charnley’s initial reports on 
total hip arthroplasty (Fernstrom  1966 ; Bono and Gar fi n 
 2004  ) . Following nucleus pulposus removal, Fernstrom 
implanted a rudimentary intervertebral disc (a metallic 
ball) prosthesis into the annulus  fi brosus, in both the cervi-
cal and lumbar spines of human patients (Fernstrom  1966  ) . 
Although simplistic in design, Fernstrom’s metallic ball 
achieved the intended goal: pain relief through removal of 
the painful nucleus, along with maintaining intervertebral 
height and motion. Despite good short-term results, there 
was long-term failure from subsidence of the implant 
through the vertebral end plates, resulting in loss of inter-
vertebral height in about 88 % of cases at 4- to 7-year fol-
low-up (Fernstrom  1966 ; Bono and Gar fi n  2004  ) . In 
hindsight and with continued understanding of total disc 
requirements, this failure was predictable given the very 
limited contact of the steel ball with the  fl at vertebral end 
plate. In addition to the problem of excessive stress con-
centration, there was also a mismatch in the modulus of 
elasticity of the steel ball and bone, especially as the device 
was placed in the soft, central portion of the vertebral end 
plate (Bono and Gar fi n  2004  ) . Despite the shortcomings of 
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the technique, the surgeons were thoughtful in their 
approach: similar to contemporary disc arthroplasty 
designs, the steel ball was positioned along the spinal 
motion segments sagittal arc of angular rotation at the 
junction of the middle and posterior thirds of the disc space 
(Bono and Gar fi n  2004  ) . 

 To address these biologic failures, Fassio developed a 
disc arthroplasty device consisting of a central silastic com-
pressible ball with intrinsic shock-absorbing properties and 
with a larger noncompressible footprint (Fassio and 
Ginestie  1978  ) . The authors implanted the device into three 
patients; however, the overall contact surface area of the 
implant failed to prevent subsidence. In all patients, at 
4-year follow-up, there was implant migration and subsid-
ence into the vertebral body (Fassio and Ginestie  1978  ) . 
Kostuik also developed a device with intrinsic shock-
absorption properties; however, it was never implanted in 
humans and is thus of only historical importance (Kostuik 
 1997  ) . The device consisted of an articulating hinge in the 
posterior third of the disc space, with a spring interposed 
between the two metallic end plates. Despite promising 
biomechanical cyclical testing, the device failed when 
implanted in animals and was never made available for 
clinical use (Kostuik  1997  ) . 

 An important design concept was the development of the 
SB Charité (DePuy Spine, Raynham, MA) lumbar disc 
arthroplasty device by Büttner-Janz and Schellnack in the 
1980s. The initial  fi rst-generation design consisted of a small 
bottle-cap-like end-plate interface with a polyethylene core 
and used a synthetic-on-synthetic articulating surface (Link 
 2002  ) . However, this design also exhibited insuf fi cient con-
tact area and high stress concentrations, leading to subsid-
ence into the vertebral bodies (Lin and Wang  2006  ) . In an 
attempt to address this complication, the second-generation 
device used thin lateral extensions to augment the surface 
area; however, failure occurred with fatigue fracture of the 
lateral extensions. This led to a third-generation device, engi-
neered with a broad end-plate interface and manufactured 
from cobalt-chromium-molybdenum (CoCrMo): (Lin and 
Wang  2006  ) . 

 Important lessons were learned from these early design 
concepts which have provided a base for development of 
current arthroplasty systems. The most common impedi-
ment of the early designs was implant subsidence, and sev-
eral general principles were adopted to prevent this 
complication including maximizing vertebral end-plate 
contact area as well as using a synthetic-on-synthetic artic-
ulating surface to avoid direct articulation with the bone. 
From these principles, there have been continued efforts to 
develop and improve total disc arthroplasty devices, 
although none have fully replicated the healthy interverte-
bral disc.  

    14.4   Total Disc Arthroplasty Design: 
Concepts and Biomechanics 

 Since their inception, the primary clinical objectives of con-
temporary disc arthroplasty devices have been pain relief and 
successful functional recovery (Bono and Gar fi n  2004  ) . 
Despite continued advancements in understanding, much work 
needs to be done to optimize disc arthroplasty design and 
 material properties so as to replicate the functional spinal unit. 

    14.4.1   Biomechanics of the Functional 
Spinal Unit 

 Consisting of three components – the intervertebral disc and 
two facet joints – the functional spinal unit, also termed the 
spinal motion segment, is a complex articulation, which is 
signi fi cantly different from most other joints (Lee and Goel 
 2004 ; Lee and Langrana  2004  ) . As has been discussed in 
other chapters of the book, the intervertebral disc is also 
made of three tissues, including the nucleus pulposus, annu-
lus  fi brosus, and the vertebral end plates. The three compo-
nents of the functional spinal unit together with the three 
tissues of the intervertebral disc are interdependent in terms 
of their contributions to spinal motion and function. As was 
discussed in Chaps.   2     and   8    , the healthy functional spinal 
unit plays a signi fi cant role in resisting or transmitting loads 
across the intervertebral disc, maintaining disc height, and 
segmental stability (Lee and Goel  2004 ; Lee and Langrana 
 2004  ) . From a functional viewpoint, the spine cycles between 
100,000 and 1 million times per year and experiences load 
up to three times its body weight (Silva et al.  2002 ; Polly 
 2003 ; Santos et al.  2004  ) . Under axial compression, with a 
small contribution by the facet joints, the intervertebral disc 
supports most of the load (Lee and Goel  2004 ; Lee and 
Langrana  2004  ) . However, at higher axial compression loads 
and greater extension, there may be an increased biomechan-
ical role of the facet joints through contact of the inferior 
facets with the lamina of the vertebra below (Lee and 
Langrana  1984,   2004 ; Luk et al.  1987 ; Weinhoffer et al. 
 1995  ) . This distribution of load is also re fl ected in intradiscal 
pressure, which is proportional to the external load under 
axial compression; it is signi fi cantly increased with  fl exion 
and minimal with pure extension and torsion (Weinhoffer 
et al.  1995 ; Lee and Goel  2004 ; Lee and Langrana  2004  ) . In 
the degenerative disc, this complex biomechanical environ-
ment is altered, placing an extra burden on the facet joints, 
ligamentous structures, and adjacent motion segments (Lee 
and Langrana  1984,   2004 ; Lee and Goel  2004  ) . 

 Total disc arthroplasty is intended to replace the dysfunc-
tional nucleus pulposus and annulus  fi brosus and restore the 
biomechanical environment of a healthy functional spinal 
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unit. However, as with disc degeneration, any signi fi cant 
deviation in implant design or placement can cause abnormal 
and detrimental effects on the facet joints within the same 
segment and on adjacent levels (Lee and Goel  2004 ; Lee 
and Langrana  2004  ) . Biomechanical cadaveric studies indi-
cate that a properly placed total disc arthroplasty device 
maintains motion within physiologic range at the treated 
level and decreases stresses and intradiscal pressure on 
 adjacent segments (Cunningham et al.  2003b ; DiAngelo 
et al.  2004 ; Puttlitz et al.  2004 ; Dmitriev et al.  2005  ) .  

    14.4.2   Biomechanical Objectives 
of Disc Arthroplasty 

 As our understanding of cervical and lumbar spine function 
has continued to increase, several biomechanical objectives 
of total disc arthroplasty have been de fi ned: preservation of 
motion, restoration of intervertebral height, maintenance of 
stability, and conversion of shock-absorption properties. 
Preservation of motion involves coupled motion patterns in 
compression-bending and compression-torsion, as well as 
the instantaneous axis of rotation (Lee and Goel  2004 ; Lee 
and Langrana  2004  ) . Restoration of intervertebral height is 
required for indirect neuroforaminal decompression, to ade-
quately restore spinal alignment, and to unload abnormal 
stresses on the facet joints. Immediate implant stability pre-
vents displacement or migration, maintains the stability of 
the spinal motion segment, and prevents abnormal motion 
and wear events which can lead to early device failure (Lee 
and Goel  2004 ; Lee and Langrana  2004  ) . Finally, shock 
absorption incorporates load transmission with shock attenu-
ation and ultimately prevents abnormal stress concentration 
on surrounding structures and adjacent motion segments. 
These biomechanical objectives have been used to develop 

many different arthroplasty devices; however, each has 
speci fi c differences with respect to material, bearing surface, 
number of articulations, constraint, mobility of the center of 
rotation, and  fi xation to bone (Table  14.1 ). The biomechani-
cal signi fi cance of each of these design variations on the sur-
rounding structures such as the facet joints of the same 
segment and on adjacent segments has received limited 
study, and different arthroplasty devices have not been 
 compared to each other in clinical trials. Notwithstanding, it 
is important to recognize that lumbar disc arthroplasty 
devices prompted advancements in cervical disc devices. 
The design concepts and biomechanical objectives were 
 similar; however, speci fi c differences exist which will be 
 further discussed.   

    14.4.3   Disc Arthroplasty: Material 
Considerations and Bearing Surfaces 

 The development of a successful total disc arthroplasty 
device with acceptable long-term survival has relied on the 
immense clinical and technical experience of surgeons and 
engineers. The lessons learned from this  fi eld of study have 
helped to better understand and improve motion- preserving 
devices in the spine while avoiding some of the intrinsic pit-
falls and complications especially in relation to the proper-
ties of materials and the mechanics of the system (Santos 
et al.  2004  ) . The material properties necessary for any pros-
thesis must be determined based on the requirements 
expected of the implant (Taksali et al.  2004  ) . For example, 
the lumbar spine sustains signi fi cantly greater loads than the 
cervical spine, whereas the cervical spine has a different 
kinematic pattern and greater range of motion. From this 
perspective, materials that perform well in the cervical spine 
may perform poorly in the lumbar spine. 

   Table 14.1    Properties of total disc arthroplasty prostheses   

 Implant 
(year of FDA approval)  Material  Bearing surface  Articulations  Constraint  COR  Fixation 

  Cervical  
 ProDisc-C (2007)  CoCrMo  Metal on polymer  1  Semiconstrained  Fixed  Midline keel bone ingrowth 

 UHMWPE 
 Prestige (2007)  Stainless steel  Metal on metal  1  Semiconstrained  Mobile  Anterior screws 
 Bryan (2009)  Titanium  Metal on polymer  2  Unconstrained  Mobile  Milled cavities bone 

ingrowth  Polyurethane 
  Lumbar  
 SB Charité III (2004)  CoCrMo  Metal on polymer  2  Unconstrained  Mobile  Small  fi ns/teeth bone 

ingrowth  UHMWPE 
 ProDisc-L (2006)  CoCrMo  Metal on polymer  1  Semiconstrained  Fixed  Midline keel bone ingrowth 

 UHMWPE 

  Adapted from Lin and Wang  (  2006  )  
  COR  center of rotation,  CoCrMo  cobalt-chromium-molybdenum alloy,  UHMWPE  ultrahigh molecular weight polyethylene  
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 Modern disc arthroplasty devices have a prosthesis-bone 
interface consisting of a broad rigid end plate made of metal; 
most devices are  fl at or slightly convex (dome) shaped. Not 
surprisingly, implant geometry is an important factor in disc 
arthroplasty, the goal being to maximize prosthesis-bone 
contact for bony ingrowths and to prevent subsidence. The 
primary alloys used in disc arthroplasty devices are stainless 
steel, cobalt chrome and titanium alloys. Cobalt chrome 
alloys have the greatest wear resistance, whereas titanium 
alloys have poor wear characteristics and surface hardness, 
making them unacceptable as an articulating surface. 
Titanium alloys demonstrate excellent biocompatibility with 
less susceptibility to bacterial surface colonization. Also, 
they generate a signi fi cantly less artifact during computed 
tomography or magnetic resonance imaging (Arens et al. 
 1996 ; Hallab et al.  2003a ; Santos et al.  2004  ) . They are most 
commonly used as a coating of the end-plate interface to 
facilitate bony ingrowth (Santos et al.  2004  ) . 

 In terms of a bearing surface, the basic requirements is 
that the articular surface must allow for mobility, load distri-
bution, low friction, and high wear resistance, as well as 
being biologically compatible with adequate longevity 
(Taksali et al.  2004 ; Lin and Wang  2006  ) . Like total joint 
arthroplasty, the principal bearing surfaces of disc arthro-
plasty devices are metal-on-polymer or metal-on-metal artic-
ulations. Although ceramic-bearing surfaces have gained 
some popularity due to excellent wear characteristic, the 
brittle material properties and concerns for catastrophic fail-
ure in proximity to neural elements have precluded signi fi cant 
development (Garino  2000 ; Santos et al.  2004  ) . In fact, a 
recent case report has demonstrated catastrophic failure of an 
experimental ceramic-bearing surface disc device implanted 
in a human patient (Nguyen et al.  2011  ) . 

 The two primary polymers used for arthroplasty devices 
have been polyethylene and polyurethane. Ultrahigh molec-
ular weight polyethylene has a good track record for sev-
eral decades in extremity arthroplasty and has avoided 
complications associated with poor wear properties due to 
polyethylene sterilization techniques (Kurtz et al.  1999a,   b ; 
Hallab et al.  2003a ; Taksali et al.  2004  ) . Polyurethane has 
been used for decades for cardiovascular devices but has 
had limited use in spine surgery. Recently, the importance 
of its shock-absorbing properties has been recognized and 
incorporated into a disc arthroplasty device, in particular 
the Bryan cervical disc replacement (Medtronic Sofamor 
Danek, Memphis, TN). However, there are few studies 
evaluating axial motion and load transfer properties. This is 
unfortunate because one of the functions of the normal, 
healthy intervertebral disc is to provide shock absorption, 
and if absent may produce abnormal stress concentrations 
on surrounding structures within the segment and at the 
adjacent segment (Dahl et al.  2006  ) . Dahl evaluated axial 

stiffness, energy absorption, and viscous damping of metal-
on-polyurethane cervical disc arthroplasty with both a 
fusion construct and an intact intervertebral disc. The inves-
tigators found the dynamic stiffness of metal-on-polyure-
thane was similar to that of the intact disc, and energy 
absorption and viscous damping exceeded both the intact 
disc and fusion construct. In another study, Dahl et al. 
 (  2011  )  compared the shock-absorbing properties of poly-
urethane, polyethylene, and titanium alloy bearing surface 
materials. These workers demonstrated that polyurethane 
provides signi fi cantly lower stiffness and greater energy 
absorption and damping characteristics than polyethylene 
and titanium alloy. Of note, titanium alloy is currently not 
available as a bearing surface due to its poor wear charac-
teristics. A concern with the use of polyurethane is the bio-
logic durability or wear resistance. However, polyurethane 
has compared favorably to polyethylene and has been found 
to have excellent wear properties, with wear particles that 
do not incite a signi fi cant in fl ammatory response (Anderson 
et al.  2003,   2004 ; Taksali et al.  2004 ; Pitzen et al.  2007  ) . 
While these reports acknowledged that shock absorption 
remains a theoretical bene fi t of disc arthroplasty devices, 
no clinical study has compared outcomes of shock- versus 
non-shock-absorbing devices (LeHuec et al.  2003  ) . 

 Also of importance is the polymer core design, which 
predominately exists as either a single-gliding surface with 
a securely  fi xed polymer core or one with a metal end plate 
(ProDisc; Synthes Spine, Paoli, PA) or a double-gliding 
surface with a mobile polymer core sandwiched between 
two metal end plates (Bryan Cervical Disc; Medtronic 
Sofamor Danek, Memphis, TN). Concerns with the  fi xed 
polymer core are the presence of another point of implant 
failure due to constant micromotion, stress concentration, 
and a large difference in elastic properties at the metal-
polymer interface. Problems associated with a mobile poly-
mer core include concerns for polymer extrusion as well as 
increased debris from wear of the two articulating surfaces. 
Not surprisingly, there are continued research efforts to 
maximize the design properties and wear characteristics of 
metal-on-polymer bearing surfaces. Questions remain 
regarding wear debris and subsequent osteolysis with late 
implant failure, although the amount of debris from disc 
arthroplasty devices may be insigni fi cant when compared 
to hip and knee joints due to the low range of motion and 
cyclic rate (Santos et al.  2004  ) . 

 Despite concerns for systemic metal deposition (Wagner 
and Wagner  2000 ; Bisseling et al.  2011  ) , adverse soft tissue 
reactions (i.e., pseudotumor) (Williams et al.  2011  ) , and 
higher rates of early failure for some total hip replacement 
implants, metal-on-metal articulations have been used in 
total hip arthroplasty devices (Bernthal et al.  2012 ; Langton 
et al.  2011  ) . The advantage of a metal-on-metal articulation 
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compared to metal-on-polymer bearing surface is the 
signi fi cantly lower (approximately 10 times) wear rate 
(Goldsmith et al.  2000 ; Santos et al.  2004 ; Taksali et al. 
 2004  ) . However, there have been reports of elevated sys-
temic metal ion levels in patients following lumbar metal-
on-metal total disc replacement (Wagner and Wagner  2000 ; 
Bisseling et al.  2011  ) . A recent review of complications in 
metal-on-metal disc arthroplasty devices reported abnor-
mal in fl ammatory reactions and soft tissue masses with 
lymphocyte or macrophage in fi ltration, similar to those 
found in patients following metal-on-metal bearing surface 
total hip arthroplasty (Golish and Anderson  2012  ) . Because 
of this paucity of information, the surgical community 
awaits information on the long-term outcomes and 
 complication pro fi le concerning the use of metal-on-metal 
disc arthroplasty devices.  

    14.4.4   Semiconstrained Versus 
Unconstrained Devices 

 Similar to total joint arthroplasty implants, the amount of 
constraint is an important factor in disc arthroplasty design. 
With increasing constraint in total joint arthroplasty, the 
trade-off is greater stability for greater stress on the implant-
bone interface. For disc arthroplasty, there are both semicon-
strained and unconstrained designs, with each having 
advantages and disadvantages (Huang et al.  2003 ; Santos 
et al.  2004  ) . The unconstrained design provides a mobile 
instantaneous axis of rotation and is more representative of 
the physiologic axis, which was demonstrated by Gertzbein 
et al.  (  1986  )  to be an ellipse rather than a single point. 
Theoretically, an unconstrained device would provide a 
greater range of motion and may be more tolerant of small 
errors in implant placement (Hallab et al.  2003a ; Huang et al. 
 2003  ) . However, an unconstrained articulation subjects the 
facets and posterior ligaments to increased shear and tor-
sional loads, whereas semiconstrained devices unload the 
facet joints and ligaments (Cunningham et al.  2003a ; Huang 
et al.  2003 ; Polly  2003 ; Santos et al.  2004  ) . Semiconstrained 
disc arthroplasty devices have increased stability, but similar 
to joint arthroplasty there is higher load transfer to the 
implant-bone interface. Currently, the ideal amount of con-
straint remains unknown and will eventually be determined 
by long-term clinical studies.  

    14.4.5   Implant Fixation 

 Fixation of the disc arthroplasty device to host bone is 
another important factor to consider, taking into account both 
initial and long-term implant stability (Santos et al.  2004  ) . 

Unlike total joint arthroplasty which has successfully used 
cemented knee arthroplasty implants and cemented femoral 
stem implants as originally advocated by Charnley (Schulte 
et al.  1993  ) , disc arthroplasty has not been performed with 
cement  fi xation because of the proximity to neural elements 
(Santos et al.  2004  ) . Another reason cement  fi xation may be 
inappropriate for disc arthroplasty is because of the younger 
patient population compared to extremity arthroplasty, which 
may potentially increase the incidence of cement fatigue and 
aseptic loosening due to greater activity levels and physical 
demands (MacWilliam et al.  1996 ; McLaughlin and Lee 
 2000 ; Santos et al.  2004  ) . 

 Therefore, immediate stability is obtained by screw 
 fi xation of metal end plates to the anterior vertebral body in 
some devices, whereas others have end-plate designs with a 
midline  fi n/keel, or spikes that project perpendicular to the 
end plate (Lee and Goel  2004  ) . There have been some con-
cerns regarding screw  fi xation, particularly in the lumbar 
spine which presents a greater risk for major vascular com-
plications. In the cervical spine, due to the increased anterior 
pro fi le, there is the possibility of causing dysphagia; due to 
 fi xation on the anterior cervical body, dif fi culties may be 
experienced in revision surgery in the setting of adjacent seg-
ment disease (Kulkarni et al.  2003 ; van Ooij et al.  2003 ; 
Bertagnoli et al.  2005b ; Patel et al.  2008  ) . 

 Long-term stability requires osseointegration achieved 
through porous ingrowth surfaces or on-growth surface 
coatings (Taksali et al.  2004  ) . The basic requirements of 
successful bone ingrowth include implant stability, optimal 
pore size, and optimal surface geometry/surface area 
(Kienapfel et al.  1999 ; Santos et al.  2004  ) . Surface coat-
ings to improve bone on-growth include roughened tita-
nium, titanium wire mesh, plasma-sprayed titanium, and 
bioactive materials such as hydroxyapatite and calcium 
phosphate (Taksali et al.  2004  ) . Animal studies have shown 
successful bone integration with titanium- or hydroxyapa-
tite-coated surfaces (Cunningham et al.  2002,   2003a ; 
Santos et al.  2004  ) . In fact, Cunningham et al.  (  2002  )  
reported that a lumbar disc arthroplasty device with porous-
coated titanium end plates in a nonhuman primate model 
evidenced bone ingrowth into 56 % of the end-plate sur-
face at 12 months. This is comparable to total joint replace-
ment components, which have found cementless femoral 
and acetabular implant ingrowth of 9.7–33 % (Sumner 
et al.  1990 ; Harvey et al.  1999  )  and 12 % (Pidhorz et al. 
 1993  ) , respectively. However, these coatings should con-
tinue to be carefully evaluated to ensure acceptable tensile 
strength, shear strength, and fatigue strength. The potential 
concern is that inadequate surface coating integrity may 
cause migration of coating material debris in between the 
articular surface, leading to accelerated third-body wear 
(Taksali et al.  2004  ) .   
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    14.5   Comparison of Total 
Disc Arthroplasty Devices 

 Cervical and lumbar disc replacements have been catego-
rized as “signi fi cant risk devices” by the United States Food 
and Drug Administration (FDA) and require both preclinical 
and clinical evaluations to determine their safety and effec-
tiveness (Orr et al.  2007  ) . As noted previously, many of these 
devices have been used in Europe for decades, and only 
recent interest in the United States has resulted in several 
ongoing FDA-sponsored clinical trials, comparing the out-
comes and safety of disc arthroplasty devices, using fusion 
procedures as the control. Although there have been over 100 
disc arthroplasty designs and patents, to date there have been 
two lumbar disc replacement devices (SB Charité III, DePuy 
Spine, Raynham, MA; and ProDisc-L, Synthes Spine, Paoli, 
PA) and three cervical disc replacement devices cleared for 
 marketing (Prestige, Medtronic Sofamor Danek, Memphis, 
TN; ProDisc-C, Synthes Spine, Paoli, PA; Bryan, Medtronic 
Sofamor Danek, Memphis, TN) by the FDA (Orr et al.  2007  ) . 
All devices have demonstrated that human use for one-level 
degenerative disc disease is “non-inferior” to the fusion con-
trol group (Orr et al.  2007  ) . We will further discuss the 
speci fi c design considerations for each FDA-approved 
device.    

    14.5.1   Lumbar TDA Devices 

 The SB Charité III (DePuy Spine, Raynham, MA) 
(Fig.  14.1 ) was the  fi rst total disc arthroplasty device to be 
implanted in the USA in 2000 as part of a controlled ran-
domized study and was subsequently the  fi rst FDA-approved 
disc arthroplasty device in 2004. SB Charité has evolved 
from its initial design (SB Charité I and II) designed by 
Shellnack and Büttner-Janz in the early 1980s, which con-
sisted of small, shell-like end plates made of stainless steel, 
which resulted in implant subsidence and migration 
(Buttner-Janz et al.  2002 ; Link  2002  ) . The Charité II 
attempted to address this problem by adding thin lateral 
wings to increase the surface area of the end plates; how-
ever, these wings developed early fatigue fractures (Lin and 
Wang  2006  ) . The device is now in its third and current 
 version and was developed in 1987 with broad  fl at end 
plates manufactured from cobalt-chromium-molybdenum 
(CoCrMo) alloy with small teeth projecting into the verte-
bral end plates (Lin and Wang  2006  ) . There is also the new 
InMotion design, which retains the essential characteristics 
of the Charité III, with the modi fi cations involving the teeth 
orientation and the addition of a central rail portion allow-
ing the prosthesis to glide onto a ramp inserter (Serhan 
et al.  2011  ) . The device end plates are porous-coated with 

  Box 14.1 FDA Investigational Device Exemption (IDE), 

Premarket Approval, and 510(k) Noti fi cation 

 Cervical and lumbar disc replacements are categorized 
as “signi fi cant risk devices” (Class III) by the US Food 
and Drug Administration (FDA) and have required 
both preclinical and clinical evaluations to determine 
their safety and effectiveness prior to marketing. The 
FDA authorizes an investigational device exemption 
(IDE), which allows a device to be used for the pur-
pose of a clinical study to collect safety and effective-
ness data to support a premarket approval or premarket 
noti fi cation 510(k). When under IDE status, the device 
remains unapproved by the FDA and typically can only 
be used on human subjects when it is under clinical 
investigation and used by investigators participating in 
the clinical trial. However, the FDA also allows the use 
of an unapproved device before premarket approval for 
“emergency use” to save the life of a patient or prevent 
irreversible morbidity, for “compassionate use” to help 
a patient suffering from a serious disease or condition 
for which there exists no other alternative therapy, and 
after an IDE clinical trial for “continued access” if 
there is a public health need, and preliminary evidence 

suggests the device will be effective with no signi fi cant 
safety concerns. 

 There have been only a few total disc arthroplasty 
devices which have received FDA premarket approval, 
which is a rigorous process of scienti fi c and regula-
tory review to evaluate the safety and effectiveness of 
Class III medical devices. The completion of a pre-
market approval for a device usually requires the 
manufacturer to dedicate a signi fi cant amount of time, 
energy, and funding. However, the FDA allows  certain 
modi fi ed devices to undergo the 510(k) noti fi cation 
process which relies on comparisons with an already-
approved and similar device and provides an expe-
dited review, usually within 90 days. The 510(k) 
noti fi cation does not require the modi fi ed device to 
undergo extensive clinical testing, thereby avoiding 
the rigorous premarket approval process. Many man-
ufacturers attempt 510(k) noti fi cations for their 
devices because of the ability to rapidly market their 
product; however, this process may permit a modi fi ed 
device to be used in a widespread fashion without a 
full understanding of the risks, failure rate, and 
complications. 
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plasma-sprayed titanium and calcium phosphate (TiCaP) to 
assist with bony ingrowth. The polyethylene core is a 
 sliding, unconstrained biconvex design to allow for an 
instantaneous axis of rotation (IAR) that permits anterior 
and posterior movement to the midpoint of the disc during 
 fl exion and extension, respectively, which is believed to 
more closely replicate normal segmental motion (Lin and 
Wang  2006  ) . However, the IAR of the arthroplasty device 
has been found to be more anterior than normal, in both 
 fl exion and extension, and may detract from its presumed 
advantage (Bono and Gar fi n  2004  ) . Cunningham showed 
that the motion of the Charité III prosthesis closely resem-
bles normal motion in cadaveric testing, with disc motion 
similar to the intact segment in  fl exion-extension and lat-
eral bending; however, normal limits of axial rotation were 
exceeded (Cunningham  2004  ) . Another disadvantage is 
that there are two articulating surfaces which theoretically 
may increase polyethylene wear and debris formation, 
compared to only one gliding surface. Also, the polyethyl-
ene core is unconstrained with the potentially catastrophic 
complication of core extrusion.  

 ProDisc-L (Synthes Spine, Paoli, PA) (Fig.  14.2 ) was 
designed and developed by Marnay in the 1980s and 
 fi rst implanted in France in 1990. The device received 
FDA approval in 2006 after undergoing several design 
modi fi cations, including a change of end-plate material from 
titanium to CoCrMo and the addition of ultrahigh molecu-
lar weight polyethylene (UHMWPE) bearing surface as a 
separate modular piece which is snap-locked to the inferior 
end plate (Lin and Wang  2006  ) . A single, titanium plasma 
spray-coated midline sagittal  fi n is used to improve imme-
diate and long-term end-plate  fi xation, as opposed to the 

six small teeth of the SB Charité III. The semiconstrained 
interface between the polyethylene core  fi xed to the inferior 
end plate articulating with a polished superior metallic end 
plate is thought to decrease the risk of polymer extrusion. 
However, the rotational axis lies within the anterosuperior 
aspect of the lower vertebral body, and the  fi xed axis of 
rotation does not allow for an anatomic coupled anteropos-
terior translation with  fl exion and extension (Lin and Wang 
 2006  ) . In patients with a degenerative spinal motion seg-
ment with abnormally increased range of motion, the semi-
constrained design is thought to be bene fi cial by allowing 
stability through a more controlled arc of motion and pro-
tecting the facet joints from shear forces. However, some 
authorities believe that increased constraint may cause 
abnormal force transfer to the bone-end plate interface 
resulting in premature loosening, abnormal forces within 
the facet joints, and anteroposterior dimensional changes of 
the neuroforamina during motion (Huang et al.  2003 ; Bono 
and Gar fi n  2004  ) .   

    14.5.2   Cervical TDA Devices 

 ProDisc-C (Synthes Spine, Paoli, PA) (Figs.  14.3  and  14.4 ) 
is similar in design to its lumbar counterpart and received 
FDA approval in 2007. The device is also made up of three 
components, which include an inferior and superior 
CoCrMo alloy end plate with a midline keel-oriented 
anteroposterior anchoring into the end plate of the respec-
tive vertebral body. In addition there is a highly polished 
concave bearing surface from the superior alloy end plate 
which articulates with a convex (spherical dome) UHMWPE 

a b

  Fig. 14.1    ( a ,  b ) SB Charité III lumbar disc arthroplasty device (Images provided by DePuy Spine, Raynham, MA)       
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insert that is preassembled and snap-locked into the inferior 
alloy end plate (Lin and Wang  2006  ) . Similar concerns 
exist regarding the semiconstrained articulation and may be 
of greater concern in the cervical spine due to the inherent 
greater range of motion; however, this has yet to be 
evaluated.   

 The Prestige ST (Medtronic Sofamor Danek, Memphis, 
TN) (Figs.  14.5  and  14.6 ) was developed by Gill and col-
leagues in 2002 and was approved by the FDA in 2007. The 
Prestige ST is a modi fi cation of the original Prestige I (1989) 
and II (1999) initially designed and developed by Bristol-
Cummins at Frenchay Hospital in 1989 (Traynelis  2004  ) . 

  Fig. 14.2    ( a–c ) ProDisc-L lumbar disc arthroplasty device (Images provided by Synthes Spine, Paoli, PA)         

b c

a 
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The key improvements between Prestige I and Prestige II 
were a more anatomic end-plate design, which was rough-
ened/grit-blasted to promote bony ingrowth; an improvement 
from Prestige II to Prestige ST was a 2-mm reduction in the 
height of each anterior  fl ange. The device is a semicon-
strained metal-on-metal prosthesis (stainless steels), with a 
ball-in-trough design which is postulated to replicate physi-
ologic segmental motion (Traynelis  2004  ) . To provide 
 immediate stability, and unique to other designs, screws are 
placed through plate-like extensions on the superior and 

inferior, anterior vertebral bodies (Bono and Gar fi n  2004  ) . 
The ball-in-trough design provides semiconstrained motion; 
however, unlike the ProDisc ball-in-socket design, there is 
some coupled translation with  fl exion-extension. Again, the 
consequences of this added translation are unknown, and 
further long-term follow-up is necessary to determine if there 
are detrimental effects on the facets joints from shear 
forces.   

 The Bryan Cervical Disc (Medtronic Sofamor Danek, 
Memphis, TN) (Figs.  14.7  and  14.8 ) was developed in the 

a

b

c

  Fig. 14.3    ( a-c ) ProDisc-C cervical disc arthroplasty device (Images provided by Synthes Spine, Paoli, PA)       
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late 1990s and received FDA approval in 2009. The device is 
an unconstrained, biarticulating metal-on-polyurethane 
 prosthesis. It is composed of two titanium alloy shells, a 
polycarbonate polyurethane nucleus, and a polyether poly-
urethane sheath with titanium-retaining wires. The polyure-
thane sheath spans between the metal end plates and 
surrounds the nucleus, forming a cavity that is  fi lled with 
saline, acting as synovial  fl uid or lubricant (Bono and Gar fi n 
 2004  ) . This is thought to keep potential wear debris within 
the cavity while also preventing soft tissue ingrowth 
between the articulating surfaces (Lin and Wang  2006  ) . The 
device also has a unique method of  fi xation to the bone, 
 sitting in a pocket milled into the vertebral end plate; 
 long-term stability is provided by bone incorporation with a 
beaded titanium coating on the device end plates – it is not 
screwed or secured by teeth to the vertebra. As previously 
discussed, the polyurethane nucleus provides greater 

 shock-absorption and load-dampening properties compared 
to polyethylene and metal bearing surfaces; however, the 
 clinical bene fi ts have not been established.           

a b

  Fig. 14.4    ( a ,  b ) Radiographs of patient with single-level ProDisc-C device       

  Box 14.2 Spinal Device Registry 

 The development of a spinal device registry within 
the USA remains a necessity, particularly with the 
real and potential bene fi ts demonstrated by registries 
for other medical devices. Registries for hip and knee 
replacement devices have become a worldwide real-
ity with preeminent registries in Sweden, Finland, 
Norway, Australia, Denmark, and New Zealand, 
approaching 15 years of experience. A device regis-
try allows a  real-time assessment of the current clini-
cal practice and associated outcomes, providing 
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  Fig. 14.5    Prestige ST cervical disc arthroplasty device (Images pro-
vided by Medtronic Sofamor Danek USA, Inc.)       

  Box 14.3 Evolution of Total Disc Arthroplasty Devices: 

Timeline 

    1950s Fernstrom ball, considered the  fi rst rudimen-
tary intervertebral disc prosthesis  
  1978 Fassio develops disc arthroplasty device with 
a central silastic compressible ball  
  1997 Kostuik develops a device with an articulating 
hinge and springs between two metallic end plates; 
however, it was never implanted in humans   

  SB Charite Lumbar Disc Arthroplasty 
  Early 1980s SB Charité I lumbar disc arthroplasty 
device developed by Büttner-Janz and Schellnack  
  1987 SB Charité III, third generation and current 
version was developed  
  2000 SB Charité III,  fi rst total disc arthroplasty 
device implanted in the USA  
  2004 SB Charité III, approved by US FDA for 
marketing  
  2011 SB Charité III, removed from market by 
manufacturer   

  ProDisc-L and ProDisc-C Disc Arthroplasty 
  1980s ProDisc-L, developed by Marnay  
  1990 ProDisc-L,  fi rst implanted in France  
  2006 ProDisc-L, approved by US FDA for marketing  
  2007 ProDisc-C, approved by US FDA for marketing   

  Prestige Cervical Disc Arthroplasty 
  1989 Prestige I, developed by Bristol-Cummins at 
Frenchay Hospital  
  1999 Prestige II, modi fi ed with a more anatomic 
end-plate design  
  2002 Prestige ST, developed by Gill and colleagues, 
modi fi ed with a 2-mm reduction in the height of 
each anterior  fl ange  
  2007 Prestige ST, approved by US FDA for 
marketing   

  Bryan Cervical Disc Arthroplasty 
  Late 1990s Bryan Disc, developed by Medtronic  
  2009 Bryan Disc, approved by US FDA for 
marketing    

timely feedback, and permits healthcare organiza-
tions to signi fi cantly in fl uence physician behavior. 
Most importantly, to avoid unnecessary complica-
tions for patients, device registries provide an early 
warning system for early implant failure. Device reg-
istries also validate the value and cost-effectiveness 
for the use of healthcare resources and promote 
improved clarity and evidence in the development of 
clinical practice guidelines. 

 The Swiss Spine Registry is the  fi rst national spine 
device registry started in March 2005 to gather data on 
patient outcomes, cost, and performance information 
for cervical and lumbar total disc arthroplasty and bal-
loon kyphoplasty procedures. A 3-year pilot study with 
135 participating Swiss surgeons demonstrated an 
80 % data capture rate for total disc arthroplasty cases 
performed (925 cervical and 497 lumbar disc replace-

ments), and analysis of registry data generated 
suf fi cient evidence to validate continued federal health 
insurance reimbursement. The success of the Swiss 
spine registry should serve as an example for the 
 development of a US spinal device registry and 
 collection of observational data in a nationwide 
 framework to enhance the quality of patient care and 
tracking the performance of spinal implants. 
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    14.6   Operative Technique 

 Careful preoperative planning is required for each patient, 
and although there is currently no method to template for 
implant size/positioning, the surgeon should be fully famil-
iar with implant-speci fi c instructions, instrumentation, and 
sizing options. Additional equipment and implants for a 
fusion procedure should also be readily available in the rare 
instance the arthroplasty procedure must be aborted. The 
operative techniques for both lumbar and cervical disc 
replacements use an anterior approach. In the lumbar spine, 
an anterior retroperitoneal dissection is performed to access 
the desired disc space, and assistance may be provided by a 
general or vascular surgeon. In the cervical spine, a standard 
Smith-Robinson anterior approach is used to access the dis-
eased level. Once adequate exposure is obtained, the dis-
eased intervertebral disc is removed, and the end plates of 
the vertebral bodies are prepared based on device-speci fi c 
requirements. Some require arduous end-plate preparation, 

a b

  Fig. 14.6    ( a ,  b ) Radiographs of patient with single-level Prestige ST cervical disc device       

  Fig. 14.7    Bryan cervical disc arthroplasty device (Images provided by 
Medtronic Sofamor Danek USA, Inc.)       
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  Fig. 14.8    ( a–d ) Radiographs of patient with single-level Bryan cervical disc arthroplasty device (Images provided by Medtronic Sofamor Danek 
USA, Inc.)         

a b

c d
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whereas others recommend limited end-plate disruption to 
reduce the risk of implant subsidence. An important step for 
most devices is to adequately release the posterior longitudi-
nal ligament to allow correct positioning and function of the 
prosthesis. At this step, each arthroplasty device varies in 
speci fi c technique, instrumentation, and implant position-
ing/sizing, and for lumbar TDA the lordotic angle should be 
veri fi ed using biplanar  fl uoroscopic imaging (Lin and Wang 
 2006  ) . In positioning most prostheses, the axis of rotation 
should be posteriorly located in the disc space, but caution 
should be taken due to the risk of encroachment of the neural 
elements (Santos et al.  2004  ) . Appropriately sizing the 
implant is also important to restore intervertebral disc space 
height and provide indirect decompression, and to allow 
normal soft tissue and ligamentous tension, thereby provid-
ing additional stability to the implant. Also, a prosthesis 
covering a large surface area is desired to reduce the risk of 
subsidence as well as allowing greater range of motion 
(Cinotti et al.  1996 ; Santos et al.  2004  ) .  

    14.7   Deciding When to Use Total Disc 
Arthroplasty 

 While ideal implant design and surgical technique are impor-
tant, more critical are appropriate patient selection and diag-
nosis. The importance of determining the true source of 
symptoms cannot be overemphasized, as failure to recognize 
and treat all sources of pain will result in a suboptimal out-
come. History and physical examination are vital in deter-
mining the true source of symptoms and may be complemented 
with radiologic investigations such as plain radiographs, 
computed tomography (CT), myelography, and magnetic 
resonance imaging (MRI), when indicated. For degenerative 
disc disease, the ideal surgical candidate is one who has 
severe, functionally debilitating symptoms and has exhausted 
all conservative treatment modalities for a minimum of 6 
months in the lumbar spine and 6 weeks in the cervical spine 
(McAfee  2004 ; Santos et al.  2004  ) . Conservative manage-
ment may include physical therapy, facet joint injections, 
epidural steroids, acupuncture, back school, behavior 
modi fi cation, ultrasound, anti-in fl am matory medications, 
analgesic medications, muscle relaxants, lumbosacral stabi-
lization therapy, and orthotic management (McAfee  2004  ) . 

    14.7.1   Indications for Lumbar Total Disc 
Arthroplasty 

 Appropriate patient selection requires an understanding of 
the indications and contraindications for lumbar total 
disc arthroplasty, which have been established from the 

enrollment criteria of FDA IDE trials (Mummaneni et al. 
 2007 ; Sasso et al.  2007 ; Zigler et al.  2007 ; Guyer et al.  2009 ; 
Murrey et al.  2009  ) . The primary indication for lumbar TDA 
is isolated mechanical discogenic back pain without radicul-
opathy or instability at L3–L4, L4–L5, or L5–S1 interverte-
bral levels. Degenerative disc disease as the primary symptom 
source is corroborated on CT or MRI studies with one or 
more of the following  fi ndings: vacuum disc sign, contained 
nucleus pulposus, absence of lateral recess stenosis, paucity 
of facet joint degeneration changes, decrease of interverte-
bral disc height of greater than 4 mm, scarring/thickening of 
the annulus  fi brosus, formation of degenerative cyst, or mar-
ginal vertebral body osteophytes. Controversy continues to 
exist regarding the utility and validity of discography as an 
investigative tool (Sandhu et al.  2000 ; Carragee and Alamin 
 2001  ) . However, a provocative discogram can be used to fur-
ther delineate the symptomatic levels, with a positive result 
demonstrating concordant pain reproduction and at least one 
control level that is not painful and does not reproduce the 
patient’s symptoms. Otherwise, TDA is contraindicated in 
patients with obesity (>1 standard deviation above normal 
body mass index), osteopenia, chronic steroid use, insulin-
requiring diabetes mellitus, pregnancy, previous lumbar 
fusion, objective evidence of nerve root compression, spinal 
fracture, spondylolysis, spondylolisthesis, scoliosis, spinal 
tumor, stenosis, or severe facet joint arthrosis (McAfee  2004 ; 
Madigan et al.  2009  ) . The only exception for treatment of 
radicular pain using a lumbar TDA may be carefully selected 
cases of neuroforaminal stenosis that can be corrected by 
restoring intervertebral disc and neuroforaminal height 
through TDA placement (Table  14.2 ).   

    14.7.2   Indications for Cervical Total Disc 
Arthroplasty 

 The primary indication for cervical TDA is radiculopathy 
and/or myelopathy due to disc herniation or spondylosis 
without instability, requiring discectomy/decompression at 
intervertebral levels between C3 and T1 (Orr et al.  2007  ) . 
The patient must have an abnormal neurologic examination 
indicative of radiculopathy or myelopathy, which may 
include abnormal re fl exes or decrease in sensation or motor 
strength in a correlating dermatome/myotome. Also, a focal 
compressive lesion must be observed by CT, myelography, 
or MRI (McAfee  2004  ) . Cervical TDA should be avoided in 
patients with ankylosing spondylitis, rheumatoid arthritis, 
ossi fi cation of the posterior longitudinal ligament, or diffuse 
idiopathic skeletal hyperostosis, as well as a relative con-
traindication in patients with obesity (>1 standard deviation 
above normal body mass index), osteopenia, chronic steroid 
use, insulin-requiring diabetes mellitus, pregnancy, previous 
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cervical spinal infection, spinal fracture, or severe facet joint 
arthrosis. Axial neck pain as a solitary symptom is also a 
contraindication for cervical TDA, which is in contrast to 
lumbar TDA where an ideal candidate has isolated mechani-
cal back pain with no radicular symptoms (McAfee  2004  ) . A 
potential complication of cervical arthroplasty is the poten-
tial for recurrent radiculopathy resulting from spondylotic 
progression and/or ossi fi cation (Albert and Eichenbaum 
 2004  ) . Because motion preservation may lead to recurrence 
of spondylosis when compared to fusion procedures, patients 
with spondylotic radiculopathy or myelopathy may require 
wider uncinate resection and decompression. Although not 
studied in the FDA IDE trials, there are reports of implanting 
cervical TDA for adjacent-level disease next to an estab-
lished fusion (Kim et al.  2003  ) ; these have been performed in 
multilevel TDA constructs (Cardoso and Rosner  2010  )  and 
in hybrid constructs with TDA above a primary fusion 
(Cardoso et al.  2011  ) . There have been few reported compli-
cations and adverse implant-related events (Table  14.3 ).    

    14.8   Total Disc Arthroplasty 
Revision Strategies 

 Total disc arthroplasty failure and complications may require 
revision or removal of the prosthesis; however, the long-term 
failure rate and all potential complications remain unknown. 
Moreover, there are currently no known speci fi c consider-
ations or protocols for revision or replacement surgery (Lee 
and Goel  2004  ) . Failure of disc arthroplasty can be due to 
many different factors, including suboptimal surgical tech-
nique, implant malpositioning, and poor patient selection; 
others include mechanical implant and biologic failure 
(Kostuik  2004 ; Bertagnoli et al.  2005b ; Patel et al.  2008  ) . In 
fact, the Charité FDA IDE study evaluating 304 patients 
found 17 % had suboptimal or poor placement of the pros-
thesis, which was signi fi cantly correlated with ODI and VAS 
scores (McAfee et al.  2005  ) . Van Ooji et al.  (  2003  )  reported 
on 27 patients with failed SB Charité devices, with all index 
procedures performed at other institutions. The failures 
occurred 53 months (range 11–127 months) after initial sur-
gery. All replacements were either at L4–L5 or at L5–S1 
levels, and the most common causes of failure were adja-
cent-level spinal disease, subsidence, and facet joint arthro-
sis. Two patients experienced anterior dislocation of the 

   Table 14.2    Current indications for lumbar disc arthroplasty   

 Indications  Relative contraindication 

 Symptomatic 1- to 2-level 
discogenic back pain without 
radiculopathy or instability at 
L3–L4, L–L5, or L5–S1 levels 

 Central or lateral recess 
stenosis 

 Concordant degenerative disc 
disease on CT or MRI studies 
or discograms 

 Facet arthroplasty 

 Failure of >6 months 
of  conservative treatment 

 Obesity (>1 standard deviation 
above normal body mass 
index) 

 Speci fi c radiographic  fi ndings 
include vacuum disc sign, 
contained nucleus pulposus, 
absence of lateral recess stenosis, 
paucity of facet joint degeneration 
changes, decrease of intervertebral 
disc height of greater than 4 mm, 
scarring/thickening of the annulus 
 fi brosus, formation of degenerative 
cyst, or marginal vertebral body 
osteophytes 

 Osteopenia 

 Treatment of radicular pain may be 
performed in carefully selected 
cases of neuroforaminal stenosis 

 Chronic steroid use 
 Insulin-requiring diabetes 
mellitus 
 Pregnancy 
 Previous lumbar fusion/
infection/fracture 
 Objective evidence of nerve 
root compression 
 Spondylolysis/
spondylolisthesis 
 Scoliosis 
 Spinal tumor 
 Spinal stenosis 

   Table 14.3    Current indications for cervical disc arthroplasty   

 Indications  Relative contraindication 

 Radiculopathy and/or 
myelopathy due to disc 
herniation or spondylosis 
without instability, requiring 
discectomy, or decompression 
at intervertebral levels between 
C3 to T1, with 1- to 3-level 
disc disease 

 Isolated axial neck pain 

 Concordant focal compressive 
lesion on CT, myelography, or 
MRI 

 Ankylosing spondylitis 

 Failure >6 weeks of conserva-
tive treatment 

 Rheumatoid arthritis 
 Ossi fi cation of the posterior 
longitudinal ligament 
 Diffuse idiopathic skeletal 
hyperostosis 
 Cervical instability 
 Previous spinal fusion/infection/
fracture 
 Obesity (>1 standard deviation 
above normal body mass index) 
 Osteopenia 
 Chronic steroid use 
 Insulin-requiring diabetes mellitus 
 Pregnancy 
 Spinal tumor 
 Severe facet joint arthrosis 
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implant, and 11 patients required additional salvage surgery 
(Kostuik  2004  ) . Other authors of ongoing clinical trials with 
short-term follow-up have reported a low incidence of infec-
tion, vertebral body fracture, implant malposition, subsid-
ence, mechanical failure, and paravertebral heterotopic 
ossi fi cation (Delamarter et al.  2003 ; Lin and Wang  2006 ; 
Guyer et al.  2009  ) . 

 Indications for revision surgery of a failed total disc 
arthroplasty may include, but are not limited to, implant 
loosening, malposition, displacement, early wear, and infec-
tion (Kostuik  2004  ) . There is currently limited understand-
ing of the effects of wear debris and osteolysis on spinal 
arthroplasty devices, and the long-term effects, such as asep-
tic loosening seen in extremity joint replacements, remain 
unknown. With metal-on-metal disc arthroplasty, patients 
experience an in fl ammatory response similar to that seen in 
total joint arthroplasty (Hallab et al.  2003b ; Golish and 
Anderson  2012  ) . 

 A comprehensive strategy for treating failed disc arthro-
plasty begins by de fi ning patient symptoms and the radio-
graphic status of the arthroplasty device (Patel et al.  2008  ) . 
Asymptomatic patients with implant subsidence or migra-
tion without extrusion can be treated nonsurgically with 
frequent serial examinations. Symptomatic patients may 
present with (1) continued pain secondary to implant fail-
ure, (2) pain due to symptomatic disease at an adjacent 
level, (3) pain due to late surgical site infection, or may be 
categorized as (4) continued pain of unknown etiology 
(Kostuik  2004  ) . Although differentiating between these 
states may be dif fi cult, it is important to determine whether 
the new pain resembles or is signi fi cantly different from the 
pain/symptoms originally treated by the disc replacement. 
A diagnostic algorithm for patients with new pain after a 
period of relief or continued pain of unknown etiology may 
include careful attention to history and physical examina-
tion, the use of radiographs with  fl exion-extension views, 
and a CT scan to ensure adequate prosthesis placement, 
stability, and incorporation. If imaging fails to reveal an 
underlying pathology, further investigations may include 
injection of local anesthetic and radiosensitive dye into the 
periprosthetic area, a facet block at the level of arthroplasty, 
or discography at adjacent levels (Kostuik  2004  ) . These 
modalities can provide additional information and identify 
a potential source of pain which may have not been recog-
nized prior to the arthroplasty procedure. If the pain is 
relieved after periprosthetic injection, the assumed diagno-
sis would be implant loosening, malposition, or displace-
ment (Kostuik  2004  ) . 

 Periprosthetic loosening from infection may be more 
dif fi cult to differentiate, and laboratory tests associated with 
infection such as leukocytosis, elevated erythrocyte sedi-
mentation rate, and high C-reactive protein levels may be a 

helpful starting point. Also, bacterial culture after aspiration 
of periprosthetic  fl uid, with saline lavage, can provide 
 additional information regarding the presence of infection, 
as well as sensitivity analysis for antibiotic treatment 
(Kostuik  2004  ) . Evidence of bone resorption on CT scan 
may be another indicator of infection, but it is not speci fi cally 
diagnostic (Kostuik  2004  ) . However, in the presence of a 
metal and/or plastic prosthesis, nonsurgical management 
with targeted antibiotics may be insuf fi cient to eradicate 
infection. Use of long-term suppressive antibiotics may be 
indicated if the patient is unable to undergo revision sur-
gery. Otherwise, the surgical technique for management of 
infection would consist of implant removal, meticulous 
debridement, and irrigation, followed by fusion and an 
extended course of targeted antibiotics. Fusion may be best 
achieved in the setting of infection, with structural autograft 
rather than allograft, and consideration should be given to a 
staged posterior fusion procedure with instrumentation 
(Kostuik  2004  ) . 

 Surgical options for disc arthroplasty failure include 
 revision arthroplasty, anterior interbody fusion, or instru-
mented posterior fusion. A particular problem with removal 
or revision arthroplasty for devices in current use is the 
 surgery through previous scar tissue. This may be dif fi cult 
for revision cervical arthroplasty, but for lumbar exposure, 
this is a challenge even for a technically advanced vascular 
surgeon (McAfee  2004 ; Patel et al.  2008  ) . For lumbar revi-
sion surgery through an anterior approach, preventative mea-
sures can reduce the incidence of life-threatening adverse 
events. The ureter must be carefully identi fi ed and ureteral 
stents may be placed before reexposure to prevent iatrogenic 
injury (Wagner et al.  2006 ; Patel et al.  2008  ) . Also, angiog-
raphy and venography can de fi ne the location and distortions 
of the great vessels due to scar tissue, and catheterization of 
the iliac vessels with in fl atable balloon catheters can prevent 
catastrophic blood loss (Patel et al.  2008  ) . 

 Noteworthy, removal of the arthroplasty device may 
 create a signi fi cant bone loss that would preclude revision 
arthroplasty (Kostuik  2004  ) . If there is infection and prosthe-
sis failure due to displacement, loosening, or malposition, 
anterior interbody fusion will be required. In the absence of 
infection, after removal of the failed arthroplasty device and 
preparation of the interbody space, the use of allograft should 
enhance fusion; however, some cases may warrant same-day 
posterior fusion and/or instrumentation at the level of the 
revision surgery (Kostuik  2004  ) . The use of instrumented 
posterior fusion or dynamic stabilization alone at the level of 
the failed arthroplasty has been suggested, but its role has not 
been de fi ned and may be insuf fi cient to alleviate symptoms. 
It should be stated that because there are no signi fi cant 
reports or experience with failed arthroplasty devices, 
 protocols and strategies for revision arthroplasty remain 
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speculative and unclear. Continued long-term follow-up, of 
at least 5–10 years, will likely further elucidate the best man-
agement strategies for patients with continued pain after disc 
arthroplasty surgery (Kostuik  2004  ) .  

    14.9   Other Spinal Motion-Preserving Devices 

    14.9.1   Nuclear Replacements 

 There have been continued efforts to develop a prosthetic 
nuclear replacement device (Bono and Gar fi n  2004  ) . In 
essence, the previously discussed Fernstrom ball is the pre-
decessor for modern nuclear replacement devices. It differs 
from the current total disc arthroplasty system in that it 
lacks an end-plate component (Bono and Gar fi n  2004  ) . The 
prosthesis replaces the nucleus pulposus and serves to 
restore load transfer through the spinal segment, particu-
larly the annulus  fi brosus and facet joints. Therefore, the 
prerequisite for nuclear replacement is an intact or mini-
mally disrupted annulus structure and vertebral end plates 
(Lee and Goel  2004  ) . There are currently four nucleus pros-
thesis designs which aim to reproduce the biomechanical 
environment of the intact intervertebral disc. The  fi rst 
design is an impermeable balloon or bladder,  fi lled with 
gas,  fl uid, gel, oil, or a soft polymer. The second is a solid 
body such as a metal ball or spacer that is placed in the 
nuclear cavity (Fernstrom  1966  ) . The third approach is to 
implant a dehydrated or partially hydrated hydrophilic 
polymer material into a permeable cavity or  fi brous jacket, 
which becomes hydrated within the nuclear cavity (Ray 
 2002  ) . The  fi nal approach is nucleus augmentation, which 
involves injection of a biomaterial into the nuclear cavity 
for in situ polymerization. 

 Nuclear replacements remain in the experimental phase, 
mostly evaluated in vitro and by animal implant studies. 
Limited clinical trials in humans have reported clinical 
improvement and restoration of disc function. Other pre-
liminary studies indicate problems with migration, extru-
sion, vertebral end-plate changes, or subsidence (Bertagnoli 
and Schonmayr  2002 ; Klara and Ray  2002 ; Ray  2002 ; Lee 
and Goel  2004 ; Bertagnoli et al.  2005b ; Ahrens et al.  2009  ) . 
Design criteria which may predispose to these complications 
include a small contact surface area at the interface between 
the nucleus replacement device and the vertebral end plates, 
causing abnormal stress concentration and subsidence. Also, 
abnormal movement of the implanted prosthesis within the 
disc during motion could cause harmful effects on the annu-
lus. To overcome this problem, some devices allow  fi t and/
or interlocking at the interface (Lee and Goel  2004  ) . At this 
time, it is unclear which patients would bene fi t from total disc 
arthroplasty versus nuclear replacement. Contraindications 

to nuclear replacement may include advanced disc space 
 collapse (<5 mm of residual disc height), end-plate defects, 
and obesity (BMI >30) (Ray  2002  ) .  

    14.9.2   Lumbar Dynamic Posterior Stabilization/
Facet Replacement 

 Other motion-preserving devices for the lumbar spine include 
posterior dynamic devices and facet replacements. The only 
approved interspinous device is the X-stop (Kyphon, 
Sunnyvale, CA), achieving FDA approval in 2005 (Zucherman 
et al.  2005  ) . The device is made of titanium and PEEK com-
ponents with side wings surrounding the lateral aspects of 
the spinous processes. It is inserted between the spinous pro-
cesses of a spinal segment and holds the spine in a position 
of slight  fl exion to decompress the spinal cord or spinal nerve 
roots. The rationale for the use of the interspinous device for 
spinal stenosis is reasonable; however, their role in the treat-
ment of the degenerative disc remains unknown (Anderson 
et al.  2006  ) . 

 The role of facet replacement continues to grow, and it 
has been proposed as an adjunct total disc arthroplasty: as a 
method of reconstruction after laminectomy and for treat-
ment of facet joint pain. As previously mentioned, as disc 
degeneration progresses, facet loads increase signi fi cantly 
(Yang and King  1984  )  and may lead to additional pain due to 
facet arthrosis. In fact, as continued motion across an arthritic 
and painful facet joint is thought to be a cause of arthroplasty 
failure, a common contraindication for total disc arthroplasty 
is facet arthrosis (Wong et al.  2007  ) . To date, there are no 
FDA-approved devices, and a substantial amount of clinical 
data will be needed before facet replacements can be consid-
ered as a viable treatment option.   

    14.10   Summary of Critical Concepts 
Discussed in the Chapter 

    Despite the enthusiasm and excitement surrounding total • 
disc arthroplasty, the long-term clinical results, durability, 
and complications remain unknown.  
  No studies have conclusively demonstrated any difference • 
in patient outcomes when compared to fusion in both the 
lumbar and cervical spine.  
  Short-term clinical results through FDA IDE trials appear • 
to be promising, with acceptable complication rates, and 
all demonstrating non-inferior results compared to fusion. 
However, many questions remain regarding the true place 
of total disc arthroplasty in spine surgery, and only well-
performed, prospective studies with long-term outcomes 
data and cost analysis will provide the answer.  
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  The indications and role of other motion-preserving • 
devices such as posterior stabilization and facet replace-
ments remain unproven.  
  Efforts must continue to understand the origins of pain • 
within the lumbar and cervical spine, as surgical treat-
ment of neck or back pain in the absence of radiculopathy 
or myelopathy has demonstrated inconsistent results with 
the potential for failure.         
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    15.1   Etiology of Back Pain 

 Each spinal motion segment is a three-joint complex com-
prised of the intervertebral disc, two facet joints, and a host 
of ligamentous and muscular attachments. This complex 
allows for multiaxial movement and loading of the spine 
while maintaining an upright posture and protection of the 
neural elements. The anatomic complexity of this articula-
tion has complicated the search for a speci fi c pathoanatomic 
cause for low back pain. The most common etiologies can be 
broadly categorized as neural, muscular, osseous, disc-
related, and facet-related and have been the subject of much 
debate (Lutz et al.  2003  ) . In the early decades of the twenti-
eth century, nerve dysfunction, including neuritis and neural-
gia, as well as muscular dysfunction were proposed as the 
leading causes of back pain. As the use of radiographs 
became more widespread, the classic bony changes associ-
ated with disc degeneration and spondylosis were found in 
many patients complaining of low back pain; hence, osseous 
etiologies became a popular theory. Initially, an in fl ammatory 
etiology for these bony changes was assumed; however, 
when no consistent marker of in fl ammation was found, it 
was then seen as a degenerative disorder. In the late 1930s 
and early 1940s, intervertebral disc pathology began to be 
recognized as a major low back pain generator (Barr  1938 ; 
Key  1945  )  and became the dominant theory for several 
decades. This resulted in an increase in the number and vari-
ety of surgical procedures directed at the intervertebral disc. 
By the end of the twentieth century, evidence emerged that 
anatomic abnormalities, as visualized by diagnostic imaging 
tests, often did not correlate with clinical symptoms (Boden 
et al.  1990  ) . As a result, most modern treatments for low 
back pain are pragmatic in approach rather than searching 
for a speci fi c anatomic directed cause (Lutz et al.  2003  ) , with 
nonsurgical intervention taking center stage. 

 However, several indications for prompt surgery exist. 
While they only account for a small percentage of all patients 
receiving surgery, unless they are diagnosed and treated, they 
can lead to signi fi cant morbidity or mortality. These 
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 conditions are  fl agged from the patient’s history and physical 
examination and require further investigation. The presence 
of neurologic de fi cits, including saddle anesthesia, urinary 
retention or incontinence, and progressive lower extremity 
weakness, should prompt rapid evaluation for cauda equina 
syndrome. A history of signi fi cant trauma in a young indi-
vidual or minor trauma in an individual with osteoporosis 
should prompt the clinician to rule out a fracture of the spinal 
column. Nonmechanical back pain, which wakes patients 
from their sleep, can be associated with spinal neoplasm or 
infection, especially if associated with constitutional symp-
toms, history of cancer, or disseminated infection. 

 It is important to recognize nonorganic etiologies of low 
back pain as treatment can be dif fi cult, requiring specialized 
expertise (Waddell et al.  1980  ) . Symptoms include pain, 
numbness, or weakness in a nonanatomic distribution. 
Common physical examination  fi ndings are nonspeci fi c and 
include widespread tenderness, lumbar pain with axial load-
ing, improvement in straight leg raise with distraction, and 
inconsistent motor or sensory exam. Evaluation of the psy-
chosocial context of the pain with the rehabilitation team that 
includes a psychologist and a social worker is often 
necessary.  

    15.2   Epidemiology and Natural History 

 Back pain is an extremely common public health problem 
with signi fi cant social and economic rami fi cations. It is esti-
mated that 70–85 % of people in developed countries will 
experience back pain at some point in their life (Andersson 
 1999  ) . In a US national survey, 26.4 % of the population had 
back pain lasting at least 1 day in the past 3 months (Deyo 
et al.  2006  ) . Prevalence was found to be highest in Native 
Americans and Alaska Natives and lowest in Asian 
Americans. Back pain was more common in adults over the 
age of 45 and was slightly more prevalent in women as com-
pared to men. The annual prevalence of signi fi cant back pain 
is approximately 15 % (Andersson  1999  ) . These statistics 
have remained relatively stable over the past 30 years. The 
health-care resource utilization and cost of care for patients 
with back pain are extraordinarily high. Back pain is respon-
sible for approximately 12–15 % of all physician visits (Deyo 
et al.  2006  ) . In 2005, the treatment of back and neck disor-
ders accounted for $86 billion in health-care expenditure 
(Martin et al.  2008  ) . It affects approximately 2 % of the 
workforce, and back pain is the largest single cause of 
absence from work (12.5 % of all sick days) (Andersson 
 1999  ) . For more details of the epidemiology of low back 
pain, see Chaps.   9     and   16    . 

 Most acute back pain is self-limited, with the majority of 
patients recovering quickly with no residual loss of function. 
Of individuals with symptoms severe enough to miss work, 
60–70 % will return to work within 6 weeks and 80–90 % 

will return within 12 weeks (Andersson et al.  1983  ) . 
Unfortunately, recurrence of back pain is common affecting 
20–72 % of individuals (Andersson  1999  ) . 

 Chronic low back pain has been variably de fi ned as back 
pain which lasts longer than 3 months, reoccurs frequently, 
or lasts longer than the expected healing time for this type of 
malady. The course of chronic back pain can be variable and 
unpredictable (Von Korff and Saunders  1996  ) . In many cases, 
mild pain may persist for long periods of time with little 
impact on overall function. Therefore, when evaluating treat-
ment strategies, activity limitation may be a better measure 
of outcome than level or presence of pain.  

    15.3   Nonoperative Treatment 

 Despite the extremely high prevalence of back pain in soci-
ety, a streamlined and successful treatment strategy still 
eludes physicians. While rates of operative intervention have 
steadily and dramatically increased over the past 20 years 
(Deyo et al.  2009  ) , treatment outcomes for back pain without 
radicular symptoms remain unpredictable with success rates 
in the 50–70 % range depending on the measures used (Chou 
et al.  2009b ; Mirza and Deyo  2007  ) . Given the limited 
bene fi t, high cost, and signi fi cant risk, surgery is reserved as 
a last resort in a carefully selected population. Nonsurgical 
measure is, therefore, the mainstay of treatment for both 
acute and chronic back pain    (Table  15.1 ).  

    15.3.1   Education, Activity Modi fi cation, 
Behavioral Therapy, and Exercise Therapy 

    15.3.1.1   Patient Education 
 Patient education, including information about correct spine 
biomechanics during regular activity and posture, and simple 
methods for reducing symptom are key elements in the man-
agement of both acute and chronic back pain. Ensuring that 
patients understand the favorable natural history of the disor-
der can empower them to take an active role in the treatment. 
As past incidences are the strongest predictor for future epi-
sodes of back pain, the importance of a lifelong commitment 
to active treatment must be conveyed to the symptomatic 
individuals. Several studies have demonstrated that brief 
education can be more effective than conventional care on 
reducing sick leave and disability (Brox et al.  2008  ) . 

 More formal educational interventions have been the sub-
ject of investigation since the introduction of the Swedish 
back school in 1980 (Forssell  1980  ) . The original program 
was designed to teach patients how to protect the spine dur-
ing daily activities and involved four educational sessions on 
spine anatomy, biomechanics, ergonomics, optimal posture, 
and back exercises in a group setting. The speci fi c format 
and content of back schools have varied over the years; 

http://dx.doi.org/10.1007/978-3-7091-1535-0_9
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however, the general concept has been the subject of several 
investigations and systematic reviews (Airaksinen et al. 
 2006 ; Cohen et al.  1994 ; Koes et al.  1994 ; Maier-Riehle and 
Härter  2001 ; Tveito et al.  2004  ) . In comparison to other 
interventions or no treatment at all, the results of these stud-
ies con fl ict with the claims for success of back schools in 
reducing pain, improving function, and accelerating return to 
work. The most recent systematic reviews (Airaksinen et al. 
 2006 ; Brox et al.  2008 ; Heymans et al.  2005  )  conclude that 
forms of group back education can be effective for short-
term improvements in pain and disability, especially as part 
of a multidisciplinary program. In addition, within an occu-
pational setting, back school can have a positive effect on 
return to work and function.  

    15.3.1.2   Activity Modi fi cation 
 Most patients with acute back pain naturally modify their 
activities to avoid exacerbation of symptoms. This subcon-
scious protective mechanism is likely helpful when bounded 
with appropriate education. It is generally accepted that, 
while activity may worsen symptoms, it is unlikely to cause 
physical injury to the spine or the surrounding soft tissues 
(Indahl et al.  1995  ) . Therefore, the common recommenda-
tion is to limit activity for a short period of time (2–3 days). 

There is, however, strong evidence against the historically 
common recommendation for bed rest as a treatment for 
acute low back pain, which can negatively affect outcomes 
(Atlas and Volinn  1997 ; Waddell et al.  1997  ) . Results of 
investigations support the view that after the acute symptoms 
subside, timely return to modi fi ed activities avoids the dele-
terious effects associated with prolonged immobilization and 
bed rest. Patients who continue moderate levels of activities 
during episodes of acute back pain generally have a more 
rapid recovery, quicker return to work, and a lower risk of 
chronic disability (Mäkelä et al.  2011 ; Waddell et al.  1997  ) .  

    15.3.1.3   Behavioral Therapy 
 The concept of fear avoidance was introduced as a model of 
exaggerated pain perception in 1983 (Lethem et al.  1983  )  
and has subsequently been applied to chronic back and mus-
culoskeletal pain (Vlaeyen and Linton  2000 ; Waddell et al. 
 1993  ) . Central to this model is the concept that the fear of 
increased pain, as a result of a movement or activity, may 
lead to a phobic state and result in inferior physical perfor-
mance and increased disability. Conversely, confrontation of 
the fear of pain via exposure to an activity or movement can 
lead overtime to a reduction in fear. The application of this 
concept, by including fear-reducing techniques, in the treat-
ment of low back pain in the primary care setting has been 
shown to produce an increase in activity, but not impact 
return to employment (Von Korff et al.  2005  ) . Furthermore, 
when this type of cognitive intervention is combined with an 
exercise program, the effect on back pain, disability, and sick 
leave has been shown to be equivalent to that of spinal fusion 
(Brox et al.  2003 ; Brox et al.  2006  ) .  

    15.3.1.4   Exercise Therapy 
 Exercise therapy, including trunk or core stabilization, restor-
ing normal lumbosacral motion, and low-impact aerobic 
activity, is among the most commonly prescribed noninva-
sive interventions for patients with back pain. Based on the 
current literature, exercise therapy is no more effective for 
pain relief or functional improvement when compared to no 
treatment or other nonoperative interventions for acute low 
back pain (Chou et al.  2007b ; Hayden et al.  2005  ) . There is, 
however, a general acceptance that low-impact cardiovascu-
lar and aerobic  fi tness programs are bene fi cial in that they 
can reduce fatigue, improve mood, and prevent general 
deconditioning (Anshel and Russell  1994 ; Casazza et al. 
 1998  ) . Trunk stabilization and muscle strengthening exer-
cises are not tolerated by patients; thus, they are not recom-
mended during acute episodes of back pain. Low-impact 
aerobic exercise can be commenced as early as tolerated, 
often by 2 weeks after the onset of acute low back pain, and 
activity can progress in a graded fashion. 

 In contrast to the acute situation, for chronic pain, low back 
pain exercise therapy has been shown to have a bene fi cial effect 
(Chou et al.  2007b  ) . When compared to no treatment, usual 

   Table 15.1    Nonsurgical management options for back pain and rec-
ommended stages for interventions based on currently available 
evidence   

 Treatment  Therapy  Stage of symptoms 

 Nonsurgical 
therapies 

 Patient education  Acute 
 Activity modi fi cation  Acute 
 Behavioral therapy  Acute and chronic 
 Exercise therapy  Subacute and chronic 

 Oral medication  Non-narcotic 
analgesic 

 Acute 

 Narcotic analgesic  Acute 
 Nonsteroidal 
anti-in fl ammatory 
drugs 

 Acute and chronic 

 Muscle relaxants  Acute 
 Oral corticosteroids  Acute, only with 

radiculopathy 
 Antidepressants  Chronic 
 Topical treatment  Acute and chronic 

 Injection therapy  Epidural 
corticosteroids 

 Acute, only with 
radiculopathy 

 Soft tissue  Subacute and chronic 
 Facet joint  Subacute and chronic 
 Sacroiliac joint  Chronic 

 Modalities  Manipulation  Acute and chronic 
 Traction  Unknown 
 Acupuncture  Chronic 
 Transcutaneous 
electrical nerve 
stimulation 

 Unknown 

 Orthoses  Not recommended 
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care, or other noninvasive treatments, exercise therapy has been 
associated with a small but signi fi cant improvement in pain 
and function (Hayden et al.  2005 ; Team  2004  ) . Exercise ther-
apy has also been linked with reduced sick leave and a higher 
rate of return to work within 1 year of treatment in patients with 
subacute (<90 days of sick leave) low back pain who were not 
already severely disabled (Oesch et al.  2010  ) . Core strengthen-
ing exercises are routinely recommended to improve perfor-
mance and prevent future injuries (McGill  2010  ) .   

    15.3.2   Medications 

 Most patients with both acute and chronic low back pain will 
include medication in the management of their condition. 
While the oral route of administration is most common, 
injections also play a role. The most common classes of oral 
drugs include analgesics, nonsteroidal anti-in fl ammatory 
drugs (NSAIDs), muscle relaxants, and antidepressants. 
Injection therapy employs the use of corticosteroids and 
often local anesthetics. As the choices are numerous, it is 
important to distinguish speci fi c indications, doses, dura-
tions, and potential side effects. Patient education with regard 
to use of safe and effective medication so as to avoid depen-
dence, particularly when prescribing narcotic analgesics, is 
an important consideration and should be included in the 
treatment goals. 

    15.3.2.1   Analgesics 
 Analgesic medications can be divided into narcotic and non-
narcotic. Few patients require narcotics and most have ade-
quate pain relief from over-the-counter analgesics. 

      Non-narcotic Analgesics 
 Acetaminophen is effective for mild to moderate pain. 
Although prolonged use of high-dose acetaminophen is con-
traindicated and may result in hepatotoxicity, acetaminophen 
is generally safe, affordable, and available over the counter 
thus making it a common choice for most patients with acute 
low back pain (Malanga and Nadler  1999  ) . Acetaminophen 
use in patients with chronic low back pain and with known 
liver sensitivities due to disease or alcohol abuse is gener-
ally not recommended. In patients with renal impairment, 
acetaminophen is recommended over NSAIDs as the risk of 
renal toxicity due to acetaminophen is low. Acetaminophen 
does not have any muscle-relaxing or anti-in fl ammatory 
properties. 

 In patients with more severe pain, the centrally acting 
non-opiate analgesic tramadol is an attractive alternative as it 
has a more favorable side effect pro fi le and lower potential 
for abuse than narcotics. Based on a meta-analysis, which 
included 908 patients being treated for chronic lower back 
pain, tramadol was shown to be superior to placebo in reduc-
ing pain and improving function (Deshpande et al.  2007  ) . 
Tramadol inhibits uptake of serotonin and norepinephrine 

and should therefore be used with caution in patients on 
monoamine oxidase inhibitors. Dosage should be reduced in 
patients over the age of 75 years old or in those with renal or 
hepatic function impairment.  

  Box 15.1 Robin McKenzie, CNZM, O.B.E., FCSP (Hon), 

FNZSP (Hon), NZCP (HLM), Dip. MT, Dip.MDT         

 Robin McKenzie is a New Zealand-born physical thera-
pist that revolutionized the nonoperative treatment of back 
pain. As is the case with many important advancements in 
science and medicine, McKenzie discovered the “central-
ization” phenomenon by accident in 1956 when he asked 
a patient to lie down in a prone position in a treatment 
room while  fi nishing up with another patient. The end of 
the treatment table had been elevated, forcing the patient’s 
lumbar spine into a hyperextension, a position previously 
thought to be harmful. When McKenzie returned to the 
room and saw the patient’s position, he was surprised to 
 fi nd that the patient’s leg pain had completely resolved, 
that residual pain was mild and “centralized” to the middle 
of the low back, and that after getting up, the pain relief 
was sustained. As he worked with subsequent patients, 
McKenzie discovered that based on an assessment of a 
patient in various positions, an effective patient-speci fi c 
exercise treatment program could be developed. This has 
come to be known as Mechanical Diagnosis and Therapy 
and is the centerpiece of the McKenzie Method which is 
practiced worldwide. Once the appropriate exercises are 
found, patients are instructed to perform the program on 
their own and thus can take ownership over their disorder. 
McKenzie spent much of his life disseminating his meth-
ods to practitioners throughout the world and has pub-
lished many articles and books on the subject. He is now 
retired and lives in New Zealand. 
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     Box 15.2 Prostaglandins (PG) Biosynthesis 

 The starting molecule for PG biosynthesis is the fatty acid 
of the phospholipid phosphatidylinositol. PG and related 
molecules are eicosanoids, the term derived from “eicosa” 
meaning “twenty,” referring to the 20 carbons of the fatty 
acid. Most PGs are synthesized from arachidonic acid, 

released by phospholipase A2. PG biosynthesis has two 
control points. The  fi rst control point is the release of the 
fatty acid from the phospholipid. The second is prosta-
glandin synthase, also known as cyclooxygenase (COX). 
The eicosanoids generally act locally due to their short 
half-lives.        

     Box 15.3 Cyclooxygenase (COX) Inhibitors 

 The mechanism of action of NSAIDs is based on their 
ability to block the synthesis of prostaglandin (PG) by 
inhibiting COX, an enzyme responsible for catalyzing the 
conversion of arachidonic acid to prostaglandin, PGH 

2
 . In 

1991, Daniel Simmons of Brigham Young University dis-
covered a second isoform of the COX enzymes, now 
known as COX-2 (Xie et al. 1991). Research has since 
clari fi ed that the COX-1 isoform is a constitutive enzyme 
responsible for the maintenance of renal and gastric 
 functions. The COX-2 isoform, however, is an inducible 
enzyme which drives the in fl ammatory process. The clas-
sical NSAIDs (e.g., aspirin, ibuprofen, naproxen) 
nonspeci fi cally inhibit both COX isoforms and are thus 
associated with side effects, mostly notable a risk of gas-
tric injury and bleeding. Therefore, since its discovery, 
there has been a push to develop medications which selec-
tively inhibit the COX-2 isoform and potentially increase 

the safety pro fi le of these important drugs, primarily by 
limiting gastrointestinal side effects. The use of computer-
aided drug design, where a computer modeling is used to 
synthesize a drug based on the structure of a particular 
target, was instrumental in the development of this new 
drug class. The introduction of COX-2 inhibitors was met 
with signi fi cant enthusiasm, and they became among the 
most widely prescribed medications. This enthusiasm 
was  tempered when a somewhat controversial study dem-
onstrated a fourfold increased risk of myocardial infarc-
tion in patients taking rofecoxib (Vioxx), one of the more 
commonly prescribed COX-2 inhibitors, when compared 
to patients taking naproxen, a classical NSAID. Rofecoxib 
was voluntarily removed from the market by Merck, the 
drug’s manufacturer, in 2004. Since 2005, no new COX-2 
inhibitors have been approved for use in the USA. Other 
COX-2 inhibitors remain on the market and are still 
widely prescribed including celecoxib (Celebrex) and 
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parecoxib (Dynastat, only available in Europe). Current 
research is exploring new application for this class of 
drugs including prevention or treatment of neuroblas-
toma, colon cancer, and neuropsychiatric disorders (Lau 
et al. 2007). 
  A third isozyme, COX-3, was discovered in 2002; it is 
thought to be a splice variant of COX-1. Comparison of 
canine COX-3 activity with murine COX-1 and COX-2 
demonstrated that this enzyme is selectively inhibited by 
analgesic/antipyretic drugs such as acetaminophen and is 
potently inhibited by some nonsteroidal anti-in fl ammatory 
drugs. 

 COX-inhibiting nitric oxide (NO) donors (aka 
NO-NSAIDs) are another novel class of drugs developed 
to further improve the safety pro fi le of the traditional 
NSAIDs by taking advantage of some of the known effects 
of NO (Wallace et al. 1994). These are produced by chem-
ically fusing existing NSAIDs to a nitric  oxide-donating 
moiety and are intended to provide the COX-inhibiting 
bene fi ts in addition to vasorelaxation, and inhibition of 
white blood cell adhesion and caspase activity (Keeble 
and Moore 2002). No NO-NSAIDs have been approved 
for use at this time; however, several are in clinical trials. 
  Lipoxygenase (LOX)/COX inhibitors are a  fi nal novel 
class of NSAIDs. These drugs inhibit not only COX and 
prostaglandin formation but also inhibition of 5-lipoxyge-
nase (LOX) and prevent formation of leukotrienes, another 

family of molecules involved in the in fl ammatory path-
way. LOX/COX inhibitors have been shown to be effec-
tive and have a tolerable safety pro fi le in pre-market 
studies (Alvaro-Gracia 2004).        
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      Narcotic Analgesics 
 Despite ongoing controversies concerning the use of nar-
cotic (also known as opioid) analgesics for the treatment of 
chronic low back pain, there has been a steady rise in pre-
scription rates of both long- and short-acting varieties of 
these medications (Deyo et al.  2011  ) . Concerns with opioid 
analgesics center around the high risk of dependency and the 
complications related to overdose, which have risen in paral-
lel to prescription rates (Edlund et al.  2010  ) . The use of nar-
cotics to treat chronic low back pain has been associated 
with age, psychiatric and personality disorders, and sub-
stance abuse as opposed to severity of the underlying pathol-
ogy (Breckenridge and Clark  2003  ) . With regard to ef fi cacy, 
there is some evidence to suggest that short-term use of nar-
cotic analgesics may be ef fi cacious; however, long-term use 
has little or no bene fi t in reduction of pain (Martell et al. 
 2007  )  or improvement of function (Deshpande et al.  2007  ) . 
When chronic narcotics are prescribed, aberrant medication-
taking behavior can be found in as high as 24 % of patients 
(Martell et al.  2007  ) . Therefore, use of these medications 
requires regular follow-up to evaluate ef fi cacy, overuse, and 
complications.   

    15.3.2.2   Nonsteroidal Anti-in fl ammatory 
Drugs (NSAIDs) 

 NSAIDs are among the most widely prescribed groups of 
medications for the treatment of back pain. Their mecha-
nism of actions involves inhibition of cyclooxygenase 
(COX), an essential enzyme for the synthesis of the pro-
in fl ammatory prostaglandins. Two types of COX enzymes 
exist, with COX-1 implicated in the protection of the gastric 
and intestinal lining and COX-2 involved in the pathways 
that produce pain, fever, and in fl ammation. The  fi rst-
generation NSAIDs (e.g., ibuprofen, naproxen) 
nonspeci fi cally inhibit both COX enzymes. The second-
generation NSAIDs (e.g., celecoxib, meloxicam) are more 
selectively directed at COX-2 inhibition. In an effort to 
reduce gastrointestinal side effects associated with the  fi rst-
generation NSAID, several randomized controlled studies 
have demonstrated a signi fi cant effect on the improvement 
of pain and possibly function for the treatment of both acute 
and chronic back pain (Chou et al.  2007a ; White et al.  2011  ) . 
COX-2-selective NSAIDs are probably as effective as non-
selective NSAIDs. Remarkably, there have been few studies 
that directly compare the two drugs (Pohjolainen et al. 
 2000  ) . However, both prescription and over-the-counter 
NSAIDs are associated with adverse effect, including gas-
trointestinal upset, bleeding, and exacerbation of preexist-
ing renal dysfunction. Patients should therefore be closely 
monitored, especially with long-term usage.    

    15.3.2.3   Muscle Relaxants 
 Acute back pain is often accompanied by muscle spasm, 
but the association with pain is not well understood. 

Nonetheless, both benzodiazepine (e.g., diazepam) and 
non-benzodiazepine (e.g., cyclobenzaprine, methocarba-
mol) muscle relaxants are often prescribed as part of the 
treatment regimen. Systematic reviews of clinical trials 
have found that muscle relaxants are superior to placebo for 
the treatment of acute and chronic low back pain (Chou 
et al.  2007a ; Van Tulder et al.  2003  ) . There are no well-
controlled studies that directly compare the ef fi cacy of 
muscle relaxants to that of NSAIDs. Muscle relaxants are 
likely to be most bene fi cial as an adjunct to pharmacologic 
therapies with other drug classes, speci fi cally NSAIDs and 
analgesics (Chou et al.  2007a ; Van Tulder et al.  2003  ) . 
There is little evidence to aid with the selection of one mus-
cle relaxant over the others. Carisoprodol was found to be 
superior to diazepam in one study (Van Tulder et al.  2003  ) . 
However, due to issues with dependency and abuse when 
combined with narcotics, the use of carisoprodol is gener-
ally limited. Muscle relaxants have been shown to lead to a 
number of central nervous system adverse effects, includ-
ing somnolence and dizziness. These are increased when 
used in conjunction with other medications and should be 
closely monitored by the treating physician.  

    15.3.2.4   Oral Corticosteroids 
 The systemic administration of corticosteroids can be an 
effective treatment for patients with acute radiculopathy. 
However, when back pain is not accompanied by radiculopa-
thy, studies have shown no clinically signi fi cant bene fi t over 
placebo (Chou et al.  2007a  ) . Systemic corticosteroids can 
have a signi fi cant side effect when administered over the 
long term or in high doses in the short term. Thus, this class 
of medications is only recommended for the treatment of low 
back pain with radiculopathy.  

    15.3.2.5   Antidepressants 
 There is an intimate association between pain and mood, 
especially in chronic pain disorders (Fishbain et al.  1997  ) . 
While the mechanism is unknown, there is some evidence 
that tricyclic antidepressants (TCAs) can effectively allevi-
ate neuropathic pain, independent of mood or depression 
status (McQuay et al.  1996  ) . Serotonin reuptake inhibitors 
(SSRIs) are less effective than TCAs; however, they are pre-
scribed for neuropathic pain (Jung et al.  1997  ) . The utility of 
antidepressants in the treatment of low back pain is not as 
clear. The ef fi cacy of both tricyclic antidepressants and 
selective SSRIs has been the subject of several studies and 
recent systematic reviews. There is no generally accepted 
role for antidepressants in the treatment of acute back pain. 
For chronic back pain, TCAs have been demonstrated to be 
moderately effective in pain reduction when compared to 
placebo (Chou et al.  2007a ; Staiger et al.  2003 ; White et al. 
 2011  ) . As with neuropathic pain, SSRIs are not as effective 
as TCAs and offer no bene fi t over placebo. The effect of 
antidepressants on function is not clear (Staiger et al.  2003  ) . 
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Antidepressants can have signi fi cant side effects, including 
drowsiness, dry mouth, dizziness, and constipation. Some 
of these adverse events can be mitigated with low starting 
doses that are slowly titrated up for ef fi cacy. Due to the sed-
ative properties of TCAs, these drugs should be adminis-
tered at night and may in fact improve the sleep disturbance 
often associated with chronic back pain (Harman et al. 
 2002  ) .  

    15.3.2.6   Topical Treatments 
 Both topical NSAIDs and local anesthetics in the form of 
patches, creams, or gels are used to treat low back pain. 
Topical application of NSAIDs is attractive as it can theoreti-
cally reduce the adverse events associated with their systemic 
administration. It should be noted, however, that with all 
topical formulations, systemic NSAID absorption occurs to 
variable degrees and adverse effects have been documented 
(Zimmerman et al.  1995  ) . There is evidence to suggest that 
topical NSAIDs are effective for the treatment of musculosk-
eletal pain, although there is no evidence with regard to their 
ef fi cacy speci fi cally for acute or chronic back pain 
(Haroutiunian et al.  2010  ) . Adhesive local anesthetic lido-
caine patches are also often used to treat back pain. Again, 
their ef fi cacy is unknown. Thus, topical treatments should be 
used with discretion and caution as adjuvants to other treat-
ment modalities.   

    15.3.3   Injection Therapy 

 Therapeutic injections are often incorporated into back pain 
treatment regimens, particularly after less invasive methods, 
including exercise and oral medications, have failed. 
Injections can be directed at anatomic location both within 
and around the axial skeleton. Injection therapy should only 
be considered when a reasonable etiologic diagnosis has 
been made and should not be used for nonspeci fi c low back 
pain. 

    15.3.3.1   Epidural Corticosteroid Injections 
and Medial Branch Blocks 

 Injection of corticosteroid, often with local anesthetic, is com-
monly administered for treatment of acute and chronic spine 
pathology. The medication can be delivered via an interlami-
nar, caudal, or transforaminal approach, depending on the 
pathoanatomy and speci fi c patient symptoms. The potent 
anti-in fl ammatory effects of the corticosteroids  coupled with 
the analgesic effects of local anesthetics are thought to inter-
rupt the pain and spasm cycle as well as nociceptive transmis-
sion. Preclinical experiments suggest that corticosteroids can 
reduce cell membrane permeability, diminish neural peptide 
synthesis and neuronal discharge, and moderate sensitization 
of dorsal horn neurons (Byröd et al.  2000 ; Devor et al.  1985 ; 

Lee et al.  1998  ) . While specialized training is required for all 
epidural injections, caudal injection is the least technically 
demanding and has a lower risk of dural puncture when com-
pared to the other approaches. Transforaminal injections must 
be directed at speci fi c pathologies, while interlaminar injec-
tions can result in more broad distribution of medication. 
Fluoroscopy is routinely used to improve the accuracy of 
injection needle placement, although an improvement in 
ef fi cacy has not been proven (Chou et al.  2009a  ) . 

 The ef fi cacy of epidural corticosteroid injections has been 
the subject of multiple studies and reviews. In patients with 
back pain accompanied by radiculopathy, there is some, 
albeit weak, evidence to suggest the epidural corticosteroid 
injection provides short-term (up to 6 weeks) pain relief 
(Carette et al.  1997 ; Karppinen et al.  2001 ; Ng et al.  2005  ) . 
There is, however, no evidence that epidural corticosteroid 
injections are effective in patients with back pain  without  
radicular symptoms and they are, therefore, not a recom-
mended treatment option (Chou et al.  2009a,   b  ) . When    epi-
dural injection therapy is pursued, a series of two to three 
injections is often recommended. Generally, no more than 
three injections are administered over a 6–12-month period, 
and if there is no response to the  fi rst injection, there is some 
evidence to suggest that further injections within the acute 
period are unlikely to be of signi fi cant bene fi t (Arden et al. 
 2005  ) . Complications from epidural injections are rare; how-
ever, dural puncture, epidural hematoma, spinal cord injury, 
infection, and nerve damage have been reported (Chou et al. 
 2009a  ) .  

    15.3.3.2   Soft Tissue Injections 
 Injections for back pain outside of the spine, the most com-
mon being trigger point injections, are targeted at soft tissue 
structures believed to be signi fi cant pain generators. These 
treatments involve the injection of local anesthetic and/or 
corticosteroid into speci fi c myofascial trigger points, which 
are thought to result from irritable foci of taut muscle bands. 
Focal pressure on these points should produce a local twitch 
response with distally referred pain (Kraus and Fischer 
 1991  ) . This so-called myofascial syndrome generally 
responds to a regimen of exercise or manual therapy, with 
injections considered as an adjuvant. The evidence to sup-
port local trigger point injection therapy alone is weak, 
 showing short-term relief for subacute or chronic back pain 
(Chou et al.  2009a,   b  ) . However, some studies showed no 
difference when compared to placebo, and the addition of 
 corticosteroid to local anesthetic does not appear to exert a 
signi fi cant effect. Therefore, the number of intramuscular 
injections should be limited, as there is concern for develop-
ment of muscle damage, scar tissue, and altered function 
after multiple injections. 

 Injection of botulinum toxin A has been studied to treat 
chronic low back pain (Foster et al.  2001  ) . Results demonstrated 
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reduction in pain and patient reported disability in the short 
term, with cessation of bene fi ts after 3–4 months in 60 % of 
patients. 

 Prolotherapy utilizes injection of sclerosing agents into 
the back and pelvic ligaments. Studies on this controversial 
intervention have not shown any consistent bene fi t in the 
improvement of pain or disability (Chou et al.  2009a,   b  ) .  

    15.3.3.3   Facet Joint Injections 
 The facet joints are richly innervated synovial articulations 
that frequently develop osteoarthritic degenerative changes. 
These joints are thus implicated as signi fi cant pain generator 
in patients with low back pain, especially when symptoms 
are exacerbated by lumbar extension maneuvers. Intra-
articular facet injections as well as medial branch blocks and 
ablation are often incorporated into a back pain treatment 
strategy. However, despite their common use, there is no 
clear evidence as to their ef fi cacy. One systematic review 
found facet joint injections were associated with short-term 
improvement (Boswell et al.  2007  ) ; conversely, other reviews 
found no bene fi t when compared to placebo injection espe-
cially over the long term (Slipman et al.  2003 ; Staal et al. 
 2009  ) . Thus, facet joint-directed therapy is rarely indicated 
in cases of acute back pain. 

 The literature, with regard to medial branch block and 
ablations (also known as rhizotomy), is scant, although there 
may be some degree of short-term pain relief when treating 
chronic back pain (Leclaire et al.  2001 ; Niemistö et al.  2003 ; 
Slipman et al.  2003  ) .  

    15.3.3.4   Sacroiliac Joint Injections 
 The sacroiliac is generally not considered a primary pain 
generator in patients with low back pain; however, it can be 
a common area of referred pain (Fortin et al.  1994  ) . Based on 
history and physical examination, dif fi culties are experi-
enced in diagnosing sacroiliac joint dysfunction (Dreyfuss 
et al.  1996  ) , and it is thus regarded as a diagnosis of exclu-
sion after other sources of pain have been ruled out. When 
dysfunction is evident, diagnostic and therapeutic injections 
of corticosteroids and local anesthetics can be considered; 
however, there is no convicting evidence with regard to 
ef fi cacy (Chou et al.  2009a,   b  ) .   

    15.3.4   Physical Modalities 

    15.3.4.1   Manipulation 
 Spinal manipulation is among the most popular non-phar-
maceutical alternative treatments for low back pain (Carey 
et al.  1995  ) . Chiropractors, osteopaths, physical therapists, 
and other practitioners perform various types of manual 
therapy, which usually include a combination of massage 
and joint mobilization. Evidence with regard to the ef fi cacy 

of spinal manipulation is unclear, with contradictory 
 fi ndings in two recent systematic reviews (Assendelft et al. 
 2004 ; Bronfort et al.  2004  ) . There is some evidence to sug-
gest that spinal manipulation can provide short-term relief 
of acute low back pain. In cases of chronic low back pain, 
spinal manipulation has an effect comparable to that of 
NSAIDs and superior to placebo in the short term and an 
effect comparable to that of physical therapy in the long 
term. Ef fi cacy can likely be improved when spinal manipu-
lation is combined with other nonoperative treatment 
modalities including an exercise program, medication, and 
lifestyle changes, but this has not been rigorously 
documented. 

 If patients choose to pursue spinal manipulation therapy, 
de fi ned treatment goals should be established. If symptoms 
do abate, there is no evidence to suggest a need for ongoing 
“maintenance” therapy. However, if back pain persists or if 
radicular symptoms develop, treatment should be discontin-
ued and the patient should be reassessed. The risk of 
signi fi cant injury with manipulation in the alert patient with-
out signi fi cant spinal stenosis is considered to be low. 
However, manipulation under general anesthesia is thought 
to carry signi fi cant risk of injury (Koes et al.  1996  ) . 
Manipulation is contraindicated in patients with progressive 
neurologic de fi cits.  

    15.3.4.2   Traction 
 Another physical treatment modality often sought by patients 
for relief of both radicular and non-radicular back pain is 
spinal traction. Traction is thought to distract the disc space 
and widen the neural foramen. In order to achieve distrac-
tion, the traction force must be suf fi cient to overcome muscle 
contraction, ligamentous resistance, and friction from the 
table surface and machinery and is estimated to be 35–50 % 
of total body weight (Beurskens et al.  1997  ) . Based on sev-
eral published reviews of the literature, there is currently no 
evidence that traction is an effective treatment for low back 
pain (Beurskens et al.  1997 ; Borman et al.  2003 ; Malanga 
and Nadler  1999 ; van der Heijden et al.  1995 ; van Middelkoop 
et al.  2011  ) .  

    15.3.4.3   Acupuncture 
 Acupuncture is a traditional Chinese medicine technique, 
which has been practiced for over 2,000 years and has gained 
popularity in the Western world. Acupuncture is used to 
treat a wide variety of ailments and involves insertion and 
 manipulation of thin, solid metal needles at speci fi c points 
throughout the body. It has been dif fi cult to produce high-
quality evidence with regard to the ef fi cacy of acupuncture 
as the treatment involves close patient-practitioner interac-
tion, which may have a positive effect in and of itself, and 
the historical lack of an appropriate sham procedure to serve 
as a control (Madsen et al.  2009  ) . There is currently no 
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strong evidence to support the use of acupuncture for acute 
low back pain. For chronic low back pain, there is evidence 
from a systematic review of the literature to suggest that it 
can provide some degree of pain relief and improvement in 
function in the short term (Furlan et al.  2005  ) . In the same 
review, it is suggested that acupuncture has a small effect in 
improving outcomes as an adjunct to conventional therapies. 
Acupuncture is therefore not generally recommended as a 
 fi rst-line treatment for back pain, but is often considered as 
a part of a comprehensive chronic pain management 
program.  

    15.3.4.4   Transcutaneous Electrical 
Nerve Stimulation 

 Transcutaneous electrical nerve stimulation therapy 
applies electrical stimulation to the skin in an effort to 
achieve pain relief. The common high-frequency (>50 Hz) 
low-intensity stimulation results in sensory stimulation 
without motor  contraction and is thought to disturb neural 
pathway  conduction and thus modulate pain. There is no 
convincing evidence that transcutaneous electrical nerve 
stimulation therapy provides signi fi cant relief of acute or 
chronic low back pain; however, there is a lack of high-
quality investigations on the subject (van Middelkoop 
et al.  2011  ) .  

    15.3.4.5   Other Modalities 
 Cold packs, super fi cial heat, short-wave diathermy, massage, 
and ultrasound are often part of physical therapy and chiro-
practic treatment. Further, many patients use cold or heat to 
relieve symptoms. The choice between the two depends on 
the stage of injury. Cold provides pain relief and reduces the 
in fl ammatory response following an acute injury by vaso-
constriction. Heat relaxes muscles and improves tolerance to 
exercise, and may be a reasonable modality when the acute 
phase is over. Apart from the short-term relief, there is no 
documented value to the use of these modalities. 

 Magnets have been used for centuries to “cure” a variety 
of ailments, including back pain. Magnets sold for pain are 
weak and have no effect on circulation or tissue temperature. 
Controlled trials have found no bene fi t of magnet therapy for 
chronic low back pain (Collacott et al.  2000  ) .  

    15.3.4.6   Orthoses 
 There is no evidence to support the effectiveness of orthoses 
in the treatment of acute and chronic low back pain (Million 
et al.  1981  ) . There is some, but quite weak, evidence that 
they may decrease absence in the workplace (van Poppel 
et al.  1997,   1998 ; Walsh and Schwartz  1990  ) . The mecha-
nism of action of orthoses is debated because they do not 
improve lumbosacral biomechanics or enhance dynamic 
lifting capacity. Their effectiveness may be attributed to their 

capacity as proprioceptive reminders to use correct spine 
mechanics during lifting and bending activities (Reyna et al. 
 1995 ; Woodhouse et al.  1995  ) .    

    15.4   Future Directions 

 The pathologic changes associated with intervertebral disc 
degeneration are well described. With aging, there is a reduc-
tion in disc cell concentration and an imbalance in extracel-
lular matrix homeostasis resulting in molecular and 
biomechanical alteration in intervertebral disc structure and 
function. The precise mechanism linking these changes to 
symptomatic back pain remains elusive. Present research 
hopes to better delineate the link between pathology and 
symptoms, thus leading to more accurate diagnoses and 
treatments. The eventual goal of this research is to allow for 
a paradigm shift to more biological and mechanistic treat-
ment strategies for discogenic pain that are less invasive, yet 
more effective than current regimens. Biological treatment 
strategies involve the application of three principal compo-
nents: application of therapeutic  molecules, delivery of cells 
to repopulate the disc, and supplementation of the matrix 
(Yoon  2005  ) .  

    15.5   Summary of Critical Concepts Discussed 
in the Chapter 

    The most common etiologies can be broadly categorized • 
as neural, muscular, osseous, facet related, and disc related 
and have been the subject of much debate.  
  Back pain is an extremely common public health prob-• 
lem, with a relatively benign natural history.  
  After a thorough physical examination and imaging stud-• 
ies, education, activity modi fi cation, behavioral therapy, 
and exercise therapy may help the patients recover.  
  Medications include analgesics, anti-in fl ammatories, mus-• 
cle relaxants, antidepressants, and topical remedies.  
  Steroids injected into the epidural space, facet joints, soft • 
tissues, and sacroiliac joints may help to alleviate symp-
toms and promote recovery.  
  Physical modalities that are commonly used such as • 
manipulations, traction, orthoses, acupuncture, and trans-
cutaneous electrical nerve stimulation (TENS) have lim-
ited value in treating back pain.  
  Investments in research may result in a new generation of • 
biological nonoperative therapies to provide reliable, safe, 
and ef fi cacious relief of spinal pain.            
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             16.1   Introduction and Overview 

 Back pain or lower back pain (LBP) still remains a contro-
versy, with an apparent lack of understanding of the basic 
genetic and pathophysiologic mechanisms that predispose 
patients to this common disabling condition. It has been esti-
mated that LBP affects up to about 80 % of all people during 
their lifetime (Andersson  1995,   1999  ) . At a given moment, 
approximately 30 % of the American population suffer from 
LBP (Frank et al.  1996  ) . LBP thus affects many individuals 
and is a major societal cost in terms of inability to work, 
medical treatment, and rehabilitation. In the USA, the total 
cost was estimated to $50 billion in 1991 (Frymoyer and 
Cats-Baril  1991  )  and in Sweden in 1995, with a population 
of eight million people, to SEK 29.4 billion (approx. US $5 
billion) (Nachemson and Jonsson  2000  ) . Low back pain usu-
ally has a good prognosis, and most people are able to return 
to work within a limited period of time, although about 20 % 
may have recurring problems within 6 months (Cassidy et al. 
 2005  ) . Also, a considerable number of individuals may suf-
fer from long-lasting low back pain. Because of the lack of 
knowledge of the underlying causes for back pain and sciat-
ica, it is dif fi cult to de fi ne speci fi c treatment modalities. 

 Based on these facts, numerous studies and theories have 
been presented regarding a possible cause of LBP. One point 
that is often overlooked is that LBP is not a speci fi c medical 
condition with a precise pathogenesis. Instead, it should be 
looked upon as a mere symptom, like headache of fever, with 
a variety of potential causes. However, one speci fi c mecha-
nism that has attracted much attention in recent years has 
been linked to so-called disc degeneration. 

 Degeneration of the intervertebral as a clinical entity was 
 fi rst described in the 1940s (Epps  1942 ; Friberg  1948 ; Friberg 
and Hirsch  1949 ; Olsen  1950 ; Alvik  1950  ) , and at the same 
time suggestions were made that the intervertebral disc could 
be a source of back pain (Lindblom  1948  ) . Since then, con-
siderable effort and time has been devoted to establishing 
speci fi c pathophysiological mechanisms, which could then 
be used to treat disc degeneration. This has, unfortunately, 
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not been entirely successful. The purpose of this chapter is to 
try to review the rationale and mechanism by which disc 
degeneration might produce LBP and to brie fl y discuss treat-
ment strategies that might be used to address this problem.  

    16.2   De fi nitions 

 To form a rational basis for the ensuing discussion, the fol-
lowing de fi nitions will be used:

   Pain is derived from the Latin word  poena  meaning “ fi ne” 
or “penalty.” It is de fi ned as “a more or less localized sen-
sation of discomfort, distress, or agony, resulting from the 
stimulation of specialized nerve endings” (Newman 
Dorland  2007  ) . In other words, to experience pain, there 
is a need for transmission of a stimulus from nerve end-
ings or receptors; alternatively, pain is set up by pathophys-
iologic processes in the axons that are then interpreted as 
pain stimulus by the central nervous system (neuropathic 
pain).  
  Degeneration in turn is derived from the Latin word 
 degeneratio  which implies “change from a higher form to 
a lower form; especially change of a tissue to a less func-
tionally active form” (Newman Dorland  2007  ) . This may 
be interpreted as the result of injury or disease but may 
also apply to the normal aging process.     

    16.3   Controversies 

 The  fi rst controversy relates to the disc itself: can the disc per 
se elicit pain? According to the de fi nition of pain, since 
nerves must mediate the pain, a tissue producing pain should 
be innervated. As will be discussed here and in other chap-
ters of the book, the innervation of the intervertebral disc is 
sparse and normally restricted to the most super fi cial layers 
of the annulus  fi brosus. 

 The second controversy concerns what is generally called 
“disc degeneration” – it begs the question: is it really a 
pathophysiologic process? Since the intervertebral discs of 
most individuals exhibit various degrees of “degeneration” 
and not all experience LBP, it is questioned whether the label 
“degeneration” is consistent with its pathophysiologic status. 
It seems even less appropriate to term such changes in the 
structure of the intervertebral discs as degenerative disc dis-
ease, which undoubtedly lends a pathophysiological status to 
something that might simply re fl ect normal aging. It must, 
however, be noted that for 95 % of LBP cases, no speci fi c 
cause can be found other than exhibiting a radiologic image 
that suggests rightfully or not that the pain is associated with 
degenerative disc disease. Probably, with age, the degenera-
tive changes are such that it might possibly be possible to 
distinguish normal from those associated with pathology. 

Nevertheless, irrespective of the cause, the term “degenera-
tion” will be used throughout this chapter regarding changes 
in the intervertebral discs.  

    16.4   The Basis of Pain: Innervation 
of the Intervertebral Disc 

 The innervation of the lumbar intervertebral discs has been 
studied in detail for many years. The consensus of studies 
dating back to the early 1930s has been that there are free 
nerve endings and mechanoreceptors in the super fi cial layers 
of the annulus  fi brosus and in the posterior longitudinal liga-
ment (Jung and Brunschwig  1932 ; Roofe  1940 ; Ehrenhaft 
 1943 ; Bogduk et al.  1981 ; Bogduk  1983 ; Malinsky  1959 ; 
Roberts et al.  1995 ; Cavanaugh et al.  1997 ; Palmgren et al. 
 1999 ; Fagan et al.  2003  )  (Fig.  16.1 ). There are two conjoin-
ing nerve plexuses that innervate the anterior and the poste-
rior aspect of the intervertebral disc, respectively, in an 
overlapping manner (Pedersen et al.  1956 ; Edgar and 
Ghadially  1976 ; Bogduk  1983 ; Weinstein et al.  1988 ; Groen 
et al.  1988  ) . Innervation to the posterior aspect of the disc is 
mainly provided by the sinuvertebral nerve also known as 
the nerve of “Luschka”; this nerve penetrates the neurofora-
men and supplies the epidural tissues (Luschka  1850  ) . The 
sinuvertebral nerve was initially thought to innervate only 
the posterior annulus of the intervertebral disc and the poste-
rior longitudinal ligament, but later studies have demon-
strated that there are multiple branches, both ascending and 
descending, that innervate other structures such as the facet 
joints (Bogduk and Long  1979 ; Giles and Taylor  1987 ; 
McLain  1993 ; Masini et al.  2005 ; Takahashi et al.  2010  )  and 
the vertebral end plate (Brown et al.  1997 ; Fagan et al.  2003 ; 
Ohtori et al.  2006 ; Bailey et al.  2011 ; Bogduk et al.  1981  )  
and that they overlap within the epidural space (Pedersen 
et al.  1956 ; Edgar and Ghadially  1976 ; Bogduk et al.  1981 ; 
Groen et al.  1988  ) . Also, in addition to a pure somatosensory 
innervation, the intervertebral disc has been found to be 
innervated by autonomic nerve  fi bers (Nakamura et al.  1996 ; 
Yamada et al.  2001 ; van Roy et al.  2001 ; Raoul et al.  2003 ; 
Takebayashi et al.  2006 ; Garcia-Cosamalon et al.  2010  ) .  

 The overall con fl ict with the hypothesis that changes in 
the intervertebral disc would transmit pain to the central ner-
vous system is the observation that the innervation is located 
only in the super fi cial layers of the annulus  fi brosus (Malinsky 
 1959 ; Hirsch et al.  1963 ; Groen et al.  1988 ; Ashton et al. 
 1994 ; Roberts et al.  1995 ; Palmgren et al.  1999 ; Fagan et al. 
 2003  ) . This is the case in normal nondegenerated discs. On 
the other hand, degenerated disc specimens exhibit ingrowths 
of newly sprouted nerves into the deeper portions of the disc. 
However, this study was performed mainly on the anterior 
portion of the intervertebral disc, and ingrowths were only 
demonstrated in the inner part of the annulus  fi brosus and, in 
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  Fig. 16.1    Schematic representation of the innervation of normal ( top ) 
and degenerated ( bottom ) intervertebral discs (IVDs), as well as the 
origin of sensory nerve  fi bers that innervate them. In the normal IVD, 
innervation is restricted to the outer layers of the annulus  fi brosus ( AF ) 
and consists of small nerve  fi bers ( red  and  green ) and some large  fi bers 
forming mechanoreceptors ( brown ). In the degenerated IVD, nerve 
 fi bers are increased in number, and they enter the inner layers of the AF 
and even the nucleus pulposus ( NP ). Furthermore, in these conditions, 
the density of mechanoreceptors in the super fi cial layers of IVDs is 
increased. Dorsal root ganglions (DRGs) contain different types of sen-
sory neurons that project to the IVD and to the dorsal horn of the spinal 
cord (DH of SC). Thin myelinated Ad  fi bers and unmyelinated C  fi bers 
arise from small neurons ( red  and  green ), which, in the spinal cord, 
synapse in laminas I and II and mediate nociception. The myelinated 
Ab  fi bers ( brown ) arise from intermediate neurons; at the periphery, 
they form slowly and rapidly adapting low-threshold mechanoreceptors 
and synapse in laminas III and IV in the dorsal horn of the spinal cord; 

they mediate sensations of touch, pressure, and vibration. Most of the 
sensory nerve  fi bers innervating the IVD are Ad or C  fi bers. They origi-
nate from small peptidergic neurons expressing TrkA⁄TrkB (the recep-
tor for nerve growth factor/brain-derived neurotrophic factor,  red ) or 
non-peptidergic neurons expressing the common signaling receptor for 
glial cell-derived neurotrophic factor family of neurotrophic factors 
(Ret) ( red ). Neurons in DRGs can be differentiated based on their pat-
tern of expression of receptors for neurotrophic factors, pattern of 
expression of different ion channels primarily of the degenerin⁄epithelial 
sodium channels (DEG⁄ENaCs) (ENaCa, ENaCb, and ENaCc), acid-
sensing ion channel (ASIC) (ASIC1, ASIC2, and ASIC3) and transient 
receptor potential (TRP) (TRPA1, TRPC1, TRPC6, and TRPV1–4) 
families, and peptide content.  CGRP  calcitonin gene-related peptide, 
 GFRa1 and GFRa3  glial cell line-derived neurotrophic receptor sub-
types a1 and a3,  P2X3  ATP-gated ion channel subtype P2X3,  SP  sub-
stance P,  TMP  thiamine monophosphatase,  VR1  vanilloid receptor 
subtype 1 (Modi fi ed from Garcia-Cosamalon et al.  (  2010  ) )       
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some cases, possibly extending into the nucleus pulposus 
(Yoshizawa et al.  1980 ; Ashton et al.  1994 ; Coppes et al. 
 1997 ; Freemont et al.  1997 ; Johnson et al.  2001  ) . A later 
study acknowledged that the posterior region of the disc 
might be more relevant, and indeed an ingrowth of nerves 
positive for substance P and VIP was noted extending to the 
outer part of the nucleus pulposus (Peng et al.  2005  ) . Since 
this ingrowth was always present when there was granulation 
tissue and annular  fi ssures, the authors concluded that the 
zone of granulation may be responsible for discogenic pain 
due to neo-innervation of the disc and possibly a cause of 
pain from discography (Peng et al.  2005  ) . It was also recently 
demonstrated that when autologous nucleus pulposus tissue 
fragments were placed subcutaneously in pigs, there is an 
ingrowth of newly formed nerves and blood vessels. In con-
trast, similar ingrowth were not seen when disc tissue was 
placed in retroperitoneal fat. It was also observed that 
cytokine inhibitors reduced this ingrowth (Olmarker  2005  ) . 
It has also been suggested that bFGF and TGF- b 1 as well as 
macrophages and mast cells are involved in the ingrowth of 
nerves and blood vessels into the intervertebral disc and that 
this phenomenon is related to the injury repair of the annulus 
 fi brosus (Peng et al.  2006a  ) . 

 Semaphorin is an axonal guidance molecule that serves to 
repel axonal growth (Rohm et al.  2000 ; Nakamura et al. 
 2000 ; Liu and Strittmatter  2001  ) . Recently, it was found that 
this molecule is present in the healthy intervertebral disc, 
mainly in the outer annulus (Tolofari et al.  2010  ) , where it 
presumably could prevent axonal ingrowth. Even more inter-
esting is that the same authors found that the levels of sema-
phorin are lowered in degenerate discs, which would then 
enhance neo-innervation (Tolofari et al.  2010  ) . Recently, it 
was suggested that neurotrophins family members were 
involved in the ingrowth of nerves into the central part of the 
intervertebral discs (Purmessur et al.  2008 ; Garcia-Cosamalon 
et al.  2010  ) . In the human, this family comprises NGF, 
BDNF, NT-3, and NT-4/5 (Ebendal  1992 ; Barbacid  1995 ; 
Lessmann  1998  ) . The neurotrophins regulate cell prolifera-
tion and differentiation via the Trk family of receptor tyrosine 
kinase and via p75-NTR (Dechant and Barde  1997 ; Lu et al. 
 2005 ; Skaper  2008  ) . Since the neurotrophins seem to be 
expressed at higher levels in degenerate than in nondegener-
ate discs, it may be assumed that they may facilitate ingrowth 
of new nerve  fi bers into the deeper parts of the intervertebral 
disc during the degeneration process (Freemont et al.  2002  ) . 
In summary, based on existing knowledge, there is indeed 
reason to assume that there is neo-innervation and neovascu-
larization of the annulus  fi brosus and nucleus pulposus and 
that such ingrowth relates to the presence of bioactive sub-
stances generated during repair following annular  fi ssures. 

 Although there may be neo-innervation of injured inter-
vertebral discs, the function and properties of such newly 
formed nerves are not known (Fig.  16.1 ). The normal 

 innervation of the disc comprises a mixture of  fi bers that are 
nociceptive, related to mechanoreceptors, and sympathetic 
in nature (reviewed in Garcia-Cosamalón) (Garcia-
Cosamalon et al.  2010  ) . In this regard, the disc nerve  fi bers 
are positive for PGP 9.5, substance P, calcitonin gene-related 
peptide (CGRP), acetylcholinesterase, vasoactive intestinal 
peptide (VIP), neuropeptide Y, C- fl anking peptide, and syn-
aptophysin (Garcia-Cosamalon et al.  2010  ) . Interestingly, 
following degenerate disc injury and repair, the nerve  fi bers 
that penetrate deep into the annulus  fi brosus, and later even 
further, appear to exhibit a similar distribution of  fi ber types 
(Takahashi et al.  2009  ) . As neo-innervation and the neovas-
cularization occur in parallel, it has been suggested that 
newly formed nerve  fi bers are mainly vasoregulatory in func-
tion (Freemont et al.  1997,   2002 ; Johnson et al.  2001,   2007  ) . 
However, nerve endings not related anatomically to newly 
formed vessels have also been identi fi ed (Ashton et al.  1994  ) . 
In addition, since the peptide content of the nerve  fi bers 
found in degenerate intervertebral discs includes those 
related to pain transmission and since the nerves related to 
blood vessels seem to be of sympathetic origin (Yamada 
et al.  2001  ) , the possibility exists that there are nerve  fi bers 
that may be involved in nociception. 

 Based on what was considered above, it begs the ques-
tion: are nerve  fi bers with peptides related to nociception 
activated in the center of the intervertebral disc, or is their 
presence merely accidental and that they are dormant? Most 
innervation studies of intervertebral discs have reported the 
presence of “nerve endings” or axons (McCarthy et al.  1991 ; 
Palmgren et al.  1999 ; Fagan et al.  2003 ; Aoki et al.  2004  ) , 
and the only receptor types are mechanoreceptors (Roberts 
et al.  1995 ; Dimitroulias et al.  2010 ; Cavanaugh et al.  1995  ) . 
The receptors are always found in the super fi cial layers of 
the annulus (Roberts et al.  1995 ; Cavanaugh et al.  1995  ) . 
However, it is questionable if the mechanoreceptors could 
produce pain; thus, induced pain is probably related to direct 
effects on axons or so-called free nerve endings in the inter-
vertebral disc. 

 It is known that during degeneration of the nucleus pulpo-
sus there are a number of biochemical changes. One such 
change is the accumulation of metabolites such as lactate and 
the concomitant pH decrease (Diamant et al.  1968 ; 
Nachemson  1969 ; Buckwalter  1995 ; Bartels et al.  1998 ; 
Keshari et al.  2008 ; Rajasekaran et al.  2010  ) . Accordingly, 
pain could be due to chemical excitation of adjacent nerve 
 fi bers. Similarly, the increased expression of various bioac-
tive substances, such as members of the neurotrophin family, 
may activate pain receptors (Freemont et al.  2002 ; Purmessur 
et al.  2008 ; Sugiura et al.  2008 ; Garcia-Cosamalon et al. 
 2010 ; Orita et al.  2011  ) . Biomechanical instability of the 
motion segment may lead to excess mobility of the degener-
ated intervertebral disc. Likewise, it has been suggested that 
such mobility may actively induce signaling in newly formed 
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nerve  fi bers in the deeper parts of the intervertebral disc, 
another plausible cause for “disc-triggered” pain (Morgan 
and King  1957 ; Kirkaldy-Willis and Farfan  1982 ; Pope and 
Panjabi  1985 ; Bradford  1994 ; Kim et al.  2005  ) . Finally, 
injured axons are known to be stimulated by the nerve sig-
nals from adjacent axons, so-called cross-excitation 
(Rasminsky  1987 ; Lisney and Devor  1987 ; Devor and Wall 
 1990 ; Amir and Devor  1992  ) . Injury can cause a myelin 
defect due to the loss of its electro-isolating properties: an 
electrical phenomenon in which nerve impulses in one axons 
cause an impulse in adjacent axons. Such arti fi cial “ectopic” 
impulses may be interpreted as pain by the central nervous 
system, regardless of the axon that originally transmits prop-
rioceptive, temperature, or pressure information (Burchiel 
 1984 ; Zimmermann  1984 ; Devor  1991,   2006 ; Han et al. 
 2000 ; Costigan et al.  2009  ) . Whether this occurs in the inter-
vertebral disc seems unlikely due to its sparse innervation. 

 In summary, in recent years, knowledge of intervertebral 
discs innervation has increased tremendously, and the possi-
bility exists that there is “disc-triggered” or “discogenic” 
pain. However, pain mechanisms still need to be demon-
strated convincingly before any conclusions can be drawn as 
to its clinical relevance.  

    16.5   Degeneration of the Intervertebral 
Disc: A Normal Aging Process? 

 The intervertebral discs are usually referred to as the largest 
avascular structures of the human body (Holm et al.  1982 ; 
Horner and Urban  2001 ; Roberts  2002 ; Grunhagen et al. 
 2011  ) . The nutrition of the cells of the discs, mainly located 
in the nucleus pulposus, is mainly provided by diffusion 
from the vertebral end plates. Accordingly, if the nutritional 
supply becomes insuf fi cient, the nucleus pulposus may 
undergo changes that may be referred to as age-related or 
degenerative. This process may be initiated as early as the 
second decade of life, and its frequency will increase with 
increasing age (Takatalo et al.  2009 ; Samartzis et al.  2011  ) . 
There are reports that 40 % of individuals aged 30 years, 
53 in the age group 30–55 years, and 90 % aged 50–55 years 
exhibit degeneration of one or more discs (Kanayama et al. 
 2009 ; Cheung et al.  2009  ) . Degeneration would be expected 
to lead to changes in the biochemical composition of the disc 
as well as changes in its mechanical properties. The nucleus 
pulposus will be more  lique fi ed,  and there may also be a 
weakening of the containing structure, the annulus  fi brosus. 
Eventually, the disc will form a more solid and organized 
structure, which is also usually associated with a reduction 
of the disc height (Burton et al.  1996 ; Benneker et al.  2005 ; 
Inoue and Espinoza Orias  2011  ) . During the transition from 
a young healthy disc to the more  solid  state, there is risk of 
leakage of the lique fi ed nucleus pulposus with its bioactive 

components through  fi ssures in the weakened annulus 
 fi brosus into the spinal canal. Similar leakage may also occur 
on the ventral aspect of the disc and also through the verte-
bral end plates into the adjacent vertebral bodies (nodes of 
Schmorl) (Schmorl  1929  ) . What is not known is whether 
these variants of leakage/herniation produce clinical symp-
toms (Sward et al.  1990 ; Takahashi et al.  1995 ; Zhang et al. 
 2010  ) . More importantly, the question remains, should these 
changes in disc structure be considered as normal aging, or 
should they be described as a degenerative process? 

 As discussed previously, the term degeneration may be 
related to the aging process, and hence, the pathophysiologi-
cal connotation cannot be ignored. Indeed, if the aging pro-
cesses are shown to induce pain, it might rightfully be termed 
degeneration. However, signs of spinal pathology, including 
so-called disc degeneration, are often encountered in asymp-
tomatic individuals (Boden et al.  1990 ; Jensen et al.  1994 ; 
Boos et al.  1995 ; Stadnik et al.  1998  ) . In this regard, it might 
be more appropriate to talk about normal and pathological/
symptomatic disc aging instead of degeneration. It is thus 
still not evident how to apply a proper de fi nition to this state. 
However, according to this author, the term degeneration 
may be unfortunate and misleading, particularly in persons 
without any symptoms.  

    16.6   LBP and Disc Degeneration 
in Clinical Studies 

 The literature suggests that there is a strong correlation 
between degenerative disc changes and LBP (Lindblom 
 1948 ; Kelsey and White  1980 ; Lutz et al.  2003 ; Chou et al. 
 2011  ) . However, since no causal link has been con fi rmed and 
since a majority of non-symptomatic patients have degenera-
tive disc changes, a causal relationship may be unlikely. This 
is analogous to the recent discussion on the relationship 
between Modic-type changes in the vertebrae and LBP. 
Similar to disc degeneration, there is a correlation between 
Modic changes and low back clinical pain (Braithwaite et al. 
 1998 ; Kjaer et al.  2005 ; Jensen et al.  2008 ; Thompson et al. 
 2009  ) . Again, there is no established causal pathophysiologi-
cal link. One must therefore consider that there may be a 
transferred statistical signi fi cance, i.e., the Modic changes 
and low back pain may coexist and have a common patho-
genic source but no peer relationship. One such pathogenetic 
factor might be disc injury. For example, it is known that 
osteoarthritis in the knee joint may result in changes, fairly 
similar to the Modic changes, in the femur and that these 
changes/erosions are considered to be strong indicators of 
knee cartilage injury (Alexander  1960 ; Rose and Cockshott 
 1982 ; Pattrick et al.  1993  ) . As will be discussed later, disc 
injury with annular tears and leakage of  lique fi ed  nucleus 
pulposus tissue to the super fi cial and innervated part of the 
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annulus  fi brosus could be one cause of low back pain. In this 
regard, disc injury would be the “common denominator,” and 
an apparent statistical relationship would exist although 
Modic changes and low back pain merely coexist with no 
pathophysiologic link. The same phenomenon may be 
applied to the relationship between disc degeneration and 
LBP. Since no causal link has been established, there may be 
another “common denominator” perhaps in this case, sec-
ondary to changes in the intervertebral disc.     

    16.7   Secondary Changes of Disc 
Degeneration That May Induce Pain 

 About 80 % of the population worldwide will experience 
LBP sometime during their lifetime (Andersson  1995,   1999  ) . 
However, in only a minority of cases, a de fi nitive clinical 
diagnosis such as vertebral fracture, infection, or tumor will 
be established (Staiger et al.  1999 ; Goupille et al.  2000 ; 
Della-Giustina and Kilcline  2000 ; Henschke et al.  2009  ) . 
The remaining 95 % will therefore be termed idiopathic. 
Most likely, there may be one or more speci fi c mechanisms 
that may be hidden within these 95 % that have yet to be 
discovered. Although events occurring within the disc might 
theoretically induce LBP (discogenic LBP), the degenera-
tion of the intervertebral disc may also cause secondary 
changes that could be overlooked. 

 One such effect is the subsequent reduction of the disc 
height during the degeneration process. A consequence of this 
lowered height is that there may be malpositioning of the facet 
joints (Ghomley  1993 ; Eisenstein and Parry  1987 ; Mooney and 
Robertson  1976  ) . Theoretically such a change could lead to 
cartilage injury and damage to the capsule facet joint (Fujiwara 
et al.  2000a,   b ; Kong et al.  2009  ) . It is known that the facet 
joints are richly innervated (Bogduk and Long  1979 ; Bogduk 
 1983  ) , and attempts have been made to treat facet-joint-related 
problems with local injections of anesthetics (Carrera  1980 ; 
Manchikanti et al.  2007,   2008  ) . However, it is likely that 
osteoarthritis of these joints and the ensuing production of 
in fl ammatory agents that can leak through the injured joint 
capsule could serve to irritate and stimulate intraspinal nervous 
structures including the nerve root and nerve endings on the 
posterior aspect of the intervertebral disc (Hasue  1993 ; 
Willburger and Wittenberg  1994 ; Igarashi et al.  2004  ) . 

  Box 16.1 Modic Changes 

 The so-called Modic changes were  fi rst described by 
Michael Modic and collaborators in 1988 (Modic et al. 
1998). Magnetic resonance images of vertebral body 
changes were reviewed of 474 patients. It was found 
that 4 % of the patients had decreased signal intensity 
on T1-weighted spin-echo images and increased signal 
intensity on T2-weighted images, a  fi nding that was 
given the grade 1. In 16 % of the patients, there was 
increased signal intensity on T1-weighted images and 
isointense or slightly increased signal intensity on 
T2-weighted images, which was graded as 2. A third 
grade was added later and is de fi ned as bone scar tis-
sue. The authors concluded, “These signal intensity 
changes appear to re fl ect a spectrum of vertebral body 
marrow changes associated with degenerative disk dis-
ease.” Today it is known that these changes closely 
correlates to low back pain (Braithwaite et al. 1998; 
Kjaer et al. 2005; Jensen et al. 2008; Thompson et al. 
2009). However, no causal pathophysiological expla-
nation has been found. It is therefore a possibility that 
there might be a transferred statistical signi fi cance, 
i.e., the Modic changes and low back pain may coexist 
but have a common pathogenic source and no peer 
relationship. One such likely source might be disc 
injury. It is known that there is an increased incidence 
of Modic changes in patients with disc herniations 
(Albert and Manniche 2007). If the Modic changes 
might be responsible for low back pain or not is thus 
debatable, but it seems plausible that these changes 
may serve as an indicator of disc injury. 
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 Another striking feature of the degenerative changes of 
the intervertebral discs is the formation of annular tears or 
 fi ssures (Hilton et al.  1980 ; Videman and Nurminen  2004 ; 
Ross et al.  1989 ; Osti et al.  1992  ) . Such  fi ssures may allow 
leakage of the degenerated and partly “lique fi ed” nucleus 
pulposus (Stadnik et al.  1998 ; Saifuddin et al.  1999 ; Derby 
et al.  2005 ; Peng et al.  2006b  ) . Biologic product from the 
degenerative nucleus pulposus could diffuse to the outer 
annulus  fi brosus or even the spinal canal. MRI analysis has 
shown that a zone of increased in fl ammatory activity, the 
high-intensity zone (HIZ), exists in the super fi cial regions of 
the annulus (Schellhas et al.  1996 ; Peng et al.  2006b ; Carragee 
et al.  2000  ) . This zone is associated with LBP although it 
may also be found in asymptomatic patients (Weishaupt 
et al.  1998 ; Stadnik et al.  1998 ; Carragee et al.  2000 ; Wang 
et al.  2008  ) . 

 It is known that nerve endings and mechanoreceptors 
exist on the posterior aspect of the annulus  fi brosus; while 
these are normally dormant, they can be activated by 
in fl ammatory stimuli (Rang et al.  1991 ; Dray  1995 ; 
Ozaktay et al.  1994 ; Cavanaugh  1995 ; Coutaux et al. 
 2005  ) . It is therefore reasonable to assume that biologi-
cally active substances released from the degenerating 
nucleus pulposus may activate cognate receptors by diffus-
ing into the spinal canal through the annular  fi ssures. One 
diagnostic approach for assessing symptomatic interverte-
bral discs is through discography, a procedure in which a 
 fl uid is injected under pressure into the center of the disc to 
provoke pain (Moneta et al.  1994 ; Schellhas et al.  1996 ; 
Carragee  2000 ; Stout  2010  ) . Possibly, the pain is not 
related to activation of newly formed nerves within 
the intervertebral disc, but to a washout of bioactive sub-
stances into the spinal canal and the innervated structures 
including the disc, the longitudinal ligament, and facet-
joint capsules. 

 In a pioneering study, in patients undergoing surgery for 
disc herniation under local, progressive anesthesia, Kuslich 
and colleagues stimulated various parts of the spinal com-
plex (Kuslich et al.  1991  ) . They found that stimulation of a 
nerve root did not generate pain, whereas mechanical stimu-
lation of the nerve root adjacent to the herniated disc pro-
duced a radiating pain out into the lower limb, similar to 
sciatic pain. The most interesting observation, however, was 
that stimulation of the posterior part of the annulus  fi brosus 
produced pain in the lower back, similar to LBP. The authors 
concluded that the posterior annulus  fi brosus was “the site of 
back pain” (Kuslich et al.  1991  ) . There is thus compelling 
evidence that activation of nociceptive nerve endings or 
receptors in the posterior aspect of the annulus  fi brosus 
(Weber et al.  2006  )  may produce pain in the lower back; this 
 fi nding may be due to the release of agents from the nucleus 
pulposus during discography and also possibly at non- 
provoked sites (Fig.  16.2 ).  

 Our group studied whether application of nucleus pul-
posus samples to the super fi cial annulus  fi brosus might 
induce LBP in rodents. As discussed in Chap.   18    , assess-
ment of LBP in an animal model is a signi fi cant challenge. 
While alterations in speci fi c nerves activity may be 
assessed by neurophysiologic recordings, pain itself is 
dependent on its interpretation by the central nervous sys-
tem. In animals, there is a limitation in available experi-
mental methodologies to assess whether the transmitted 
signals are perceived as pain. Methods that can be used 
for assessing pain is through functional MRI (Hsu et al. 
 1998 ; Weber et al.  2006 ; Adamczak et al.  2010  )  (see 
Chap.   12    ); another approach is to study behavioral changes 
(Kawakami et al.  1994 ; Abbott et al.  1995 ; Olmarker and 
Myers  1998  ) . 

 In rodents, we have assessed spontaneous behavioral 
changes following experimental disc herniation (Olmarker 
et al.  2002 ). In contrast to most other assessment modalities, 
spontaneous behavior analysis, which has been used to eval-
uate psychological parameters (Wuttke and Hoffmeister 
 1968 ; Monti and Carlini  1975 ; Rodriquez-Enchandia et al. 
 1986 ; Garcia-Cabrera and Berge  1990  ) , examines an ani-
mal’s instinctive involuntary activities. Despite the high vari-
ation in behavior between animals, changes in spontaneous 
behavior may reveal discomfort or irritation that is not easily 
obtained by other behavior modalities. In collaboration with 
the Department of Physiology, University of Bergen, Norway, 
spontaneous behavior assessment was adapted to study 
changes following experimental disc herniation. Procedures 
used included disc puncture with transfer of the nucleus pul-
posus tissue to, and a slight mechanical deformation of, the 
adjacent nerve root (Olmarker and Myers  1998 ; Olmarker 
et al.  1998,   2003  ) . The study showed that experimental disc 
herniation induced an increased rotation of the head towards 

Nerve root: buttock and leg pain

Facet capsule:

occasional cause of 

back pain

Outer annulus:
the site of back pain

  Fig. 16.2    Observations at probing in conscious patients under local 
anesthesia during laminectomy. Probing of the nerve root adjacent to a 
disc herniation reproduces buttock and leg pain. Probing of the fact 
capsule occasionally reproduces back pain, whereas probing of the 
outer annulus always reproduces back pain and is also concluded to be 
“the site” of back pain (Republished from Kuslich et al.  (  1991  ) )       
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the hind paw on the operated side and an elevation in paw 
lifting (Olmarker and Myers  1998  ) . These two behaviors 
were most pronounced the day after surgery and then gradu-
ally declined during the following 14 days. At day 21, the 
rats displayed increased “immobility” and reduced “locomo-
tion.” The behavior changes during the  fi rst 14 days sug-
gested that following surgery, animals experienced focal pain 
or irritation located in the hind paw on the operated side. 
During days 14–21, a more “chronic” non-focal pain compo-
nent was present and seen as reduced mobility. Using this 
assessment tool, the authors studied changes induced by disc 
puncture, thus simulating a leakage of nucleus pulposus onto 
the posterior aspect of the annulus  fi brosus, but with no con-
tact with the adjacent nerve root. The assumption was that 
the rats would display reduced motion, analogous to LBP, 
similar to that reported at 21 days in the radiculopathy model. 
While the rats did not exhibit reduced mobility, they evi-
denced increased “grooming” and an uncharacteristic shak-
ing of the head and upper body: both behaviors were 
displayed signi fi cantly more often in disc punctured rats than 
in rats with non-punctured discs (Olmarker  2008  ) . Increased 
grooming has been observed in other studies and has been 
suggested to re fl ect anxiety, stress, and chronic neuropathic 
pain (Millan and Emrich  1981 ; Crawley and Moody  1983 ; 
Vos et al.  1994 ; Deseure and Adriaensen  2002 ; Eriksson 
et al.  2005  ) . The observed shaking is commonly seen in psy-
chopharmacological studies and termed wet-dog shakes 
(WDS): it is a typical sign of withdrawal from opiates, ben-
zodiazepines, and barbiturates (Colasanti and Khazan  1975 ; 
Baldino et al.  1979 ; Horowitz and Allan  1982 ; Martin et al. 
 1982  ) . The shakes have also been considered to relate to 
stress (Treptow et al.  1986 ; Deschamps and Couture  2005 ; 
Brotto et al.  1999  )  and pain (Papir-Kricheli et al.  1987 ; 
Kitamura et al.  2007  ) . It was concluded that rats with punc-
tured discs experienced some kind of discomfort. However, 
it was not possible to determine if this discomfort was 
 analogous to LBP. 

 In a follow-up study, we evaluated if the observed behav-
ior changes were induced by disc injury or the presence of 
nucleus pulposus tissue on the posterior aspect of the annu-
lus  fi brosus. It was found that disc puncture and application 
of nucleus pulposus induced similar behavioral changes. In 
contrast, the same behavioral changes were not evident fol-
lowing ventral disc puncture and a super fi cial disc injury 
without penetration of the annulus  fi brosus, with no leakage 
of nucleus pulposus tissue (Olmarker  2011  ) . It was also 
observed that inhibition of TNF also markedly reduced the 
behavioral effects (Nakamae et al.  2011  ) . Interestingly, a 
recent randomized clinical trial focused on evaluating the 
effects of epidural TNF inhibition on sciatic pain also 
revealed that in addition to the inhibitors’ bene fi cial effects 
on the sciatic pain, it also induced a marked reduction of 
LBP (Cohen et al.  2009  ) . In summary, there is emerging 

experimental and clinical evidence that leakage of disc 
 material onto the posterior annulus  fi brosus may be an actual 
cause of LBP possibly mediated through TNF.     

    16.8   Therapeutic Strategies: Should 
the Target Be Nucleus Pulposus 
Degeneration? 

 Inevitably, a chapter on disc degeneration and LBP must 
provide insights into possible therapeutic strategies. 
Although it is not fully understood if the disc tissue per se 
can produce clinical pain, the target of much of the work is 
the degeneration process itself and the disc as a pain genera-
tor. Surgically, this has been approached by fusion of the 
potentially painful disc function unit, a procedure that is fre-
quently performed with varying degrees of success (Gibson 
and Waddell  2005 ; Carreon et al.  2008 ; Glassman et al. 
 2009  ) . There are also promising attempts to revitalize the 
disc by injection of stem cells or biological components 
(Wehling et al.  1997 ; Nishida et al.  2000 ; Yoon et al.  2004 ; 
Sakai et al.  2003 ; Brisby et al.  2004 ; Risbud et al.  2004  )  (see 
Chaps.   23     and   24    ). However, although these procedures 
might be successful in the future, they do raise a set of new 
questions. Based on current knowledge, it will be dif fi cult to 

  Box 16.2 Molecular Events That Are Characteristic 

of the Aging Process 

 There is limited information on factors that character-
ize the normal aging process in the intervertebral disc. 
However, since the aging disc shares some genetic as 
well as molecular characteristics of cartilage, changes 
that are evident in cartilage are listed below:
   Mild  fi brillation of and softening of the articular 
surface  
  Osteophyte formation  
  Loss of matrix tensile strength and stiffness  
  Responsiveness to in fl ammatory stimuli  
  Changes in metabolism  
  Accumulation of ROS and glycation products  
  Changes in IGF, insulin, and growth hormone levels  
  Progressive chondrocyte senescence  
  Erosion in of chondrocyte telomere length  
  Changes in phenotype  
  Decrease in average size of proteoglycan monomers  
  Decrease in the aggregation capacity of the proteogly-
can monomers  
  Expression of the senescence-associated enzyme beta-
galactosidase  
  Mitochondrial degeneration    
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assess when, how often, and in which discs should such 
interventions be performed. We know that there are “dan-
gerous years”: from the initiation of degeneration/aging, 
when the disc may leak, herniate, and produce pain, until 
the end stage when the disc has been transformed to a more 
solid connective tissue, with less likelihood to produce pain. 
A provocative but appropriate question would be: would it 
not be a better strategy to increase the degeneration/aging 
process so as to shorten the duration of these “dangerous 
years”? This notion was suggested 50 years ago by Hirsch 
who recommended that injection of a “chondrolytic enzyme” 
into the disc would increase the degeneration process and 
convert the disc to a solid, asymptomatic structure 
(Hirsch  1959  ) . This original idea was later modi fi ed by 
Smith who indicated that chymopapain would disintegrate 
the inner structure of the disc and thus be of clinical use for 
the treatment of sciatica; this procedure was later known as 
chemonucleolysis (Smith  1964  ) . Bearing this in mind, it 
might be prudent to consider the apparent risk of delaying 
the degeneration/aging process of the disc by biological 
means, in the sense that instead of having mostly “asymp-
tomatic” discs at the age of 60–70, there is the possibility 
that “symptomatic” discs may be present at much higher 
ages than would be expected if the disc would be allowed to 
age normally. The author opines that this potential problem, 
a reduction in the degeneration process, has not being fully 
considered and needs to be further explored. 

 An alternate strategy to that of modifying the degenera-
tion/aging process per se is to control pain pathways. Since 
the source of the pain has not been identi fi ed, this form of 
“symptomatic” treatment would be analogous to aiming 
water at  fl ames and not at the source of the  fi re. In fact, 
since it is not evident that the disc generates the pain, sec-
ondary changes such as loss of disc height might eventually 
prove to be involved (Twomey and Taylor  1985 ; Berlemann 
et al.  1998 ; Shao et al.  2002  ) . For example, the loss of disc 
height could in fl uence facet-joint function. Misalignment 
of the articular surfaces could induce osteoarthritic changes 
and the release of bioactive molecules. Diffusion of these 
agents to the intraspinal nervous structures could then 
induce pain by similar mechanisms to those discussed pre-
viously (Hasue  1993 ; Willburger and Wittenberg  1994 ; 
Igarashi et al.  2004  ) . 

 Another inevitable consequence of degeneration is disar-
rangement of the  fi brils of the annulus  fi brosus and leakage 
of the partly  lique fi ed  degenerate disc. To the author, this 
seems to be a very likely scenario and could well be the cause 
of LBP of “idiopathic origin.” Perhaps, in the future, LBP 
treatment may comprise a dual strategy: epidural administra-
tion of agents that inhibit key biological processes and a 
“sealant” of annular tears, possibly in combination with sur-
gical immobilization of the spinal segment and the preserva-
tion of disc height.  

    16.9   Disc Degeneration and Its Relationship 
to LBP: Conclusions 

 Although emerging evidence indicates that degeneration may 
induce innervation of deeper parts of the intervertebral disc, it 
seems unlikely that the degenerative process produces pain 
per se. More likely, it is the result of secondary changes asso-
ciated with degeneration (Fig.  16.3 ). As challenging as ever 
are questions that include whether future treatment strategies 
should be directed at the degeneration process itself, what is 
the importance of controlling secondary changes, and should 
the disc be rejuvenated and when and how should this be 
accomplished. While this chapter is both speculative and 
somewhat provocative, it is merely the result of the apparent 
lack of understanding of the pathophysiologic background of 
LBP, and it is the hope that this contribution may stimulate 
continued discussion and research in this complex  fi eld both 
from a basic scienti fi c and a clinical perspective.   

    16.10   Summary of Critical Concepts 
Discussed in the Chapter 

    The origin of disc pain is still not understood. Pain most • 
likely originates from receptors on nerve  fi bers on the sur-
face of the posterior aspect of the intervertebral disc.  
  Pain activation may be due to leakage of disc-derived bio-• 
logically active molecules which diffuse through annular 
tears of the annulus  fi brosus.  
  The paucity of innervating nerve  fi bers would indicate • 
that pain is unlikely to originate from the center of the 
intervertebral disc.  

Disc 
degeneration

Discogenic pain

Pain from the disc per se
Less likely

Disc height reduction
Less likely

Facet joint involvement
Likely

NP leakage
Very likely

Secondary changes

  Fig. 16.3    The author’s view of pain mechanisms and their likelihood 
as the result of disc degeneration       
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  Disc degeneration and degenerative disc disease are inap-• 
propriate terms for changes in the intervertebral disc that 
may well be merely a stage in the normal aging process.  
  Efforts to rejuvenate the intervertebral disc by injection of • 
cells or biologic substances may be contraindicative, since 
it might prolong the degeneration process.         
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     17    Clinical Features and Pathobiology 
of Chordoma 

              John   A.   Abraham,           Brian   Neuman, and           Francis   J.   Hornicek       

          17.1   Introduction and Historical Perspective 

 Chordoma is the most common primary malignant bone 
tumor found in the spine and sacrum. While these tumors 
are relatively slow growing, they do have the potential to 
recur and metastasize. Chordoma was described histologi-
cally long before it was realized that they were probably 
derived from notochordal precursor cells. Early reports 
dating back to Virchow in  1857  describe a vacuolated cell 
type seen in these tumors. These cells were described as 
physaliferous, from Greek for “having bubbles.” It was 
thought at that early time that they were a cartilaginous 
tumor, which may have been a result of evaluation of a 
chondroid variant tumor. By  1923 , Burrow and Stewart 
recognized that chordomas were a “lowly malignant tumor 
of slow growth, locally invasive and destructive, and only 
rarely giving rise to metastases.”    By then, the location at 
either end of the spine correlated well with contemporary 
descriptions of the location of vestigial notochordal rem-
nants by Muller. These observations led to the hypothesis 
that chordomas were not tumors of the intervertebral disc 
but rather malignant transformation of these notochordal 
remnants. In  1858 , Muller coined the current name by pro-
posing the following hypothesis: “A direct relation of these 
growths to the chorda dorsalis cannot be overlooked and I 
consider them to be excessively growing remnants of the 
chorda. Whosoever likes the name may designate these 
masses as chordoid tumors, or chordomas.” Since these 
early descriptions, this concept has been supported by 
signi fi cant indirect evidence, although there is a paucity of 
direct proof. 

 The early treatment of chordoma focused on surgical 
removal, but the dif fi culty in completely resecting these 
tumors was very quickly recognized. Investigation of 
the addition of radiation to the treatment regimen with or 
without surgery was described in the 1970s and continues to 
be investigated (Pearlman and Friedman  1970 ; Pearlman 
et al.  1972  ) . Medical therapies failed to provide any 
signi fi cant bene fi t, and the search for an effective medical 
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agent  continues today. This chapter provides a review of the 
clinical  features of chordoma and the current molecular 
understanding of its pathobiology.  

    17.2   Epidemiology 

 Chordoma is the most frequent primary bone tumor found in 
the spine. Nevertheless, these tumors are rare with the age-
adjusted incidence rate of 0.08 per 100,000 (McMaster et al. 
 2001  ) . Chordomas make up 1–4 % of all primary bone tumors 
(Healey and Lane  1989 ; Unni  1996 ; Papagelopoulos et al. 
 2004  ) . Approximately 50 % of these tumors are located 
within the sacrum (Fig.  17.1 ). The remaining anatomic loca-
tions are the skull-base, spheno-occipital region (35 %), and 
mobile spine (15 %) (Bohlman et al.  1986 ; Bjornsson et al. 
 1993 ; Bergh et al.  2000  ) . The distribution of these tumors 
within the mobile spine was evaluated by Boriani et al.  (  2006  )  
in a consecutive series over 50 years. This group demon-
strated the highest frequency of involvement in the lumbar 
spine (57.5 %), followed by the cervical region (29 %), and 
least frequently in the thoracic spine (13.5 %). Chordomas 
comprise greater than 50 % of the primary bone tumors found 
in the sacrum (Boriani et al.  2006  ) . In a recent analysis of 409 
patients identi fi ed utilizing the California Cancer Registry, 
the racial distribution was 65 % Caucasian, 23 % Hispanic, 
10 % Asian or “other,” and 1.7 % African. In this study, in 
evaluating chordoma-speci fi c survival, there was a 
signi fi cantly decreased risk of death in Hispanics (Lee et al. 
 2012  ) . In this group, chordomas were also found to be asso-
ciated with younger age at diagnosis, cranial disease, and a 
higher rate of surgical intervention, which were all associated 

with better survival. This observation was surprising as the 
Hispanic population was associated with low socioeconomic 
status, and this factor alone should have increased the risk of 
death. Consistently, studies on gender distribution of chordo-
mas show a 2:1 male predominance (Ashwood et al.  1994 ; 
Forsyth et al.  1993  ) . The median age at the time of diagnosis 
is 58.5 years, while diagnosis is rare in patients younger than 
30 years of age (McMaster et al.  2001 ; Weber and Sim  2002  ) . 
These tumors are very uncommon in pediatric populations 
comprising less than 5 % of all chordomas, with the majority 
of these being skull based (McMaster et al.  2001  ) .   

    17.3   Clinical Features 

 Patients diagnosed with a chordoma most commonly present 
with pain, regardless of location (Bergh et al.  2000 ; Boriani 
et al.  1996,   2006  ) . The second most common presentation is 
development of neurological symptoms and least commonly 
a palpable mass (Bergh et al.  2000 , Soo  2001  ) . Symptom 
duration averages 2 years prior to diagnosis, highlighting the 
slow-growing nature of these tumors (Bergh et al.  2000  ) . If 
untreated, pain can progress to the point of incapacitation, 
which in one study was found to be at approximately 
50 months from the onset of symptoms (Boriani et al.  2006  ) . 

 Up to 60 % of the time, chordomas can extend into the 
spinal canal and in some of these cases can cause signi fi cant 
neurologic symptoms, such as compressive myelopathy or 
cauda equina (Meyer et al.  1984  )  (Fig  17.2 ). Neurological 
symptoms are most commonly associated with chordomas of 

S149

  Fig. 17.1    Typical MRI appearance of large sacral chordoma       
  Fig. 17.2    Large cervical spine chordoma at C2 with compression of 
spinal cord       
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the mobile spine. The spectrum of neurological symptoms 
widely ranges depending on the location of the tumor. Severe 
compression of the spinal cord is a late complication leading 
to paralysis. Tumors    which invade the neural foramina can 
cause a radicular pattern of symptoms, which includes weak-
ness and sensory de fi cits in the distribution of a particular 
nerve root (Sundaresan et al.  1990 ; Mindell  1981  ) .  

 Non-neurologic symptoms from chordoma are most com-
monly due to local effects of the tumor mass. For example, 
chordomas which develop in the cervical spine may cause 

throat irritation, dysphagia, esophageal compression, dys-
phonia, or airway obstruction from compression of critical 
local structures (Singh et al.  2007 ; Nicoucar et al.  2008  ) . 
Horner syndrome has been reported from lower cervical 
spine chordomas (Leone et al.  2002  ) . Mass effect from of 
sacral chordomas can cause compression and displacement 
of the bladder or rectum leading to urinary stress inconti-
nence, constipation, or obstruction. Sacral chordoma of 
suf fi ciently large size can be palpated on rectal exam 
(Fourney and Gokaslan  2003 ; Atalar et al.  2006  ) .     

  Box 17.1 The Cauda Equina    
 Anatomically, the cauda equina, or “horse’s tail,” is the 
collection of nerve roots that travels through the spinal 
canal beyond the termination of the spinal cord. The 
spinal cord ends at approximately the L1 level in 
humans, at which point the lumbar (L1–5) and sacral 
(S1–5) roots have already branched off the spinal cord. 
However, because these nerve roots exit the spinal canal 
at successively more inferior levels in the lumbar and 
sacral bony spine, they travel together for a distance 
within the spinal canal as a bundle of nerve roots, which 
is called the cauda equina. Injuries or other conditions 
which damage the cauda equina cause a speci fi c 
 constellation of symptoms related to dysfunction of 

these critical nerve roots and is considered a surgical 
emergency. 
  Symptoms of cauda equina syndrome from any cause 
include weakness in the lower extremities, urinary reten-
tion due to detrusor muscle weakness, loss of rectal tone 
due to anal sphincter weakness, and subsequent fecal 
incontinence. Sexual dysfunction and saddle anesthesia 
and lower extremity pain may also be present. Lower 
extremity re fl exes are reduced or absent. The causes of 
cauda equina syndrome are numerous and essentially 
can be any inciting agent or problem which causes 
pressure on the cauda equina. Commonly, acutely her-
niated discs can cause cauda equina syndrome. Other 
degenerative spinal conditions such as spinal stenosis 
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    17.4   Tumor Imaging 

 Plain radiographs are often the initial image taken for a com-
plaint of back pain. However, detailed examination of the 
spine with plain imaging alone can be dif fi cult. In particular, 
the obliquity of the sacrum and the overlying shadows from 
bowel gas and contents can often limit its utility (Manaster 
and Graham  2003  ) . Nonetheless, when evaluating the sacrum 
on plain radiographs, there are particular features that should 
be scrutinized: the paired sacral foramen should appear simi-
lar with distinct sacral boundaries outlining the foramen, the 
anterior and posterior aspects of the sacroiliac joint should 
be distinct, and the posterior contour of the iliac wing should 
be seen underlying the sacral ala. Lack of any of these 
 fi ndings on pelvic radiograph could suggest a lesion of the 

sacrum. Intratumoral amorphous calci fi cations are seen on 
plain radiographs within a chordoma in 50–70 % of cases 
and in 90 % of cases on CT scan, but have no known prog-
nostic signi fi cance (Fig  17.3 ). An associated large soft tissue 
mass can also be seen on CT scan or MRI.  

 Evaluation of the central spinal canal and cord or nerve 
root involvement is best done with MR imaging, and as such 
this modality is critical for evaluation of chordomas. MRI 
features of a chordoma on T1-weighted sequences consist of 
an isointense or hypointense mass as compared to muscle 
and on a T2-weighted sequences as a high-signal-intensity 
mass (Fig  17.4 ). If calci fi cations are present, they can appear 
as areas of low signal intensity on T1- and T2-weighted 
images. Chordomas enhance with gadolinium (Manaster and 
Graham  2003  ) . Primary tumors and metastatic lesions both 

  Fig. 17.3    Coronal MRI image of sacral chordoma showing extensive 
calci fi cations, sometimes seen in chordoma       

  Fig. 17.4    Typical MRI appearance of cervical spine chordoma, in this 
case involving right-sided pedicle       

or  spondylolisthesis can contribute as well. Trauma is 
another common cause, either by direct damage to nerve 
roots by fracture, dislocation, or penetrating trauma or 
by hematoma secondary to the initial traumatic injury. 
Tumors, such as chordoma or more commonly meta-
static disease, can also cause a cauda equina syndrome, 
although in this situation the presenting symptoms are 
usually more chronic and develop over a longer period 
of time as the tumor grows. 
  Treatment of cauda equina syndrome is primarily 
 surgical decompression of the involved nerve roots as 

well as removal or correction of the inciting mechanical 
problem. In the case of degenerative and traumatic condi-
tions, every effort is made to preserve the involved nerve 
roots. In the case of metastatic tumors, intralesional pro-
cedures may be performed in conjunction with adjuvant 
therapies such as radiation. Sacral chordoma requires 
wide resection, which usually involved resection of some 
or all of the sacral nerve roots, so the expectation is that 
the nerve de fi cits will not recover. It is important to dis-
cuss the speci fi c expected de fi cits with any patient under-
going sacrectomy for chordoma.        
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show very high signal intensities on diffusion weighted 
images, which may help distinguish metastatic nodules from 
nodules of other unrelated etiologies (Kishimoto et al.  2012  ) . 
Both MRI and CT scan can show bone destruction and exten-
sion of the tumor into the canal (Fig.  17.5 ). MR imaging can 
be used to differentiate benign notochordal cell tumors 
(BNCTs) from chordomas based on the lack of gadolinium 
uptake, bone sclerosis, and completely intraosseous location 
seen with BNCTs (Nishiguchi et al.  2011  ) . Chordomas also 
demonstrate  fl uorodeoxyglucose avidity on F-18 PET scans 
(Lin et al.  2006 ; Miyazaway et al. 2008 ; Park and Kim  2008  ) . 
Carbon-11-methionine positron emission tomography (MET-
PET), used to evaluate the effectiveness of carbon-ion radio-
therapy for assessment of rectal cancer and other tumors, has 

been used to study chordoma treatment. This technology has 
shown some promise in pre- and posttreatment imaging of 
chordoma (Zhang et al.  2004  ) .    

    17.5   Histopathology and 
Immunohistochemistry 

 Virchow’s original description of the physaliphorous cell, 
a vacuolated cell clustered in sheets giving the appearance 
of “soap bubbles” and demonstrating a lobular pattern of 
growth, describes the classic histologic features of chordo-
mas (Fig.  17.6 ). These cells have small round dark staining 
nuclei with few mitotic  fi gures but demonstrate signi fi cant 
atypia. The sheets of cells are separated by a  fi brous sep-
tae with areas of calci fi cation or hemorrhage representing 
necrotic areas (Weber and Sim  2002  ) . These tumors can 
be separated into three classes: classical or conventional, 
 chondroid, and dedifferentiated (Chugh et al.  2007  ) . The 
classical form most commonly displays the typical physal-
iferous features. Chondroid type tumors may exhibit areas 
of chondrosarcoma-like cartilage as well as features of clas-
sic chordoma. Dedifferentiated tumors may have a more 
highly aggressive sarcomatous histological appearance. 
Dedifferentiated tumors may display nuclear inclusions, bi- or 
multinucleation, and sometimes mitotic  fi gures (Crapanzano 
et al.  2001  ) . Immunohistochemical staining is useful in the 
evaluation of chordomas. Signi fi cant immunoreactivity for 
S-100, membrane antigen (MUC-1), and cytokeratin is seen 
in these tumors.  

 Chondroid tumors are dif fi cult to distinguish from chond-
rosarcomas, emphasizing the need for speci fi c immunohis-
tochemical markers. Brachyury is a notochordal transcription 
factor that is expressed in most sporadic chordomas, but not 
in chondrosarcomas (Vujovic et al.  2006  ) . Interestingly, the 

  Fig. 17.5    Axial CT scan image showing extensive sacral bone destruc-
tion due to chordoma. Note that the tumor is a midline tumor, which can 
differentiate it from other sacral tumors       

a b

  Fig. 17.6    Photomicrograph of chordoma histology demonstrating vacuolated physaliferous cells. ( a ) Low power, 100×; ( b ) high power, 400×       
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T gene locus containing the brachyury gene has been found 
to be duplicated in rare familial instances of chordoma, sug-
gesting a critical role in the pathogenesis of this tumor (Yang 
et al.  2009  ) . The addition of brachyury to the panel of bio-
markers used to identify this cell type has improved the sen-
sitivity and speci fi city for chordoma to 98 and 100 % (Oakley 
et al.  2008  ) . Other important biomarkers such as ezrin, 
MMP-9, and COX-2 have also been recently investigated 
and hold diagnostic promise (Froehlich et al.  2012  ) . The next 
step in the investigation of these markers is to study their 
value as potential therapeutic targets.  

    17.6   Differential Diagnosis 

 In the differential diagnosis of tumors of the spine, myeloma, 
plasmacytoma, benign notochordal cell tumor, lymphoma, 
osteomyelitis, giant cell tumor, and chondrosarcoma need to 
be considered (Sciubba et al.  2009  ) . Key clinical, radio-
graphic, and histologic  fi ndings help distinguish each type of 
tumor from a chordoma. Plasmacytoma may have a similar 
radiographic appearance as chordoma. A positive scintigra-
phy seen with a chordoma may differentiate these tumors 
(Greenspan et al.  2006  ) . Radiographically, osteomyelitis and 
lymphoma can be dif fi cult to distinguish from a chordoma; 
however, their clinical course and laboratory data can usually 
be used to distinguish these conditions (Sciubba et al.  2009  ) . 
Benign notochordal cell tumors are usually asymptomatic, 
may demonstrate a more sclerotic appearance, and have no 
associated soft tissue mass. Giant cell tumors are benign but 
locally aggressive tumors that are often seen in the sacrum 
and can have an appearance similar to that of a chordoma. 
Chordomas have more of a midline predilection, however, 
and giant cell tumors often demonstrate a thin rim of 
 peripheral bone encompassing the soft tissue mass which 
is not typically seen in a chordoma. Chondrosarcoma and 
chondroid chordomas can have similar appearances, and the 
biomarkers discussed above therefore play a critical role in 
distinguishing these tumors.  

    17.7   Tumor Staging 

 Staging is the process of de fi ning the local and distant 
extension of a cancerous disease process. In the case of 
chordoma, MRI is the primary imaging modality used to 
evaluate the location and extent of the tumor. The presence 
of metastatic disease is evaluated using CT scan of the 
chest, abdomen, and pelvis with intravenous and oral con-
trast agents. Nuclear medicine bone scintigraphy can show 
other skeletal lesions. PET metabolic imaging can be used 
to demonstrate  fl uorodeoxyglucose avidity at sites of dis-
ease, but has some limitations based on lesion size, and is 

not approved as a  fi rst-line modality for this purpose. F-18 
PET or MET-PET are potentially promising techniques as 
described earlier.  

    17.8   Management 

    17.8.1   Surgery 

 The primary treatment of chordoma is wide surgical resec-
tion (Fig.  17.7 ) and the goal of surgery is wide excision with 
negative margins. This is sometimes an unrealistic goal due 
to the dif fi cult locations of this tumor, especially clival or 
skull-base tumors, or high-level sacral tumors. Nonetheless, 
multiple studies have demonstrated a correlation between 
recurrence rate and positive margins (Boriani et al.  2006 ; 
Bilsky et al.  2004 ; Fuchs et al.  2005  ) . Boriani et al.  (  2006  )  
demonstrated that in the absence of negative margins, the 
recurrence rate was approximately 70 and 100 % following 
radiation treatment alone, palliative care, or intralesional 
excision. When wide excision with adequate margins was 
obtained, there was a recurrence rate of 20 % diagnosed at 
56–94 months post surgery. In a group of patients all treated 
with en bloc excision for sacrococcygeal chordoma, Fuchs 
et al.  (  2005  )  demonstrated an overall survival rate of 74 % at 
5 years, 52 % at 10 years, and 47 % at 15 years. Interestingly, 
the survival rate in this group of patients was signi fi cantly 
higher when negative margins were obtained, and the most 
signi fi cant predictor of survival was a wide margin. The size 
of the tumor, level of resection, and surgical approach did not 
signi fi cantly impact the survival rate.  

 Sacral resection can be achieved using either a combined 
anterior-posterior approach or a posterior-only approach. 
Generally, for tumors with signi fi cant anterior soft tissue 

  Fig. 17.7    Intraoperative photograph showing sacral chordoma after 
resection       
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mass, or high sacral resections, there is a bene fi t to  fi rst 
 performing an anterior dissection prior to resection from a 
posterior approach. This was best shown by Fuchs et al. 
 (  2005  )  in a series from the Mayo Clinic in which 81 % of 
patients with combined anterior-posterior approaches had 
negative margins. Based on these results, it was recom-
mended that a combined dual approach should be used for 
any patients with tumors above S3. 

 After chordoma resection, functional de fi cit is dependent 
on the extent of the surgery. To maximize survival rates and 
to prepare patients for postoperative de fi cits, careful preop-
erative planning and discussion of possible neurological 
problems is important. Whether partial or total sacrectomy is 
performed, usually one or more sacral nerve roots will need 
to be sacri fi ced, leading to a motor de fi cit, sensory impair-
ment, sphincter loss, and/or sexual dysfunction. Fourney 
et al.  (  2005  )  developed a classi fi cation system describing the 
type of sacrectomy based on the level of nerve root sacri fi ced, 
as opposed to the site of the osteotomy. The type of resection 
was de fi ned as low, middle, high sacral amputation, total 
sacrectomy, or hemicorporectomy. Sacral amputations are 
considered “low” if at least one S4 nerve root is sacri fi ced, 
“middle” if at least one S3 nerve root is sacri fi ced, and “high” 
if at least one S2 nerve root is sacri fi ced. If neither S1 nerve 
root can be spared, then the required amputation is a total 
sacrectomy. A hemicorporectomy (translumbar amputation) 
is performed when the tumor extends to the lumbar spine. 
Functionally, if both S2 roots can be spared, half of the 
patients or more will have normal bowel and bladder func-
tion. If an S3 root is preserved as well, these odds improve. 
However, perineal numbness and sexual dysfunction are still 
commonly observed, the latter more common in the elderly. 
If one S2 root is sacri fi ced, typically some amount of volun-
tary control is compromised. Sacri fi ce of one S1 or S2 nerve 
root and all lower roots, as seen in high sacral amputations, 
commonly leads to urinary or fecal incontinence leading to 
the possibility for the need of indwelling urinary catheters, 
intermittent straight catheterization, colostomy, or digital 
stimulation to defecate (Hulen et al.  2006  ) . Loss of ankle 
plantar  fl exion is also seen after the loss of the S1 nerve 
root. 

 If resection of the lumbar spine or pelvis is required at the 
time of sacral amputation, spinopelvic instability must be 
assessed. If instability is observed, then instrumentation is 
warranted (Fig.  17.8 ). In general, about 50 % of the sacro-
iliac joint can be removed before instability is seen, provided 
the ligamentous structure of the remainder of the joint is 
preserved (Gunterberg et al.  1976 ; Stener and Gunteberg 
 1978  ) . Chordomas of the mobile spine are also best treated 
with resection with negative margins. To achieve this goal, a 
total spondylectomy is the surgery of choice and is generally 
done through a combined anterior and posterior approach 
(Boriani et al.  2006  ) .  

 In the skull base, despite multiple surgical approaches, 
wide resection surgery is rarely possible (Singh et al.  2010 ; 
Holzmann et al.  2010  ) . Nonetheless, radiation therapy is 
effective in managing microscopic or limited gross amounts 
of residual tumor (Potluri et al.  2011  ) . For this reason the 
recommended approach in these dif fi cult anatomic areas is 
aggressive near-total intralesional excision that maximally 
preserves neurologic function.  

    17.8.2   Radiation 

 Radiation therapy has become increasingly important in the 
management of chordomas. As a result of advances in radia-
tion techniques and modalities, it is now possible to deliver 
higher doses to the tumor while sparing critical surrounding 
structures. The limiting factor is the tolerance of the spinal 
cord, in particular at its upper end, which is lower than the 
dose needed to effectively treat the tumor. In general, con-
ventional external beam radiation alone, at doses of 40–60 Gy, 
is suboptimal for treatment of chordoma, resulting in 5-year 
local control of 10–40 % (Catton et al.  1996 ; Cummings 
et al.  1983  ) . Doses of up to 80 Gy have a high rate of associ-
ated radiation-induced myelopathy. 

 Use of high-dose protons and charged particles such as 
carbon, helium, or neon ions (collectively categorized as 
hadrons) enables higher doses to be delivered to tumors with 
limited radiation damage to critical surrounding structures. 
Indeed, as proton therapy has no measurable exit dose, 
peripheral structures are spared. Proton beam treatment of 
chordomas, either alone or in combination with photons, 
when used in conjunction with primary resection surgery, 
has proven to be an excellent method for local control 

  Fig. 17.8    An example of a postoperative reconstruction after resection 
of entire sacrum       
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(Hug et al.  1999 ; Noël et al.  2001 ; Fuji et al.  2011  ) . This is 
particularly relevant to skull-base tumors since the tolerance 
is lower than in the peri-sacral regions. In the sacrum, pri-
mary surgery and radiation provide better results when com-
pared with treating chordoma reoccurrence, thereby 
supporting a role for this approach as an effective  fi rst-line 
treatment option (Park et al.  2006  ) . 

 Carbon-ion radiotherapy has also been studied in chor-
doma management. Since carbon ions are heavier than pro-
tons, this approach is thought to provide a higher biological 
effectiveness. Interestingly the effectiveness increases with 
depth, reaching its peak at the end of the beam’s range. This 
is an extremely attractive property for local control of cancer 
and as such has led to signi fi cant use of carbon-ion therapy 
in the management of chordoma. 5-year local control rates of 
70–88 % and 10-year local control rates of 80–82 % have 
been reported in skull-base tumors using carbon-ion therapy 
(Schulz-Ertner et al.  2007 ; Mizoe et al.  2009 ; Tsujii and 
Kamada  2012  ) . 

 An alternate approach to using hadrons in treatment of 
chordomas has been the use of highly conformal delivery tech-
niques, such as intensity-modulated radiation therapy (IMRT) 
or stereotactic radiosurgery (SRS). In a recent study of the 
North American Gamma Knife Consortium, SRS was found 
to be an excellent option for small-sized chordomas, especially 
for young patients, and when combined with surgery, provides 
an overall 80 % 5-year local control rate (Kano et al.  2011  ) .  

    17.8.3   Systemic Therapy and Future Directions 

 Chordomas are generally considered to be insensitive to 
conventional chemotherapy. Many conventional agents 
have been tried, with varying levels of response, including 
anthracycline, cisplatin, alkylating agents, and camptothe-
cin analogues, but no single drug has emerged as a reliable 
 fi rst-line agent. Some small-scale sporadic reports suggest 
that dedifferentiated chordomas may have an increased 

sensitivity to aggressive chemotherapy (Fleming et al. 
 1993  ) , but overall there is no role for chemotherapy in treat-
ment of localized disease. Currently, for metastatic disease, 
both the timing of initiating treatment and the choice of 
chemotherapy regimen are generally made on an individu-
alized basis with signi fi cant consideration given to limiting 
the side effect pro fi le. 

 Based on the observation that chordomas have a high 
expression of platelet-derived growth factor receptors 
(PDGFRB and PDGFRA) and KIT receptors (Tamborini 
et al.  2006  ) , tyrosine kinase inhibitors have been used for 
the treatment of metastatic chordoma. Imatinib, a tyrosine 
kinase inhibitor with speci fi city for PDGFRB and KIT 
receptors, was initially studied in a small group of chor-
doma patients with advanced disease (Casali et al.  2005  ) ; 
the promising results of this study led to a larger phase II 
study with 50 patients (Stacchiotti et al.  2012  ) . This recent 
study showed only one partial response obtained at 6 months; 
however, there were 35 patients with stable disease and a 
64 % clinical bene fi t rate, con fi rming the  fi ndings of smaller-
scale studies, and certainly warranting further investigation. 
The EGFR pathway has also been implicated in the patho-
genesis of chordoma (Dewaele et al.  2011  ) , leading to study 
of inhibitors of this pathway, including cetuximab, ge fi tinib, 
and erlotinib (Hof et al.  2006 ; Singhal et al.  2009  ) . A multi-
center trial of sunitinib which chordomas, making up 19 % 
of the study group, demonstrated a 44 % stable disease rate 
for 16 weeks (George et al.  2009  ) . Current    ongoing sys-
temic trials include nilotinib, dasatinib, lapatinib, and 
everolimus. 

 Preclinical studies are also accelerating, primarily due to 
the development of several cell lines which have been char-
acterized, including CH8,GP60, and U-CH-1 (Yang et al. 
 2010  )  and more recently CH22 (Liu et al.  2012  ) . The devel-
opment and characterization of these cell lines may help 
identify as yet unknown targets and help clarify the role of 
suspected targets such as brachyury (Hsu et al.  2011  ) , lead-
ing to the development of further future clinical trials.         

  Box 17.2 RTK Inhibition in Chordoma 

 There is signi fi cant interest in the role of receptor tyrosine 
kinase (RTK) inhibition in the treatment of many sarco-
mas. Speci fi cally, it has been demonstrated that chordomas 
express activated platelet-derived growth factor recep-
tors (PDGFRB) (Tamborini et al.  2006  ) . Furthermore, 
a subset of chordomas are known to express EGFR and 
c-MET, both of which signal through a tyrosine kinase 
pathway (Weinberger et al.  2005    ). mTOR is downstream 
of the receptor tyrosine kinases and is activated via 

the MAPK or PI3K/AKT pathways. As the schematic 
 indicates downstream of mTOR, the 40S ribosomal pro-
tein S6 kinase (p70 s6k ) and the eukaryotic initiation factor 
4E-binding protein-1 (4E-BP1) initiate protein synthe-
sis and promote cell growth and proliferation. eIF4E in 
an initiation factor that binds to the mRNA cap. When 
hyperphosphorylated, 4E-BP1 binds to eIF4E repressing 
its translational initiation. 
  A recent study investigated the role of RTK inhibition 
in chordomas (Tamborini et al.  2010 ). It was noted that 
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 activated PDGFR, FLT3, CSF1-R, all components of the 
PDGFR family, and EGFR family members EGFR, Her2/
neu, and HER4 were present in chordoma tissue samples. 
These  fi ndings are in strong support of the concept that the 
PDGFR and EGFR pathways are activated in chordoma. 
Another observation was that EGFR and PDGFRB were 
co-immunoprecipitated, suggesting heterodimer forma-
tion. This information could explain why some chordo-
mas are resistant to imatinib treatment. It is possible that a 
bimodal approach using anti-PDGFR and anti-EGFR 
agents may be required to fully silence the activation of 
mTOR in chordomas. Interestingly, in two chordoma 
patients, there was a clinical response to cetuximab, an 
anti-EGFR monoclonal antibody (Hof et al.  2006  ) . 

  With respect to downstream effectors of mTOR, 
Western blot analysis showed that 14 out of 22 chordomas 
cases demonstrated eIF4E release from translational 
repression of 4E-BP1. In 13 of these cases, this was due 
to hyperphosphorylation of 4E-BP1, and in one case there 
was an absence of 4E-BP1. At the same time, phospho S6 
was only present at low or very low levels in 11 cases; 
unphosphorylated S6 was found at low levels in 3 cases 
and not expressed at all in 8 cases. It is unclear if this sug-
gests a tumor suppressor role for S6 or that the majority 
of downstream effect of mTOR in chordoma is mediated 
via 4E-BP1/eIF4E, but this discrepancy certainly war-
rants further study.        

  Schematic demonstrating 
signaling through RTKs 
via mTOR and critical 
effectors PTEN, PI3K, and 
AKT, and downstream 
effectors S6K and 4EBP1  
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    17.9   Summary of Critical Concepts 
Discussed in This Chapter 

    Chordomas are rare tumors of notochordal origin.  • 
  Surgical treatment with wide resection is the mainstay of • 
therapy.  
  Local recurrence and survival rates are dependent on • 
margins.  
  Radiation is an important modality of treatment, gener-• 
ally as an adjuvant to surgery.  
  Alternate forms of radiation such as proton therapy, had-• 
ron therapy, or stereotactic radiation are all playing 
increasingly important roles.  
  Platelet-derived growth factor receptor signaling is impor-• 
tant in the oncogenesis of chordoma.  

  The role for chemotherapy is limited but advancements in • 
systemic therapy using agents targeting tyrosine kinase 
pathways show signi fi cant promise.         
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     18    Large Animal Models of Disc 
Degeneration       

        Shyam   A.   Patel,           Christopher   K. Kepler,              Thomas   P. Schaer, 
and           D.   Greg   Anderson             

    18.1   Overview 

 Intervertebral discs are largely of embryonic notochordal 
origin and impart a unique biomechanical function to the 
spine of vertebrate animals (Singh et al.  2005  ) . The interver-
tebral disc is anatomically comprised of two constituents: a 
proteoglycan-rich nucleus pulposus contained within a col-
lagen 1-rich annulus  fi brosus (Singh et al.  2005  ) . Together, 
these structures effectively dissipate mechanical loads within 
the spine while allowing controlled motion between adjacent 
vertebrae. The biologic environment of the disc is uniquely 
harsh due to the avascular nature of the tissue and the long 
distance between metabolically active cells and their nutri-
tional source. Tissue degeneration progresses through a well-
de fi ned series of changes (Singh et al.  2005  )  including 
breakdown of the long-chain proteoglycan constituents of 
the extracellular matrix, loss of water-binding capacity, 
decreased cellularity, and annular disorganization/disruption 
(Lotz  2004  ) . 

 As discussed in other sections of this book, while degen-
erative changes within the intervertebral disc are essentially 
universal, the association between disc degeneration and 
symptomatic low back pain is unpredictable (Lotz  2004 ; 
Alini et al.  2008  ) . Indeed, back pain attributed to disc degen-
eration is a relatively common phenomenon; however, most 
individuals have few or no symptoms during the degenera-
tive process. The lack of correlation between degeneration 
and clinical symptoms has made the study of disc degenera-
tion especially challenging (Lotz  2004  ) . Despite the chal-
lenge, the goal of researchers in the  fi eld is to identify an 
effective biologic therapy for painful disc degeneration. 
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 Human discs are subjected to some unique physical and 
biomechanical factors that are not easily replicated in ani-
mal models. First, humans are bipedal and subject their 
spines to unique physical forces associated with an upright 
posture. Second, human discs are signi fi cantly larger in size 
than many common research animals such as rodents and 
rabbits. This means that the diffusion of nutrients or phar-
macologic agents into the central region of the disc is sub-
stantially more challenging. In addition, because of the 
larger size, certain types of physical interventions that 
would be theoretically possible in humans are dif fi cult to 
reproduce in small animal models. Third, although the pri-
mary symptom attributed to disc degeneration in humans is 
pain, it is challenging to study pain of spinal origin in ani-
mals. Fourth, intervertebral discs from various species dif-
fer quite substantially in their cellular makeup. The large 
physaliferous cells that are felt to be helpful in maintaining 
the health of the disc are largely absent in adult humans, but 
remain quite common in some other species. This may 
affect the response of the disc to various experimental 
interventions. 

 Animal research is critical to understanding, developing, 
and testing biologic interventions for human disc degen-
eration. Although most of the animal research done to date 
involves small animals, there are certain limitations in the 
use of these models mainly due to differences in the rela-
tive dimensions of the disc or the cellular makeup of the 
disc. Thus, large animal disc research is both necessary and 
important for the development of many disc therapies and is 
generally required prior to moving a promising therapy into 
human usage. Large animal models are often speci fi cally 
required during regulatory approval processes by agen-
cies such as the Food and Drug Administration (FDA), the 
Central Of fi ce for Research Ethics Committees (COREC), 
the National Institute for Clinical Excellence (NICE), and 
the Medicines and Healthcare Products Regulatory Agency 
(MHRA). This chapter will review the status of the large ani-
mal models that have been used to study disc degeneration 
or disc therapeutics.  

    18.2   History 

 Historically, large animal veterinary care has played a role in 
our current understanding of disc pathology and surgical 
reconstruction. One example is the work of Wagner et al. 
 (  1979  )  who, in 1979, performed cervical fusion using bone 
from equine cadaver ilia to treat horses with cervical spine 
disorders. Eleven of the 12 horses achieved a fusion of the 
operative levels and improved clinically; follow-up necrop-
sies revealed restricted motion at the fusion levels (Wagner 
et al.  1979  ) . The authors concluded that this technique could 

be useful in treating dislocations, fractures, and osteolytic 
processes of the human spine (Wagner et al.  1979  ) . 
Current prosthetic cages used in spinal fusion can trace their 
roots to this experiment (Wagner et al.  1979  ) .     

    18.3   Types of Models Used 
in Intervertebral Disc Research 

 Intervertebral disc research involving various regions of the 
spine has been useful in assessing the physical, histological, 
and biomechanical characteristics of the disc (Panjabi  1998  ) . 
In vitro models have also played a substantial role in provid-
ing an understanding of the unique cellular biology of the 
disc. Unfortunately, in vitro models generally lack the com-
plexity of the intact system, which may limit the ability of 
researchers to draw de fi nitive clinical conclusions from the 
scienti fi c  fi ndings. Additionally, in vitro models generally do 
not provide an understanding of long-term experimental 
effects of an intervention. 

 Advances in computer technology have led to the devel-
opment of some in silico models. These computer-based 
simulations are suitable for forming initial hypotheses that 
may serve as the rationale for further research. Computer 
simulations also allow the investigator a level of control over 
experimental variables that is typically not possible with 
in vitro and in vivo studies. With respect to intervertebral 
disc research, in silico models have seen limited utilization 
in the study of mechanical properties of the spine through 
 fi nite element analysis modeling or the modeling of material 
properties of the disc (Galbusera et al.  2011  ) . 

 The testing of novel therapeutics for human applications 
generally requires the use of in vivo studies. With in vivo 
research, investigators are able to observe the impact of treat-
ment on a living biologic system (Panjabi  1998  ) . Given the 
complexity of intervertebral disc tissue and the multifactorial 
nature of the degenerative process, in vivo research plays a 
crucial role in the development of human therapeutics (Lotz 
 2004 ; Singh et al.  2005  ) . Additionally, before most therapeu-
tics are considered suitable for human use, it is required that 
they are studied in an animal model with reasonable similar-
ity to the human condition; this often requires the use of a 
large animal model (Alini et al.  2008  ) . 

    18.3.1   The Clinical Perspective 

 From a clinical perspective, the treatment of disc degenera-
tion itself is of limited value as most disc degeneration is not 
directly responsible for patient symptoms (this concept is 
discussed in great length in Chap.   16    ). However, disc degen-
eration associated with signi fi cant pain symptoms is 

http://dx.doi.org/10.1007/978-3-7091-1535-0_16
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  Box 18.1 Spinal Fusion Basket: Bagby’s Basket    
 Interestingly, the history of spine fusion cages begins with 
horses. Four decades ago, Dr. George Bagby invented the 
 fi rst cage, also referred to as “Bagby’s basket.” In collabo-
ration with Dr. Barrie Grant, a veterinarian from 
Washington State University, the two surgeons explored 
surgical techniques to treat cervical instability or “wob-
bler’s disease,” a neurological condition caused by 
impingement of the spinal cord in the horse’s neck by 
malformed or degenerated vertebrae. While spinal fusion 
for human patients has rapidly evolved, cervical interbody 
fusion using a stainless steel cage remains the only suc-
cessful surgical intervention to treat this debilitating dis-
ease in horses. Digital radiographs 1  (A–D) of a yearling 

Arabian colt who presented with grade III ataxia in all 
four limbs. Laboratory  fi ndings for EPM (equine proto-
zoal myeloencephalitis) were negative and as was the 
remainder of cerebral spinal  fl uid analysis. A myelogram 
under general anesthesia showed static compression at 
C6–7 (B, solid arrow) as well as dynamic compression at 
C3–4 and C4–5 (B, hashed arrow). Ventral stabilization 
was performed at C6–7 (C&D) 1 month after diagnosis. 
After surgery, the colt was on stall rest for 1 month, then 
1 month of hand-walking, followed by 1 month of round-
pen turnout. Exercise level was slowly increased thereaf-
ter, the ataxia steadily improved (grade 0.5 in LF/RF/LH 
and grade 2 RH 9 months after surgery), and now he is 
showing successfully with full recovery. 

a b

c d

   1  Courtesy of Drs. Reed and Woddie, Rood and Riddle Equine 
Hospital, Lexington, KY  
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common, and it is the associated pain and decreased quality 
of life that are the targets of therapy. 

 Unfortunately, a reliable means to quantify pain associ-
ated with disc degeneration in any animal model has not yet 
been de fi ned. Therefore, animal research is generally limited 
to providing a means to study the effects of a potential ther-
apy on the physical, cellular, or chemical milieu of the disc. 
The hypothesis of this line of research is that an intervention 
which provides improvement in objective measures of disc 
health would be likely to provide improvement in the pain 
associated with the degenerative process in affected human 
patients. Therefore, although animal testing of potential 
human therapeutics is important, favorable results still 
require validation in humans. Thus, animal model testing is 
just one step in the process of bringing a therapy from the 
bench top to the clinic (An et al.  2003  ) .  

    18.3.2   Animal Models in General 

 As stated, animal models play a vital role in translational 
research and provide a crucial step in ensuring that a new 
therapy is valid and safe prior to considering human usage 
(Smith et al.  2011  ) . 

    18.3.2.1   Standardization and Reliability 
 When an animal model is  fi rst introduced, it is essential to 
evaluate its reliability. Using the new model, independent 
investigators performing similar experiments should  fi nd 
comparable and reproducible results. Signi fi cant variation in 
results between investigators or unpredictable results from 
repetitive experiments may indicate that the model used is 
unreliable. 

 With animal models, standardization of the test  animal’s 
age plays a key role in achieving adequate  reliability for disc 
research. Other factors such as breed, gender, size, living 
conditions, vertebral levels studied, and nutrition could 
potentially affect the outcome of a study intervention, and so 
these features should be well controlled in the experimental 
design. These factors should also be reported by the investi-
gator performing the animal research so that others can rep-
licate the study conditions.  

    18.3.2.2   Model Fidelity/Validity 
 Issues of validity and  fi delity are important in the design of 
animal trials. There is little bene fi t in using an animal model 
with such substantial differences from human disease that 
the information gained is not clinically relevant. Because all 
animal models are signi fi cantly different from the human 
condition, this limitation is one of magnitude. The researcher 
should seek to use a model that provides the closest possible 
replication of the human condition, understanding that a per-
fect match is not possible. 

 For many studies involving therapeutic interventions, an 
important factor is identifying a model with similar 
 characteristics in terms of disc size and geometry (Beckstein 
et al.  2008  ) . Wide variations in disc size across species are 
obvious, and this can affect the mechanical and biologic 
properties of the disc (Elliott and Sarver  2004 ; O’Connell 
et al.  2007  ) . However, Beckstein et al.  (  2008  )  demonstrated 
that mechanical tissue properties of many species are 
 conserved evolutionarily and that variations with regard to 
the biomechanical properties of the intervertebral disc are 
not as drastic as previously thought. Unfortunately, the 
 current literature fails to provide comprehensive compari-
sons between animal models across a wide range of species. 
Most comparative studies published to date compare the 
properties of a speci fi c animal species relative to the 
human.  

    18.3.2.3   Complications Associated 
with Validity/Fidelity 

 One factor which complicates animal model selection is 
related to intervertebral disc development. The nucleus pul-
posus is embryologically derived from notochordal cells. In 
humans, notochordal cells which are common at birth 
become rare following the  fi rst decade of life (Urban et al. 
 2000  ) . Notochordal cells are believed to produce greater 
amounts of proteoglycan than other disc cells and contribute 
positively to the maintenance of disc extracellular matrix 
integrity (Palmer and Lotz  2004 ; Aguiar et al.  1999 ; 
Kalichman and Hunter  2008  ) . In addition to wide variation 
in the persistence of these cells on a species-by-species basis, 
exposure to high biomechanical loads on the spine may has-
ten the disappearance of notochordal cells (Lotz et al.  1998 ; 
Iatridis et al.  1999 ; Palmer and Lotz  2004  ) . 

 Variability in the presence and number of notochordal 
cells across species is important given their potential in 
resisting disc degeneration (Lotz  2004  ) . In fact, Berry  (  1961  )  
demonstrated that a breed of pin-tailed mice with low noto-
chordal mitotic rates develops degeneration earlier than those 
with a more rapid rate of cell replication. This relationship 
between notochordal cells and disc degenerations may com-
plicate the validity of many current animal models (Omlor 
et al.  2009  )  as certain species, particularly small animals 
(Higuchi et al.  1982  )  and dogs (Aguiar et al.  1999  ) , have 
notochordal cells present throughout most of their lives. 
Differences in the number or qualitative characteristics of 
notochordal cells across species may manifest itself clini-
cally as variation in the onset of disc degeneration (Hunter 
et al.  2004  ) . 

 Animal models may also differ in the mechanism leading 
to the onset of the degradative process in the disc. Generally 
speaking, the etiology of disc degeneration in an animal 
model can be divided into spontaneous and experimentally 
induced degeneration (Lotz  2004  )  with the latter being 
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further subdivided into models which are induced by either 
mechanical or structural alterations (Lotz  2004  ) . Mechanical 
perturbations involve changes in the distribution or magni-
tude of loads placed on a disc, whereas structural perturba-
tions involve chemical or physical injury to the disc itself 
(Lotz  2004  ) . In contrast, human intervertebral disc degenera-
tion usually occurs spontaneously (Lotz  2004  )  or possibly in 
response to a poorly de fi ned mechanism of injury. Although 
spontaneous disc degeneration is present in many animal 
species, well-characterized models of spontaneous degenera-
tion generally have involved smaller animals such as the 
Mediterranean sand rat (Silberberg  1988  )  and genetically 
altered mice (Lotz  2004  ) . The value of the sand rat in disc 
research is discussed in considerable detail in Chap.   20    . One 
counterexample, however, is chondrodystrophic dogs which 
have an abnormality in chondrocyte proliferation and matu-
ration that also impacts the cells of the nucleus pulposus. 
With chondrodystrophy, there is accelerated disc degenera-
tion, making these dogs a potential preclinical model for the 
human condition.    

    18.4   Large Animal Models 

 Sheep, goats, pigs, mini pigs, runt cows, nonhuman primates, 
dogs, chickens, kangaroos, and ostriches are all large animal 
species that have been used or discussed for disc research. 
However, the most commonly used species to date have been 
the pig, sheep, goat, and dog (Wilke et al.  1997a,   b     ) . 

 One concern regarding the use of the most commonly 
used large animal models relates to their quadruped nature 
(Wilke et al.  1997a,   b  ) . Unlike quadrupeds, humans are 
bipedal, using unique motions and body positions during 
ambulation and rest (Zhang et al.  2011a,   b  ) . This biome-
chanical limitation must be acknowledged when consid-
ering quadrupedal animals for research. Although some 
animals use bipedal ambulation (e.g., kangaroo, ostrich) 
and some could be considered partial bipeds (nonhuman 
primates), none provide an accurate replication of human 
gait including the upright torso position, sagittal balance 
of the spine, and the almost horizontally positioned discs 
during ambulation. Tissue processing of large animal spine 
specimen can be a challenge at times. To process isolated 
motion segments containing various devices often requires 
resorting to un-decalci fi ed histology using plastic embed-
ding. Careful tissue processing starting with adequate tis-
sue  fi xation yields good-quality histological sections at an 
average thickness of 8  m m. Figures  18.1 ,  18.2 , and  18.3  
represent key features from ovine lumbar intervertebral 
discs with various degrees of degeneration. While there is 
little evidence of intervertebral disc degeneration days fol-
lowing the surgical intervention (chemonucleolysis using 
chondroitinase ABC), at 6 and 18 months, the degenerative 

process is well advanced. Specimens were stained using a 
Sirius red/Alcian Blue stain developed in our laboratory as 
a method for morphologic identi fi cation of collagen and 
proteoglycans in sections of non-decalci fi ed disc specimens 
embedded in methyl methacrylate and sectioned on a rotary 
microtome at 4–8  m m.    

    18.4.1   Porcine 

 Multiple studies of the intervertebral disc have relied on 
porcine models. A number of lines of evidence suggest that 
the porcine model is a reasonably good model of the human 
disc. At the gene expression level, changes associated with 
aging in swine are similar to those observed in humans (Cho 
et al.  2011  ) . Substantial morphologic similarities have been 
observed in the porcine disc post-nucleotomy and the human 
degenerative disc. Omlor et al.  (  2009  )  found signi fi cant 
decreases in disc height, MRI signal intensity, and 
 notochordal cell number in the porcine disc after nucleot-
omy (Omlor et al.  2009  ) . Kaapa et al.  (  1994b,   c     )  studied the 
effect of pig disc injury on collagen content and metabolism 
and found dramatic alterations in collagen levels and colla-
gen biosynthesis along with decreased intradiscal water 
content. Holm et al.  (  2007  )  used a structural porcine disc 
injury model, in which intradiscal pressure was used to 
assess degeneration. Using two separate injuries (one to the 
annulus and the other to the endplate), intradiscal pressure 
was measured while applying biomechanical loads (Holm 
et al.  2007  ) . The authors found that the ratio of injured to 
adjacent disc pressure was highest in the annulus injury 
model, signifying that the endplate injury was a more severe 
type of injury. Although this type of injury may lead to mor-
phologic and biochemical changes which replicate human 
disc degeneration, the traumatic effects of the disc injury 
may also introduce unintended effects that limit the inter-
pretation of this type of research. 

 Other studies have used pigs to assess the therapeutic 
value of various interventions or to examine speci fi c 
changes associated with degeneration. Buser et al.  (  2011  )  
evaluated the use of  fi brin sealant after nucleotomy to deter-
mine if intradiscal injection of the sealant had a therapeutic 
effect on the degenerating intervertebral disc. With injec-
tion of the sealant, the authors observed an inhibition of 
 fi brosis and improvements in proteoglycan levels (Buser 
et al.  2011  ) . Similarly, Chiang et al.  (  2011  )  demonstrated 
that sealing of annular defects via the modi fi ed purse-string 
suture reduced degenerative changes in the disc following 
the injury. 

 Kaapa et al. studied porcine disc innervation and the 
effects of degeneration on nerve topography. The authors 
characterized nerve density,  fi nding that in common with 
humans, the outer annulus contained most of the nerve 

http://dx.doi.org/10.1007/978-3-7091-1535-0_20
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  Fig. 18.1    Sections of two ovine vertebral bodies (L4–L5) and inter-
vertebral disc. Low-power (orig mag ×1) view of a section stained with 
Picrosirius Red/Alcian Blue demonstrates normal intervertebral disc 
morphology consisting of vertebral endplates ( VEP , annulus  fi brosus 
 AF , and nucleus pulposus  NP ). The cartilaginous disc stains an intense 
blue. Note the high content of collagen ( red ) in cortical and trabecular 

bone and the distinctly heterogeneous staining of collagen ( red ) and 
proteoglycan ( blue ) in the disc. Insert: high-power view of Picrosirius 
Red/Alcian Blue stained section (×40). Proteoglycan-positive chondro-
cytes and surrounding matrix stain  blue . Residual collagen stains  red  
( SB  subchondral bone,  CEP  cartilaginous endplate,  OA  outer annulus); 
unstained areas (picric acid) appear  yellow        

a

b

c

  Fig. 18.2    Plastic embedded 
sagittal sections of ovine lumbar 
motion segments (L4–5) stained 
with Picrosirius Red/Alcian Blue 
at day 0 ( a ), 6 months ( b ), and 
18 months ( c ) postoperative. 
Choosing a left lateral 
percutaneous approach through a 
19-g docking needle, sheep were 
injected with 300  m l of 
chondroitinase ABC via the 
dorsolateral corner into the center 
of L4–5 discs using a 22-g spinal 
needle. Figure (a–c) demonstrates 
progressive loss of overall disc 
height associated with decreased 
proteoglycan content in the 
nucleus pulposus ( NP ) and loss 
of vertebral endplate integrity 
with established subchondral bone 
thickening ( b ,  c ).  VEP  vertebral 
endplate. Sections were 
photographed at 4×       
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 endings (Kaapa et al.  1994a  ) . Interestingly, this study found 
that disc injury had no effect on nerve topography 
(Kaapa et al.  1994c  ) .  

    18.4.2   Ovine 

 The ovine model has also been used widely as a model for 
disc research. Melrose et al.  (  2012  )  used annular incisions 
to create mechanical destabilization and degeneration in 
sheep. Three months after surgery, MRI examination dem-
onstrated a reduction in disc height. Biomechanical testing 
to assess range of motion and to measure the neutral zone 
was performed along with histopathological examination. 
Measurement of aggrecan breakdown along with the expres-
sion of proteoglycan and collagen indicated that there were 
progressive degradative changes. In an earlier study, 8 months 
after annular injury of the lumbar discs of sheep, Melrose 
et al.  (  1992  )  found that while proteoglycan and collagen  levels 
had decreased, the amount of non- collagenous  protein had 
increased. The changes were primarily found in the nucleus 
pulposus and not the annulus  fi brosus (Melrose et al.  1992  ) . 
A subsequent study by the same  investigators revealed 
increased expression of decorin and biglycan after annular 
damage. These proteins exhibit adverse effects on cell pro-
liferation in vitro and may further suppress the limited ability 
of the disc to heal after injury (Melrose et al.  1997  ) . A later 
study by Melrose et al.  (  2002  )  suggested that the ovine annu-

lar lesion model can be extended to study neural and vascu-
lar ingrowth during the degradative process, a phenomenon 
hypothesized to play a role in the pain experienced by some 
human patients.  

    18.4.3   Canine 

 The canine model has also been popular in disc research. 
Various insults have been applied to canine discs in order to 
induce disc degeneration. Hutton et al.  (  2004  )  hypothesized 
that disc degeneration could be produced in canine models 
by limiting nutritional  fl ow through application of bone 
cement to the endplates; however, 70 weeks postsurgery, no 
changes were observed (Hutton et al.  2004  ) . In other studies, 
canine lumbar discs were subjected to compressive forces 
using springs (Hutton et al.  1998,   2000  ) . Despite application 
of springs over an entire year, the authors reported that there 
were no gross discal changes. They did, however,  fi nd differ-
ences in proteoglycan and collagen content between the con-
trol and experimental groups. A study by Hasegawa et al. 
 (  1995  )  demonstrated that fatigue loading was more detri-
mental to vertebral bodies adjacent to nucleotomized discs 
when compared to controls. Cyclic compression loading of 
nucleotomized discs resulted in an increase in microcrack 
density on the adjacent vertebral bodies suggesting a  possible 
microtrauma mechanism for progressive disc  degeneration 
(Hasegawa et al.  1995  ) . 

a b

40×20×

  Fig. 18.3    Intervertebral disc degeneration (IVDD) per se is not a basis 
for clinical intervention: identi fi cation of speci fi c features underlying 
discogenic pain is of the utmost importance to advance the current level 
of care and identify novel therapeutic targets. One critical de fi ciency in 
large animal models (sheep, goat, and cattle) is the lack of perceptible 
pain during surgically induced IVDD. Symptoms derived from degen-
erating discs may be classi fi ed into two types: (1) radicular pain sec-
ondary to stenosis and nerve-root or cord irritation and (2) discogenic 
pain due to internal disc disruption. These syndromes may have distinct 
etiologic bases. Certain dog breeds that exhibit an insidious onset of 

IVDD may provide clues to the pathophysiology of discogenic pain. A 
preclinical model correlating the clinical course of IVDD as it is seen in 
the humans would greatly enhance the predictability of clinical out-
come when evaluating novel therapeutic concepts. Figure ( a ) and ( b ) 
demonstrates sparse positive immunoreactivity ( arrows ) to CGRP and 
SP con fi ned to the dorsal longitudinal ligament ( DLL ) and outermost 
annulus  fi brosus ( OAF ) in the lumbar disc of dogs without clinical his-
tory of back problems. These  fi ndings support current knowledge of 
neuroanatomic similarities between the healthy human and canine 
intervertebral discs       

 



298 S.A. Patel et al.

 Several investigations have tried to slow or reverse 
 intervertebral disc degeneration in canine models via direct 
transplantation of autologous cells (Ganey and Meisel  2002 ; 
Ganey et al.  2003,   2009  ) . One study assessed the value of 
autologous adipose tissue-derived stem cells in treating dam-
aged discs (Ganey et al.  2009  ) . In each dog, three sequential 
discs were injured via partial nucleotomy, while two adjacent 
discs were spared and served as controls (Ganey et al.  2009  ) . 
Of the three discs with partial nucleotomies, one was injected 
with stem cells in a hyaluronic acid carrier, one was injected 
with hyaluronic acid alone, and the last underwent no inter-
vention. Based on assessments of the overall disc morphol-
ogy and matrix production subsequent to transplantation, the 
authors reported that treatment with stem cells in a hyaluronic 
carrier provided superior results. In another study, Ganey 
et al.  (  2003  )  harvested autologous disc cells, cultured them 
ex vivo, and returned them to the original canine disc via a 
percutaneous method. Not only did the transplanted cells 
successfully reintegrate into the disc, they also produced 
extracellular matrix. With respect to disc water content, fol-
low-up MRI was consistent with disc regeneration. Similarly, 
Hiyama et al.  (  2008  )  were also able to show signs of regen-
eration in a canine post-nucleotomy model through the injec-
tion of autologous disc cells expanded in culture. 

 In contrast to the canine disc injury models, chondrodystro-
phic breeds have the potential to serve as a model for sponta-
neous disc degeneration. The genetic defect which in fl uences 
disc cell proliferation and maturation leads to an increased 
pace of disc degeneration. These dogs experience the early 
disappearance of notochordal cells, and there is replace-
ment of the nucleus pulposus with  fi brocartilage (Melrose 
et al.  1996  ) . Thus, they provide a unique model to study a 
spontaneous degenerative process within the disc of a larger 
animal model. Additionally, investigations into disc innerva-
tions have thus far revealed the sparse presence of nocicep-
tive  fi bers (Fig.  18.3 ). Whether there is indeed an increase of 
nociception during disc injury or degenerative processes in 
this species is subject of ongoing investigations.  

    18.4.4   Caprine 

 Attempts have also been made to induce disc disease in 
caprine models. Hoogendoorn et al.  (  2008  )  successfully 
injected chondroitinase ABC directly into goat discs. A sub-
sequent study by Zhang et al.  (  2011a,   b  )  demonstrated that a 
4.5-mm drill bit inserted 15 mm into the disc resulted in 
signi fi cantly greater histological changes consistent with 
disc degeneration compared to disc injuries using a scalpel 
blade. This group also studied the effects of injecting caprine 
bone marrow stromal cells into degenerating discs and 
reported this intervention increased the proteoglycan 

content. It should be noted that the degree of degeneration in 
these studies prior to injection was relatively mild.   

    18.5   Advantages and Disadvantages 
of Large Animal Species Used 
in Disc Research 

    18.5.1   Porcine/Miniature Pig 

 Pigs are relatively simple to obtain and care for and usually 
moderate in cost (Cho et al.  2011  ) . Other advantages of the 
mini-porcine model include the size and lordotic curvature 
of the cervical spine which provides a reasonable model of 
the human cervical spine (Chiang et al.  2011  ) . Moreover, 
biomechanical studies have shown that porcine and human 
spines are similar with respect to spinal  fl exibility and disc 
dimensions (Lundin et al.  2000 ; Park et al.  2005  ) . Although 
pigs are quadrupeds, biomechanical evidence suggests that 
the forces acting on their spines are primarily along the long 
axis, similar to humans (Alini et al.  2008  ) . 

 Pig spines are most similar to human spines between the 
T6 and T10 vertebral levels making these levels ideal for 
modeling thoracic conditions (Sheng et al.  2010  ) . Moreover, 
pig discs are relatively large, facilitating surgical interven-
tions (Omlor et al.  2009  ) . From a biochemical perspective, 
the extracellular matrix composition and chondroitin sulfate 
to keratan sulfate ratios in humans and pig discs are similar 
(Kaapa et al.  1994b  ) . Pigs, like dogs, retain notochordal cells 
through adult life which may make the pig disc more resis-
tant to degeneration and afford them greater regenerative 
potential compared to humans (Omlor et al.  2009  ) . 

 The primary disadvantage of using full-sized porcine 
models is the rapid growth rate of most breeds; because of 
the subsequent weight gain, they are costly for long-term 
studies and also dif fi cult to use for surgical interventions 
(Sheng et al.  2010  ) . To overcome this limitation, some work-
ers have turned to the mini pig model. Yoon et al.  (  2008  )  
were able to induce slow progressive disc degeneration, 
con fi rmed by histopathology and MRI imaging, in miniature 
pigs after annular injury. 

 Another shortcoming of the pig (as with most large ani-
mal models) is that young animals generally do not experi-
ence spontaneous degeneration. Therefore, the degenerative 
process must be induced by annular or endplate injury (Yoon 
et al.  2008 ; Omlor et al.  2009  ) .  

    18.5.2   Ovine 

 Sheep are also relatively easy to obtain and moderate in cost. 
In contrast to dogs and pigs, sheep are similar to humans 
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with regard to the absence of notochordal cells in adulthood 
(Osti et al.  1990 ; Melrose et al.  1992 ; Alini et al.  2008  ) . They 
also exhibit similarities in water content, collagen content, 
and  fi ber orientation angles (Reid et al.  2002  ) . Despite the 
similarity in cellular composition, sheep have relatively 
smaller spines and substantial anatomic incongruences when 
compared to humans. Upon comparing the anatomic dimen-
sions of sheep and human discs, Wilke et al.  (  1997a,   b  )  found 
that the greatest similarities were in the thoracic and lumbar 
regions; however, there were disparities in all regions in 
terms of disc height: disc height in humans is greatest in the 
lumbar region, while sheep have greater disc heights in the 
cervical region. In addition, there are fundamental anatomic 
differences including variations of the atlas and axis verte-
brae, pedicles, and posterior vertebral body heights (Wilke 
et al.  1997a,   b  ) . The range of motion between vertebral 
regions (e.g., cervical, thoracic, lumbar) is similar to the 
human (Wilke et al.  1997a,   b  ) . Kandziora et al.  (  2001  )  evalu-
ated 20 human and Merino sheep spines and concluded that 
despite signi fi cant differences in anatomy, the two were 
 similar enough to use for in vivo modeling of human dis-
eases, speci fi cally endorsing the C3–4 motion segment as a 
reliable model of human cervical motion.  

    18.5.3   Canine 

 Although dogs are abundant and relatively inexpensive to 
maintain, their use for research in many communities pro-
vokes ethical scrutiny. Moreover, due to the unique relation-
ship between humans and dogs, attitudes regarding the use of 
canine models in research vary (Zhang et al.  2011a,   b  ) . In 
some cases, social norms complicate the use of dogs in bio-
medical research, and ethical scrutiny has led to an increased 
regulatory burden when performing canine research (Zhang 
et al. 2011). 

 Nonetheless, because dog intervertebral discs have been 
observed to have certain favorable similarities to humans, the 
canine model has been used extensively (Nguyen et al.  1989  ) . 
The major differences between the dog and human spine 
have been described by Nguyen et al.  (  1989  )  and include 
their smaller size and dissimilar disc shape (Nguyen et al. 
 1989 ; Zhang et al.  2011a,   b  ) . 

 In terms of motion, lateral bending and axial rotation are 
coupled differently in humans and dogs at the C4–5 vertebral 
levels. The dog cervical spine appears to have more coupled 
motion with regard to lateral bending and axial rotation com-
pared to human spinal motion segments (Hofstetter et al. 
 2009  ) . However, compressive and torsional stiffness along 
with the relative contribution of the posterior elements, discs, 
and ligament is similar between dog and human (Zimmerman 
et al.  1992  ) . 

 As previously mentioned, non-chondrodystrophic canine 
breeds have persistent notochordal cells which may be pro-
tective against degenerative changes and promote regenera-
tion following mild injuries. Chondrodystrophic breeds 
experience spontaneous degeneration, although the genetic 
basis for the degenerative process is quite different from that 
of normal human discs (Sakai et al.  2009  ) .  

    18.5.4   Caprine 

 Goats are robust animals that are relatively easy to obtain 
and moderate in cost. One advantage of the caprine model is 
that the disc height, size, and shape of certain breeds are 
similar to those of humans (Zhang et al.  2011a,   b  ) . The C3–4 
intervertebral disc in goats is particularly useful for model-
ing the C5–6 disc in humans (Hu et al.  2006  ) . Grossly, goat 
spines have similar geometric, anatomic, and loading charac-
teristics, while the nucleus pulposus displays comparable 
mechanical properties (Zhang et al.  2011a,   b  ) . 

 The weight range of goats is similar to humans, they 
 tolerate surgery and anesthesia well, and they do not gain 
enough weight to interfere with surgical manipulation 
(Zhang et al.  2011a,   b  ) . Due to the shape of the goat torso, 
which is much thinner side to side than the anterior-pos-
terior dimension, a lateral approach to the lumbar spine is 
relatively easy and can be performed using a minimally 
invasive approach (Zhang et al.  2011a,   b  ) . A disadvan-
tage of the goat model is that it has not been used as 
widely in disc research as some other large animal 
models.  

    18.5.5   Nonhuman Primates 

 From an evolutionary perspective, nonhuman primates 
have the greatest genetic similarity to humans and theoreti-
cally should have the most conserved disc biology. Not 
 surprisingly, the baboon and human cervical spines are 
very similar in terms of geometry and anatomic shape 
(Sheng et al.  2010  ) . 

 However, the lumbar region of the spine does exhibit 
notable differences that relate to upright posture and ambula-
tion in the human. Nonhuman primates do not require the 
lordotic posture of humans in the lumbar region. Additionally, 
human lumbar discs (especially in the lower two lumbar seg-
ments) are wedge shaped with greater anterior disc height. 
This allows for a greater range of extension and reduced 
 fl exion (Farfan  1978  ) . 

 In spite of the genetic similarities, the principal barriers to 
the use of nonhuman primates for disc research are the sub-
stantially greater cost of acquiring and maintaining these 
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relatively rare and highly social animals and the ethical 
 scrutiny that must be met before utilizing these intelligent 
animals for biomedical research.   

    18.6   Guide to Selecting the Most 
Useful Animal Model 

 The selection of an animal model should be guided by the 
unique research objectives of the speci fi c study. No single 
animal model identically reproduces all of the clinically rel-
evant variables associated with the human disc (Alini et al. 
 2008  ) ; however, different animal models share with humans’ 
speci fi c anatomic and biologic characteristics which may be 
relevant to a particular investigation. If the topic of interest is 
focused on an area in which a particular large animal model 
shares favorable anatomic, biomechanical, or biochemical 
features with the human, the choice is fairly straightforward 
(Alini et al.  2008  ) . 

 Assessing disc torsional biomechanics and collagen con-
tent across an assortment of species, Showalter et al.  (  2012  )  
provided loose guidelines as to which species are the most 
favorable for modeling of human disc degeneration. With 
respect to torsional mechanics, they found that 9 out of 11 
species were similar to humans; however, sheep and pig 
discs exhibited a signi fi cantly higher torsional stiffness. Calf, 
pig, baboon, goat, sheep, lumbar discs, and cow caudal discs 
are the most preferable species for studies investigating tor-
sional forces on the spine. With regard to collagen content, 
although the authors noted differences between species with 
regard to speci fi c disc regions, in general, they concluded 
there was relatively little variation across species. 
Unfortunately, few other similar cross-species studies have 
been performed to date. 

 Cost-effectiveness is an important factor in choosing an 
animal species for investigational studies. Larger, more intel-
ligent animals are expensive to acquire and maintain. 
Typically, such animals require specialized housing and may 
need trained handlers. Furthermore, some animals take lon-
ger to manifest degenerative changes after an experimental 
intervention, which can contribute to both study cost and 
length (Singh et al.  2005  ) . 

 The methods used to evaluate experimental results may 
also play a role in model selection. Histological examina-
tion, mechanical testing, and gene expression analysis all 
provide different levels of information regarding the extent 
of disc degeneration and the success of potential therapeutic 
interventions (Chan et al.  2011  ) . In vivo postoperative moni-
toring is critical and helps reduce animal numbers. 
Methodologies may include digital radiography, computed 
tomography, or magnetic resonance imaging. Digital radiog-
raphy can be a cost-effective tool to monitor, i.e., disc space 
as a function of ef fi cacy testing of an experimental interven-

tion. Collapsing disc space is one radiographic hallmark of 
disc degeneration. Subjective radiographic assessments 
require perfect lateral projections and are imprecise at best. 
A robust method to assess radiographic  fi ndings can be a 
powerful tool to corroborate  fi ndings from preclinical ani-
mal trials (Fig.  18.4 ). Careful pre-experimental planning is 
required to ensure that the minimal numbers of animals used 
for the study are adequate to address the research question 
and avoid performing an underpowered study. Gene expres-
sion studies generally require DNA sequence information 
which is more readily available in certain animal species. 
Studies in which the research objectives can be completed 
using advanced imaging, without animal sacri fi ce, may allow 
animals to be used for additional research so long as it does 
not confound the results of the  fi rst set of experiments (Chan 
et al.  2011  ) .  

 When selecting an animal model for a speci fi c purpose, 
such as medical device development, anatomic dimensions 
may be of particular importance. For example, in order to 
test a novel posterior instrumentation system, the investiga-
tor may want to use an animal model with more humanlike 
pedicle morphology and vertebral body size. For testing 
interbody cages or an intervertebral disc prosthesis, disc and 
vertebral body dimensions must to be taken into account 
(McLain et al.  2002  ) . 

 For studies of spinal motion, it is important that the model 
is biomechanically similar to humans. As an example, 
Schmidt et al.  (  2005  )  found that the porcine model was bio-
mechanically similar to humans in  fl exion/extension, but 
markedly different for lateral bending and axial rotation. 
Thus, the porcine model would be best suited for the study of 
 fl exion/extension and not for lateral bending and rotation. 

 Finally, when working with large animal models, safety is 
always a concern. The most obvious cause for concern is the 
potential for injury (bites, kicks); however, there are other 
less obvious hazards (Langley  1999  ) . These include, but are 
not limited to, needle puncture and scalpel cuts, allergies 
related to dander or hair, and fall-related injuries on  fl oors 
slippery from animal urine, food, or feces (Langley  1999  ) . 
Zoonotic diseases are also a potential concern (Weigler et al. 
 2005  ) . Appropriate protocols and training should be set in 
place and communicated to all staff working with animals to 
insure that precautions are taken to reduce the risk of injury 
or disease exposure (Weigler et al.  2005  ) .  

    18.7   Summary of Critical Concepts 
Discussed in the Chapter 

 Many small animal models are useful for studies involving 
intervertebral disc disease; however, large animal models are 
required for certain types of research and for regulatory 
agency approval of certain medical devices.
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   Large animal models can be used for studying disc biol-• 
ogy, biomechanics, regeneration strategies, and medical 
device development.  
  Validation of each animal model is necessary. Signi fi cant • 
differences exist between species with regard to the pres-
ence of notochordal cells, the biologic predilection 
towards disc degeneration, and the anatomic and physio-
logic features of the intervertebral disc. Thus, selection of 
the best animal model for a particular investigation will 
depend on the goals of the study.  
  Large animal model potentially useful for the study of • 
degenerative disc disease includes sheep, goat, pig/minia-
ture pigs, runt cow, nonhuman primates, dog, chicken, 
kangaroo, and ostrich.  

  For a speci fi c study, the research objectives, ethical con-• 
siderations, budget, and availability of the model should 
be considered when choosing the preferred animal model.         
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          19.1   Introduction 

 Approximately 2.6 % of the US population visits a physician 
for treatment of spinal disorders annually (Fraser  2009  )  with 
costs of $7.1 billion from lost work days alone (Ricci et al. 
 2006  ) . “Herniation” of the intervertebral disc is one of the 
several spinal disorders that contribute to this very high inci-
dence, with potential to cause signi fi cant pain, neurological 
de fi cit, and functional disability in affected individuals. 
Herniation presents as a protrusion or extrusion of discal tis-
sue into the epidural cavity, resulting in nerve root impinge-
ment and disc tissue exposure (Fig.  19.1 ). Both mechanical 
compression and tissue exposure contribute to pain and dis-
ability associated with intervertebral disc herniation (Goupille 
et al.  1998 ; Mixter et al.  1934 ; Olmarker and Rydevik  1991  ) . 
In areas innervated by the affected nerves, it is commonly 
seen as low back pain, radiating leg pain (i.e., radiculopathy 
or sciatica), muscle weakness, gait abnormality, muscle atro-
phy, asymmetric re fl exes, or loss of function (Atlas et al. 
 2005 ; Frymoyer  1988 ; Hart et al.  1995  ) . The incidence of 
sciatica related to intervertebral disc herniation peaks 
between the fourth and  fi fth decades of life and is most fre-
quently associated with herniations between the L3 and S1 
vertebral levels (Atlas et al.  2005 ; Awad and Moskovich 
 2006  ) . The severity of herniation symptoms in the cervical or 
lumbar regions has been shown to relate to the size or nature 
of the herniated fragment, whether it is simply protruding 
into the neural cavity, extruded, or completely sequestered 
from the parent structure.  

 Intervertebral disc herniation may also occur in associa-
tion with disc degeneration, wherein degenerated nucleus 
pulposus fragments migrate into previously established 
defects in the anulus  fi brosus (Moore et al.  1996  ) . A desic-
cated and  fi brous nucleus pulposus is associated with loss of 
disc height and an increased axial disc bulge with compres-
sive loading (Adams and Roughley  2006  ) ; the altered tissue 
can generate untoward stresses upon the anulus  fi brosus lead-
ing to tissue fragment extrusion. Thus, while intervertebral 
disc degeneration is positively associated with disc  herniation, 
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it can be dif fi cult to identify the speci fi c contributions of bio-
mechanical, environmental, or genetic factors. Once the tis-
sue is protruded or herniated, there is evidence for increased 
angiogenesis, macrophage in fi ltration, and proteinase pro-
duction in the tissue fragment that can contribute to its 
resorption over a period of months to years (Komori et al. 
 1996  ) . 

 The factors listed above are also believed to play impor-
tant roles in the etiology and pathophysiology of interverte-
bral disc herniation (Adams and Roughley  2006 ; Battie and 
Videman  2006  ) . Mechanical loading of the lumbar spine in 
work-related loading conditions may be suf fi cient to cause 
disc herniation. Epidemiological studies further suggest a 
role for mechanical factors and nutrient transport in interver-
tebral disc herniation with higher incidences of herniation 
and sciatica associated with obesity, smoking, and heavy 
physical work (this topic is discussed in considerable detail 
in Chap.   9    ) (Battie et al.  2009 ; Bostman  1993 ; Heliovaara 
 1987a,   b ; Heliovaara et al.  1987a,   b  ) . Genetic predisposition 
to lumbar radiculopathy may also exist, with data suggesting 
that disc herniation may be associated with genetic muta-
tions in the  a 2 and  a 3 chains of collagen IX or the regulatory 
cytokines interleukin-1 b  (IL-1 b ) and interleukin-6 (IL-6) 
(see Chap.   11    ). 

 For intervertebral disc herniation, the  fi rst treatment of 
choice is conservative, unless motor weakness or loss of 
function is a signi fi cant concern. Lifestyle modi fi cations, in 
particular exercise and physical therapy, can provide symp-
tomatic relief and reduce the need for operative treatment, 
although they are not generally considered to be disease-
modifying therapies (Weinstein et al.  2006a,   b  ) . In addition, 
conventional pharmacological interventions are widely 
 prescribed for sciatica including orally administered 

 anti-in fl ammatory and opioid analgesics. While more 
 invasive, epidural administration of anesthetics, such as bupi-
vacaine, and/or corticosteroids, like methylprednisolone or 
triamcinolone, shows some ef fi cacy in providing symptom 
relief, although again without evidence of disease modi fi cation 
(Buenaventura et al.  2009 ; Staal et al.  2008  ) . 

 While nonsurgical care is the  fi rst treatment option (see 
Chap.   15    ), surgical intervertebral disc excision is the most 
frequently performed musculoskeletal procedure in the 
USA, affecting 0.3 % of the population with hospitalization 
costs of $9.5 billion (Fraser  2009 ; Ricci et al.  2006  ) . The 
surgical approach for painful disc herniation is simply to 
remove the in fl ammatory material and to unload and decom-
press the adjacent neural structures (Loupasis et al.  1999  ) . 
While frequently successful in providing relief, compres-
sion-relieving discectomy may not prevent recurrence of 
pain, prompting the need for additional surgeries, or in 
20–60 % of patients, there may be repeat herniations 
(Weinstein et al.  2006a,   b  ) .  

    19.2   Pathophysiology and Pain of 
Intervertebral Disc Herniation 

 Both chemical and mechanical factors are widely believed to 
contribute to radicular pain subsequent to intervertebral disc 
herniation (Olmarker  2001  ) . The herniated fragment may 
impinge upon the exiting spinal nerve and contribute to nerve 
root compression with many associated deleterious effects. 
The root consists of both anterior and posterior rootlets exit-
ing from the spinal nerve that combine to form the dorsal and 
ventral nerve roots containing sensory and efferent  fi bers, 
respectively (Fig.  19.2 ). The roots come together in the region 
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  Fig. 19.1    Schema showing a cross section of the intervertebral disc and 
anatomy of the spinal cord and posterior vertebral processes. ( Left ) Normal 
anatomy showing labels identifying the intervertebral disc anulus  fi brosus 
and nucleus pulposus, as well as the nerve roots which come together as 

spinal nerves as they exit through the intervertebral foramen. ( Right ) 
Schema of anatomic changes typical of a posterolateral intervertebral disc 
herniation, suggesting nerve root impingement (Used under CCL3.0, 
  http://en.wikipedia.org/wiki/File:Cervical_vertebra_english.png    )       
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of the neural foramen and continue more distally into the 
periphery of the spinal nerve to innervate the structures out-
side of the spinal column. Unlike nerves, the nerve roots are 
not enclosed by a thick epineural sheath, and so they lack the 
mechanical resilience of their peripheral counterparts; hence, 
their structural anatomy places them at particular risk for 
injurious mechanical loading under intervertebral disc her-
niation. In addition, the cell bodies of peripheral nerves are 
housed in the dorsal root ganglion (DRG) and can respond to 
even slight compression with sustained neuronal activity and 
pain (Hanai et al.  1996 ; Hu and Xing  1998 ; Van Zundert et al. 
 2006  ) . Intraoperative studies in patients with disc herniation 
and associated root impingement demonstrate decreases in 
the amplitude of compound muscle action potentials follow-
ing electrical stimulation to the affected nerve root (Morishita 
et al.  2006 ; Takamori et al.  2011  ) . This work provides direct 
support for the clinical observation that functional impair-
ment is associated with disc herniation. Reproduction of pain 
generating straight-leg raises in patients undergoing surgery 
showed that the amplitude of the evoked action potentials 

decreased 41 % at as early as 1 min following positioning 
and decreased by 63 % after 3 min (Takamori et al.  2011  ) . 
The change in evoked action potential continued to develop 
through the period of nerve root impingement, demonstrating 
that time-dependent electrophysiologic responses occur in 
the nerve root with compression. These changes in neuronal 
signaling probably contribute to radiculopathy symptoms. 
Together, the magnitude, duration, and rate of compression 
of the nerve root modulate both the extent of the local tissue 
damage and the degree and duration of the pain symptoms 
(Kobayashi et al.  2005b ; Olmarker et al.  1989 ; Rothman et al. 
 2010 ; Rydevik et al.  1991 ; Winkelstein et al.  2002  ) .  

 As indicated above, intervertebral disc herniation can con-
tribute to a type of neuropathic pain that has, as its most com-
mon characteristic symptom, radicular pain or radiculopathy. 
Self-reported pain and disability scales, such as the visual ana-
logue scale (VAS) or Oswestry Disability Index, are often used 
to provide measures of pain or functional loss associated with 
disc herniation. Clinically, the straight-leg raise test (or SLR) 
is considered the most sensitive approach for quantifying the 
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degree of radicular pain originating in the lumbar region, as 
pain is more pronounced upon elevation of the leg (van der 
Windt et al.  2010  ) . Similarly, positions that reproduce pain 
such as forward  fl exion, hyperextension, and slump are some-
times used to corroborate  fi ndings of radicular pain, although 
imaging is commonly needed to con fi rm the pain source is 
related to intervertebral disc herniation. In patients, physical 
tests of muscle weakness, impaired re fl exes, and sensory 
de fi cits or hypersensitivity may also be used to detect impair-
ment associated with radiculopathy. These diagnostic and 
quantitative assessments are relevant to animal models as no 
diagnostic biomarkers that span human to animal models have 
yet been developed for  intervertebral disc herniation radicul-
opathy (Brisby et al.  2002 ; Gajendran et al.  2011 ; Tokunaga 
et al.  2010  ) . Tests of hypersensitivity to non-noxious (allo-
dynia) and noxious stimuli (hyperalgesia) serve as surrogate 
measures of sensory changes with disc herniation and can 
serve as indicators of neuropathic pain in both human subjects 
and animals. A heightened response to a light brush of the skin 
would be considered a sign of mechanical allodynia, while a 
heightened response to pinch would be considered a sign of 
mechanical hyperalgesia. Patients presenting with herniation 
may experience either or both mechanical or/and thermal allo-
dynia, and these serve as important metrics of pain-related 
behaviors in animal models of intervertebral disc herniation. 

 Separate from nerve root compression, a herniated disc 
fragment may evoke an in fl ammatory and immune response 
near an affected root (Olmarker and Larsson  1998  ) . Indeed, 
the herniated tissue fragment is a known generator of many 

in fl ammatory mediators and proin fl ammatory cytokines, 
such as IL-1 a , IL-6, and TNF- a  (Table  19.1 ). Elevated 
expression of these molecules may activate the immune sys-
tem and upregulate the expression of proteinases important 
for fragment resorption; nerve root compression alone may 
also upregulate the expression of many of these same 
in fl ammatory mediators (Kobayashi et al.  2005b  ) . Many 
mediators are known generators of pain, such that they have 
become therapeutic targets for new and emerging studies 
(reviewed at the end of this chapter).   

    19.3   Animal Models of Intervertebral 
Disc Herniation 

 To advance therapeutic options that can change disc hernia-
tion outcomes, it is of critical importance to understand the 
molecular mechanisms that regulate pain, muscle changes, 
and dysfunction. Animal models of herniation have been 
extensively studied for this purpose. These models fall into 
two categories: (1) models designed to mimic direct nerve 
root compression in a well-controlled manner using plung-
ers, constriction, or graded compression (Hou et al.  2003 ; 
Kallakuri et al.  2005 ; Kawakami et al.  2003 ; Onda et al. 
 2005 ; Sekiguchi et al.  2009  ) ; (2) models designed to mimic 
chemical injury that can elicit an in fl ammatory response 
through the use of chemical irritants (Colburn et al.  1999 ; 
Hashizume et al.  2000a ; Hubbard and Winkelstein  2005 ; 
Kajander et al.  1996 ; Kawakami et al.  1994a,   b ; Maves et al. 

   Table 19.1    Molecular mediators of radiculopathy identi fi ed in intervertebral disc tissues. Annotated  fi ndings in footnotes   

 Mediator  Notes  Citation 

 TNF- a   1–3,6  Weiler et al.  (  2005  ) , Takahashi     (  1996  ) , Demircan  (  2007  ) , Ahn  (  2002 ), Le Maitre et al.  (  2007  ) , 
Nygaard  (  2007  )  

 ICAM-1  1  Doita et al.  (  1996  )  

 Interleukin-1 a   1,2  Le Maitre  (  2005 ), Takahashi  (  1996  ) , Ahn  (  2002 ) 

 Interleukin-1 b   1,3,7  Demircan  (  2007  ) , Takahashi  (  1996  ) , Le Maitre et al. ( 2005 ,  2007)  

 Interleukin-17  3  Shamji et al.  (  2010  )  
 Interleukin-4  3,5  Shamji et al.  (  2010  ) , Park ( 2002 ) 
 Interleukin-6  1,3,6  Demircan  (  2007  ) , Takahashi   (  1996  ) , Kang ( 1997 ), Burke et al.  (  2002  ) , Shamji et al.  (  2010  ) , 

Specchia ( 2002 ), Nygaard  (  2007  )  
 Interleukin-8  1,2,4  Demircan  (  2007  ) , Ahn  (  2002 ), Burke et al.  (  2002  )  
 Interleukin-12  3,4  Shamji et al.  (  2010  ) , Park ( 2002 ) 
 Interleukin-20  1  Huang  (  2008 ) 

 Interferon- g   1,3,4  Demircan  (  2007  ) , Shamji et al.  (  2010  ) , Park ( 2002 ) 

 Leukotriene-B4  Demircan  (  2007  ) , Nygaard  (  2007  ) , Willburger  (  1994 ) 
 Thromboxane-B2  1,4,7  Demircan  (  2007  ) , Nygaard  (  2007  )  
 Phospholipase A  1  Saal  (  1990 ) 
 Prostaglandin E2  1,3  O’Donnell  (  1996 ), Kang ( 1997 ), Wilburger  (  1994 ) 

  1. Expression noted in degenerative and/or herniated IVD 
 2. Protein or mRNA expression revealed in herniated IVD alone 
 3. Herniated or degenerated IVD > non-degenerative or autopsy control 
 4. Uncontained > contained herniations or non-degenerative control 
 5. Expression in uncontained < contained herniations 
 6. No evidence of protein or mRNA expression in herniated discs 
 7. Little or no spontaneous expression detected in herniated IVD  
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 1993 ; Olmarker et al.  1993 ; Winkelstein and DeLeo  2004  ) ; 
or (3) direct application of nucleus pulposus tissue to the 
nerve root (Allen et al.  2011 ; Brisby et al.  2000 ; Cuellar et al. 
 2005 ; Kawakami et al.  1999 ; McCarron et al.  1987 ; Olmarker 
et al.  1997 ; Olmarker and Myers  1998 ; Otani et al.  1997 ; 
Sekiguchi et al.  2008 ; Shamji et al.  2009  ) . All of these ani-
mal models mimic key features of painful radiculopathy such 
as limb allodynia or hyperalgesia. The most commonly 
reported measure of limb hypersensitivity in preclinical 
models of intervertebral disc herniation is mechanical allo-
dynia, detected using von Frey micro fi laments applied to the 
plantar region of an animal’s paw (Fig.  19.5 ) (Colburn et al. 
 1999 ; Kallakuri et al.  2005 ; Kobayashi et al.  2005b ; Shamji 
et al.  2009 ; Rothman et al.  2010 ; van der Windt et al.  2010  ) . 
By measuring the frequency or response of withdrawal from 
a given  fi lament, the sensitivity of a limb to non-noxious 
mechanical stimuli can be assessed. Mechanical hyperalge-
sia is also a measure of limb sensitivity and can be deter-
mined by recording the time spent grooming following a 
pinprick or assessing the mechanical pinch force required to 
initiate an animal response (Randall–Selitto device). These 
measures have some gross relationships to pain and serve as 
surrogate measures of underlying neuropathology with inter-
vertebral disc herniation. 

 Pain or dysesthesia can also elicit changes in grooming, 
locomotion, or sensorimotor skills in animal models. Pain in 
disc herniation models has been identi fi ed by recording key 
features of animal behavior over a period of time, such as the 

frequency of head turns toward a respective limb, leg lifts, 
duration of spontaneous grooming activity on a given limb, 
and “wet-dog shakes” (see Chap.   16    ) (Nakamae et al.  2011 ; 
Nilsson et al.  2011 ; Olmarker  2008 ; Olmarker et al.  2002, 
  2003  ) . Alternatively, quantitative measures of gait have been 
used to identify compensations and disabilities resulting 
from intervertebral disc herniation (Allen et al.  2011 ; 
Shamji et al.  2009  ) , made easier by the recent introduction 
of  digitized gait apparata including the CatWalk TM , 
Treadscan TM , and Digigait TM  systems (Beare et al.  2009 ; 
Berryman et al.  2009 ; Gensel et al.  2006 ; Piesla et al.  2009 ; 
Vrinten and Hamers  2003  ) . Tracking of spatial and temporal 
gait parameters, such as the geometric position of the limb 
and paw ground contact times, can be used to obtain mea-
sures such as stride length, step width, toe-out angle, stance 
times, gait symmetry (a measure of limping), and running 
velocity (Fig.  19.3 ). Dynamic data describe forces and 
moments that occur during a gait cycle and include measures 
such as ground reaction forces and moments (Crawley  2007 ; 
Whishaw and Kolb  2005  ) . These parameters are standard 
analytical tools in the study of musculoskeletal injury and 
pathology and are more recently being used to objectively 
quantify pain-related behaviors and functional losses in ani-
mal models of disc herniation. The major models used to 
study mechanisms that contribute to symptoms of interverte-
bral disc herniation are reviewed here, followed by an 
overview of developments in the area of emerging nonsurgi-
cal therapies.  
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    19.3.1   Mechanical Factors in Intervertebral 
Disc Herniation 

 Nerve root compression in association with disc herniation 
can result from acute insult to the axonal, connective, and 
vascular tissues of the nerve root and initiate a cascade of 
related and integrated neuronal, in fl ammatory, and degenera-
tive changes (Kobayashi et al.  2004b ; Rydevik et al.  1984, 
  1994 ; Winkelstein et al.  2002  ) . From this perspective, 
mechanical injury and in fl ammatory injury are not unique, 
nor unlinked, events. Nerve root compression following 
acute mechanical loading can induce long-term nerve root 
pathophysiology, such as edema, in fl ammation, and thicken-
ing of connective tissues (Beck et al.  2010 ; Jancalek and 
Dubovy  2007 ; Kobayashi et al.  2004b ; Mosconi and Kruger 
 1996  ) , as well as the development of evoked pain via modi fi ed 
communication with the spinal cord. Following mechanical 
trauma and compression, injured axons exhibit axonal swell-
ing, loss of cytoskeleton proteins, separation and disorgani-
zation of the myelin sheath, loss of axonal transport, Wallerian 
degeneration, and a decrease in axon packing density 
(Guertin et al.  2005 ; Jancalek and Dubovy  2007 ; Kobayashi 
et al.  2004a,   b,   2005a,   b,   c,   d ; Mosconi and Kruger  1996 ; 
Myers et al.  1993  ) . Like functional changes in neurons dur-
ing and after compression, degenerative changes in axons 
develop at later times and are also dependent on the magni-
tude of the compression (Hubbard et al.  2008b ; Kobayashi 
et al.  2005b ; Nicholson et al.  2011  ) . 

 Cells that respond to injury include microglia (resident 
macrophages in the central nervous system) and astrocytes. 
These cells have many roles in both the peripheral and  central 
nervous systems, including the maintenance of homeostasis 
at neuronal synapses. Both types of glial cells respond to 
injury by changing their morphology, proliferating, upregu-
lating cell surface markers, and releasing several in fl ammatory 
mediators (Cao and Zhang  2008 ; DeLeo et al.  2004 ; Saab 
et al.  2008 ; Suter et al.  2007  ) . A peripheral stimulus by some 
neurotransmitters/neuromodulators (e.g., excitatory amino 
acids, substance P, ATP) (Cao and Zhang  2008 ; Marriott 
 2004  )  can activate early release of proin fl ammatory cytok-
ines as well as nitric oxide, prostaglandins, and nerve growth 
factor (DeLeo et al.  2004 ; Inoue  2006  ) . These mediators, in 
turn, induce an exaggerated release of neurotransmitters 

  Box 19.1 DRG and Neuronal Cell Culture 

 Intervertebral disc herniation can initiate cellular-level 
changes in the neurons and afferents in the dorsal root 
ganglion (DRG). Because many of these neuronal 
changes can contribute to central sensitization that 
induces sustained nociceptive responses in the spinal 
cord as well as pain, DRG culture studies are a useful 
proxy for investigating the pathophysiology of disc 
herniation. In particular, cell culture systems have the 
potential to recapitulate the cellular environment of 
primary afferents of the DRG via chemical and/or 
mechanical stimuli. In some cases, multi-compartment 
in vitro systems enable more complicated systems 
approaches to modeling synaptic connections, and 
integration of multi-electrode arrays in these setups 
also enables neuron-level assessments of function. In 
addition, culture preparations have been used to evalu-
ate neuronal responses to challenges such as cytokines 
and other in fl ammatory mediators known to be involved 
in disc-mediated pain. 
  A variety of specialized techniques have been devel-
oped to isolate, maintain, and manipulate isolated neu-
rons and intact DRGs from rodents. Brie fl y, immediately 
following perfusion with Krebs–Ringer bicarbonate 
buffer, laminectomies and facetectomies are performed 
to expose the DRG which is removed and immediately 
placed in Krebs buffer on ice. For isolation of intact 
neurons, the DRG is digested in collagenase under 
sterile conditions in Hank’s Balanced Salt Solution, 
trypsinized, and dissociated by trituration. After trypsin 
inactivation, cells are resuspended in Dulbecco’s 
Modi fi ed Eagle Medium (DMEM) supplemented with 
fetal bovine serum, growth factors, and antibiotics. 
Intact rodent DRGs may also be incubated with organ 
culture medium (DMEM and serum that is supple-
mented with glucose and nerve growth factor). Isolated 
neurons can be cultured on a variety of different sub-
strates and exhibit varied responses depending on the 
substrate stiffness. Typically, cells are plated with cul-
ture media on glass-bottom dishes coated with poly- d -
lysine in borate buffer and laminin in borate buffer. It 
is possible to phenotype DRG cultures to identify 
afferent populations using immunohistochemistry 
techniques to identify A  fi bers (by positive NF200 
labeling), C  fi bers (negative for NF200 labeling), and 
also peptidergic (substance P positive) and non-pepti-
dergic  fi bers (IB4 positive). 
  Although these culture techniques have been wide-
spread in the neuroscience community for quite some 
time, they are becoming more common for understand-

ing disc-mediated pain since they can provide a cellu-
lar-level characterization of neuronal responses to 
relevant stimuli related to disc herniation. They enable 
dose–response studies and real-time functional assays, 
as well as provide an exciting platform for screening 
potential therapeutics. 
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from presynaptic neurons, sensitize the postsynaptic mem-
brane, activate neighboring astrocytes, and enhance micro-
glial activity (DeLeo et al.  2004 ; Inoue  2006  ) . This positive 
feedback sustains the release of pain mediators, facilitating 
the development of neuronal hypersensitivity and can lead to 
the persistent pain that is often associated with a herniated 
disc or in fl amed nerve root. Following such neural insults, 
spinal glial cells become activated and modulate other 
 immunologic changes via cytokine and growth factor pro-
duction, leading to persistent pain (DeLeo and Yezierski 
 2001 ; Hashizume et al.  2000a ; Obata et al.  2004 ; Winkelstein 
et al.  2001a  ) . In particular, greater nerve root compression 
leads to increased activation of spinal astrocytes that is appar-
ent as early as 1 day and is sustained in parallel with persis-
tent symptoms of mechanical allodynia (Rothman and 
Winkelstein  2007  ) . These observations suggest that spinal 
astrocytes may directly respond to the changes in the dorsal 
horn that are induced by damaged primary afferents (Hogan 
 2007 ; Sapunar et al.  2005  )  (Fig.  19.4 ).  

 Severe axonal injury can also induce Wallerian degenera-
tion of the axonal process distal to the cell body (Stoll and 
Jander  1999 ; Stoll and Muller  1999  ) . For the central axons of 
primary afferents, which make up the dorsal nerve root, 
Wallerian degeneration can occur proximal to the site of injury 
(Hubbard and Winkelstein  2008 ; Kobayashi et al.  2008  ) . 
Axonal degeneration, marked by neuro fi lament degradation 
and loss of axonal integrity, is evident as early as 15 min after 
trauma, but is more commonly present at time points in the 

order of weeks (Kobayashi et al.  2008 ; Ramer et al.  2004  ) . 
The extent of degeneration is modulated by the mechanics of 
the insult and is associated with persistent pain and hypersen-
sitivity after a compression to the nerve root (Dyck et al.  1990 ; 
Hubbard et al.  2008a,   b ; Kobayashi et al.  2008 ; Nicholson 
et al.  2011  )  (Fig.  19.5 ). Disruption to the axonal structure has 
been found to be more pronounced for greater loads applied 
for longer durations (Dyck et al.  1990 ; Hubbard et al.  2008a ; 
Kobayashi et al.  2005a,   2008 ; Nicholson et al.  2011  ) . Further, 
the extent of damage and Wallerian degeneration of the axons 
in the compressed nerve root is directly related to the develop-
ment of persistent hypersensitivity (Hubbard et al.  2008a,   b ; 
Hubbard and Winkelstein  2008  ) .  

 The severity of nerve root injury and the intensity of pain 
after nerve root injury in fl ammation strongly relate to neuro-
peptide depletion in the DRG and spinal cord together with 
axonal degeneration (Hubbard et al.  2008a,   b ; Rothman 
et al.  2005  ) . For example, persistent allodynia, due to higher 
magnitudes of dorsal nerve root compression, is associated 
with greater sensitivity at 1 week or later (Hubbard et al. 
 2008a,   b  ) . This is accompanied by a corresponding deple-
tion of the nociceptive neuropeptide, substance P, in the 
DRG that similarly varies with the magnitude of the initiat-
ing compressive load (Hubbard et al.  2008b ; Kobayashi 
et al.  2005b  ) . Spinal expression of another potent neuropep-
tide for regulating pain, calcitonin gene-related peptide 
(CGRP), also decreases with increased painful loading to 
the nerve root (Hubbard et al.  2008a,   b  ) . Together with the 
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effects of neural trauma described above, these mechani-
cally deleterious events can dramatically contribute to 
reduced transport of  neuropeptides and neurotrophic factors 
from neurons, where these factors are synthesized, to their 
release from the presynaptic terminals in the spinal cord. 

 In animal models, the magnitude, duration, and rate of the 
nerve root compression have been shown to modulate the 
extent of the local tissue damage to the root and the degree 
and duration of the pain-related behaviors (Kobayashi et al. 
 2005a ; Olmarker et al.  1989 ; Rothman et al.  2010 ; Rydevik 
et al.  1991 ; Winkelstein et al.  2002  ) . In rodent models of 

nerve root compression, elevated magnitudes of compres-
sion increased the levels of mechanical allodynia and reduced 
axonal transport in the compressed root (Kobayashi et al. 
 2005a ; Winkelstein et al.  2002  ) . Although animal models of 
nerve root compression have shown sustained mechanical 
hypersensitivity in the affected limb (Colburn et al.  1999 ; 
Hashizume et al.  2000a ; Kobayashi et al.  2005a ; Winkelstein 
and DeLeo  2004 ; Winkelstein et al.  2002  ) , mechanical 
hypersensitivity can also be produced when the nerve root is 
compressed for times as short as 2 s (Sekiguchi et al.  2003, 
  2009  ) . Moreover, lumbar nerve root compression produces 
an immediate change in evoked signal conduction along the 
 fi bers of the compressed root (Fumihiko et al.  1996 ; Morishita 
et al.  2006 ; Pedowitz et al.  1992 ; Rydevik et al.  1991 ; 
Takahashi et al.  2003  ) . Both compression rate and magnitude 
contribute to edema production in the nerve root, such that 
the magnitude of pressure required to produce edema 
decreases for higher loading rates (Hubbard et al.  2008b ; 
Hubbard and Winkelstein  2008 ; Nicholson et al.  2011,   2012 ; 
Olmarker et al.  1989 ; Rothman et al.  2010 ; Rydevik et al. 
 1991  ) . Moreover, speci fi c loading parameters, such as 
 magnitude and duration, likely play a role in modulating 
electrophysiologic responses. Animal models of nerve root 
compression in the cauda equina demonstrate that evoked 
neuronal signaling is altered during and after compression 
(Fumihiko et al.  1996 ; Gar fi n et al.  1990 ; Pedowitz et al. 
 1992 ; Rydevik et al.  1991  )  and decreases in the amplitude of 
electrically evoked compound nerve action potentials due to 
cauda equina compression may persist after removal of the 
compressive force (Pedowitz et al.  1992 ; Rydevik et al. 
 1991  ) . These changes are corroborated by measurements in 
human subjects with intervertebral disc herniation that simi-
larly show changes in evoked nerve action potentials upon 
straight-leg raise. 

 The results of studies of mechanically compressed nerve 
roots together with the widespread molecular changes can 
be integrated into a generalized schema. As early as 1 h fol-
lowing even a transient nerve root compression that is 
suf fi cient to produce persistent behavioral sensitivity, 
in fl ammatory cytokines, IL-6 and TNF- a , and mRNA 
expression levels are  elevated in the ipsilateral DRG and also 
in the spinal cord (Rothman et al.  2009b  ) . Within 1 day of 
that event, behavioral sensitivity develops along with hall-
marks of spinal in fl ammation, including activation and pro-
liferation of microglia (Rothman et al.  2009a  ) . By 7 days 
after injury, axons of the injured nerve root show signs of 
degeneration, and the spinal in fl ammation becomes even 
more pronounced, and both astrocytes and microglia become 
activated (Hubbard and Winkelstein  2005,   2008  ) . These 
changes together with the decrease in neuropeptides in the 
spinal cord at this same time point (Hubbard et al.  2008b  )  
may lead to alterations in neuronal signaling in the spinal 
cord following a painful injury.  
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    19.3.2   Role of Chemical and In fl ammatory 
Mediators in Disc Herniation 

 As mentioned above, contributing to a cascade of chemi-
cal injuries at the affected nerve are elevated levels of 
in fl ammatory mediators, in fi ltration of macrophages, and 
activation of glial cells. To further examine these effects, 
animal models have been developed that mimic features of 
both in fl ammation and immune system function in interver-
tebral disc herniation. Both behavioral hypersensitivity and 
widespread immune responses are produced when chromic 
gut suture pieces are placed in contact with the nerve root 
without any mechanical perturbation (Colburn et al.  1999 ; 
Hashizume et al.  2000a ; Hou et al.  2003 ; Hubbard and 
Winkelstein  2005 ; Kajander et al.  1996 ; Kawakami et al. 
 1994a,   b ; Maves et al.  1993 ; Murata et al.  2004a,   b ; Olmarker 
et al.  1993 ; Rothman and Winkelstein  2007 ; Rutkowski et al. 
 2002 ; Winkelstein and DeLeo  2004  ) . Gut suture ligation 
simultaneously compresses the nerve root by ligation, while 
the chromic salts and pyrogallol in the suture serve as irri-
tants (Colburn et al.  1999 ; Hashizume et al.  2000a ; Kajander 
et al.  1996 ; Kawakami et al.  1994a,   b ; Maves et al.  1993 ; 
Robinson and Meert  2005 ; Winkelstein and DeLeo  2004 ; Xu 
et al.  1996  ) . A consistent response to the chromic gut suture 
by the nerve root damage is the induction of thermal hyper-
algesia (decreased latency to withdraw from thermal stimuli) 
that is transient and dose dependent; this form of hyperalge-
sia is not consistently present in intervertebral disc hernia-
tion models that mimic the compressive stimuli alone (Maves 
et al.  1993 ; Yamamoto and Nozaki-Taguchi  1995  ) . The 
mechanisms governing the neuronal responses to chromic 
gut salts appear to be related to early immune activation 
characterized by Schwann cell proliferation, macrophage 
in fi ltration, and microglial activation. Along with these 
changes are molecular events including a depleted neuro-
peptide expression and an early expression of cell adhesion 
molecules such as ICAM-1 and PECAM. These adhesion 
molecules would serve to promote recruitment of circulating 
monocytes to the injured nerve root (Chang and Winkelstein 
 2011 ; Hashizume et al.  2000a ; Rothman et al.  2010 ; 
Rutkowski et al.  2002 ; Xu et al.  1996 ; Yamamoto and 
Nozaki-Taguchi  1995  ) . These studies indicate that, despite 
similarities in sensitivity to chromic gut suture and mechani-
cal compression, differences in the pattern of hypersensitiv-
ity and molecular changes may re fl ect only limited injury 
etiologies. Nonetheless, use of chromic gut sutures as a 
chemical injury model for nerve root damage is popular for 
evaluating treatments that can interfere in the perception of 
disc herniation-related pain. 

 Soft tissues of the disc are believed to be immune privi-
leged, in that the internal structures of the intervertebral 
disc do not come into contact with the systemic circulation 
under normal conditions and express the Fas ligand that can 

 promote an autoimmune response. With degeneration and 
damage, the internal structures of the intervertebral disc 
can come in contact with adjacent tissues, producing an 
immune response that is the subject of extensive investiga-
tion. Intervertebral disc tissues contain high levels of 
CD68+ immunoreactive macrophages, as well as lesser 
quantities of T and B lymphocytes (Doita et al.  1996 ; 

  Box 19.2 Historical Information on Sciatica 

 What we currently understand as “sciatica” was origi-
nally considered an “evil display of demon magic” by 
the earliest civilizations to provide written record (Sigerist 
1934). The Greeks of  fi fth century BC provide documen-
tation of early attempts at treating the sudden shots of 
pain that were common to the spine–hip–joint complex. 
In Hippocratic times, corrective traction was often under-
taken, with more conservative treatment that included 
massage, heat, dietary alterations, bed rest, and music “to 
pipe away pain.” A particular Roman physician of the 
fourth century AD, Caelius Aurelianus, is noted for pro-
viding some attempt at explaining the etiopathogenesis 
and anatomic origins of sciatica (Drabkin ed 1950). 
Caelius Aurelianus believed that a sciatic attack could be 
caused by a sudden jerk or movement during exercise, 
lifting a heavy object, a sudden shock, or fall and that this 
presentation was most common for middle-aged persons. 
Surprisingly, these early Roman observations are all con-
sistent with our present-day understanding. Further, 
Caelius Aurelianus believed that sciatica could be caused 
by a “deep-seated congelation,” referring to a cutting off 
of squeezing of nervous tissue. In the day of Caelius 
Aurelianus, patients af fl icted with sciatica may have 
been treated with a mixture of “sweet marjoram, rose-
mary leaf, wine, and olive oil,” as well as bed rest, mas-
sage, heat, and passive range-of-motion exercises. If met 
with failure, a Roman may have undergone treatment 
with leeches, hot coals, skin hooks, and bloodletting. 
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Freemont et al.  2002 ; Gronblad et al.  1994 ; Roberts et al. 
 2006 ; Shamji et al.  2010  ) . In addition, the disc tissues 
secrete numerous proin fl ammatory cytokines and 
in fl ammatory mediators, such as interleukin-1 a  (IL-1 a ), 
interleukin-6 (IL-6), interleukin-17 (IL-17), and tumor 
necrosis factor- a  (TNF- a ); these cytokines may be pro-
duced by primary disc cells or by in fi ltrating monocytes 
(Bachmeier et al.  2009 ; Burke et al.  2002 ; Le Maitre et al. 
 2007 ; Murata et al.  2004a ; Saal  1995 ; Shamji et al.  2010 ; 
Weiler et al.  2005,   2011  )  (Table  19.1 ). Numerous studies 
have documented the molecular effects of the herniated dis-
cal tissues (Mulleman et al.  2006a,   b  ) . Models used for 
these studies have included harvest of tail nucleus pulposus 
tissue for placement at a lumbar nerve root or cauda equina 
(Allen et al.  2011 ; Aoki et al.  2002 ; Brisby et al.  2000 ; 
Cuellar et al.  2005 ; Kawakami et al.  1999 ; Shamji et al. 
 2009 ; Skouen et al.  1999 ; Yabuki et al.  1998  )  or lumbar 
disc puncture to promote nucleus pulposus herniation 
(Olmarker et al.  1998 ; Olmarker and Myers  1998 ; Otani 
et al.  1997  ) . Physiological changes noted in these models 
include reduced nerve conduction velocities, lowered 
endoneurial pressure for dorsal horn or sensory neurons, 
and elevated nitric oxide synthase activity in spinal nerve 
roots at 1–4 weeks following exposure to discal tissues. In 
addition, there is increased expression of neurotrophins, 
IL-1 b , TNF- a , phospholipase-1, and/or nitric oxide syn-
thase in the applied nucleus pulposus tissues or in cell bod-
ies and intercellular domains around the DRG (Kallakuri 
et al.  2005 ; Kawakami et al.  1999 ; Murata et al.  2004a ; 
Onda et al.  2002  ) . Disc-associated cytokines (IL-1 b , 
TNF- a , IFN- g ) applied directly to nerve roots, as opposed 
to cytokines secreted by nucleus fragments, have also been 
shown to induce electrophysiological changes, consistent 
with a heightened sensitivity (Ozaktay et al.  2002 ;  2006  ) . It 
is likely that these cytokines bind to receptors for TNF- a  
and IL-1 b  on the sensory neurons (Binshtok et al.  2008 ; 
Verri et al.  2006  ) . While these  fi ndings clearly indicate a 

  Box 19.3 Glossary of Terms   
  Schober index    Schober index measures a patient’s 
ability to  fl ex the lumbar region of his or her back. In a 
normal standing posture, a mark is made 5 cm above 
and 10 cm below the iliac spine. The patient then bends 
to full  fl exion, and the distance between the two marks 
is measured. A distance above 20 cm in  fl exion is con-
sidered normal, where distances below 20 cm during 
 fl exion suggest a limited range of motion.   

  Oswestry Disability Index    The Oswestry Disability 
Index is a validated questionnaire commonly used to 
evaluate the principal conditions associated with spinal 
disorders. The Oswestry Disability Index evaluates 
self-reports of pain intensity, emotional well-being, 
and ability to perform common tasks.   

  Visual analogue scale (VAS)    Visual analogue scales 
are commonly used in questionnaires and surveys as 
ranking statistics, where subjective semiquantitative 
ranks are used to assess a patient’s relative improve-
ment or decline.   

  Radiculopathy    A medical condition where one or 
more nerves do not function properly resulting in radic-
ular pain, numbness, and weakness and dysfunction.   

  Sciatica    A sharp pain sensation or series of painful 
sensations affecting the back, hip, or leg. Sciatica can 
result from compression or in fl ammation of the spinal 
nerve root in the lower back and is often described as 
“shooting pain” down the leg.   

  N-Methyl- d -aspartic acid (NMDA) receptor    NMDA 
receptors are ionotropic glutamate receptors that help 
to control synaptic plasticity and regulate nociception. 
NMDA receptors have been identi fi ed as key regula-
tors of peripheral and central sensitization in lumbar 
radiculopathy.   

  Allodynia    Allodynia is the sensation of pain from 
stimuli that would not typically cause pain. Mechanical 
allodynia, a heightened sensitivity to light touch, and 
cold allodynia, a heightened sensitivity to cold, have been 
observed in several models of lumbar radiculopathy.   

  Hyperalgesia    Hyperalgesia is a prolonged or exag-
gerated pain response to stimuli that typically would 
cause pain. Thermal hyperalgesia, a heightened sensi-
tivity to heat, and mechanical hyperalgesia, a height-
ened sensitivity to a pinch or pinprick, have been 
observed in several models of lumbar radiculopathy.   

  Dysesthesia    Dysesthesia is a sensation described as 
unpleasant or abnormal, but not considered painful. 
Dysesthesia is among the symptoms reported from 
neuropathies and is often associated with descriptions 
of limb weakness and numbness.   

  Ground reaction force    Ground reaction forces occur 
as a limb contacts the ground during motion and are 
typically described by three ground reaction force com-
ponents. Vertical ground reaction forces help to support 
body weight during motion. Braking and propulsive 
ground reaction forces occur in the direction of travel 
and help to propel the body forward during locomotion. 
Mediolateral ground reaction forces are directed toward 
an animal’s or person’s midline and help to stabilize and 
balance the body during locomotion.   

  Wet-dog shake    A characteristic shaking motion 
resembling a wet dog shaking out its coat. The fre-
quency of wet-dog shake motions increases in rat mod-
els of lumbar radiculopathy.     
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role for in fl ammation and in fl ammatory mediators in regu-
lating neuronal sensitivity in intervertebral disc herniation, 
it must be noted that many changes in the nucleus pulposus-
induced or chemical injury models of radiculopathy over-
lap with those reported for direct compression neuropathy. 

 As with direct nerve root compression or chromic gut 
suture exposure, application of nucleus pulposus tissue to a 
naïve nerve root induces limb hypersensitivity that is largely 
characterized by a mechanical allodynia (Hou et al.  2003 ; 
Mulleman et al.  2006a,   b  )  (Fig.  19.5 ). Many studies of nucleus 
pulposus-induced radiculopathy following disc puncture to 
induce nucleus herniation or placement of nucleus pulposus 
tissue upon the nerve root report evidence of allodynia as 
early as 2 days that may persist out to 3 weeks (Kawakami 
et al.  1999 ; Obata et al.  2002  ) . Early studies also report func-
tional changes following nucleus pulposus-induced radicul-
opathy, including altered footprints and visual evidence of 
limping, paw lift, or rotation of the head (Olmarker et al.  1998, 
  2002  ) . With the use of quantitative gait analysis, our laborato-
ries have further demonstrated gait asymmetries between ipsi- 
and contralateral hind limbs out to 3 or 4 weeks postoperatively, 
indicative of limping (Shamji et al.  2009  )  (Fig  19.3 ). Static 
and dynamic gait analyses indicate that animals with radicul-
opathy bear less weight on their affected hindpaw in both 
stance and during locomotion (Allen et al.  2012  ) . 

 The  fi ndings discussed above suggest that radiculopathy 
induced by DRG exposure to nucleus pulposus tissue, as a 
model of intervertebral disc herniation, can repeatedly mimic 
key characteristics of prolonged pain sensitivity in the human 
patient (Allen et al.  2011 ; Shamji et al.  2009  ) . The  fi nding of 
persistence of sensitivity supports the notion that the molec-
ular responses of an in fl amed disc may in fl uence sensory 
changes during intervertebral disc herniation. The persistent 
sensitivity changes, extending beyond fragment removal or 
resorption, imply that the widespread responses imitated in 
the CNS and even systemically are not ameliorated. Once 
initiated, the neuroimmune cascade involves activation of 
many nonneuronal cells in the peripheral tissues (DeLeo and 
Yezierski  2001 ; Julius and Basbaum  2001 ; Moalem 
and Tracey  2006  ) . These resident cells, including mast and 
Schwann cells, release mediators such as histamine, prosta-
glandins, cytokines, and chemokines that also lead to the 
recruitment of other in fi ltrating immune cells (e.g., neutro-
phils, macrophages, lymphocytes) (DeLeo and Yezierski 
 2001 ; Moalem and Tracey  2006 ; Verri et al.  2006  ) . 
Proin fl ammatory cytokines also trigger the release of many 
other in fl ammatory mediators that can sensitize nociceptors, 
further maintaining neuronal excitability and sensitization 
and leading to dysfunction and pain (Moalem and Tracey 
 2006 ; Verri et al.  2006  ) . Nonetheless, the persistence of pain 
observed in some human subjects following intervertebral 
disc herniation that may continue for months and even years 
has not been replicated in these animal models, where 
mechanical allodynia or thermal hyperalgesia can recover to 

control or preoperative values at later times after surgery. 
Additional studies of CNS sensitization in human and ani-
mal models of disc herniation are needed to better under-
stand the role of these important pathway changes in the 
pathogenesis of disc pain. 

 Taken together, with knowledge gained from direct nerve 
root compression studies, it becomes clear that many of the 
sensitization and functional changes associated with disc 
herniation may re fl ect contributions from both compressive 
trauma as well as in fl ammatory agents in the disc. While 
somewhat intuitive, the more severe nerve root injuries (with 
greater degrees of tissue impingement) produce more pain-
associated behavioral sensitivity than those injuries with less 
tissue compression (Hubbard et al.  2008b ; Hubbard and 
Winkelstein  2005 ; Winkelstein et al.  2001b,   2002  ) . This 
graded relationship has been shown to hold true regardless of 
the absence or presence of molecular challenges (Winkelstein 
and DeLeo  2004  ) . Indeed, evidence that the duration of the 
mechanical trauma modulates several different pain path-
ways strongly supports the concept that a more permanent 
mechanical insult would produce a similar or even more 
robust deleterious clinical effect. Based on these understand-
ings, clinical interventions, and speci fi cally nonsurgical ther-
apies, are focused on alleviating the persistent sensitivity 
that is associated with a transient or more chronic compres-
sive trauma to the nerve root and the associated in fl ammatory 
events. This topic is brie fl y covered in the next section on 
emerging pharmacological approaches to treat intervertebral 
disc herniation-associated radiculopathy.   

    19.4   Emerging Therapies for Intervertebral 
Disc-Associated Radiculopathy 

 As mentioned in Sect.  19.1 , in the absence of motor weak-
ness or related loss of function, conservative care is the pre-
ferred treatment for a patient presenting with pain and 
symptoms of radiculopathy secondary to an intervertebral 
disc herniation. Conservative care most frequently involves 
lifestyle modi fi cations as well as orally administered non-
steroidals or opioid analgesics. Commonly prescribed selec-
tive or nonselective nonsteroidal drugs include ibuprofen, 
indomethacin, diclofenac, piroxicam, di fl unisal, and cele-
coxib, few of which have demonstrated signi fi cant effects on 
radicular pain associated with disc herniation (Chou and 
Huffman  2007  )  (also see Chap.   15    ). In animal models, indo-
methacin, ibuprofen, diclofenac, and celecoxib have been 
shown to reverse allodynia following peripheral or nerve 
root compression and may work by lowering prostaglandins 
and inhibiting the resulting decreases in nerve conduction 
velocity and decreased intraneural blood  fl ow (see 
Table  19.2 ). Epidural administration of anesthetics such as 
bupivacaine and/or corticosteroids, including methylpredni-
solone, is also widely used for treatment of symptoms with 

http://dx.doi.org/10.1007/978-3-7091-1535-0_15
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   Table 19.2    Summary of compounds under investigation for treatment of IVD herniation-associated radiculopathy   

 Agent  Route  Model description  Reference  Observations 

  Anti - in fl ammatories  
 Indomethacin  Oral  Canine lumbar nerve injury  Arai et al.  (  2004  )   Reversed changes in intraneural blood 

 fl ow and nerve conduction 
 Ketoprofen  Systemic 

(i.m.) 
 Porcine nerve root constriction 
or NP tissue placement 

 Cornefjord et al. 
 (  2001 ) 

 Partly reversed decreased nerve 
conduction velocity in constriction but 
not NP exposure 

 Diclofenac  Systemic 
(i.m.) 

 Porcine nerve root constriction 
or NP tissue placement 

 Cornefjord et al. 
 (  2001 ) 

 Partly reversed decreased nerve 
conduction velocity 

 Ibuprofen  Oral  Rat sciatic nerve compression 
injury 

 Schafers et al. 
 (  2004  )  

 Reduced mechanical allodynia at 
short times after injury, reduced PGE2 
levels in nerve and DRG 

 COX-2 inhibitor celecoxib  Oral  Rat sciatic nerve compression 
injury 

 Schafers et al. 
 (  2004  )  

 Reduced mechanical allodynia at 
short times after injury, reduced PGE2 
levels in nerve 

 NO synthase inhibitor 
(L-NAME) 

 Intrathecal  Rat lumbar DRG compression 
injury 

 Ding et al.  (  2010  )   Some reversal of thermal 
 hyperalgesia, decreased nitrite in DRG 

 Prostaglandin E2 receptor 
antagonist (EP1-RA) 

 Oral  Rat exposure of lumbar DRG to 
NP 

 Sekiguchi et al. 
( 2011 ) 

 Reduced mechanical allodynia, 
attenuated increased activating 
transcription factor-3 (ATF3) 
immunoreactive positive cells induced 
by NP 

 Thromboxane A2 synthetase 
inhibitor 

 Epidural  Rat exposure of lumbar DRG to 
NP 

 Kawakami et al. 
 (  2001  )  

 Reduced mechanical allodynia 

 Leukotriene B4 receptor 
antagonist (LTB4 receptor 
antagonist) 

 Epidural  Rat exposure of lumbar DRG to 
NP 

 Kawakami et al. 
 (  2001  )  

 Reduced mechanical allodynia 

 COX-2 antibody  Intrathecal  Rat exposure of lumbar DRG to 
NP 

 Ohtori et al.  (  2004  )   Reduced mechanical allodynia 

  Neuronal receptor modi fi ers  
 NMDA receptor antagonist, 
MK-801 

 Intraspinal 
or systemic 
(i.p.) 

 Rat spinal nerve or sciatic nerve 
constriction injury 

 Chaplan et al. 
( 1997 ), Uceyler 
et al.  (  2008  )  

 Reversed molecular changes in CNS, 
partly reversed motor changes 

 Gabapentin  Systemic i.p. 
or local 
(perineural) 
delivery 

 Rat sciatic nerve or lumbar 
nerve root constriction injury 

 Abe et al.  (  2002  ) , 
Zanella et al.  (  2008  )  

 Some reversal of mechanical 
allodynia 

 Sarpogrelate hydrochloride 
(5-HT2A receptor antagonist: 
5-HTRA) 

 Systemic  Canine or rat DRG exposure to 
NP 

 Sekiguchi et al. 
( 2008) , Hashizume 
et al. ( 2007 ) 

 Decreased blood vessel diameter and 
increased blood  fl ow in nerve roots 
in fl amed by NP application, partly 
reversed mechanical allodynia 

  Cell cycle modi fi ers  
 Minocycline  Systemic i.v. 

and 
prophylactic 
delivery 

 Rat cervical nerve root 
compression and chromic gut 
exposure 

 Rothman et al. 
 (  2009b  )  

 Some reversal of mechanical 
allodynia, no changes in spinal 
microglial proliferation 

 Methotrexate  Intrathecal 
or local 

 Rat lumbar DRG constriction 
with chromic gut 

 Hashizume et al. 
 (  2000b  )  

 Reduced allodynia, no changes in 
spinal glial activation 

  Pathway inhibitors  
 Ruthenium red (TRPV4 
antagonist) or TRPV4 
antisense oligonucleotide 
(TRPV4 AS) 

 Intrathecal  Rat lumbar DRG compression 
injury 

 Ding et al.  (  2010  )   Some reversal of thermal 
 hyperalgesia, decreased nitrite in 
DRG 

 Soluble guanylate cyclase 
inhibitor (1H-[1,2,4]-
oxadiazolo[4,3-a] quinoxalin-
1-one, ODQ) 

 Intrathecal 
or perineural 

 Rat lumbar DRG compression 
injury, rat lumbar nerve root 
compression via steel rod 

 Song et al.  (  2006  ) , 
Ding et al.  (  2010  )  

 Some reversal of thermal hyperalgesia 

 8-(4-chlorophenylthio)-
guanosine 3 ¢ ,5 ¢ -cyclic 
monophosphorothioate    

 Intrathecal  Rat lumbar DRG compression 
injury 

 Ding et al.  (  2010  )   Some reversal of thermal hyperalgesia 

(continued)
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radiculopathy, and they appear to have some ef fi cacy as mea-
sured with both objective (e.g., straight-leg raising test) and 
self-reported outcomes (e.g., VAS) (Buenaventura et al. 
 2009 ; Staal et al.  2008  ) . Methylprednisolone and other corti-
costeroids may work by inhibiting the increase in endoneur-
ial vascular permeability and the decrease in nerve conduction 
velocity that follows injury to the nerve root upon exposure 
to nucleus pulposus tissue or chemical injury (Byrod et al. 
 2000 ; Olmarker et al.  1994  ) . Regardless of the mechanism, 
use of these NSAIDs and corticosteroids is generally consid-
ered safe and a  fi rst line of treatment for patients presenting 
with pain from intervertebral disc herniation.  

 The current standard of care does not address the underly-
ing pathology of intervertebral disc herniation, which clearly 
involves in fl ammatory, proteolytic, and immune-mediated 
pathways. As new knowledge from animal models is gained, 
an understanding of the role of in fl ammatory mediators in 
mediating responses to nerve root injury has emerged; the 
focus here is on cytokines that regulate immune system 
involvement, such as TNF- a , or those that mediate pain sen-
sitivity such as  a 2 adrenergic receptor and serotonin receptor 
antagonists. Pharmacological approaches that target percep-
tion of pain and restoration of functional losses with radicu-
lopathy, as well as those that in fl uence disease pathways, 
have great potential to reduce the duration of symptoms and 
disability associated with disc herniation and may even play 
a role in reducing the need for surgical intervention. Here, 
we will brie fl y review ongoing investigations to pharmaco-
logically treat radiculopathy associated with disc herniation 

and to identify those with the most promising therapeutic 
potential. 

    19.4.1   Cytokine Antagonism 

 Given the documented increase of TNF- a  and IL-1 b  expres-
sion in degenerated and herniated discal tissues, as well as 
clear evidence of a role for the cytokine TNF- a  in reproduc-
ing many symptoms of radiculopathy in animal models 
(Allen et al.  2011 ; Olmarker  2001 ; Onda et al.  2002 ; Rothman 
and Winkelstein  2010 ; Winkelstein et al.  2001a  ) , cytokine 
antagonism has received considerable attention. In our prior 
studies, we have demonstrated an ability for IL-1 b  antago-
nists (IL-1Ra or Kineret TM ) to partially reverse mechanical 
allodynia and spinal astrocytic reactivity following nerve 
root compression (Rothman and Winkelstein  2010 ; 
Winkelstein et al.  2001a , Table 2). The  fi nding that TNF 
antagonists (blocking antibodies) in fl uence peripheral nerve 
injury (DeLeo et al.  2000 ; Lindenlaub et al.  2000 ; Sommer 
et al.  2001  )  and attenuate allodynia in constriction injury 
models, and that overexpression of TNF could elevate allo-
dynia in the same model, has evoked considerable interest in 
this class of compounds. Application of exogenous TNF- a  to 
lumbar nerve roots in the rat reproduces many of the neuro-
physiology changes described earlier for compression-
induced nerve root injury, including decreased nerve 
conduction velocity, glial activation, and in fl ammatory 
changes in the ganglion (Aoki et al.  2002 ; Igarashi et al.  2000 ; 

 Agent  Route  Model description  Reference  Observations 

 PKA antagonist (SQ22536)  Perineural  Rat lumbar nerve root compres-
sion via steel rod 

 Song et al.  (  2006  )   Some reversal of thermal hyperalgesia 

 NF-kappa B decoy-FITC  Intrathecal  Rat L5 DRG compression and 
NP placement 

 Suzuki et al.  (  2009  )   Reversed molecular changes in DRG, 
partly reversed mechanical allodynia, 
and thermal hyperalgesia 

 PKG inhibitor Rp-isomer 
sodium salt (Rp-8-pCPT-
cGMPS) 

 Intrathecal  Rat lumbar nerve root compres-
sion via steel rod, rat lumbar 
DRG compression injury 

 Song et al.  (  2006  ) , 
Ding et al.  (  2010  )  

 Some reversal of thermal hyperalgesia 

  Protease or cytokine inhibitors  
 Hydroxamic acid-based 
metalloproteinase inhibitor, 
TAPI 

 Epineural  Rat sciatic nerve constriction 
injury 

 Sommer et al. 
 (  1997  )  

 Reduced thermal hyperalgesia and 
mechanical allodynia, reduced TNF 
immunoreactivity in epineurium 

 sTNFRI  Intrathecal 
or systemic 

 Lumbar or cervical nerve root 
compression with, or without 
chromic gut exposure 

 Winkelstein et al. 
 (  2001a  ) , Rothman 
et al.  (  2009b,   2010  )  

 Some reversal of mechanical 
allodynia, reduced spinal astrocytic 
reactivity 

 sTNFRII  Systemic i.p. 
or local 
(perineural) 

 Rat constriction nerve injury or 
ligation, rat DRG exposure to 
NP 

 Schafers et al. 
 (  2003  ) , Allen et al. 
 (  2011  ) , Zanella et al. 
 (  2008  )  

 Some reversal of allodynia, restored 
normal gait 

 IL-1Ra  Intrathecal 
or systemic 

 Lumbar or cervical nerve root 
compression with or without 
chromic gut exposure 

 Winkelstein et al. 
 (  2001b  ) , Rothman 
et al.  (  2009b,   2010  )  

 Some reversal of allodynia, and 
reduced spinal astrocytic reactivity 

 Salmon  fi brin and thrombin  Perineural  Rat cervical nerve root 
compression 

 Weisshaar et al. 
 (  2011 ) 

 Partly reversed mechanical allodynia 
and reduced macrophage recruitment    

Table 19.2 (continued)
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Onda et al.  2002 ; Ozaktay et al.  2002  ) . Furthermore, sys-
temic treatment with the TNF-blocking antibody, Remicade ®  
(in fl iximab, intravenous or intraperitoneal), reduced pain-
related movements in rats, as well as the expression of key 
neurotrophins in the DRG and spinal cord (Murata et al. 
 2004b ; Olmarker et al.  2003 ; Olmarker and Rydevik  2001 ; 
Onda et al.  2004 ; Sasaki et al.  2007  ) . In other animal studies, 
including our own, local delivery of a soluble TNF receptor 
type II analogue (etanercept or Enbrel ® ) has been shown to 
restore normal gait patterns and reverse the heightened allo-
dynia response to nucleus pulposus placement upon the DRG 
as a model of intervertebral disc herniation (Allen et al.  2011 ; 
Cuellar et al.  2004  ) . These results add strength to the notion 
that TNF inhibition can attenuate or reverse changes in ani-
mal locomotion, nerve electrophysiology, and pathology due 
to nucleus pulposus exposure in the short term (<7 days). For 
these reasons, the hypothesis has evolved that, in response to 
disc herniation, TNF- a  serves as the critical cytokine medi-
ating nerve sensitivity and in fl ammation. This plausible 
mechanism is supported by the elevated tissue levels of 
TNF- a  in the degenerative disc as well the increased number 
of activated macrophages and lymphocytes in herniated tis-
sue fragments that secrete the cytokine. Thus, it is plausible 
that TNF- a  contributes, at least in part, to the perception of 
pain and promotes neuroin fl ammation following disc hernia-
tion. For this reason, to date, clinical studies that target symp-
toms of disc herniation-associated radiculopathy have 
focused largely on TNF antagonists. 

 In a  fi rst study of TNF inhibitors to antagonize pain asso-
ciated with intervertebral disc herniation, patients with a his-
tory of herniation-associated sciatica (average duration of 
symptoms = 7 weeks) were given a single intravenous infu-
sion of in fl iximab ( n  = 10, 3 mg/kg, Karppinen et al.  2003  )  or 
treated with periradicular saline as a “historical control” 
( n  = 62). Outcomes of visual analogue scale (VAS), straight-
leg raising test, low back pain severity, and Oswestry 
Disability Index were measured at baseline and out to 3 
months after treatment. All outcomes outperformed the 
saline control, with the exception of a decrease in leg pain 
reported at 1 h after the infusion, and sustained out to 3 
months (88 and 51 % change from baseline, in fl iximab vs. 
saline). Similar changes supportive of in fl iximab treatment 
were noted in low back pain severity, straight-leg raising test 
results, the Schöber index, and the Oswestry index. No 
patients required surgery and none experienced adverse 
effects of in fl iximab, while motor and sensory loss resolved 
in patients within 1–3 months. A later study evaluated the 
ef fi cacy of subcutaneous injections of etanercept (25 mg 
every 3 days, 3 injections) in ten patients with acute severe 
sciatica (mean symptom duration of 2–7 weeks (Genevay 
et al.  2004  ) ). Visual analogue scales (VAS) for leg and back 
pain, as well as Oswestry Disability Index and modi fi ed 
Roland–Morris Disability Questionnaire, were obtained after 
10 days and 6 weeks. A good clinical response was observed 

in nine or ten patients at 6 weeks after treatment, although no 
control group was cited in this study. Over the years, multiple 
clinicians have individually described case reports of their 
experiences with delivery of in fl iximab or etanercept for the 
treatment of disc herniation-related radiculopathy that was 
otherwise nonresponsive to treatment (Atcheson and Dymeck 
 2004 ; Tobinick and Britschgi-Davoodifar  2003  ) . Decreases 
in pain scores and improved disability indices are generally 
reported, leading to the emergence of TNF inhibitors as 
available strategies for clinical treatment of pain associated 
with intervertebral disc herniation. 

 The  fi rst randomized controlled trial of TNF antagonism 
for radiculopathy (termed FIRST II, Finnish In fl iximab 
Related Study) (Korhonen et al.  2006 ; Korhonen et al.  2005  )  
was reported in 2006. Patients ( n  = 40 with symptomatic disc 
herniation on MRI, leg pain <12 weeks.  £ 60° on the straight-
leg raising test) were treated with a single intravenous infu-
sion of in fl iximab (5 mg/kg) and compared against a placebo. 
Straight-leg raise, motor and sensory defects, leg and back 
pain (VAS), Oswestry disability, quality of life (RAND-36), 
and more parameters were compared between the treatment 
and placebo groups out to 1 year following treatment. Results 
were not supportive of in fl iximab therapy, however, with 67 
and 63 % of all patients reporting no pain in the in fl iximab 
and placebo groups, respectively. Similar values were 
observed between treatment groups for other outcomes, 
although a subgroup of patients in the in fl iximab group 
appeared to especially bene fi t from the in fl iximab treatment 
(an L4–L5 or L3–L4 herniation with a Modic change at the 
symptomatic level). The authors concluded that further study 
of this subgroup of patients may yield insights about the 
potential for TNF antagonists to modify clinical outcomes 
for intervertebral disc herniation. 

 A recent study of epidural etanercept for radiculopathy 
(Cohen et al.  2009  )  provided a more promising result. 
Patients with unresolved symptoms ( n  = 12, >2 months in 
duration) received 2 injections of etanercept (2, 4, or 6 mg). 
A majority of patients noted complete resolution of pain by 
3 months after treatment with etanercept; this was much 
higher than the 17 % for the epidural saline control group. 
While a small study, it nonetheless illustrates the potential 
for local administration of TNF antagonists to modify radic-
ular pain associated with disc herniation.  

    19.4.2   Neuronal Receptor Blockers 

 Another set of targets proposed for the treatment of interver-
tebral disc herniation-associated pain centers around block-
ing receptors involved in neuronal activation. Compounds 
shown in Table  19.2  generally act by competitively binding 
to receptors that control neuronal excitation and downstream 
effectors. When delivered systemically, their activity is not 
localized to the affected nerve and can involve the CNS 
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and other sites. In preclinical models, an NMDA receptor 
antagonist, administered systemically following sciatic nerve 
ligation, reversed mRNA changes induced by peripheral 
nerve constriction (Uceyler et al.  2008  ) . When administered 
locally, this NMDA receptor antagonist was also capable of 
partly reversing motor de fi cits and allodynia following lum-
bar spinal nerve ligation (Chaplan et al.  1997  ) . In animal 
models, the GABA analogue, gabapentin, whether delivered 
locally or systemically also caused a similar reversal of allo-
dynia (Abe et al.  2002 ; Zanella et al.  2008  ) . Indeed, orally 
prescribed gabapentin has been shown to relieve symptoms 
associated with radiculopathy from lumbar disc herniation 
when measured by the VAS or self-reported disability indi-
ces; on the other hand, systemic delivery is associated with 
frequent and adverse side effects (Kasimcan and Kaptan 
 2010 ; Yildirim et al.  2009  ) . Nevertheless, this class of recep-
tor blockers appears to be of use for the treatment of radicu-
lopathy and superior to nonsteroidal anti-in fl ammatory 
drugs, especially when delivered locally. 

 The serotonin receptor, 5-HT(2A), blocker, sarpogrelate 
hydrochloride, has been used for both animal model and 
clinical studies for the treatment of sciatica. In a rat model, 
5-HT(2A) receptor blockers were shown to decrease blood 
 fl ow to a nerve in fl amed by placement of nucleus pulposus 
tissue upon the nerve root and to reverse allodynia 
(Hashizume et al.  2007 ; Sekiguchi et al.  2008  ) . In patients, 
high doses (300 mg) of sarpogrelate hydrochloride given 
orally led to signi fi cant improvements in VAS scales of sci-
atic pain in a majority of patients, with few patients (<20 %) 
needing to go on to surgery (Kanayama et al.  2003  ) . Patients 
with an “uncontained disc herniation,” or one that is extruded 
or sequestered from the parent disc, responded more favor-
ably to the 5-HT(2A) blocker treatment with few side 
effects, suggesting this approach may be useful for alleviat-
ing symptoms associated with intervertebral disc 
herniation.  

    19.4.3   Cell Cycle Modi fi ers 

 A number of therapeutic approaches have been proposed to 
target the microglia that are believed to be activated early in 
the in fl ammation cascade that follows compression or chem-
ical injury to the nerve root. The neuroprotective antibiotic 
minocycline, as well as the antimetabolite methotrexate, 
attenuates allodynia induced by DRG constriction injury, yet 
does not appear to act through attenuation of glial activation 
following injury (Table  19.2 ).  

    19.4.4   Pathway Inhibitors 

 New developing therapies that target the NF- k B or protein 
kinase pathways have been proposed (Table  19.2 ). Results of 

animal studies show that pathway inhibitors are able to partly 
reverse thermal hyperalgesia induced by DRG compression 
or nucleus pulposus placement. Importantly, inhibition of 
NF- k B, a key mediator of TNF- a  signaling, appears to also 
reverse changes in the mRNA pro fi le downstream of DRG 
compression. As for cell cycle modi fi ers, additional studies 
are required to promote the concept that any speci fi c inhibi-
tor can in fl uence neuroin fl ammation linked to intervertebral 
disc herniation.   

    19.5   Final Comments 

 This review focuses on pathological events associated with 
disc herniation, in particular the grade of nerve root com-
pression and the exposure and presence of nucleus pulposus 
tissue. The impact of herniation can thus be viewed as not 
one disorder, but perhaps two or three distinct conditions 
that can bene fi t from distinctly different therapeutic 
approaches. A contained or protruding herniation that is 
linked to prolonged nerve root compression may be associ-
ated with electrophysiological changes that can bene fi t 
from early intervention including the use of agents to atten-
uate glial activation and mediate pain sensitivity (e.g., neu-
ronal receptor modi fi ers). An uncontained or extruded disc 
herniation that has components of both nerve root compres-
sion and tissue-mediated in fl ammation may be better 
addressed with a combined anti-in fl ammatory approach 
including the use of cytokine antagonists and protein kinase 
or NF- k B inhibitors. In all cases, it appears that systemic 
delivery of these agents will be associated with lower 
ef fi cacy and higher risk of side effects than local drug deliv-
ery; this view is supported by the increased interest in epi-
dural administration of immunosuppressants like the TNF 
antagonists and advancement of novel, depot-based deliv-
ery systems (Hubbard et al.  2009 ; Shamji et al.  2008 ; 
Zanella et al.  2008  ) . Of course, surgery for disc fragment 
removal remains an option for patients that are nonrespon-
sive to pharmacologic and alternate approaches. However, 
it is becoming clear that residual and persistent hypersensi-
tivity from long-term nerve root compression can be a del-
eterious event and a constant source of intense pain. Thus, 
demand will continue for strategies that attenuate the neu-
ropathy associated with intervertebral disc herniation, 
shorten the symptom period, and promote functional 
recovery.  

    19.6   Summary of Critical Concepts Discussed 
in the Chapter 

 Fragments of intervertebral disc that “herniate” into the 
extra-discal space and impinge upon, or contact, the spinal 
nerve roots can cause signi fi cant pain, neurological de fi cits, 
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and functional disability in a large number of affected 
individuals.

   Nerve root impingement due to a herniated disc can • 
result in nerve root pathophysiology, including edema, 
in fl ammation, disorganization of the myelin sheath, 
decreased axonal packing, Wallerian degeneration of the 
peripheral axons, and loss of axonal transport and 
decreased amplitudes of evoked action potentials.  
  Nerve root changes are associated with developing hyper-• 
sensitivity to non-noxious (allodynia) and noxious stimuli 
(hyperalgesia) that serve as useful indicators of neuro-
pathic pain in both human subjects and animals.  
  The magnitude, duration, and rate of compression of the • 
nerve root promote local nerve root damage and the 
degree and duration of the pain symptoms.  
  Herniated intervertebral disc exhibits increased angio-• 
genesis, macrophage and lymphocyte in fi ltration, and 
proin fl ammatory cytokine and proteinase activity that can 
contribute to sustained painful symptoms over a period of 
months to years.  
  Herniated disc fragments may activate the immune • 
system when in contact with the systemic circulation, 
glial cells of the affected nerves, and the central ner-
vous system (microglia and astrocytes). The activated 
microglia will release increased levels of neurotrans-
mitters from presynaptic neurons, sensitize the post-
synaptic membrane, activate neighboring astrocytes, 
and enhance microglial activity. Hence, the initiation 
of nerve root damage by a herniated disc can drive a 
positive feedback loop that can promote a sustained 
painful neuropathy.  
  While surgical removal of the herniated disc fragment can • 
alleviate many of the pathological symptoms, pharmaco-
logical interventions and lifestyle modi fi cations are the 
 fi rst line of treatment for pain from disc herniation.  
  The use of NSAIDs and corticosteroids with herniation-• 
associated radiculopathy is safe, but provides no means to 
modify pathology or outcomes. Emerging pharmacologi-
cal therapies provide some promise here and are focused 
on antagonizing the many proin fl ammatory cytokines 
implicated in radiculopathy, most notably tumor necrosis 
factor (TNF- a ).  
  Pharmacologic interventions that show promise in the • 
treatment of herniation-associated radiculopathy include 
the class of competitive inhibitors of neuronal receptors 
(e.g., serotonin receptor antagonists), inhibitors of glial 
proliferation (e.g., minocycline) or metabolism (e.g., 
methotrexate), and inhibitors of the cellular in fl ammatory 
pathways (e.g., NF- k B or PKC inhibitors).  
  Additional work is needed to reveal the role of central • 
nervous system sensitization and remodeling in response 
to disc herniation and to better understand its role in the 
persistent neuropathy.    

 In summary, there is a growing demand for strategies that 
attenuate neuropathy associated with intervertebral disc her-
niation and shorten the duration of pain and functional 
recovery.               
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    20.1   Introduction 

    20.1.1   Need for a Reliable, Economical Small 
Animal Model for Degenerative Disc 
Research 

 With its associated low back pain, disc degeneration is a 
major health-care concern causing disability. It plays a major 
role in the US medical, social, and economic structure. Low 
back pain is devastating and in fl uences the quality of life for 
millions. The lifetime prevalence of low back pain approxi-
mates 80 % with an estimated direct cost burden of $86 bil-
lion per year. Patients with back pain incur higher health-care 
costs and utilization and greater work loss than do patients 
without back pain. These health-care statistics point to the 
need for appropriate animal models for translational research 
efforts directed towards a greater understanding of disc 
degeneration and models to test potential new therapies. 

 In November 1995, an NIH workshop was held on “New 
Horizons in Low Back Pain.” The publication which grew 
from this workshop emphasized the importance of this costly 
health-care problem and recommended areas of future 
research, including the importance of animal models for the 
study of disc degeneration. In his review of animal models, 
Krag commented that “…the usefulness of a particular model 
derives not from the extent to which it mimics reality (because 
that cannot be known in advance), but rather from the extent 
to which it facilitates the formulation and subsequent testing 
of hypotheses that lead to an improved understanding of that 
reality” (Krag  1996  ) . 

 In the search for a reliable and economical species, the 
authors reviewed the value of possible animal models that 
can be utilized for studies of disc degeneration. From those 
discussions, the laboratory has chosen to utilize the sand rat 
( Psammomys obesus obesus ). This desert mammal, indige-
nous to land bounded by the eastern Mediterranean, is the 
only small animal model with spontaneous, age-related disc 
degeneration.  

 The Sand Rat ( Psammomys obesus 
obesus ) Model of Spontaneous, 
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    20.1.2   Animal Models Using the Stab Technique 
to Induce Degeneration Are Not Optimum 

 The goal of this chapter is to review past literature and sum-
marize recent  fi ndings using the sand rat model. There are a 
number of reasons why this is an extremely important and 
valuable model for disc degeneration. First, as noted above, 
these animals undergo spontaneous, age-related disc degen-
eration. Degeneration in the commonly employed rabbit 
models must be induced by a scalpel blade stab. Sobajima 
et al.  (  2005  )  have noted that the classic stab model causes 
immediate herniation of the nucleus pulposus, and thus it 
cannot mimic slower changes in the nucleus or annulus asso-
ciated with onset and progression of degenerative disc dis-
ease. It is also not appropriate as a model to test therapies 
which focus upon the early stages of degeneration. Second, 
as the sand rat is a small rodent, its use avoids the high costs 
of larger animal models such as the canine or even the rabbit. 
Finally, modern custom diets, such as that used in the 
authors’ laboratory, can be designed with low-calorie formu-
lations (see below), thus avoiding the onset of nutrition-
related type 2 diabetes associated with ad lib feeding of 
high-caloric diets as evidenced in the diabetes-prone strain 
of the sand rat.   

    20.2   Review of the Early Literature on Disc 
Degeneration in the Sand Rat 

 The sand rat ( Psammomys obesus ) is a very attractive model 
which avoids problems linked with chemonucleolysis or sur-
gical injury. In the older literature, spine studies on the sand 
rat were primarily derived from one research group, their 
subsequent collaborators (Adler et al.  1983 ; Moskowitz et al. 
 1990 ; Silberberg et al.  1979,   1989 ; Silberberg  1988a,   b ; 
Silberberg and Adler  1983 ; Ziran et al.  1994 ; Ziv et al.  1992  ) , 
and notations in later reviews (Krag  1996 ; Matsuzaki and 
Wakabayashi  1999  ) . Published studies focused primarily on 
histologic and radiologic changes in animals aged 2, 3, 6, 
and 18–30 months of age and documented the presence of 
granular debris in the nucleus, small annular tears, hernia-
tions into and through cartilage end plates, and ligament 
calci fi cation.  

    20.3   Newer Findings on Sand Rat Disc 
Degeneration 

    20.3.1   Morphologic Changes with Aging 

 Midsagittal histologic studies have documented the features of 
disc degeneration in older animals which include irregular 
disc margins, disc space narrowing, wedging, and end plate 
calci fi cation (Gruber et al.  2005  ) . Morphologic changes 
 beginning in younger animals have received less attention, 
however. As previously recognized with radiologic analyses, 
lower lumbar vertebrae show the earliest signs of degeneration 
(Gruber et al.  2002a  ) . Figure  20.1  illustrates the striking mor-
phologic changes in the nucleus pulposus with aging. At age 3 
weeks (Fig.  20.1a ), the notochordal syncytium makes up the 
nucleus pulposus. Notochordal cells can still be prominent up 
to 2–3 months of age in upper lumbar discs. Notochordal cells 
are shown in high magni fi cation in Fig.  20.1b . In lower discs 
at 3 months, notochordal cells begin to undergo fragmentation 
and cell death (Fig.  20.1c ); by 11.7 months the demarcation 
between annulus and nucleus becomes less distinct, and it 
appears that annulus cells begin to occupy the proteoglycan-
rich nucleus pulposus (Fig.  20.1d, e ). By 17 months, the 
nucleus shows marked degenerative changes. Nuclear mate-
rial can be found projecting into regions of herniation in the 
dorsal margin of the disc by 18–36 months of age (Fig.  20.1g ). 
Often, these nucleus matrix sites become sequestered 
(Fig.  20.1h ) and can be quite large (Fig.  20.1i ) extending dra-
matically towards the spinal cord (Fig.  20.1j ).  

 Analyses of live and dead cells in the aging sand rat have 
also been carried out using  fl uorescent markers (Gruber et al. 
 2008a  ) . This work utilized animals aged 2–6, 13–19, and 
26–38 months of age. The percentages of dead cells for the 
entire annulus were 46.1, 48.1, and 76.8 %, respectively, for 
the three age groups studied. The percentage of dead cells 
correlated signi fi cantly with end plate bone mineral density 
( p  < 0.02). (Bone mineral density studies are discussed in 
greater detail below.) This study also con fi rmed the progres-
sive death of notochordal cells in the nucleus during aging as 
previously noted in morphologic studies. 

 Sand rat disc tissue has also been extremely valuable 
when used in parallel with human disc tissue for specialized 
studies and for immunohistochemical investigations. Like 
human disc tissue (Gruber and Hanley  1998  ) , sand rat discs 

  Fig. 20.1    Representative light microscopic images of the aging sand 
rat lumbar disc: ( a ) Lumbar disc at 3 weeks of age: image shows nucleus 
pulposus  fi lled with notochordal cells, annulus, and end plates 
(scale = 200  m m). ( b ) Higher-resolution view of the syncytial network 
of the notochord (scale = 20  m m). ( c ) The nucleus pulposus in a 3-month-
old animal. Note that the notochordal cells have begun to fragment 
(scale = 50  m m). ( d ) Annulus-nucleus transition zone lacks clear 
de fi nition in this specimen from an 11.7-month-old animal 
(scale = 50  m m). ( e ,  f ) Images of the nucleus from an 11.7-month-old (e) 

and 17-month-old (f) animals show progressive degeneration of matrix 
and cells (scale on  E  = 50  m m and on  F  = 200  m m). ( g – j ) Low 
magni fi cation images of lumbar discs showing herniations in the dorsal 
portions of lumbar discs. Note the greatly narrowed nucleus regions. ( g ) 
18-month-old animal (scale = 200  m m). ( h ) 28-month-old animal with 
regions of sequestered nucleus pulposus matrix isolated in the hernia-
tion region (scale = 200  m m). ( i ) 30-month-old animal. (scale = 500  m m). 
( j ) 36-month-old animal (scale = 500  m m) ( SP  spinal cord, Masson-
trichrome staining)           
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show the presence of programmed cell death (apoptosis) and 
cell senescence (Gruber et al.  2007b  ) . Immunolocalization 
studies in the sand rat disc have shown patterns similar to 
those present in human discs for the presence of thrombos-
pondin (Gruber et al.  2006b  ) , myocilin (Gruber et al.  2006a  ) , 
and pregnancy-associated plasma protein-A (PAPP-A) which 
unmasks insulin-like growth factor binding protein-4 in the 
extracellular matrix (Gruber et al.  2008b  ) . The sand rat disc 
shows a pattern of localization of brain-derived neurotrophic 
factor (BDNF) similar to that seen in the human disc (Gruber 
et al.  2008c  ) . Asporin, a member of the family of small leu-
cine-rich proteoglycan (SLRP) family which has been 
reported to have a genetic association with osteoarthritis, is 
present in both the human and sand rat disc (Gruber et al. 
 2009b  ) . Periostin, a matricellular protein in the fasciclin 
family expressed in tissues subjected to constant mechanical 
stress, has also been shown to be present within both the sand 
rat and human disc (Gruber et al.  2011a  ) .  

    20.3.2   Radiology and Micro-CT 

    20.3.2.1   Lumbar Spine 
 The sand rat spine contains seven lumbar discs (Table  20.1 ). 
Radiologic characterizations of degenerating discs in both 
cross-sectional and prospective groups of animals have been 

performed (Gruber et al.  2002a,   2007a  )  (Table  20.1 ). Cross-
sectional studies showed signi fi cant age-related changes 
comprising irregular disc margins, disc wedging, disc nar-
rowing, end plate and ligament calci fi cation, and osteophyte 
formation. Figure  20.2  illustrates radiologic changes at 12, 
29, and 30 months of age, including wedging (Fig.  20.2a , 
arrow), osteophyte formation (Fig.  20.2b ), and bone bridges 
between osteophytes (Fig,  20.2c ). Males were more likely to 
develop osteophytes than were females. There was no gender 
difference for other radiographic features.   

 In the prospective study, 22 sand rats were followed with 
monthly X-rays from age 2 to 12 months; 11 were males and 
11 were females (Gruber et al.  2002a  ) . Statistical analysis 
showed that wedging, narrowing, end plate calci fi cation, and 
irregular disc margins were all signi fi cantly more common at 
12 months of age than at 2 months of age ( p  = 0.0001). Tests 
for differences in radiologic disc features related to gender 
were performed at 2, 3, 6, and 12 months. Males showed a 
statistically greater incidence (%) of wedging at 6 months 
(6.4 ± 1.6 vs. 4.8 ± 1.1,  p  = 0.024) and at 12 months (7.8 ± 0.6 
vs. 6.3 ± 1.3,  p  = 0.004) than females. Narrowing was more 
frequent in males at age 2 months (1.5 ± 1.6 vs. 0.3 ± 0.5, 
 p  = 0.028) and age 6 months (5.8 ± 1.8 vs. 4.1 ± 1.6,  p  = 0.025) 
than in females. End plate calci fi cation was more common in 
2-month-old males than females (1.8 ± 1.5 vs. 1.2 ± 1.7, 
 p  = 0.028). Females, however, showed a greater incidence of 

   Table 20.1    Analysis of the incidence of radiologic abnormalities (%) by age group   

 Group 1: 1–3.9 months 
( n  = 36) 

 Group 2: 4.0–11.9 months 
( n  = 18) 

 Group 3: 12–23.9 months 
( n  = 19) 

 Group 4: 24–46 months 
( n  = 26)   P  value a  

  Narrowing  
 L 

1–2
   4.0  5.8  38.8  34.6  0.01 

 L 
2–3

   29.4  17.6  55.5  42.3  NS (0.08) 
 L 

3–4
   29.4  35.2  55.5  88.4  <0.001 

 L 
4–5

   35.2  47.0  61.1  88.4  0.0005 
 L 

5–6
   38.2  41.1  66.6  96.1  <0.001 

 L 
6–7

   50.0  94.1  88.8  100.0  <0.001 
 L 

7–S
   44.1  82.3  88.8  100.0  <0.001 

  Wedging  
 L 

1–2
   11.7  5.8  33.3  26.9  NS (0.08) 

 L 
2–3

   14.7  29.4  55.5  46.1  0.01 
 L 

3–4
   29.4  41.1  50.0  65.3  0.04 

 L 
4–5

   55.8  70.5  72.2  88.4  NS (0.056) 
 L 

5–6
   70.5  70.5  94.4  100.0  0.005 

 L 
6–7

   64.7  76.4  83.3  92.3  NS (0.075) 
 L 

7–S
   82.3  70.5  88.8  100.0  0.04 

  End plate calci fi cation  
 L 

1–2
   2.9  100.0  44.4  100.0  <0.001 

 L 
2–3

   2.9  100.0  61.1  96.1  <0.001 
 L 

3–4
   2.9  29.4  83.3  96.1  <0.001 

 L 
4–5

   8.8  58.8  88.8  100.0  <0.001 
 L 

5–6
   26.4  70.5  100.0  100.0  <0.001 

 L 
6–7

   47.0  94.1  100.0  100.0  <0.001 
 L 

7–S
   47.0  82.3  100.0  100.0  <0.001 

   a Analysis by chi-square  
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end plate calci fi cation at 6 months of age than did males 
(5.5 ± 1.2 vs. 3.9 ± 0.2,  p  = 0.009). No gender differences 
were found for irregular disc margin incidence at 2, 3, 6, or 
12 months of age. 

 Lumbar spine radiographs showing degenerative features 
in the sand rat have been utilized for development of an auto-
mated computer-assisted procedure that analyzed digitized 
X-rays (Wilson et al.  2003  ) . Techniques were developed to 
automate the quantitative processing of vertebral radiographic 
images that may be applicable to modeling of human disc 
degeneration. Microcomputerized tomography (CT) has been 
applied to the development of three-dimensional (3D) mod-
els of vertebral bone and the disc space (Gruber et al.  2005  ) . 

 In humans, and in the sand rat, advanced disc degenera-
tive changes and end plate calci fi cation (sclerosis) have been 
documented. Most notably, Modic et al. have contributed the 
major study of end plates in degenerating human discs 
(Modic et al.  1988  ) . As noted above, a positive correlation 
was observed between the percentages of dead cells in the 
aging sand rat disc and end plate bone mineral density. 

 Micro-CT model formulation provided an additional 
novel, nondestructive technique to assess the end plate-disc 
interface and the vascular canal network within the end plate 
of the sand rat spine (Gruber et al.  2005  ) . This technique 
revealed a solid bony surface to the end plate that was not 
penetrated by vasculature. Models  constructed from 

2 months
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e

8 months 23 months

  Fig. 20.2    ( a – c ) Representative 
radiographic images of the 
lumbar spine showing wedging 
( arrow ,  a ), osteophyte formation 
( arrow ,  b ), and bony bridging 
across osteophytes ( arrow ,  c ). 
( a ) 12-month-old animal; 
( b ) 29-month-old animal; 
( c ) 30-month-old animal. 
( d ) Micro-CT models with cuts 
revealing interior features of the 
end plate in 2-, 8-, and 23-month-
old animals. Note the progressive 
loss of porosity in end plates. 
( e ) High-resolution spin-lock 
(T 

1r
 ) image of the lumbar spine 

representative of degenerative 
changes in older animals.  Arrows 
mark  disc space narrowing and 
loss of proteoglycan content 
(Image courtesy of Dr. Ravinder 
Regatte, Depts. of Orthopaedic 
Surgery and Radiology, New 
York University School of 
Medicine)       
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 specimens from older animals showed roughening and pit-
ting of the end plate surface and the development of irregular 
margins. Figure  20.2d  illustrates end plate models examined 
in sagittal section to make porosity of the end plate visible. 
Note the progressive decrease in canals within the end plate 
from age 2 months to 6 and 23 months of age.  

    20.3.2.2   Cervical Spine 
 Data are now available on sand rat cervical disc degeneration 
(Gruber et al.  2011b  ) . Recent  fi ndings show that the same 
major features seen in human disc degeneration and sand rat 
lumbar spine disc degeneration are also present in the aging 
sand rat cervical discs. Scoring of digital X-rays of cervical 
and lumbar sites in the same animals showed that in younger 
animals, cervical discs exhibited a signi fi cantly greater 
 proportion of irregular margins compared to lumbar sites 
(96.5 % vs. 86.2 %, respectively,  p  = 0.001). In older ani-
mals, cervical discs also showed a signi fi cantly greater pro-
portion of osteophytes (4.9 % vs. 0.7 %, respectively, 
 p  < 0.0001) compared to lumbar sites. Since animal models 
for cervical disc degeneration are rare, the sand rat  fi lls an 
important need and provides spontaneous, age-related degen-
eration in both lumbar and cervical spines. Figure  20.3  illus-
trates cervical radiologic features in a 2.1-month-old animal 
and compares that with degenerative changes present in a 
22.7-month-old animal. In the older animal, the inset high-
lights the histologic features of the osteophyte marked in the 
digital radiograph.    

    20.3.3   Spin-Lock (T 
1r

 ) Imaging 

 Studies by Regatte et al. have utilized spin-lock (T 
1r
 ) imag-

ing to study the sand rat model of disc degeneration 
(Regatte et al.  2004 ; also see Chap.   12    ). High-spatial-
resolution images documented disc changes in both sagittal 
and cross-sectional planes of the disc. Figure  20.2e  illustrates 
a sagittal plane image that shows prominent disc space nar-
rowing (arrows) in a 4–5-month-old animal. These investiga-
tors also quanti fi ed spatial variation in the T 

1r
  relaxation 

times in annulus and nucleus regions. These values were in 
the range of 100–120 ms and 50–60 ms, respectively, at 
500 Hz. Proteoglycan imaging was excellent based on 
exchange of protons on glycosaminoglycans with bulk 
water.  

    20.3.4   Disc Cell Death and End Plate Bone 
Mineral Density (BMD) 

 As noted above, the degenerating disc exhibits increasing 
end plate calci fi cation. The bone mineral density (BMD) of 
cranial and caudal end plates of the sand rat lumbar verte-
brae was signi fi cantly greater in older animals (Table  20.2 ), 
and caudal end plates usually had signi fi cantly greater BMD 
 values than did cranial plates (Gruber et al.  2008a  ) . These 
same specimens were used to obtain viability assays for 
live/dead cells within the annulus. The percentage of dead 

2.1 months
of age

22.7 months
of age

  Fig. 20.3    Representative 
radiologic images of cervical 
spine features in a 2-month-old 
and a 22.7-month-old sand rat. 
An osteophyte marked in the 
older animal is shown in 
histologic section in the insert 
(Masson-trichrome stain; image 
scale = 500  m m)       
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cells in the annulus correlated in a signi fi cant, positive man-
ner with end plate BMD ( p  = 0.02,  r  = 0.347). Vertebral end 
plate sclerosis and disc cell viability are probably associ-
ated because diffusion of nutrients through the end plate 
and disc margin provides the only source of nutrition for the 
adult avascular disc. It is believed that end plate calci fi cation, 
followed by its replacement by bone, impedes nutrient  fl ow 
into the disc (Bernick et al.  1991 ; Bernick and Caillet  1982  ) . 
In these experiments the sand rat model provided excellent 
information directly relevant to human disc degeneration.   

    20.3.5   Vascular Supply to the Disc 

 In order to more carefully and accurately study the relation-
ship between vascular supply through the end plate and disc 
degeneration, studies have been performed using a  fl uorescent 
vascular tracer in vivo with subsequent visualization of the 
tracer with UV microscopy (Gruber et al.  2005  ) . No penetra-
tion of the vascular tracer was seen into the disc; this was 
veri fi ed by immunocytochemical staining for blood vessels. 
Only small vasculature features were identi fi ed on the dorsal 
and ventral margins of the annulus.   

    20.4   Spine Fusion Model 

 The potential for long-term adjacent segment degeneration 
at a fused clinical site remains a complex topic of great 
interest. An economical small animal model for lumbar 
fusion would be a useful research tool in investigations of 
lumbar fusion and degenerative changes in adjacent discs or 
facet joints caused by mechanical loading after fusion. A 
recent study has shown the relevance of the sand rat model 
for this need (Gruber et al.  2009a  ) . A small segment of the 

outer annulus of lumbar discs was surgically removed, the 
animals allowed to recover, and then allowed to age 1–26 
months postsurgery. Analysis of adjacent segment changes 
was not able to identify signi fi cant differences in cranial vs. 
caudal disc changes based on age at surgery or time of har-
vest postsurgery.  

    20.5    Autologous Disc Cell Implantation 
and Annulus Fibrosus Cell Culture 

 With other researchers, the Gruber/Hanley laboratory 
shares a great enthusiasm for the potential of biologic ther-
apies for disc degeneration, especially cell-based therapies 
(see Chaps.   6    ,   23    , and   27     and An et al.  2003 ; Anderson 
et al.  2005 ; Fassett et al.  2009 ; Ganey and Meisel  2002 ; 
Gruber and Hanley  2003 ; Phillips et al.  2003  ) . The sand rat 
has been shown to be an excellent model for proof-of-con-
cept studies for cell-based autologous disc cell therapy 
(Gruber et al.  2002b  ) . For this purpose, cells were har-
vested from a healthy disc, expanded in culture, and 
implanted into a degenerating disc in the older donor ani-
mal. Immunohistochemical identi fi cation of the implanted 
cells showed that they integrated well into the normal 
matrix at time points up to 8 months post-engraftment. 
Although this work was technically challenging, the sand 
rat proved to be a valuable model for these autologous disc 
cell studies. 

 Sand rat annulus cells have been cultured in both mono-
layer and in three-dimensional agarose culture (see 
Box  20.1 ). Annulus cells also attached well and proliferated 
within collagen three-dimensional sponges and after 10 
days of culture produced extracellular matrix containing 
collagen I and II, keratin sulfate, and chondroitin sulfate 
(Gruber et al.  2002b  ) .     

   Table 20.2    Analysis of the averaged end plate BMD (g/cm 2 ) per level in the age groups   

 Level 
 Group 1: 1–3.9 months 
( n  = 36) 

 Group 2: 4.0–11.9 months 
( n  = 18) 

 Group 3: 12–23.9 months 
( n  = 19) 

 Group 4: 24–46 months 
( n  = 26)   P  value a  

 L 
1–2

   0.064 ± 0.013  0.102 ± 0.016  0.113 ± 0.014  0.128 ± 0.022  <0.001 
 L 

2–3
   0.068 ± 0.015  0.101 ± 0.020  0.118 ± 0.016  0.134 ± 0.023  <0.001 

 L 
3–4

   0.084 ± 0.016  0.120 ± 0.019  0.133 ± 0.019  0.153 ± 0.028  <0.001 
 L 

4–5
   0.094 ± 0.018  0.138 ± 0.022  0.146 ± 0.023  0.177 ± 0.027  <0.001 

 L 
5–6

   0.100 ± 0.018  0.145 ± 0.026  0.159 ± 0.026  0.197 ± 0.031  <0.001 
 L 

6–7
   0.108 ± 0.019  0.157 ± 0.028  0.167 ± 0.032  0.204 ± 0.036  <0.001 

 L 
7–S

   0.121 ± 0.024  0.180 ± 0.029  0.199 ± 0.033  0.214 ± 0.030  <0.001 

   a Data are expressed as mean ± SD. Analysis by ANOVA for each disc site for the four groups. Note:  P  values were <0.001 for each disc site when 
analyses were also run on either cranial or caudal BMD data separately. ANOVA analysis for all sites comparing the four age groups was also 
performed. With this analysis, Group 1 was differed signi fi cantly from Groups 2, 3, and 4, and Group 3 vs. 4 was also signi fi cant ( p  = 0.05)  

http://dx.doi.org/10.1007/978-3-7091-1535-0_6
http://dx.doi.org/10.1007/978-3-7091-1535-0_23
http://dx.doi.org/10.1007/978-3-7091-1535-0_27
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  Box 20.1 Culture of Cells from the Sand Rat Annulus 

 The sand rat has been utilized to demonstrate the feasibil-
ity of cell-based autologous disc cell therapy (Gruber 
et al.  2002b  ) . Figure (a) presents a view of a surgical  fi eld 
during opening of a lumbar disc for gentle curetting and 
sterile removal of annulus fragments for culture. Annulus 
fragments are then minced and cultured in 35 % Dulbecco’s 
Modi fi ed Eagle’s Medium, 35 % Ham’s/F-12 nutrient 
mixture, and 30 % fetal bovine serum. Fragments are 
anchored in 24-well tissue culture plates using sterile 
SpectraMesh (104  m m mesh opening, Spectrum 
Laboratories Inc.) trimmed to  fi t the well. Cells are fed 
every 48 h and cultured until con fl uent (~6–8 weeks 
of culture). Next, cells can be labeled for immuno-
histochemical identi fi cation postimplantation (with 
carboxy fl uorescein diacetate succinimidyl ester (CFSE) 

or 5-bromo-2 ¢ -deoxyuridine (BrdU)), rinsed, trypsinized, 
and carefully placed within a 2-mm 3 -3D carrier (Gelfoam, 
P fi zer) for implantation in the donor animal. On average, 
10,000–21,000 cells can be loaded into Gelfoam for 
implantation. In monolayer, sand rat annulus cells are 
spindle-shaped (illustration B) but assume a rounded 
morphology when cultured in 3D in agarose (illustration 
C). In agarose culture, cells proliferate more slowly than 
in monolayer; over 10 days of culture in agarose, ~40 % 
of seeded cells form multicellular colonies. It is important 
to note that in our experience cultures derived from 
younger animals (aged 2–3.9 months) yielded disc tissue 
with successful long-term annulus cultures 60 % of the 
time. Old animals, aged 8–10 months, yielded successful 
long-term cultures ~20 % of the time (Figs. b and c, origi-
nal magni fi cation ×200)
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    20.6   Utility and Challenges 
of the Sand Rat Model 

 In addition to studies of age-induced spontaneous disc degen-
eration in the sand rat, this animal model is valuable for other 
types of research. Many laboratories utilize the sand rat 
speci fi ed as diabetes prone in nutritionally induced type 2 
diabetes research [see (Collier et al.  2002  )  for a review] and 
for research on cataract formation (Chenault et al.  2002 ; 
Pollack et al.  1999  ) . 

    20.6.1   A Nontraditional Species 

 Also called the fat or obese sand rat, desert sand rat, or the 
diurnal sand rat, the common nomenclature is misleading 
because these animals are of the genus  Psammomys , a ratlike 
gerbil with a heavy body type and a fully haired and tufted 
tail, small ears, and short hindfoot (Harrison  1964  ) . 
Figure  20.4a  illustrates an adult female and offspring. The 
sand rat is found in Algeria, Libya, Egypt, Sudan, Israel, and 
Saudi Arabia (Strasser  1968  ) .  

 Sand rats generally have a pleasant disposition and the 
animal caretakers enjoy working with these animals. Animals 
in the facility are individually housed with the exception of 
old mated pairs and same-sex littermates which have been 
housed together since weaning. All adult animals should 
have implantable micro identi fi cation chips to assure correct 
individual animal identi fi cation. 

    20.6.1.1   Need for Separate Housing 
with Restricted Access 

 There is the need to maintain restricted personnel access to 
nontraditional species such as the sand rat. A dedicated hous-
ing room should be maintained and special animal handling 
procedures employed. Animal caretakers usually work in 
this room as their  fi nal daily task and may wear protective 
disposable lab coats and booties.  

  Box 20.2 Advantages and Disadvantages of the Sand 

Model for Disc Research 

  Advantages of the sand rat model :
   Only natural model with spontaneous, age-related • 
disc degeneration.  
  Economically advantageous small animal model • 
that is available commercially via Harlan 
Laboratories, Inc.

   Note that Harlan requires investigators to sign an  –
agreement that purchased animals and their 
descendants be used solely for research purposes 
at that institution and not be further distributed to 
any third party or utilized for development of 
breeding colonies outside that institution.     

  Radiologic and histologic changes mimic those in • 
the aging/degenerating human lumbar and cervical 
spines (see below).  
  Radiologic and histologic changes are reliable and • 
well characterized in cross-sectional and prospec-
tive analyses.  
  Small size advantageous for viewing the entire lum-• 
bar or cervical spine in a single radiologic or histo-
logic  fi eld.    

  Shortcomings of the sand rat model :
   A nontraditional species with few colonies now in • 
research use.  
  More costly than other rodent models (such as rats • 
and mice).  
  Colony requires specialized low-caloric diet.  • 
  Colony requires separate housing with controlled • 
access.  
  Small litter sizes (commonly four pups/litter).  • 
  Genome not fully sequenced.  • 
  Small animal size may make disc surgical proce-• 
dures challenging.    

  Parallels with human lumbar and cervical disc 
degeneration :

   Age-related disc degeneration.  • 
  Degeneration of both cervical and lumbar levels.  • 
  Exhibits radiologic features present in the degener-• 
ating human lumbar and cervical spine, including:

   Disc space narrowing, wedging, end plate  –
calci fi cation, and irregular disc margins.     

  Exhibits  histologic disc features present in the • 
degenerating human lumbar and cervical spine, 
including:

   Development of disc cell death, disc cell senes- –
cence, and disc cell apoptosis.  

  Dehydration/loss of recognizable nucleus pulpo- –
sus in lower lumbar sites with progressive 
degeneration.     

  MRI examination shows loss of hydration features • 
present in the degenerating human lumbar and cer-
vical spine.    
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  Fig. 20.4    ( a ) Dam ( right ) and 
offspring ( left ). Note the small 
ears and furred tail, with slight 
tufting at the tip. 
( b ) Representative normal body 
weights for male and female 
animals       

   Table 20.3    Age and body weight demographics   

 Group  Mean age ± SD ( n ) in months  Mean body weight ± SD ( n ) in grams  Gender distribution a  

 Group 1: 1–3.9 months  2.13 ± 0.50 (36)  137.86 ± 23.41 (36)  15 F, 21 M 
 Group 2: 4.0–11.9 months  6.92 ± 1.57 (18)  189.72 ± 30.22 (18)  5 F, 13 M 
 Group 3: 12–23.9 months  16.05 ± 4.06 (19)  212.37 ± 53.76 (19)  9 F, 10 M 
 Group 4: 24–46 months  33.54 ± 5.01 (26)  175.04 ± 33.74 (26)  20 F, 6 M 

   a  F  female,  M  male. Chi-square analysis showed a signi fi cant difference in gender distribution between groups,  p  = 0.0069  
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    20.6.1.2   Colony Monitoring Challenges 
 Sentinel animals occasionally housed within the sand rat 
colony have never shown positive disease serology, but the 
value of available non-sand-rat-speci fi c serology tests con-
tinues to be an issue of discussion. Due to lack of speci fi city, 
such monitoring may not be accurate.  

    20.6.1.3   Breeding 
 In captivity, the sand rat breeds best in the springtime, pos-
sibly related to airborne pollen which reaches the colony. 
Animals are fed ad lib only when they are paired for breed-
ing or when the dam has pups in the cage. Animals can be 
considered sexually mature by 12 weeks of age. When  fi rst 
paired, males and females should be checked for compatibil-
ity. Several articles in the older literature have addressed the 
topic of sand rat breeding (Adler et al.  1976 ; Frenkel et al. 
 1972 ; Strasser  1968  ) .  

    20.6.1.4   Litter Size 
 Litter sizes are small; rarely are there six pups/litter, and four 
pups/litter is more common. It is advisable to always have 
pairs set up for mating within the colony.  

    20.6.1.5   Low-Calorie Diet Essential 
 All animals should be fed the Purina special formulated 
sand rat diet (Purina custom sand rat diet #5L09 with 
2.42 kcal/g metabolizable energy). 100–120 g (50–60 g/
sand rat) is placed in cages twice a week. This low-caloric 
diet serves to minimize development of diabetes (El Aou fi  
et al.  2007  ) , and adults, breeders, and young animals do well 
on it due to their ability to ferment materials in their hind 
gut for nutrition.   

    20.6.2   Other Topics Related to Animal 
Husbandry 

    20.6.2.1   Body Weight Is the Best Health Indicator 
 Experience has shown that body weight is the best index of 
sand rat health (Fig.  20.4b , Table  20.3 ). For adult breeders, 
if 20 % of initial body weight is lost, this may be seen as a 
criterion for euthanization. Body weight should be moni-
tored weekly and water consumption and body fur evalu-
ated (animals which are not thriving look “scruffy” in 
appearance).   

    20.6.2.2   Teeth Need to Be Clipped Periodically 
 If animals are losing weight, they should be promptly exam-
ined for possible overgrowth of incisors which might be 
interfering with chewing. If malocclusion is noted, teeth are 

trimmed and weight monitored for a return to normal. The 
state of other dental issues in older sand rats have been 
reported in the literature (Ulmansky et al.  1984  ) .  

    20.6.2.3   Blood Testing 
 Since the sand rat has a fully haired tail, blood sampling is 
accomplished via orbital eye sinus puncture or via the 
saphenous vein.    

    20.7   Importance of Animal Models 
Such as the Sand Rat for Disc Research 

 The discovery and maintenance of relevant animal models 
for human disease should remain a high priority among 
researchers. Although the creation of animal models through 
genetic engineering continues to be highly important 
(Schulhof  2000  ) , support and maintenance of naturally 
occurring animal models needs to be encouraged. Animal 
models which closely resemble the progression of human 
diseases, such as the sand rat model of spontaneous, age-
related disc degeneration, are an especially important tool in 
orthopedic research. In addition, as seen in the use of autolo-
gous disc cell therapy in the sand rat model, they can bridge 
the gap between in vitro studies and initial human clinical 
trials (An and Friedman  1999 ; Gruber et al.  2002b  ) . 

 As utilization of the sand rat model increases, knowledge 
will be gained of its molecular biology. This will be aided by 
ongoing research into genome sequencing that is being 
developed for diabetes research at various centers (IREN 
cDNA libraries of insulin-producing cells  2011  ) .     

    20.8   Summary of Critical Concepts Discussed 
in the Chapter 

    The sand rat ( • Psammomys obesus ) exhibits age-related 
spontaneous degeneration of the intervertebral disc. As 
such it is a very important, economical model which 
avoids the use of chemonucleolysis or surgical injury to 
induce disc degeneration.  
  Radiologic cross-sectional and prospective studies have • 
characterized disc changes with aging in the sand rat. 
These changes mimic human disc degeneration, including 
disc wedging, disc space narrowing, end plate calci fi cation, 
and osteophyte formation.  
  Micro-CT models and spin-lock (T • 

1r
 ) imaging studies 

provided additional con fi rmation of the presence of wedg-
ing, disc space narrowing, end plate calci fi cation, and 
osteophyte formation.  
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  Micro-CT models also provide an excellent experimental • 
approach for the analysis of end plate porosity and vascu-
lar canals.  
  Because of the importance of cell-based therapies for disc • 
degeneration, the sand rat has been used to demonstrate 
the practicality of autologous disc cell transplantation.  
  Morphologic studies of the aging sand rat disc show • 
strong parallels with the aging human disc, including the 
presence of programmed cell death and cell senescence, 
the formation of concentric layers of extracellular matrix 
around disc cells, and cell clustering. Asporin, pregnancy-
associated plasma protein-A, and brain-derived neu-
rotrophic factor are present in both human and sand rat 
discs.  
  Highlights on animal husbandry issues with the nontradi-• 
tional species are provided.         
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          21.1   Introduction 

    21.1.1   Brief Anatomical Description 
of the Intervertebral Disc 
and Its Embryonic Origin 

 The intervertebral disc is a  fi brocartilaginous structure that is 
located between two vertebral bodies; it transmits loads 
through the spine and allows bending,  fl exion, and torsion of 
the column. The intervertebral disc consists of an outer ring 
of  fi brous cartilage called the annulus  fi brosus and an inner 
gelatinous structure, the nucleus pulposus. The nucleus pul-
posus is a gelatinous structure mainly formed by sparse 
chondrocyte-like cells embedded in a highly hydrated aggre-
can-containing gel (Raj  2008  ) . For more details of the struc-
ture of the disc, see Chaps.   4     and   5    . The annulus  fi brosus is 
composed of an outer layer of collagen I and an inner region 
containing collagen II. The collagen  fi bers are arranged in 
parallel lamellae, and elastin  fi bers are interposed between 
the lamellae. 

 The annulus  fi brosus and the nucleus pulposus follow dif-
ferent developmental pathways. The annulus  fi brosus is 
derived from the condensation of sclerotome cells. Signals 
from the notochord induce migration, condensation, and dif-
ferentiation of sclerotome cells into the annulus  fi brosus and 
vertebrae (Risbud et al.  2010  ) . Still uncertain is the origin of 
the nucleus pulposus, although recent experimental evidence 
showed that the nucleus pulposus cells in mice derive from 
the notochord (Choi et al.  2008  ) ; notochordal cells probably 
undergo hypertrophy to form the nucleus pulposus (Aszódi 
et al.  1998 ; Hunter et al.  2004 ; Sakai et al.  2009  ) . However, 
the mechanism by which notochordal cells differentiate into 
nuclei pulposi is not completely understood. 

 The notochord thus appears to have a double function: 
directly forming the nucleus pulposus and indirectly control-
ling the formation of vertebral bodies and the annulus 
 fi brosus. The development of the disc is described in detail in 
Chap.   3    .  
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    21.1.2   Genetic Factors Involved in Disc 
Degeneration in Humans 

 Aging leads to numerous changes in the structure of the 
intervertebral disc such as shape, vascular supply, and matrix 
composition including proteoglycan accumulation and water 
content. With degeneration and age, the extracellular matrix 
of the nucleus pulposus is progressively reduced. It is likely 
that the decreased aggrecan content in the aging nucleus pul-
posus impairs its hydration status resulting in unequal distri-
bution of compressive forces on the spine and, eventually, to 
disc herniation. For detailed analysis of this topic, see Chaps. 
  2    ,   7     and   19    . 

 Degenerative disc disease (DDD) and disc herniation are 
the most common cause of low back pain in modern society 
(Frymoyer  1988 ; Frymoyer and Cats-Baril  1991 ; Wisneski 
et al.  1992 ; Anderson and Weinstein  1996 ; Komori et al. 
 1996  ) . Curiously, however, their precise etiology is still 
largely unknown (Sambrook et al.  1999 ; Ala-Kokko  2002 ; 
Battie et al.  2004  ) . Familial studies have established that 
disc herniation is in fl uenced, not surprisingly, by genetic 
and familial factors (Varlotta et al.  1991 ; Battie et al.  1995 ; 
Matsui et al.  1997 ; Zhang et al.  2008  ) . In the last decade, 
degenerative disc disease in humans has been associated 
with different mutations in genes encoding matrix proteins 
such as collagen I (Pluijm et al.  2004 ; Tilkeridis et al.  2005  ) , 
collagen IX (Annunen et al.  1999 ; Paassilta et al.  2001  ) , 
and aggrecan (Kawaguchi et al.  1999 ; Roughley et al.  2006  ) . 
Moreover, the three master transcription factors of 
 chondrogenesis, Sox5, Sox6, and Sox9; cytokines such as 
 interleukin-1 (Solovieva et al.  2004  )  and interleukin-6 
(Noponen-Hietala et al.  2005  ) ; and, lastly, the vitamin D 
receptor (Videman et al.  2001 ) have been also involved in 
the pathogenesis of DDD. The role of each of these genes is 
described in detail in Chap.   10    .   

    21.2   Animal Models 

    21.2.1   General Considerations 

 In recent years, different animal models have been character-
ized in order to reach a better understanding of the develop-
ment and function of the intervertebral disc in humans. 
Generally speaking, a series of variables need to be consid-
ered when choosing an adequate animal model to study the 
nucleus pulposus, such as availability, size, and cost, but 
knowledge of the similarities and differences in biomechani-
cal and biochemical properties between the model and the 
human discs is of utmost importance. Larger animals are 
good models as they recapitulate the human disc with respect 
to biomechanics, geometry, and structure. However, large 
animals require long time frames in order to analyze the 

 different developmental stages and/or to generate disc degen-
eration. Moreover, husbandry and housing are often 
cost-prohibitive (Singh et al.  2005  ) . For further discussion of 
the pros and cons of large animal models, see Chap.   18    . 

 On the other hand, smaller animals like rats and mice are 
less expensive and easy to handle. Moreover, intervertebral 
disc development and subsequent degeneration occur in a 
shorter time period, making the use of these models more 
cost-effective. In addition, a variety of markers and probes 
are available for murine tissues. Lastly, mouse models are 
ideal for studies of the intervertebral disc because they can 
be genetically manipulated. Taken altogether, genetically 
engineered mice provide an important new tool to test 
hypotheses related to disc function, degeneration mecha-
nisms, and nonsurgical treatments for disc degeneration. Of 
course there are limitations for their use:  fi rst, anatomical 
differences exist between humans and mice; second, because 
of costs, young mice are often analyzed and they may not 
faithfully reproduce adult human conditions (Alini et al. 
 2008  ) . In this chapter, mouse models that have promoted a 
critical new understanding of the human intervertebral disc 
will be reviewed.  

    21.2.2   Genetically Modi fi ed Mice 

 Genetically manipulated mice have contributed enormously 
to identi fi cation of genes controlling intervertebral disc 
development and to the elucidation of their mechanisms of 
action (Table  21.1 ). 

 A genetically modi fi ed mouse is a mouse whose genome 
has been altered through the use of genetic engineering tech-
niques. Different genetic techniques are available to examine 
the effects of mutant gene products and their roles in the 
intervertebral disc. In the next section, we will brie fl y dis-
cuss some of them. 

    21.2.2.1   Transgenic and Global Knockout 
Approaches 

 There are two basic genetic technical approaches to produce 
either transgenic mice or gene-targeted mutant mice, respec-
tively. In the transgenic approach, new genetic information is 
inserted into the mouse genome via injection of a full-length 
coding sequence (cDNA) of the gene of interest cloned 
downstream of a speci fi c promoter sequence into the pronu-
clei of fertilized mouse oocytes, with subsequent random 
integration of this cDNA sequence into the host genome. 
A major limitation of the transgenic approach is that overex-
pression models often produce nonphysiological levels of 
the protein of interest, and this can confound interpretation 
of the physiological role of the gene. Also, the site of trans-
gene integration can have consequences on tissue speci fi city 
and levels of expression of the transgene. Moreover, even 
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well-characterized promoters can be expressed at low levels 
in nontarget tissues, so rigorous analysis should include 
examination of expression of the transgene in a large range 
of tissues. 

 The second approach, homologous recombination, 
involves modifying a speci fi c gene in embryonic stem cells 
with a DNA construct containing DNA sequences homolo-
gous to the target gene. Embryonic stem cells carrying the 
recombined genomic DNA are selected and are then injected 
into mouse blastocysts. As a result, mutant genes with either 
loss-of-function or gain-of-function mutations can be gener-
ated (Fig.  21.1 ).  

 If the mutated gene is a null allele, a global knockout for 
that targeted gene is then generated. Global knockouts pro-
vide direct insight into the physiological role of the ablated 
gene product. Moreover, novel actions of the targeted genes 
can emerge because, unlike transgenic models, global knock-
out models are not limited to a particular tissue or system. 
A disadvantage of the global knockout approach is that dele-
tion of genes that are essential for early development may 
result in early lethality. On the other hand, because of func-
tional redundancy, many knockout strains do not exhibit an 
obvious phenotype. In this case, creation of double or even 

triple knockouts may be necessary. Another consideration is 
that global knockouts usually contain a modi fi ed allele in 
which the selectable cassette used to screen the ES colonies 
is often retained in the locus of interest. In this case, this 
could have effects on neighboring genes. 

 If the mutated gene carries loss-of-function or gain-of-
function mutations, a global knock-in for that targeted gene 
is then generated. 

 Instead of using a “targeted” strategy, global knockouts 
can be generated using a high-throughput mutagenesis strat-
egy. One of the most widely used strategies involves the pro-
duction of random insertional mutations in ES cells using 
vectors that contain a promoterless reporter gene.  

    21.2.2.2   Tissue-Speci fi c Knockout Models 
 Conventional gene targeting generates a modi fi ed allele in all 
cells of the mouse from fertilization on; therefore, it is an 
extremely useful tool for investigating gene function during 
development and adulthood. However, if the inactivation of 
the target gene results in early embryonic lethality, the func-
tions of the gene in speci fi c tissues cannot be studied. Further, 
universal gene targeting can make it dif fi cult to distinguish 
direct effects of ablating a gene in a particular tissue from the 

   Table 21.1    Knockout and transgenic mouse models in the intervertebral disc   

 Gene of interest  Knockout  Annulus  fi brosus  Nucleus pulposus  References 

 GDF-5  Universal  Abnormal  Abnormal  Li et al.  (  2004  )  
 Col2a1  Universal  Abnormal  Normal  Sahlman et al.  (  2001  )  
 Col1a1  Universal  Abnormal  Normal  Sarver and Elliott  (  2004  )  
 Col9a1  Universal  Abnormal  Normal  Boyd et al.  (  2008  )  

 Allen et al.  (  2009  )  
 Biglycan  Universal  Abnormal  Abnormal  Furukawa et al.  (  2009  )  
 Danforth’s short tail 
(Sd) 

 Universal  Abnormal  Absent  Lane and Birkenmeiser 
 (  1993  ) , Alfred et al.  (  1997  )  

 Sickle tail (Skt)  Universal  Abnormal  Abnormal  Semba et al.  (  2006  )  
 Sox5 and Sox6  Universal  De fi ciency of the inner annulus  Absent  Smits and Lefebvre  (  2003  )  
 Pax-1  Universal  Abnormal  Abnormal  Wallin et al.  (  1994  )  
 Pax-9  Universal  Abnormal  Abnormal  Peters et al.  (  1998  )  
 Has2  Conditional  Abnormal  Abnormal  Roughley et al.  (  2011  )  

 Knockout in cartilage 
 c-Jun  Conditional  Normal  Abnormal  Behrens et al.  (  2003  )  

 Knockout in axial skeleton, 
sclerotome, notochord 

 Ext1  Conditional  Abnormal  Abnormal  Mundy et al.  (  2011 ) 
 Knockout in the developing joints 

 Smoothened  Conditional  Normal  Abnormal  Choi and Harfe  (  2011  )  
 Knockout in the notochord 

 Tgfbr2  Conditional  De fi ciency of the inner annulus  Normal  Jin et al.  (  2011 ) 
 Knockout in growth plate 
chondrocytes and inner annulus 
 fi brosus cells in the postnatal stage 

 Wnt/ b -catenin  Conditional  Abnormal  Abnormality due 
to degeneration 
of the growth 
plate 

 Kondo et al.  (  2011 ) 
 Knockout in axial skeleton 
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more indirect effects of ablating the gene in all tissues. The 
   Cre recombinase-loxP (Cre-loxP) system was developed to 
overcome these limitations and to inactivate genes in a con-
ditional manner in the living mouse as well (Orban et al. 
 1992 ; Sauer  1998  ) . “Conditional” gene targeting refers to a 
gene modi fi cation in the mouse that is restricted either to 
certain cell types (tissue speci fi c), to a speci fi c developmen-
tal stage (temporally speci fi c), or to both (Lewandoski 
 2001  ) .  

 The regional and temporal speci fi city provided by condi-
tional gene targeting allows a better analysis of the gene 
function in different ways. The tissue speci fi city allows the 
study of a gene in a particular cell lineage without being 
in fl uenced by gene loss in adjacent tissues, as the rest of the 
embryo is genetically wild type. Moreover, the temporal 
speci fi city does not permit the organism to adapt to the 
genetic change, as the wild-type gene product was previ-
ously present. Therefore, compensatory responses, which 
can alter interpretation of conventional germ line mutations, 
are mitigated, providing a more precise link between geno-
type and phenotype. Lastly, if null mutations lead to a 
severe or lethal phenotype during embryonic development, 

 conditional gene targeting can also be used to investigate 
gene function at late embryonic stages or in adulthood. 

 To date, the Cre-loxP system is the best-characterized 
system for conditional gene inactivation in mice (Wilson and 
Kola  2001 ; Le and Sauer  2001  ) . The Cre-loxP system is 
comprised of two elements: the Cre recombinase enzyme 
and a small stretch of DNA recognized by the recombinase 
(loxP site) (Stark et al.  1992 ; Van Duyne  2001  ) . The Cre 
recombinase is produced by the bacteriophage P1 and is a 
member of the integrase superfamily of site-speci fi c recom-
binases that cleave DNA at a distinct target sequence and 
ligate it to the cleaved DNA of a second identical site to gen-
erate a contiguous strand. The loxP site consists of 34 base 
pairs, a size that is unlikely to occur randomly in even the 
largest vertebrate genome and yet small enough to be effec-
tively neutral toward gene expression when positioned in 
chromosomal DNA for genetic manipulations. The orienta-
tion of these target sites relative to each other on a segment 
of DNA directs the type of modi fi cation catalyzed by the 
recombinase; more speci fi cally, in order to achieve excision 
of the intervening DNA, the two loxP sites must be oriented 
in the same direction. 

1. Mouse blastocyst 2. ES cells

3. Targeting vector introduced
into ES cells by electroporation 

4. Rare cells carrying recombined
gene 

Positive-negative selection

5. Pure population of ES cells
carrying recombined 
gene 

6. Mutant ES  cells injected into 
blastocysts

7. Blastocysts implanted into foster 
mothers

8. Chimeric mice

9. Heterozygous mutant 
mouse

9. Wild type mouse

Endogenous gene

Targeting vector

  Fig. 21.1    Schematic representation of gene targeting in mice. 
Embryonic stem cells (ES) are collected from mouse blastocysts ( 1 ). ES 
are cultivated in vitro ( 2 ) and a targeting vector is introduced by elec-
troporation. The targeting vector contains fragments of DNA that are 
homologous to the endogenous gene ( 3 ). Homologous recombination 
occurs between the targeting vector and the endogenous gene ( 4 ). ES 

carrying the recombined gene are selected ( 5 ). The targeted ES are 
injected into blastocysts ( 6 ). The blastocysts are implanted into foster 
mothers ( 7 ) and they give birth to chimeric mice ( 8 ). The breeding 
between chimeric mice produces mice heterozygous for the targeted 
gene and wild-type mice ( 9 )       
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 Two separate mouse strains are typically generated and 
intercrossed for a conditional gene targeting experiment. 
One mouse strain expresses the Cre recombinase in selected 
tissues, depending on which promoter has been selected to 
drive recombinase expression; the mate carries a gene seg-
ment  fl anked ( fl oxed) by the loxP sites (Fig.  21.2 ). The loca-
tion of the loxP sites must be appropriately chosen so that the 
function of the gene is not affected and that deletion of the 
 fl oxed gene segment will lead to inhibition of transcription 
and/or translation of the gene of interest or to the synthesis of 
a nonfunctional protein. In offspring, cells expressing the 
recombinase delete the target gene segment, while the target 
gene remains functional in cells of all other tissues where 
Cre is not expressed (Schipani  2002  ) .  

 The ability to achieve site-speci fi c recombination has 
revolutionized genetic analysis of skeletal cell function; it is 
important to bear in mind that it may be dif fi cult to  fi nd a 
promoter that drives Cre expression with suf fi cient activity 
to result in complete excision of the target gene.   

    21.2.3   Studies of Disc Development and 
Function Using Genetically Modi fi ed Mice 

    21.2.3.1   Spontaneous Gene Mutations Causing 
Impaired Disc Function and/or Structure 

 Numerous animal models with spontaneous disc degenera-
tion have been described. In these animals, the mutation is 
not arti fi cially induced as the animals develop the pathologi-
cal condition naturally. 

 The  sand rat  and the  pintail mouse  are the  fi rst spontane-
ous models that have been reported (Singh et al.  2005  ) . As 
was discussed in Chap.   20    , in the  sand rat  ( Psammomys obe-
sus ), cysts and tears in the annulus  fi brosus and even hernia-
tion of the nucleus pulposus are evident. These conditions 
resemble the pathological aspects of the degenerate human 

intervertebral discs. This phenotype may be related to aging 
but is mainly attributed to an altered metabolism. In fact, dia-
betic  sand rats  show a decrease in disc hydration, which 
leads to less advantageous biomechanical properties and 
eventually to degeneration of the disc (Silberberg et al.  1979 ; 
Ziv et al.  1992  ) . 

 Another spontaneous disc degeneration mouse model is 
the  pintail mouse  ( Anas acuta ). The nuclei pulposi in the 
subcervical region have a low mucopolysaccharide content 
as in the degenerate human discs. This phenotype is stronger 
in homozygotes. This mouse model was the  fi rst evidence 
that deterioration of the human disc could indeed have a 
genetic correlate (Berry  1961  ) . 

 Transcription factors of the Pax family play a major role 
in intervertebral disc development. Pax-1 is a transcription 
factor critically involved in various aspects of mammalian 
organogenesis (Chalepakis et al.  1992  ) . It is expressed in the 
sclerotome and is implicated in the formation of ventral ver-
tebral structures. Pax-1 is a critical modulator of the cross-
talk between notochord and sclerotome in early development 
(Wallin et al.  1994  ) . For further information on this gene, 
please see Chap.   3    . 

 Mice carrying a naturally occurring mutation of the Pax-1 
gene demonstrate impaired development of both the vertebral 
bodies and intervertebral discs (Wallin et al.  1994  ) . In partic-
ular, both vertebral bodies and intervertebral discs may be 
either absent or severely deformed. The defects are especially 
evident in the lumbar region and in the tail. The malforma-
tions appear at an early embryonic stage and they affect both 
the sclerotome and the notochord. However, this phenotype 
most likely involves additional genes, as a targeted null muta-
tion of Pax-1 causes a less severe phenotype (see below). 

 Watanabe et al.  (  1997  )  and, later, Wai et al.  (  1998  )  reported 
that the “cmd” (cartilage matrix de fi ciency) mouse carries an 
autosomal recessive mutation in the gene encoding aggre-
can, which is expressed in both the nucleus pulposus and the 

loxP loxP

prom cre
ATG

pA

Intron

Recombinase
transgene

Recombinase

Floxed gene

Recombined gene

Recombinase

Floxed
gene

Recombined
gene

1

2

3

  Fig. 21.2    Cre-loxP strategy. 
Two separate mouse strains are 
typically generated and 
intercrossed for a conditional 
gene targeting experiment. One 
mouse strain expresses the Cre 
recombinase in selected tissues 
( 1 ); the mate carries a gene 
segment  fl anked ( fl oxed) by the 
loxP sites ( 2 ). In offspring ( 3 ), 
cells expressing the recombinase 
delete the target gene segment       
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annulus  fi brosus. Homozygous mice for this mutation dis-
play dwar fi sm and cleft palate, and they die shortly after 
birth, whereas modest dwar fi sm, age-associated hyperlordo-
sis, and disc herniation are typically found in heterozygous 
mice. Aggrecan is thus likely to be an extremely important 
molecule in the development and homeostasis of the inter-
vertebral disc. 

 Li et al.  (  2004  )  analyzed instead a spontaneous loss-of-
function mutation of growth differentiation factor-5 (GDF-5) 
in mice. This growth factor has been shown to play a role in 
a variety of musculoskeletal processes, including joint for-
mation, endochondral ossi fi cation, and tendon and ligament 
maintenance and repair (Francis-West et al.  1999  ) . Mutant 
mice carrying a spontaneous loss of function of GDF-5 are 
characterized by short limbs, abnormalities of the joints, and 
a reduction in the number of phalanges in the second through 
 fi fth digits (Merino et al.  1999  ) . More importantly, these 
mice demonstrate abnormalities of both the annulus  fi brosus 
and the nucleus pulposus, resembling changes seen in some 
animal models of disc degeneration. In particular, young 
adult mice displayed decreased water content of the nucleus 
pulposus as indicated by MRI analysis. Moreover, the mutant 
nucleus pulposus is smaller and the glycosaminoglycan con-
tent of the disc is diminished, although the amount of total 
collagen is not altered. In addition, the annulus  fi brosus in 
these mutant mice is characterized by loss of the lamellar 
organization. All of these abnormalities can be corrected by 
treatment with recombinant GDF-5. Consistent with these 
data, conditional knockout (see subsequent paragraph) of 
GDF-5 further highlighted the importance of this growth fac-
tor in the biology of the nucleus pulposus.  

    21.2.3.2   Global Knockout of Genes Encoding 
Extracellular Matrix Proteins 

 Sahlman et al.  (  2001  )  reported that mice heterozygous for a 
Col2a1 null allele develop abnormalities in the vertebral 
bodies and in the disc. In particular, their vertebral end plates 
undergo premature ossi fi cation, which is associated with a 
mild grade of degeneration of the disc and with a signi fi cantly 
reduced ability to run, likely secondary to the discomfort 
caused by the anatomical abnormalities. Of note, collagen II 
is poorly expressed in the nucleus pulposus, though it is a 
classical marker of the  fi brocartilage that forms the annulus 
 fi brosus. Mice homozygous for a null mutation of Col2a1 
show abnormalities in both vertebral bodies and interverte-
bral discs: the vertebral bodies enlarge gradually and they 
never initiate endochondral ossi fi cation; moreover, the noto-
chord persists, leading to a failure in the development of the 
intervertebral disc (Aszódi et al.  1998  ) . 

 Along these lines, Sarver and Elliott  (  2004  )  created a 
transgenic mouse with reduced collagen I expression (Mov13 
strain). Collagen I is particularly abundant in the matrix of 
the outer annulus  fi brosus. Mechanical testing provided 

 evidence that the disc in Mov13 mutant mice is mechanically 
inferior to controls when subjected to compression and tor-
sion tests. This  fi nding suggests that collagen I in the inter-
vertebral disc is particularly important in absorbing torsional 
loads. 

 Another essential matrix protein of the annulus  fi brosus is 
collagen IX. This collagen acts as a bridge between the 
 fi brillar collagens and the other components of the matrix; 
together with collagens II and XI, it forms a hetero fi bril, 
which stabilizes the cartilaginous tissue. Nakata et al.  (  1993  )  
reported that mice in which a gene construct has been inserted 
to generate a truncated  a 1 chain of collagen IX develop 
chondrodysplasia, osteoarthritis, and corneal abnormalities. 
In particular, homozygous mice exhibit spine deformities 
characterized by shortening of the vertebrae, matrix 
 disorganization within the annulus  fi brosus, and end-plate 
irregularities (Kimura et al.  1996  ) . 

 More recently, another study demonstrated that mice 
homozygous for a loss-of-function mutation of the Col9a1 
gene have early-onset osteoarthritis around 6 months of age, 
secondary to degeneration both in the annulus  fi brosus and in 
the end plate. Interestingly, in this mouse model, the changes 
in the intervertebral disc are already clearly detectable at 3 
months of age and thus precede the degeneration of the ver-
tebral end plate. Notably, disc degeneration occurs in the 
annulus  fi brosus and it is mainly characterized by tears of 
this structure, whereas the nucleus pulposus is virtually unaf-
fected (Boyd et al.  2008 ; Allen et al.  2009  ) . 

 Furukawa et al.  (  2009  )  analyzed the function of another 
component of the extracellular matrix in the intervertebral 
disc by knocking out biglycan, which is a member of the fam-
ily of small leucine repeat proteoglycans (SLRPs); SLRPs 
bind to TGF- b s, collagens, and other matrix proteins. In 
humans, biglycan is mostly expressed in the outer layer of the 
annulus  fi brosus, while its concentration is very low in the 
nucleus pulposus. Advancing age leads to an increase in big-
lycan content in the early stages of degeneration and then, 
eventually, to a progressive decrease (Cs-Szabo et al.  2002  ) . 
Previous studies showed that biglycan-de fi cient mice devel-
oped premature osteoarthritis (Ameye et al.  2002  ) . In this 
study, the authors provide evidence that the absence of bigly-
can leads to an early degeneration of the intervertebral disc. 
Using morphometrical and histological analyses, the authors 
reported that the size of the nucleus pulposus decreases with 
age in the mutant mice and that, notably, at 6 months of age, 
mice display an abnormal proliferation of chondrocyte-like 
cells within the nucleus pulposus. Later, both the nucleus pul-
posus and the annulus  fi brosus in biglycan-de fi cient mice are 
characterized by tears associated with “mucous degeneration” 
of the nucleus. Therefore, biglycan is likely to be an impor-
tant factor in the maintenance of the intervertebral disc. There 
are different mechanisms to explain why loss of biglycan 
accelerates disc degeneration: its loss might cause instability 
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of the extracellular matrix, or it might increase the mechani-
cal stress on the intervertebral disc. The absence of biglycan 
may also inhibit TGF- b  signaling, and this could suppress the 
damage repair response in the extracellular matrix.  

    21.2.3.3   Global Knockouts of Genes Affecting 
Disc Development 

 In recent years, numerous mouse mutants with abnormalities 
of the intervertebral disc have been generated by deleting 
genes of interest by homologous recombination. This knock-
out strategy has allowed researchers to de fi ne the role of dif-
ferent genes in disc development. 

 For instance, transcription factors important in chondro-
genesis have also been shown to play a critical role in disc 
development and homeostasis. In particular, Smits and 
Lefebvre  (  2003  )  have provided evidence that Sox5 and Sox6 
are expressed not only in the chondrocyte precursors that 
form the vertebral bodies and the annulus  fi brosus but also in 
the notochord and are critically important for disc develop-
ment.  Sox5  and  Sox6  encode two identical transcription fac-
tors (L-Sox5 and Sox6); moreover,  Sox5  also encodes a short 
protein (Sox5) that lacks the N-terminal of L-Sox5. L-Sox5 
and Sox6 are co-expressed in all cartilages and in a few other 
tissues. In vitro data have shown that these two transcription 
factors cooperate with Sox9 in the activation of the collagen 
II gene (Lefebvre et al.  1998  ) . Moreover, Sox5 and Sox6 
have redundant roles in chondrogenesis, and knockout mice 
for these two transcription factors are characterized by a 
severe chondrodysplasia (Smits et al.  2001  ) . In a more recent 
work, Smits and Lefebvre analyzed the spine phenotype of 
mice lacking  Sox5 ,  Sox6,  or both through RNA in situ hybrid-
ization, cell proliferation, and death assays. First, they 
showed that  Sox5   −/−   /Sox6   −/−   mice lack the nucleus pulposus 
and that the annulus  fi brosus has a de fi cient extracellular 
matrix. At earlier developmental ages, mutant embryos dis-
play an abnormal development of the notochord secondary 
to massive cell death. Analysis of the possible different gen-
otypes led to the conclusion that  Sox5  and  Sox6  have redun-
dant functions in notochord development, though  Sox6  could 
be slightly more important. 

 Taken together, these  fi ndings demonstrate that Sox5 and 
Sox6 are not necessary in early notochord formation but in 
the survival of notochordal cells. Moreover, these data are 
consistent with the notion that the nucleus pulposus is derived 
from the notochord (Choi et al.  2008  ) . 

 Homozygous Pax-1 −/−  mice display abnormalities in the 
shape of the vertebrae, and the intervertebral discs are 
replaced by a ventral cartilaginous rodlike structure (Wilm 
et al.  1998  ) . In contrast to Pax-1 mutants, Pax-9 −/−  mutant 
mice do not exhibit morphological abnormalities of the axial 
skeleton (Peters et al.  1998  ) . However, double mutants lack-
ing both Pax-1 and Pax-9 have a more severe phenotype in 
both vertebral bodies and intervertebral discs when  compared 

to single Pax-1 null mice (Peters et al.  1999  ) . This study indi-
cates that Pax-1 can completely compensate for the absence 
of Pax-9 during early development of vertebral bodies and 
intervertebral discs, whereas Pax-9 has a redundant role in 
the formation of these structures. 

 Gene-trap mutagenesis in mice has revealed a critical role 
for genes located on chromosome 2 in development and 
homeostasis of the nucleus pulposus. In particular, the so-
called Danforth’s short tail ( Sd ) mouse shows a complete 
absence of the nucleus along with severe abnormalities of the 
notochord and vertebral bodies as early as E9.5 that lead to 
the characteristic short tail (Lane and Birkenmeiser  1993 ; 
Alfred et al.  1997  ) . In another mouse model (the enhancer 
trap line  Etl4   lacZ  , located also on chromosome 2), a reporter 
(lacZ) is inserted near the  Sd  locus, and the resulting pheno-
type is characterized by kinks in the caudal region of the tail 
(Zachgo et al.  1998  ) . Interestingly, loss-of-function muta-
tions in the Sickle tail ( Skt ) gene, which is located on chro-
mosome 2 near the  Sd  locus, also lead to severe abnormalities 
of the notochord and of the nucleus pulposus, resulting in a 
kinky-tail phenotype in adults (Semba et al.  2006  ) . The 
nucleus pulposus in homozygous mice is degenerated at its 
periphery, and also the annulus  fi brosus shows some abnor-
malities such as thin  fi brous layers and lack of adhesion to 
the vertebral bodies: this phenotype is particularly pro-
nounced in the tail, although some degree of abnormality is 
also present in other regions of the spine. Mutant mice carry-
ing both mutations,  Sd and Skt , display a phenotype that 
appears to be the cumulative result of phenotypic abnormali-
ties due to the individual mutations. However, the detailed 

  Box 21.1 Procedures to Phenotype a Mutant Mouse Disc    
     1.    Genomic PCR analysis to con fi rm the genotype  
    2.    Macroscopic evaluation of the spine  
    3.    Whole mount Alizarin Red S/Alcian Blue stain to 

visualize cartilage and ossi fi ed skeletal elements  
    4.    Harris hematoxylin and eosin stain to analyze the 

morphology of the cells  
    5.    Alcian Blue stain to identify the presence of 

glycosaminoglycans  
    6.    PAS stain to identify the presence of glycogen  
    7.    BrdU immunohistochemistry to quantify cell 

proliferation  
    8.    Tunel assay to examine cell death  
    9.    Immunohistochemistry to detect the presence of 

speci fi c proteins  
    10.    In situ hybridization to detect the presence of 

speci fi c mRNAs  
    11.    Use of reporter mice  
    12.    Biomechanical tests (tension, compression, torsion)     
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functional and genetic relations between the two loci are still 
largely unknown. Generally speaking,  Sd  controls an early 
stage of mesoderm development and thus affects both sclero-
tome and notochord, while  Skt  is important at a later stage 
and is essentially involved in the growth and hypertrophy of 
cells of the nucleus pulposus.  

    21.2.3.4   Tissue-Speci fi c Knockouts of Genes 
Encoding Extracellular Matrix Proteins 

 Conditional knockouts of matrix proteins, signaling mole-
cules, or transcription factors have identi fi ed essential play-
ers in the biology of the intervertebral disc. Roughley et al. 
 (  2011  )  conditionally knocked out hyaluronan synthase-2 
(Has2) in cartilage by using Col2-Cre transgenic mice. Has2 
is responsible for most of the hyaluronan production in the 
body and its universal knockout is embryonic lethal. In the 
intervertebral disc, hyaluronan forms the core of the proteo-
glycan aggregates that are responsible for the osmotic prop-
erties that allow the disc to resist compression. The knockout 
of Has2 speci fi cally in cartilage confers a phenotype charac-
terized by a shortening in the spine, long bones, ribs, and 
snout. Notably, disappearance of the notochord appears to be 
delayed. 

 Mundy et al.  (  2011  )  have analyzed the role of heparan 
sulfate proteoglycans (HSPGs) in the development of inter-
vertebral discs. HPSGs modulate numerous developmental 
processes, and they regulate cell-matrix interactions. Mundy 
et al. conditionally knocked out Ext1, which is responsible 
for heparan sulfate synthesis, in developing  fi brous/synovial 
joints by using GDF5-Cre transgenic mice. Of note, by using 
ROSA26 reporter mice, the authors provided evidence that 
expression of the Cre was restricted to the annulus  fi brosus 
and did not involve the nucleus pulposus. The mutant mice 
die from respiratory failure at birth, and they demonstrate 
severe abnormalities of the intervertebral discs; some discs 
are missing and the adjacent vertebrae are fused, while the 
remaining discs contain a hypocellular annulus  fi brosus. 
These abnormalities could be due, at least in part, to a failure 
of annulus  fi brosus progenitor cells to migrate or to prolifer-
ate. In conclusion, these data indicate that Ext1 and, conse-
quently, heparan sulfate proteoglycans are necessary for the 
formation of the annulus  fi brosus.  

    21.2.3.5   Tissue-Speci fi c Knockouts of Genes 
Affecting Disc Development 

 The conditional knockout of a variety of genes has revealed 
an important function for many of these genes in notochord 
and/or nucleus pulposus development. 

  b -catenin-dependent Wnt signaling is one of the central 
regulators of endochondral bone development (Tamamura 
et al.  2005 ; Enomoto-Iwamoto et al.  2002  ) ; but little is known 
about the function of this pathway in intervertebral disc 
development. A series of conditional in vivo gain-of-function 

and loss-of-function mutations of  b -catenin achieved using 
transgenic mice in which Cre recombinase was driven by 
fragment of Col11a1 or Col2a1 promoters have provided 
unequivocal evidence that Wnt/ b -catenin signaling supports 
organization of the annulus  fi brosus and that this signaling 
pathway is critical for maintenance of intervertebral disc 
structures during development (Kondo et al.  2011 ). 

 TGF- b  signaling has also been involved in disc formation 
during embryonic development (Battie et al.  2004  ) . Mice in 
which Tgfb receptor 2 (Tgfbr2) had been conditionally 
knocked out in the axial skeleton using a fragment of the 
Col2a1 promoter displayed abnormal intervertebral discs. 
Along these lines, postnatal deletion of Tgfbr2, achieved 
using Col2a1-CreERT2 transgenic mice, led to severe abnor-
malities of both the vertebral end plate and the inner annulus 
 fi brosus, whereas the nucleus pulposus was virtually intact 
(Jin et al.  2011 ). These  fi ndings are consistent with the higher 
content of collagen II, and thus likely of Cre recombinase 
activity, in the vertebral bodies and in the annulus  fi brosus in 
comparison with the nucleus pulposus. Of course, they do 
not exclude the possibility that Tgfbr2 could also play an 
important role in homeostasis of the nucleus upon expression 
of Cre recombinase speci fi cally in the nucleus pulposus 
itself. 

 Behrens et al. conditionally deleted the transcription fac-
tor c-Jun in the notochord, sclerotome, and cartilage using a 
Cre recombinase driven by a fragment of the collagen II pro-
moter (Col2a1; Jun  D / D  ). In this way, they provided clear evi-
dence that this transcription factor has an essential role in the 
development of the intervertebral disc. The Col2a1; Jun  D / D   
mice exhibited a scoliotic vertebral column and abnormal 
morphogenesis of the ribs. Interestingly, the overall length 
and morphology of bones in the limbs appear normal in the 
adult mice. Moreover, the absence of c-Jun does not severely 
affect chondrogenesis, and the skeletal defects are mainly 
limited to the developing spine. Consistent with the high lev-
els of expression of c-Jun in the notochord, the mutant mice 
displayed a dramatic reduction in the size of the nucleus pul-
posus, but not of the annulus  fi brosus. Notably, the reduced 
size of the nucleus pulposus is likely the result of increased 
cell death (Behrens et al.  2003  ) . 

 Sonic Hedgehog (Shh) is expressed in the notochord, in 
the  fl oorplate, and in the posterior margins of the limb buds 
(Chiang et al.  1996  ) . Embryos (E9.5) homozygous for a Shh 
null allele do not form both the vertebral column and the 
nucleus pulposus, whereas differentiation of the annulus 
 fi brosus is unaffected. Notably, their notochord progressively 
degenerates as demonstrated by the loss of expression of 
Brachyury. Two elegant lineage studies achieved by knock-
ing in the cDNA encoding Cre recombinase into the Shh 
locus (Choi et al.  2008 ; Maier et al.  2011 ) have provided the 
 fi rst genetic evidence that nucleus pulposus cells are derived 
from the notochord. Moreover, deletion of Smoothened, 
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receptor for Shh, achieved using a conditional knockout in 
which Cre recombinase expression is driven by Shh promoter 
(Choi and Harfe  2011  ) , has shown that Hedgehog signaling 
is indeed required for notochord sheath formation and for 
development of the nucleus pulposus. Interestingly, induc-
tion of Cre recombinase at a later stage of development when 
the notochord sheath had already formed using a tamoxifen-
inducible Cre allele (ShhcreERT2) did not affect differentia-
tion of the nucleus pulposus. Taken together, these data 
strongly support the notion that the notochord gives origin to 
the nucleus pulposus and indicate that hedgehog signaling, 
though not required for differentiation of the notochord into 
nucleus pulposus cells, is essential for subsequent develop-
ment of the notochord. In this regard, a transgenic mouse in 
which Cre recombinase is expressed under the control of the 
Foxa2 promoter (Uetzmann et al.  2008 ; Park et al.  2008  )  has 
been recently generated. Foxa2-Cre recombination activity 
can be detected in the endoderm but also in the node, 
 fl oorplate, and notochord. Therefore, in the future, this par-
ticular mouse line could be an extremely useful tool for 
notochord-speci fi c knockouts.    

    21.3   Summary of Critical Concepts 
Discussed in the Chapter 

    Spontaneous mutation models have enhanced the under-• 
standing of the role of genes in disc function.  
  Global gene targeting has signi fi cantly expanded our • 
knowledge of the molecular mechanisms that regulate 
disc development, homeostasis, and degeneration.  
  Conditional gene targeting has overcome the limitations • 
of universal gene targeting, allowing the analysis of the 
genes of interest at different embryological stages and in 
different tissues, without affecting mouse viability. This 
technique has also led to the discovery of the embryologi-
cal origin of the nucleus pulposus.  
  Future research related to the intervertebral disc will • 
involve a considerable extension of the use of tissue-
speci fi c and temporally inducible knockout models, fur-
ther expanding our knowledge of the development of 
these important tissues and providing direction in the 
search for therapies.            
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                 22.1   Introduction 

 The intervertebral disc is the largest avascular and aneural 
structure in the human body (Holm et al.  1981  )  and com-
posed of a number of interacting and interdependent tissues. 
While there are numerous clinical studies of the human disc, 
there remains a great deal to learn concerning its basic biol-
ogy, alterations during disease, and treatment strategies. 
One important approach to studying the pathophysiology 
and the repair of the degenerative disc is through the use of 
animal models that approximate its unique anatomy and 
physiology. Although many relevant animal systems are 
available, because of the relatively small size of the disc, 
differences in cell and tissue function, and confounding bio-
logic factors that include nutrient transport and metabolic 
activity, it is dif fi cult to generate models that are comparable 
to the human. Simulating the disc niche is one of the great-
est challenges in intervertebral disc degeneration research 
and a major obstacle in preventing the direct translation of 
 fi ndings relevant to cell culture and small animal model 
studies to the human condition. This chapter describes his-
torical advancements in techniques used for intervertebral 
disc organ culture models and their applications to study 
disc physiology, pathogenesis of disease, and repair. 

   Intervertebral Disc Culture Models 
and Their Applications to Study 
Pathogenesis and Repair       

     Svenja   Illien-Jünger       ,    Benjamin   A.   Walter       ,       Jillian   E.   Mayer       , 
   Andrew   C.   Hecht       , and    James   C.   Iatridis    

     22 

    S.   Illien-Jünger ,  PhD   •     B.  A.   Walter ,  MS   
    A.  C.   Hecht ,  MD   •     J.  C.   Iatridis ,  PhD   (*)  •    J.  E.   Mayer ,  BS  
     Leni and Peter W. May Department of Orthopaedics , 
 Icahn School of Medicine at Mount Sinai ,
  1 Gustave Levy Place ,  1188 ,  New York ,  NY   10029-6574 ,  USA  
  e-mail:  svenja.illien-juenger@mssm.edu;   benjamin.walter@mssm.edu; 
  andrew.hecht@mountsinai.org;   james.iatridis@mssm.edu;  
 jillian.mayer@mssm.edu   

Contents

22.1  Introduction ...................................................................  353
22.1.1  Animal, Cell, and Organ Culture Models .......................  354
22.1.2  The Intervertebral Disc Niche .........................................  354

22.2  Objectives .......................................................................  354

22.3  Organ Culture Model Development ............................  355
22.3.1  Choice of Animal Models ...............................................  356
22.3.2  Intervertebral Disc Swelling ...........................................  357
22.3.3  Free-Swelling and Osmotic Loading Models .................  358
22.3.4  Static and Diurnal Compression Loading Models ..........  358
22.3.5  Improved Dissection Procedures for 

Disc Organ Culture .........................................................  359

22.4  Dynamic Compression Loading Models .....................  361

22.5  Insights into Mechanism of Degeneration 
Using Disc Organ Culture ............................................  361

22.5.1  Altered Media Conditions ...............................................  362
22.5.2  Mechanical and Nutritional Challenges ..........................  363
22.5.3  Surgical and Chemical Challenges..................................  364

22.6  Mechanisms of Repair and Organ Culture 
Models of Disc Regeneration ........................................  365

22.6.1  Screening of Potential Therapeutic Agents .....................  365

22.7  Stem Cells in the Intervertebral Disc ..........................  365
22.7.1  Fate of Injected Stem Cells .............................................  366
22.7.2  Homing of MSCs ............................................................  366

22.8  Biomaterials for Intervertebral Disc Repair ..............  366

22.9  Human Organ Culture Models ....................................  366

22.10  Limitations of Organ Culture Models .........................  367
22.10.1  Age Changes and Use of Human Tissues .......................  367
22.10.2  Measurements of Predictors of Painful Conditions ........  367

22.11  Conclusions ....................................................................  368

22.12  Summary of Critical Concepts Discussed 
in the Chapter ................................................................  368

References ....................................................................................  369



354 S. Illien-Jünger et al.

    22.1.1   Animal, Cell, and Organ Culture Models 

 The current understanding of the biology of the interverte-
bral disc and its associated diseases has been established 
through studies using human cadaveric tissue, surgical 
 samples, and animal models. While animal models are 
 essential for hypothesis testing and therapeutic screening, as 
will be discussed later, they can differ both structurally and 
cellularly from the human disc. Small and large animal 
in vivo models are ideal for investigating interactions 
between the intervertebral disc and surrounding spinal tis-
sues as well as developmental studies of systemic 
in fl ammation, healing, or pain. However, in vivo conditions 
cannot be precisely controlled as in vitro models. Live ani-
mal testing is costly from both economic and ethical per-
spectives, and for large animal models, the capacity for 
high-throughput or long-term in vivo studies is limited. 
Despite these drawbacks, large animal models are most 
appropriate for evaluating late-stage therapeutic interven-
tions and treatment strategies. 

 Studies of surgical and cadaveric tissue are of great rele-
vance to the human condition. Human cadaveric tissue is 
required for spine biomechanical testing and for studies of 
surgical repair but is limited in terms of measurements of 
biologic change in response to interventions. Biochemical 
and histological analyses facilitate investigations of cellular-
ity, in fl ammation, matrix composition, and other biological, 
structural, and mechanical questions even on postmortem 
tissue. When cadaveric human tissue is obtained within 
approximately 24 h of death, intervertebral disc cells can 
also be harvested for long-term cell and organ culture experi-
ments. Human surgical samples are the most clinically rele-
vant, yet the quantity (i.e., for multiple dependent variable 
measurements) is often limited. Surgical tissue quality can 
also be highly variable preventing clear distinction between 
nucleus pulposus, annulus  fi brosus, and herniation tissue. 
Furthermore, surgical samples, almost by de fi nition, exclude 
healthy tissues. 

 Intervertebral disc cell culture experiments are used for 
therapeutic screening and also for hypothesis testing. Most 
cell culture techniques extract and then harvest cells from the 
native matrix, thereby altering the important interactions 
between matrix and cells. Both matrix constituents and novel 
biomaterials provide high-quality 3D cell culture environ-
ments, but these model systems all differ from the native tis-
sue niche. 

 Organ culture is a variant of more traditional cell culture 
systems where instead of extracting and culturing the tissue 
cellular components, the entire intervertebral disc is col-
lected and maintained in culture. Ex vivo organ culture also 
allows more precise control over mechanical and chemical 

boundary conditions of the disc compared with in vivo mod-
els. A key strength of organ culture techniques is that native 
cellular matrix connectivity and other niche characteristics 
are retained, which is important because cellular behavior is 
greatly in fl uenced by the surrounding environment (Risbud 
et al.  2003  ) .  

    22.1.2   The Intervertebral Disc Niche 

 The intervertebral niche is formed by the intimate connec-
tion between cells and their surroundings, and in the mature 
human adult, this niche is strongly in fl uenced by the nutri-
tional environment, the presence of cytokines, and the com-
position of the extracellular matrix. The speci fi c structure 
and niche environment undergoes age-dependent adaptive 
changes that can lead to the accumulation of toxic metabo-
lites. Nutrients and metabolites are transported into the 
nucleus pulposus by  fl uid exchange mediated by the diffu-
sion of molecules through the cartilaginous endplates or 
outer annulus  fi brosus. As a result, oxygen tension and glu-
cose concentrations within the central region of the disc are 
generally low; the acidic by-products of anaerobic 
 metabolism and the slow transport of waste products out of 
the disc induce a decrease in environmental pH, typically 
composed of lactic acid (Urban et al.  2004  ) . It is assumed 
that the low concentrations of required nutrients and metab-
olites and the relatively high concentration of waste prod-
ucts provide a physicochemical environment that is 
supportive of a small cell number (4,000–9,000 cells) and 
slow metabolic rate (Bibby et al.  2005 ; Maroudas 
et al.  1975  ) .   

    22.2   Objectives 

 Based on its anatomy and physiology, there are many 
unique challenges for simulating and studying the mecha-
nism by which the intervertebral disc functions in health 
and disease. While all model systems have limitations, 
retaining mechanical, chemical, and biological characteris-
tics that are similar to, or mimic, the human disc is a prior-
ity; this chapter focuses on speci fi c techniques and 
advantages of organ culture models. The purpose of this 
chapter, therefore, is to provide an overview of interverte-
bral disc organ culture systems, the historical aspects of 
method development, technical considerations required for 
successful implementation of organ culture, its importance 
as an experimental model for the study of intervertebral 
disc pathology, and  fi nally as a screening tool for imple-
mentation of therapeutic repair.     
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  Box 22.1 Intervertebral Disc Organ Culture 

System Development    
 A historical survey of published papers, found using 
online search engines, demonstrates that there has been 
a substantial increase in the number of papers published 
on intervertebral disc organ culture systems. Notably, 
approximately 10 years ago, there were less than two 
papers on the topic published per year, and in 2011 
there were seven papers published in the  fi rst 10 months 
of the year (Table  22.1 ). Similar trends were found in 
the Transactions of the Orthopaedic Research Society. 
Why are so many research groups adopting these novel 
techniques? There are at least four answers to this 
question:

    Technical advance.  Since the  fi rst disc organ culture paper 
was published in 1979 (Oegema et al .   1979  ) , several dis-
section procedures, bioreactor systems, and cell culture 
technologies have been developed. It was necessary to 
overcome two major technical obstacles. The  fi rst involved 
tissue processing procedures that allow transport of nutri-
ents into and waste products out of the intervertebral disc. 
The second involved the development of improved 
 dissection procedures and bioreactors to inhibit axial 
swelling and apply physiological loading. Comprehensive 
techniques for organ culture are described in Sect.  22.3.5 .  

   Need for human-relevant models of intervertebral discs.  
The discs of most animal models have nutrient transport 
mechanisms, micro-architecture, and cell metabolic rates 
that are different from the mature human intervertebral 
disc. Rodents have small intervertebral discs with a more 
gelatinous nucleus pulposus structure, a predominantly 
notochordal cell composition, and higher cell metabolism 
rates than the mature human intervertebral disc. In con-
trast, the intervertebral discs of some large animals are 
closer in structure, size, and cellularity to the mature 
human discs. The expenses and ethical costs of large ani-
mal in vivo testing make large animal organ culture 

 models an attractive option. Comparison with other ani-
mal models can be found in Sect.  22.3.1 .  

   Need to quickly test novel hypotheses and screen thera-
peutic strategies.  The high degree of control over mechan-
ical and chemical boundary conditions of organ culture 
models is an advantage over in vivo systems. The elabo-
rate 3D cellular niche of intervertebral disc cells can be 
maintained in organ culture and provide major advantages 
when compared with more traditional cell culture systems 
especially with respect to testing novel scienti fi c hypothe-
ses and screening of therapeutics. Organ culture models 
that describe pathophysiology of degeneration and inter-
vertebral disc repair are described in Sects.   23.5     and   23.6    .  

   Because human intervertebral discs can be maintained in 
culture . There are many practical and ethical constraints 
on human subject testing. The capacity to maintain viable 
human intervertebral discs in organ culture provides a 
new and important preclinical tool that offers promise for 
screening therapeutic agents in a way that complements 
live animal testing. The use of human discs in organ cul-
ture is described in Sect.   23.7    .     

   Table 22.1    Publication history of intervertebral disc organ culture 
systems   

 Date range    www.pubmed.gov        www.ors.org     

 2011  7  5 
 2006–2010  26  11 
 2001–2005  7  3 
 1996–2000  8  0 
 1991–1995  6  na 
 >1990  4  na 

  Survey of the number of intervertebral disc organ culture papers 
published over the last two decades based on electronic searches of 
Medline (  www.pubmed.gov    ; keywords “intervertebral organ cul-
ture”; date 9/27/2011) and of the Transactions of the Orthopaedic 
Research Society Meeting (  www.ors.org    , keywords “intervertebral 
organ culture”; date 9/27/2011); note that electronic search spans 
1999–2011. The table demonstrates the recent growth in the number 
of papers on the topic of organ culture  

    22.3   Organ Culture Model Development 

 Organ culture models have been developed over the last few 
decades using animal discs of various sizes in either simple 
or complex bioreactor systems to provide controlled in vitro 
conditions that simulate the in vivo situation. The earliest 

organ culture systems faced many challenges in establishing 
effective and relevant culture conditions that were adequate 
to maintain tissue integrity and intervertebral disc cell viabil-
ity and metabolism. The most modern systems are computer 
controlled and capable of maintaining multiple intervertebral 
discs from large animals with loading in multiple degrees of 

http://dx.doi.org/10.1007/978-3-7091-1535-0_23
http://dx.doi.org/10.1007/978-3-7091-1535-0_23
http://dx.doi.org/10.1007/978-3-7091-1535-0_23
http://www.pubmed.gov/
http://www.ors.org/
http://www.pubmed.gov/
http://www.ors.org/
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freedom. The following sections provide an overview of the 
historical progression and diversity of organ culture models 
that have been developed. 

    22.3.1   Choice of Animal Models 

 When compared to the human, small animal models (includ-
ing mice, rats, and rabbits) have enhanced nutrient and 
waste transport characteristics. Small animal models also 
have higher matrix water content, greater distinction 
between annulus  fi brosus and nucleus pulposus, and a larger 
number of notochordal cells that persist to older ages; the 
latter cells exhibit an elevated metabolic activity when com-
pared with chondrocytic nucleus pulposus cells (Aguiar 
et al.  1999 ; Oegema et al.  2000  ) . Indeed, the notochordal 
population in human intervertebral discs is greatly reduced 
if not entirely absent by puberty (Hunter et al.  2004  ) . Sakai 
et al.  (  2009  )  found considerable interspecies differences 
when comparing gene expression levels of notochordal and 
non-notochordal animal discs with cells of human interver-
tebral discs. The high metabolic rate, relatively rapid aging 
process, and low cost of small animal models are all very 
attractive research features. However, these advantages 
ignore major differences between animal and human disc 
cells. From this perspective, therapeutic interventions that 
may be successful in small animal models may not succeed 
in large animal models or humans. Depending on the bio-
logic or biomechanical question, small animal models can 
also be of limited value as they lack suf fi cient tissue for 
multiple measurements. 

 The intervertebral discs of large animal models are of 
comparable size to the human, and nutrient transport, disc 
structure, cellularity, and metabolic rates are similar. 
Nutritional and transport limitations in the large human 
intervertebral discs have long been considered a key factor in 
slowing successful repair (Kandel et al.  2008  )  and in contrib-
uting to the uniquely challenging disc cell niche. These large 
diffusion distances that human disc cells experience are 
likely to become a critical issue as research becomes more 
clinically translatable. Recently developed bioreactor sys-
tems are designed to handle the size and loading require-
ments of bovine and ovine intervertebral coccygeal discs 
which are among the most commonly used tissue sources. 

 There are differences in the types of loading that interver-
tebral discs of quadrupeds experience when compared to 
bipeds. This difference re fl ects the orientation of the spine 
with respect to gravity and biomechanical differences 
between anatomic regions (tails vs. spines). Surprisingly, 
since the dominant loading forces on the spine of all animals 
are associated with muscle action along the axis of the spine, 
these biomechanical differences are often smaller than one 
might expect and are most relevant when considering 

 instrumentation design. Even loading on the tail is domi-
nated by axial musculature, so that loading differences 
between ovine, bovine, rodent, and other coccygeal interver-
tebral discs models are typically no more signi fi cant than the 
biological differences between species. These biomechani-
cal similarities are highlighted by the  fi ndings that the effec-
tive axial stress (axial force normalized by cross-sectional 
area) required to restrain swelling of tail intervertebral discs 
(0.1–0.3 MPa) is similar to the in vivo intradiscal pressure 
measured in human lumbar discs in the prone position (0.1–
0.3 MPa; see also Sect.  22.3.4 ). The range of motion and 
peak stresses do vary across intervertebral discs levels and 
species (Alini et al.  2008 ; Demers et al.  2004 ; MacLean et al. 
 2005 ; Oshima et al.  1993 ; Wilke et al.  1999  ) . These differ-
ences are paramount when considering  fi nal geometry and 
material choices for instrumentation and implants at  fi nal 
stages of product development. 

 Most commonly, the intervertebral discs of large ani-
mals are smaller in size than human lumbar discs. However, 
human intervertebral discs have a greater disc height 
(height = 11.3 ± 0.3 mm) and they are elliptical in cross 
section (medial-lateral diameter = 55.9 ± 9.4 mm and ante-
rior-posterior diameter = 37.2 ± 4.7 mm). Bovine caudal 
discs are smaller than human lumbar discs (bovine disc 
height = 6.90 ± 0.35 mm) and circular in cross section (diam-
eter = 28.9 ± 2.0 mm). The normalized transport distance or 
aspect ratios (disc height normalized to lateral diameter) are 
similar for human (0.202) and bovine (0.239; O’Connell 
et al.  2007  ) . A comparison of intervertebral disc dimensions 
and differences in tissue composition of commonly used ani-
mal models is shown in Fig.  22.1 . The most obvious differ-
ence between the discs is the size: bovine coccygeal discs 
have diameter of ~22 mm (30 % smaller than human discs), 
followed by lumbar porcine (~18 mm), coccygeal ovine 
(~15 mm), rat (~4 mm), and mice (~2 mm). The coccygeal 
discs of bovine and ovine are approximately round in the 
transverse plane compared to the human and porcine which 
are kidney bean shaped and typically approximate to an 
ellipse. Similar to the healthy human nucleus pulposus, the 
nucleus of bovine and ovine coccygeal intervertebral discs 
appears white and  fi brous, whereas the gelatinous nucleus 
of the porcine and rodent lumbar discs clearly differs in 
composition. Several authors have provided a more compre-
hensive comparison of bovine coccygeal intervertebral discs 
with the human (Demers et al.  2004 ; Oshima et al.  1993  ) . 
Furthermore, most smaller species retain notochordal cells 
throughout aging, while bovine and ovine species do not 
(Hunter et al.  2004  ) .  

 Taken together, coccygeal intervertebral discs from bovine 
and ovine are of large size with similar aspect ratios, trans-
port distances, and composition as human discs and are 
becoming accepted tissues for large animal organ culture 
systems.  
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    22.3.2   Intervertebral Disc Swelling 

 A signi fi cant challenge for intervertebral disc research, 
regardless of species, is to maintain the original tissue struc-
ture. When muscular loading is removed and intervertebral 
discs are isolated, the tissue exhibits a propensity to swell in 
standard culture media as a result of development of large 
osmotic gradients (Urban and Maroudas  1981  ) . Notably, if 
the disc is isolated without the superior and inferior endplates, 
its weight increases drastically compared to discs with bone-
covered endplates. This rapid increase in wet weight of inter-
vertebral discs without endplates is apparent within the  fi rst 
1.5 h (% increase of initial wet weight for discs after 10, 20, 

and 90 min was 10, 16, and 22 % for intervertebral discs with-
out endplates, while the change was 2, 4, and 5 % for discs 
with bone-covered endplates (Fig.  22.2 )). After 15 h, the 
weight of discs without endplates increased around 22 % 
compared to 10 % when cultured with bone-covered end-
plates. A similar  fi nding was observed by Gawri et al.  (  2011  )  
who compared swelling of intervertebral discs with cartilage 
endplates vs. discs without endplates; after 66 h in culture, the 
observed increase in wet weight was 21 % in the cartilage 
endplate group, compared with 44 % for the discs without 
endplates (Gawri et al.  2011  ) . When disc tissue was isolated 
as fragments, the wet weight was elevated to an even greater 
extent (Urban and Maroudas  1981  ) . In response to swelling, 
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  Fig. 22.2    Free swelling of disc explants.  Left : comparison of swelling 
capacity and deformation of intervertebral discs with and without bone 
endplates.  Right : change in wet weight of intervertebral discs without 

endplates and cartilage endplate cultures after 66 h ( n  = 4, error bars 
indicate standard deviation; modi fi ed from Gawri et al.  2011  )        
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  Fig. 22.1    Disc species comparison. Transverse sections from ( a ), human (lumbar); ( b ), bovine (coccygeal); ( c ), porcine (lumbar); ( d ), ovine (coc-
cygeal); ( e ), rat (lumbar); and ( f ), mouse (lumbar) intervertebral discs       

 

 



358 S. Illien-Jünger et al.

disc cells increase expression of catabolic and pro-
in fl ammatory genes and can undergo cell death (Haschtmann 
et al.  2008a  ) . Conversely, as the disc dehydrates in air, expo-
sure to aqueous media is required to maintain tissue structure 
and biomechanical integrity (P fl aster et al.  1997  ) . To counter 
or prevent this propensity for swelling and preserve the physi-
ological structure of the intervertebral disc, ex vivo, several 
strategies have been developed.   

    22.3.3   Free-Swelling and Osmotic 
Loading Models 

 To evaluate cell metabolism and protein synthesis, interver-
tebral discs have been cultured in media as intact organs 
(Oegema et al.  1979  ) . Despite the swelling which can disrupt 
structure and promote loss of glycosaminoglycans (GAGs) 
and structural proteins, cells in the disc remain metabolically 
active (Chiba et al.  1998  ) . Chiba and coworkers cultured 
whole rabbit intervertebral disc for up to 1 month in alginate 
to inhibit swelling using techniques adapted from more 
 traditional cell culture protocols. In this system, tissue 
 integrity and biosynthetic activities were maintained. 
However, other investigators indicated that this technique, 
and its general nonphysiological approach to inhibit swell-
ing, required further optimization. A new approach using 
hyperosmotic media (supplemented with TGF b ) to inhibit 
swelling was described by Risbud et al. who cultured rat 
lumbar intervertebral discs for 1 and 3 weeks. After 1 week, 
no differences in cell viability, morphology, or gene and pro-
tein expression pro fi les were found between cultured and 
control discs, whereas after 3 weeks in culture, a loss of cell 
function was observed (Risbud et al.  2003  ) . This was a novel 
approach for investigating the nucleus pulposus function 
under physiological and pathophysiological conditions. The 
model also demonstrated that even if swelling of the inter-
vertebral disc could be prevented, cell viability could not be 
maintained, suggesting that inhibition of swelling was not 
suf fi cient to maintain physiological levels of nucleus pulpo-
sus cell viability and function in long-term culture. 

 To prevent swelling of the intervertebral disc in small ani-
mals, a further re fi nement of this technique involved retention 
of the surrounding tissues. Lim et al.  (  2006  )  cultured rat 
motion segments (the disc with the adjacent vertebrae) for 
4 weeks under free-swelling conditions; they reported that 
after 14 days, nucleus pulposus and annulus  fi brosus cell via-
bility (~95 %) was maintained; after 21 days, only 25 % of 
the cells were viable and viability decreased even further after 
28 days (9 %). Thus, the authors demonstrated that rigid 
 fi xation of the disc through the vertebral bodies inhibited tis-
sue swelling in media. However, similar to the study by 
Risbud and coworkers, the loss of cell viability was problem-
atic at longer time intervals. Together, these studies support 

the concept that reduced nutrient and metabolite transport 
through the vertebrae and annulus in these models is a prob-
lem. It is also notable that endplate transport may be a limita-
tion even in these small animal models which have diffusional 
transport distances much smaller than human and large ani-
mal models. 

 Haschtmann et al.  (  2006a  )  cultured rabbit intervertebral 
discs with retained endplates in standard media under free-
swelling conditions. It was hypothesized that the endplate 
served to “naturally constrain” the nucleus pulposus. These 
workers observed that cell viability could be maintained for 
at least 4 weeks without losing structural integrity or matrix 
composition. However, “degenerative” gene expression pat-
tern and lowered metabolic rate were reported, thus limiting 
the use of this model for the study of the pathophysiological 
and long-term changes in the disc (Haschtmann et al.  2006a  ) . 
In a subsequent study, rabbit intervertebral discs were cul-
tured with endplates with diurnal changes in hyperosmotic 
conditions. These conditions were better able to maintain 
aggrecan gene expression and inhibit swelling and collagen 
I expression than conventional static osmolarity conditions 
(Haschtmann et al.  2006b  ) . This  fi nding suggests that the 
amount of loading and the way the load was applied has a 
large effect on disc biosynthetic activity. 

 In a further study by Van Dijk et al.  (  2011  ) , swelling of 
nucleus pulposus tissue explants was inhibited using culture 
media made hypertonic by supplementation with polyethyl-
ene glycol. Tissue integrity and cell viability of these bovine 
explants was maintained for 21 days. However, the decrease 
in matrix gene expression observed in this tissue explant 
model (a best case scenario for nutrient transport since there 
were no endplates or annulus  fi brosus to impede nutrient 
transport) highlighted that biomechanical stimulation, in 
addition to nutrient transport, is important to promote ana-
bolic metabolism of the intervertebral disc.  

    22.3.4   Static and Diurnal Compression 
Loading Models 

 Oshima et al.  (  1993  )  evaluated the axial load required to pre-
vent swelling. These workers estimated that the interverte-
bral disc experiences an effective mechanical stress of 
~0.3 MPa in vivo. In a short 12-h study, both tissue hydration 
and matrix synthesis were affected by varying the static axial 
loading. In vivo levels were maintained when the effective 
stress ranged between 0.13 and 0.26 MPa (Ohshima et al. 
 1995  ) . This early work established what is now considered to 
be appropriate baseline loads for large animal disc organ cul-
ture and showed the feasibility of this model for studies of 
the mechanobiology of the intervertebral disc (Fig.  22.3a ). 
Baseline axial compression levels of similar values 
~0.15 MPa were also found to retain in vivo disc height in rat 
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caudal discs (MacLean et al.  2005  ) . From these and other 
studies, it was concluded that for a number of animal species 
and vertebrae levels, to prevent disc swelling, an effective 
compressive stress of ~0.1–0.2 MPa is a reasonable baseline 
loading condition.  

 Lee et al.  (  2006  )  created a bioreactor system for longer-
term culture using the same static compression loading 
design of Ohshima and coworkers. This system  successfully 
maintained cell viability for up to 7 days; although the 
GAG synthesis rates dropped by 70–80 % after only 2 days 
of culture, the cells remained sensitive to mechanical stim-
ulation. Lee and coworkers concluded that this drop in 
GAG synthesis was the result of static loading, since in vivo 
experiments demonstrated decreased cell metabolism with 
loading and enhanced biosynthesis under dynamic com-
pression loading (Maclean et al.  2004 ; MacLean et al. 
 2003  ) . Lee and coworkers also evaluated the possibility of 
culturing intervertebral discs with intact endplates, which 
by anchoring the annulus  fi brosus  fi bers and retaining 
nucleus pulposus, pressurization would maintain the 

 biomechanical integrity of the disc. However, culturing 
discs with endplates drastically reduced cell viability within 
1 week, especially in the nucleus. The reduced viability 
was hypothesized to be associated with formation of blood 
clots in the vertebral endplates that inhibited nutrient trans-
port. A further validation of bovine organ culture explants 
without endplates was performed by Korecki et al.  (  2007 ; 
Fig.  22.3b ) who found that static as well as diurnal loading 
conditions maintained GAG content and had similar cell 
metabolism rates.  

    22.3.5   Improved Dissection Procedures 
for Disc Organ Culture 

 As nucleus pulposus viability in organ culture requires the 
retention of the endplate cartilage, it was necessary to 
improve current methods for isolating these regions of the 
intervertebral disc. Gantenbein et al. ( 2006 )    obtained inter-
vertebral discs from sheep that had been treated with a 
 systemic anticoagulant before death. The endplates were 
cleaned thoroughly with a debridement tool to ensure 
 vasculature channel competence and facilitate nutrient 
transport. Intervertebral discs with endplates were cultured 
either under static (0.2 MPa/24 h) or diurnal loading 
(0.2 MPa/6 h and 0.8 MPa/16 h) for 4 days in media supple-
mented with 50 mol/l of dextran conjugated with a 
 fl uorescent label. They demonstrated that when discs are 
loaded diurnally, the  fl uorophores diffused to a greater 
extent through the annulus  fi brosus and endplate towards 
the disc center than when loaded statically. This was the 
 fi rst study to demonstrate a technique in which (1) large 
animal intervertebral discs could be cultured with endplates 
under diurnal loading conditions and (2) cell viability and 
GAG synthesis could be maintained for 7 days. However, 
gene expression data indicated possible catabolic changes 
in cell activity, which was likely associated with a lack of 
cyclic loading stimulus. 

 Free-swelling studies by Gawri et al.  (  2011  )  on human 
intervertebral discs and Jim et al.  (  2011  )  on bovine discs 
evaluated if the cartilaginous endplates promoted tissue 
structure and cell viability and metabolism. In both studies, 
the vertebral endplates were prepared by removing bone with 
a high-speed drill until only the cartilage endplates remained. 
Disc explants with cartilage endplates in free-swelling con-
ditions were cultured for up to 4 months in medium contain-
ing high or low glucose levels with high or low concentrations 
of fetal bovine serum (FBS) (high glucose = 4.5 g/l; low glu-
cose = 1 g/l; high FBS = 5 %; low FBS = 1 %). Importantly, 
cell viability of these free-swelling explants with cartilage 
endplates was very high (>95 %) for up to 4 months for all 
nutritional culture conditions, indicating that adequate waste 
and nutrition exchange was taking place. However, after 
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  Box 22.2 Re fi ned Dissection Procedures for Isolation of 

Disc Explants with Vertebral Endplates    
    The whole tail should be disinfected before dissection. • 
To access the discs, soft tissue should be removed from 
the caudal spine.  
  For better accessibility, the spinous and transverse pro-• 
cesses of the vertebrae can be removed. In our labora-
tory, we use a simple histological saw. After removal 
of surrounding tissue, muscles, nerves, and blood ves-
sels should be removed carefully to avoid cutting into 
the disc.  
  To make exact cutting possible, the vertebrae should • 
be rough-cut approximately in half to facilitate the 
successive precision cutting.  

  A high precision histological band saw (e.g., Exakt • 
Apparatebau, GmbH, Norderstedt, Germany) 
should be used to make two parallel transverse cuts 
through the vertebral endplate just proximal and 
distal to the cartilage (1–2 mm adjacent to the disc; 
Fig.  22.4a ).   
  After dissection, residual tissue (Fig.  • 22.4b ), cutting 
debris, and blood clots need to be removed. 
A  commercially available wound debridement irriga-
tion system (Inter Pulse ®  handpiece set; Stryker, 
Kalamazoo, MI, USA), commonly used in many surgi-
cal procedures, can be used (Fig.  22.4c ).    

a b c

  Fig. 22.4    Dissection procedure for cultures    with vertebral endplates. ( a ) Isolation of the intervertebral discs from vertebrae; ( b ) growth 
plate removal; ( c ) intervertebral discs bone-covered endplate cleaning       

4 weeks in culture, the increase in disc height was about 
21 %, and matrix degradation was observed to have increased, 
independent of the various culture conditions. Similar to 
other studies, they reported high cell viability but GAG loss 
in free-swelling culture conditions, suggesting that physio-
logical axial loading may be necessary to regulate cellular 
metabolism and retain GAG content. 

    22.3.5.1   Dissection Procedures That Retain 
Structural Integrity of the Explants 

 The method of removing and preparing discs from the sur-
rounding tissues is an intricate multistep process. The proce-
dure utilizes bovine caudal intervertebral discs; these discs 
are freely available and similar to the human lumbar disc 
(Sect.  22.3.1 ). It can be adapted for use with other animals, 
other spine levels, and human specimens. As demonstrated 
by Lee et al.  (  2006  ) , without thorough cleaning of blood clots 
within the endplates, there is inhibition of nutrient and waste 
transport and nucleus pulposus cell death. In contrast to the 
earlier techniques that serve to completely dissect the disc 
from the vertebrae using a straight edge razor or cutting tool 
to insure straight, parallel cuts (Korecki et al.  2007  ) , the cur-
rent procedure maintains the cartilaginous and/or vertebral 
endplates as part of the disc organ system. This technique cre-
ates a more anatomically complete structure; it inhibits aber-
rant swelling, maintains collagen connectivity, and reduces 

disc cell death. Several investigators have developed improved 
methods of dissections that allow nutrient transport while 
retaining the anatomic structure more completely (Gantenbein 
et al.  2006 ; Gawri et al.  2011  ) . The overall processes are simi-
lar and involve coarse dissection, sterilization and isolation of 
the disc by dissection, thorough cleaning of the vertebral end-
plates, and eventual placement in a bioreactor system.  

    22.3.5.2   Procedures for Cleaning the Endplate 
 The procedures described by Gantenbein et al.  (  2006  )  used 
intervertebral discs obtained from experimental sheep (used 
primarily for an alternate experiment) that were heparinized 
prior to death, making cleaning of the endplates relatively 
easy.    After dissection, residual blood within the endplate 
was aspirated with a Pasteur pipette and using a syringe with 
an 18-gauge needle and a jet of phosphate-buffered saline. 
   Since the availability of large experimental animals is lim-
ited and obtaining only the tail can be costly both economi-
cally and ethically, it was necessary to develop methods for 
cleaning vertebral endplates that were effective for animals 
that were not heparinized prior to death, thus creating the 
possibility of using bovine tails which are easily obtained 
from the abattoir. Different cleaning procedures are available 
to clean the vertebral capillaries and enable diffusion through 
the endplates. Our protocol for removal of clotted blood is 
described in Box  22.2 . 
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 An alternate procedure used for organ culture loading 
involves removal of vertebral endplates and retention of 
just the cartilaginous portion of the plate. Instead of clean-
ing the residual ossi fi ed vertebral tissue, the discs are fur-
ther processed by surgically ablating the vertebral bone 
with a surgical round-end bit attached to a high-speed drill, 
until the cartilage surface is exposed (Gawri et al.  2011 ; 
Jim et al.  2011  ) . Intervertebral discs with cartilage end-
plates and no calci fi ed bone can be maintained in culture 
or loaded into a bioreactor (Haglund et al.  2011  ) . It is nota-
ble that for the dissections that retain the cartilage end-
plates, the loading surfaces are not straight and parallel, so 
loading platens that accommodate the unique curvature 
and size of the cartilaginous EPs are required (Haglund 
et al.  2011  )  and as such are a challenge for precise 
loading.     

    22.4   Dynamic Compression Loading Models 

 The addition to dynamic compression loading to interverte-
bral disc cultures with retained bone-covered endplates pro-
vided another signi fi cant technical advance in organ culture 
techniques (Jünger et al.  2009  ) . This method comprised a 
pneumatically actuated bioreactor loading system capable of 
loading and culturing whole intervertebral discs with bone 
endplates and able to simultaneously apply compression 
loads to 4 individually controlled discs. Physiological loading 
was simulated with a rest phase at force equivalent of 0.2 MPa 
for 8 h (representing sleep), an active phase of 0.6 MPa for the 
remaining 16 h (to simulate time awake), and 2 simulated 
bouts of exercise lasting 4 h at 0.2 Hz and ±0.2 MPa (i.e., 
spanning from 0.4 to 1.0 MPa during the active phase). These 
simulated physiological loading cycles proved bene fi cial to 
ovine disc explant cultures as there were no changes in meta-
bolic activity observed after 3 weeks of culture (Jünger et al. 
 2009  ) . The design speci fi cations of the chambers and pneu-
matic actuator were optimized for culturing relatively small 
discs with a diameter of ~15 mm (Fig.  22.5a ).  

 Haglund et al.  (  2011  )  developed an organ culture load-
ing device for culturing intervertebral discs with cartilage 
endplates (based on the dissection technique described by 
Gawri et al.  (  2011  ) ) for 4 weeks. During the  fi rst week, the 
discs were cultured without external load, followed by 
2-day static load (0.1 MPa) and 19 days with a dynamic 
loading regimen consisting of 0.1 MPa static loading with 
2 periods of sinusoidal dynamic loading between 0.1 and 
0.3 MPa load at 0.1 Hz for 2 h separated by a 6-h 0.1 MPa 
static load period (Haglund et al.  2011  ) . In this model, cell 
viability was maintained for up to 4 weeks, and Western 
blot analysis revealed that the dynamic loading regimen 
preserved intact aggrecan and prevented the increase in 
degraded aggrecan that was observed under free-swelling 
culture conditions. The culture chambers were designed to 
accommodate discs between 20 and 60 mm, making them 

suf fi cient in size for bovine and human intervertebral discs 
(Fig.  22.5b , Haglund et al.  2011  ) . Another multi-chamber 
organ culture device is being developed by our group that is 
capable of dynamically loading bovine coccygeal or human 
lumbar discs in organ culture in axial compression under 
relatively high loading conditions. The device is designed 
to  fi t in an incubator; it is  hydraulically actuated, controlled 
via proportional solenoids, and capable of applying high 
forces required for large human lumbar intervertebral discs 
(up to ~5.5 kN; ~2 MPa; Fig.  22.5c ). An additional device 
under development allows loading both in axial compres-
sion and in torsion so that the explants can be loaded in 
multiple degrees of freedom simultaneously (Fig.  22.5d ; 
Walser et al.  2012 ). 

 Overall, organ culture has evolved from the  fi rst studies, 
where intervertebral discs were simply placed in culture 
media and allowed to free swell, to the current elegant 
computer-controlled systems capable of loading several 
disc organs simultaneously, in multiple degrees of free-
dom. The major advances involved controlling swelling, 
retaining  endplates to allow nutrient transport, and apply-
ing physiological loads. The next sections describe the 
usage of these models for degenerative and regenerative 
studies. 

 Organ culture permits the investigation of concurrent 
changes in both structure and cellular responses in a speci fi c 
and controlled environment. As these models are well con-
trolled, they can be used to determine how multiple factors 
individually and together contribute to changes in the inter-
vertebral disc biology and degeneration. These organ culture 
models have been used to address the following scienti fi c 
questions:
    1.    What factor(s) causes and/or contributes to pathogenesis 

of disc degeneration?  
    2.    What potential therapeutic approaches can be used to pre-

vent and/or slow the degeneration process?  
    3.    Can human intervertebral discs be maintained in culture? 

Research on human tissues addresses issues most directly 
relevant to health.      

    22.5   Insights into Mechanism of 
Degeneration Using Disc Organ Culture 

 Intervertebral disc degeneration has been de fi ned as “an 
aberrant, cell-mediated response to progressive structural 
failure” (Adams and Roughley  2006  )  with multiple fac-
tors thought to be involved in its initiation and progres-
sion. The role of these factors is reviewed in other 
chapters of this book. The majority of current degenera-
tion models are induced using mechanical, structural, 
nutritional, or in fl ammatory challenges. This work is pro-
viding an improved understanding of individual and 
interacting factors that cause or lead to degenerative disc 
disease. 
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    22.5.1   Altered Media Conditions 

 When compared with in vivo studies that are directed at 
assessing nutrient transport and uptake by the tissues of the 
disc, organ culture models provide a much simpler approach 
to elucidating the importance of this confounding factor. The 
relevance of nutrient transport as a predisposing factor was 
demonstrated using nucleus pulposus cell culture (Bibby 
et al.  2005 ; Horner and Urban  2001  ) . However, some in vivo 

models have failed to show that limited nutrition induces 
degeneration (Hutton et al.  2004 ; Krebs et al.  2007 ), possibly 
due to the lack of precise control over chemical or nutritional 
boundary conditions. A whole-organ culture study in which 
there was excellent control over nutrient levels was able to 
address this controversy (Jünger et al.  2009  ) . Jünger et al. 
 (  2009  )  cultured intervertebral discs under limiting glucose 
conditions and found that low glucose concentrations (2 g/l 
vs. 4.5 g/l in normal media) reduced the viability of ovine 
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  Fig. 22.5    Computer-controlled organ culture loading devices. ( a ) 
Pneumatically actuated multi-chamber system for axially loading inter-
vertebral discs of medium size (up to 15 mm in diameter) (system 
described in Jünger et al.  2009  ) . ( b ) Pneumatically actuated multi-
chamber system for axially loading of bovine or human discs (Figure 
modi fi ed from Haglund et al.  2011  ) . ( c ) Hydraulically actuated multi-
chamber system for applying high magnitudes of axial loading on 

bovine or human intervertebral discs (Ben Walter and James Iatridis). 
( d ) Pneumatically actuated device for axial and torsional loading on 
bovine discs (With kind permission of Benjamin Gantenbein-Ritter; 
system described in Walser et al.  2012  ) . All of these loading devices 
incorporate mechanical parts including a displacement sensor, a load 
sensor, and a pneumatic or hydraulic actuator       
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caudal discs by 40–50 %. However, they also noted that the 
remaining viable cells exhibited no changes in cellular 
metabolism, suggesting that limited nutrition alone was not 
suf fi cient to initiate a degenerative cascade. 

 Pro-in fl ammatory cytokines, speci fi cally tumor necrosis 
factor- a  (TNF a ) and interleukin-1- b  (IL-1 b ), are associated 
with increased degeneration (Le Maitre et al.  2005  ) . Since 
both cytokines are known to induce catabolic shifts in gene 
expression and in fl uence the activation of proteases (Hoyland 
et al.  2008 ; Seguin et al.  2005  ) , these pro-in fl ammatory 
cytokines have served as an attractive target for studies of the 
degenerative process. Bovine discs that were treated with 
media containing 200 ng/ml of TNF a  for 7 days experienced 
dramatic losses of aggrecan and altered gene expression that 
continued following cytokine removal (Walter et al.  2012  ) . 
Thus, from a mechanistic viewpoint, the effects of injury 
may be directly linked to upregulation of this and other 
cytokines.  

    22.5.2   Mechanical and Nutritional Challenges 

 Mechanical loading is known to alter metabolic activity and 
matrix integrity (Iatridis et al.  2006 ; Walsh et al.  2000  ) , and 
hence a threshold of “healthy” loading has been described in 
which immobilization (or underloading) and overloading 
can both lead to deleterious or degenerative changes (Stokes 
and Iatridis  2004  ) . Immobilization reduces anabolic metabo-
lism, and overloading can induce micro-injuries (or even 
larger injuries) which can accumulate and contribute to the 
degenerative process. 

 Korecki et al.  (  2008  )  found that when bovine interverte-
bral discs (without endplates) were loaded in compression 
at 1 Hz, even up to 2.5 MPa, there were no detrimental 
effects on cellular metabolism or disc structure and there 
was a dose-dependent increase in sulfate incorporation and 
collagen I and II gene expression in the annulus  fi brosus 
(Korecki et al.  2008  ) . This  fi nding indicated that moderate 
dynamic compression increases disc cell metabolism and 
can thus be considered as healthy loading conditions. These 
observations were consistent with mechanobiology studies 
using in vivo rat tail models that showed that only small 
amounts of damage accumulated when loading was applied 
at excessive magnitudes and duty cycles in dynamic com-
pression (Maclean et al.  2004 ; Wuertz et al.  2009  ) . Taken 
together, these investigations support the concept that end-
plates are the point of greatest weakness under axial com-
pression in the motion segment, as was demonstrated 
previously with in vitro biomechanical testing (Adams et al. 
 2000  ) . 

 To evaluate how biomechanical loading interacts with 
reduced nutrition, Illien-Jünger et al.  (  2010       )  examined the 
effects of high-frequency loading at 10 Hz (extreme 

 high-frequency dynamic axial compression) and 0.2 Hz 
( considered a bene fi cial moderate dynamic compression) on 
intervertebral disc explants. These explants were also cul-
tured in media with suf fi cient (4.5 g/l) or limited (2 g/l) 
 glucose concentrations (to simulate reduced nutrition result-
ing from endplate sclerosis and calci fi cation). Both high-
frequency loading and limited glucose nutrition resulted in 
increased cell death, and the combination of high frequency 
and limited nutrition caused an additive increase in cell death 
and increased MMP13 gene expression. These  fi ndings sug-
gested that high-frequency loading may increase cell metab-
olism without suf fi cient time to allow transport of nutrients 
to the disc cells. As a result, there would be an accumulation 
of acidic metabolites within the explants, and the reduced pH 
of the microenvironment would accelerate cell death. This 
phenomenon was further enhanced when disc explants were 
loaded under nutrient-depleted conditions. The shift in 
mRNA expression suggested that if cultured for longer dura-
tions, more substantial structural changes would be evident 
(Illien-Jünger et al.  2010  ) . 

 The response of intervertebral disc explants to short-term 
repetitive cyclic torsion was evaluated using bovine caudal 
tissue in organ culture. It was found that small angles (±2°) 
of torsion increased nucleus pulposus cell viability, whereas 
apoptosis was observed at larger torsion angles (±5°) (Chan 
et al.  2011  ) . These results are consistent with the in vivo rat 
tail studies of Barbir et al.  (  2011  )  who found that high mag-
nitudes of cyclic torsion increased pro-in fl ammatory cytokine 
production. While these tail model studies applied torsional 
magnitudes well above the physiological range for human 
lumbar discs of ±2° (Adams and Hutton  1981  ) , it is also 
known that tail discs have a larger physiological range of 
motion than those in the lumbar spine (Elliott and Sarver 
 2004  ) . In contrast, low and moderate dynamic axial com-
pression loading modes such as torsion, that produce high 
 fi ber strains with minimal pressurization, have the capacity 
to increase cell death, promote the expression of pro-
in fl ammatory cytokines, and enhance catabolism, without 
provoking an anabolic response. 

 Noteworthy, complex loading involves multiple loading 
modes, for example, compression with bending. When com-
plex loading is excessive, e.g., hyper fl exion, it can cause her-
niation in the motion segment (Adams and Hutton  1982  ) . In 
the bovine intervertebral disc, complex loading of 0.2 MPa 
compression at an applied wedge angle of 15° was shown to 
induce a rapid increase in apoptosis, a raised level of cata-
bolic and pro-in fl ammatory gene expression, and disruption 
of the annulus  fi brosus (Walter et al.  2011  ) . Although verte-
bral endplates were absent in this model making it a hyper-
physiological simulation, the results indicated that annulus 
 fi brosus structural disruption can rapidly induce apoptosis 
and in fl ammation and promote a strong catabolic response 
(Fig.  22.6a ).   
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    22.5.3   Surgical and Chemical Challenges 

 Endplate fractures after spinal trauma can induce rapid 
degenerative changes in the intervertebral disc. To investi-
gate posttraumatic degenerative changes, Haschtmann et al. 
 (  2008b  )  developed an endplate trauma model based on their 
established rabbit organ culture system. Endplate burst frac-
tures (Fig.  22.6b ) were induced in the disc with a custom-
made fracture device and cultured for 9 days. Within the  fi rst 
3 days, the injuries resulted in immediate cell damage 

( necrosis) and apoptosis. Continued expression of pro- 
apoptotic proteins FasL and TNF a  was observed in the 
nucleus pulposus, cytokines that might be expected to cause 
apoptosis. As cell death is an early response of disc degen-
eration, this system could represent a reproducible model for 
investigating degenerative processes after trauma. 

 Since one sign of degeneration is loss of pressurization of 
the nucleus pulposus and overall decrease in structural 
 integrity, some studies have directly altered the disc structure 
by treatment with proteases such as trypsin and papain. 

Control
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  Fig. 22.6    Intervertebral discs organ culture injury models. ( a ) Complex 
loading of 0.2 MPa axial compression applied at a wedged angle of 15° 
(Figure modi fi ed from Walter et al.  2011  ) ; ( b ) vertebral endplates frac-
ture (Haschtmann et al.  2008a,   b  ) ; ( c ) enzyme digestion to induce 

degenerative changes (Roberts et al.  2008  ) ; ( d ) needle injury simulation 
in organ culture (Figure modi fi ed from Korecki et al.  2008  ) ; ( e ) surgical 
micro-discectomy simulation (Illien-Jünger et al.  2012a )       
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Bovine intervertebral discs that were injected with trypsin 
were found to have a reduced swelling pressure in the nucleus 
and a corresponding loss of intact GAGs (Fig.  22.6c ; Jim 
et al.  2011 ; Roberts et al.  2008  ) . Trypsin had no signi fi cant 
effect on cell viability, but signi fi cantly altered the disc struc-
ture (Jim et al.  2011  ) ; however, the effect on cellular pheno-
type remains uninvestigated. These models have the advantage 
of quickly creating a structurally degenerate disc and suggest 
that they could be used to evaluate or screen therapeutic 
agents. However, this technique does not re fl ect the “typical” 
pathophysiological history of disc degeneration. 

 Needle puncture is a mild surgical intervention that is 
important therapeutically and in the context of disc degen-
eration warrants investigation (Fig.  22.6d ). Needle injection 
simulates discography, a common diagnostic procedure used 
to inform surgical treatments for low back pain. Needle 
injection through the annulus  fi brosus is also known to 
induce degenerative changes in several animal models 
(Masuda et al.  2005  ) . It was shown that bovine caudal discs 
that were punctured with a needle prior to culturing experi-
enced a rapid change in mechanical function, assessed via 
measurement of the dynamic modulus, and there was local-
ized cell death at the injection site (Korecki et al.  2008  ) . This 
 fi nding suggested that the degenerative changes observed 
in vivo can be associated with compromised mechanical 
behavior and that following large or small injuries, it is criti-
cal that function is restored to the intervertebral disc. 

 Micro-discectomies can provide back and leg pain relief by 
removing herniated fragments of tissue that impact nerve roots 
in the spinal canal of back pain patients. While micro-discec-
tomy surgery can provide immediate bene fi ts, the treated disc 
continues to degenerate. Post-discectomy disc degeneration 
often occurs rapidly and leads to signi fi cant back pain and 
occasionally to re-herniation. So as to develop repair strate-
gies, we are currently investigating the direct response of the 
cells remaining after discectomy using a bovine organ culture 
system (Fig.  22.6e ; Illien-Jünger et al.  2012a  ) . 

 Several organ culture models have been used to study the 
pathology of intervertebral disc degeneration. The systems 
permit analysis of multiple causes of degeneration, including 
intrinsic factors like altered nutrition and in fl ammation and 
extrinsic initiators represented by different loading patterns. 
Based on these models, novel regeneration therapies are 
being developed, as described in the next section.   

    22.6   Mechanisms of Repair and Organ 
Culture Models of Disc Regeneration 

 Disc organ culture models have been used to assess the fea-
sibility of potential therapeutic treatments, with the aim of 
maintaining the extracellular matrix and/or promoting its 
nutritional status. To investigate the utility of drugs, mouse 
disc models can be a useful and relatively simple means to 

assess the effects of an intervention. In contrast, for studies 
of growth factor therapy, screening can be performed in a 
small animal model, but the potential clinical ef fi cacy may 
require additional testing using a large animal. A critical 
scienti fi c question has focused on long-term evaluation of 
biosynthesis rates, cell survival, and mechanobiology. For 
this purpose, rigorous dissection and loading techniques are 
required that enhance transport as well as simulated physio-
logical loading. 

    22.6.1   Screening of Potential 
Therapeutic Agents 

 The activities of cells of the intervertebral disc are regulated 
by the interplay of cytokines, proteolytic enzymes, enzyme 
inhibitors, and growth factors (Masuda and An  2004  )  (see 
also Chaps.   8     and   25    ). Recent in vitro and in vivo studies 
have generated methods to upregulate the synthesis of the 
major structural proteins like aggrecan or to downregulate 
catabolic proteins that are induced by pro-in fl ammatory 
cytokines, such as interleukin-1 (IL-1) or tumor necrosis 
factor- a  (TNF a ) (Masuda and An  2004 ; Seguin et al.  2005  ) . 
Some studies have investigated these effects in vitro using 
organ culture. In  2006 , Risbud et al. cultured rat lumbar 
intervertebral discs with endplates for 1 week in media sup-
plemented with TGF b -1 or TGF b -3. They found that by 
elevating the levels of activated ERK1/2, which in turn pro-
moted the expression of receptors for TGF b -1 and TGF b -1I, 
TGF b -3 maintained the in vivo phenotype and biological 
properties of the disc tissues. 

 Using mouse functional spine units, Wang et al.  (  2011  )  
studied the effect of an anesthetic commonly used for the 
management of back pain. Discs of functional spinal units 
were treated with the anesthetic for up to 4 weeks in organ 
culture. Compared to the control group, there was dramatic 
decrease in cell viability and matrix protein synthesis, dem-
onstrating that the anesthetic, at clinical relevant doses, is 
toxic to tissues of the intervertebral disc.   

    22.7   Stem Cells in the Intervertebral Disc 

 Adult mesenchymal stem cells (MSCs) are a promising cell 
source for tissue repair and regeneration therapies. While these 
cells are found in various tissues including skeletal muscle, 
periosteum, and synovium, the most well-studied sources of 
MSCs are from bone marrow and adipose. One practical 
advantage of using MSCs is that they proliferate rapidly, while 
retaining their multi-lineage potential to commit to a number 
of phenotypes including bone, cartilage, muscle, ligament, 
tendon, adipose, and stromal tissues (Pittenger et al.  1999  ) . In 
vitro and in vivo studies have  indicated the potential of MSCs 
to differentiate towards a phenotype similar to nucleus 

http://dx.doi.org/10.1007/978-3-7091-1535-0_8
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 pulposus cells (Risbud et al.  2004 ; Steck et al.  2005  ) . In addi-
tion, MSCs are known to have immunosuppressive properties 
and are regarded as nonimmunogenic, rendering them particu-
larly attractive for tissue engineering and cell and gene thera-
pies (Di Nicola et al.  2002  ) . This general topic is discussed 
further in Chaps.   23     and   24    . 

    22.7.1   Fate of Injected Stem Cells 

 In 2009, Le Maitre et al. presented a model in which labeled 
human MSCs were injected into healthy bovine nucleus pul-
posus explants and cultured for up to 4 weeks. MSCs were 
identi fi ed in all tissue samples, and viability was maintained 
throughout the whole culture period. Immunohistochemical 
staining for Sox-9, aggrecan, and collagen II revealed a spon-
taneous expression of nucleus pulposus markers, whereas no 
collagen I or X or alizarin red staining was detected at any 
time point. The authors concluded that cellular hypertrophy 
and calci fi cation were not induced, i.e., the MSCs differenti-
ated into nucleus pulposus cells rather than annulus  fi brosus 
cells or hypertrophic chondrocytes (Le Maitre et al.  2009  ) . 
Disc organ culture is therefore a promising tool for future 
studies to evaluate the fate of injected cells. The technology 
would help de fi ne optimal conditions for cell survival and 
phenotypic maintenance following injection. For further 
information on the use of MSC and stem cells in repair of the 
discal tissue, see Chaps.   23     and   24    .  

    22.7.2   Homing of MSCs 

 Besides their potential to differentiate into a nucleus pulpo-
sus-like phenotype, MSCs also have the ability to engraft 
into different tissues after site-directed and systematic 
administration, in particular after injury or disease. The 
direct migration into areas of tissue damage was demon-
strated in bone defects (Kitaori et al.  2009  ) , myocardial 
infarction (Barbash et al.  2003 ; Kawada et al.  2004  ) , isch-
emic cerebral injury (Ji et al.  2004  ) , nephropathy (Hauger 
et al.  2006  ) , pulmonary  fi brosis, and wound healing 
(Mackenzie and Flake  2001  ) . It has been suggested that 
trophic factors and cytokines released from those tissues are 
involved in this migration process. Several studies have 
reported the functional expression of various chemokine 
receptors on MSCs (Honczarenko et al.  2006 ; Nasef et al. 
 2007  ) , and in fl ammatory cytokines have been shown to trig-
ger MSC chemotactic  migration through extracellular matrix 
structures (Ries et al.  2007  ) . Recently, it was demonstrated 
that migration of MSCs into injured discs in organ culture 
was signi fi cantly higher than migration into healthy tissue 
(Illien-Jünger et al.  2012b  ) . In this model, disc degeneration 
was induced using needle puncture injury combined with 

10 Hz high-frequency dynamic compression. Bovine inter-
vertebral disc was pre-cultured either under simulated physi-
ological or degenerating conditions. At 8–12 days, 
 fl uorescently labeled MSCs were added to the culture, and 
discs were further cultured under static conditions. After 
14 days, migration of MSCs into the discs was visualized 
using  fl uorescent microscopy (Illien-Jünger et al.  2012b  ) . 
The results of this study con fi rm that organ culture is a useful 
paradigm in which to investigate MSC homing and migra-
tion into the disc as well as offering a promising tool for 
potential regenerative treatments.   

    22.8   Biomaterials for Intervertebral 
Disc Repair 

 Several types of biomaterials and gels have been developed 
to support the regeneration of the herniated or degenerated 
intervertebral disc (Grad et al.  2010  ) . The ideal biomaterial 
should resemble the composition of the native disc in that it 
should provide a 3D matrix to retain cells or drugs and par-
tially replace the loss of disc tissue, while also providing 
mechanical support. 

 The screening of biomaterials in organ culture provides a 
strategy that complements in vivo implantation studies in ani-
mal models. Recent in vitro and in vivo studies have shown 
that hydrogels consisting of collagen and hyaluronan, a com-
position similar to the native components of the nucleus pul-
posus extracellular matrix, are suitable biomaterial substitutes 
(Collin et al.  2011 ; Sakai et al.  2006  ) . Peroglio et al.  (  2011  )  
designed an injectable thermoreversible hyaluronan-based 
hydrogel (HA-pNIPAM) as a nucleus pulposus cell carrier. In 
the  fi rst step they compared bovine nucleus pulposus cells 
seeded in HA-pNIPAM and pNIPAM alone. They showed 
that cell morphology and the GAG synthesis rate were similar 
in both hydrogels. Gene expression analyses revealed that 
after expansion, the hydrogels induced a redifferentiation 
towards the nucleus pulposus phenotype. Compared to alg-
inate beads, HA-pNIPAM promoted hyaluronan synthase 1 
gene expression. In a bovine disc culture, they showed that 
when cells were suspended in the thermoreversible hydrogel, 
they could be injected through a 22-G needle with cell viabil-
ity above 80 % after 1 week in culture. The authors concluded 
that HA-pNIPAM is a suitable, injectable carrier that is capa-
ble of maintaining the nucleus pulposus phenotype and pro-
moting disc matrix generation (Peroglio et al.  2011  ) .  

    22.9   Human Organ Culture Models 

 Human intervertebral disc organ culture models remain at 
an early stage of development. As with all research involv-
ing human tissue, sample procurement and usage must 
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follow federal guidelines including removal of any identi-
fying information and receive the approval of relevant 
ethical committees. Whole intervertebral discs with end-
plates are currently obtained from cadavers following 
autopsy or from organ donors usually 12–30 h postmor-
tem. Due to the avascular nature of the tissues, cadaveric 
discs remain viable for 30 h postmortem with cell viabil-
ity >90 %. 

 After obtaining specimens, it is important to assess the 
degenerative grade of the tissue. This can be achieved using 
X-ray and MRI analysis and graded using the modi fi ed 
Thompson and P fi rrmann classi fi cation (P fi rrmann et al. 
 2001 ; Thompson et al.  1990  ) . While it is not known whether 
all grades can be used, the clinical relevance of culturing an 
end-stage degenerated disc is arguable. Nevertheless, 
depending on the question being assessed, the development 
of criteria for including human discs in culturing experi-
ments is helpful and requires degenerative grade assess-
ment. Thorough cleaning of the bone endplate is absolutely 
necessary to enhance transport of nutrients and waste 
products. 

 Organ donor intervertebral disc explants with cartilage 
endplates have been cultured in free-swelling conditions, for 
up to 4 months with high cell viability (Gawri et al.  2011  ) . 
This method has been further improved for culturing human 
discs with cartilage endplates under diurnal (0.1 MPa/0.3 MPa) 
and sinusoidal (0.2 Hz) loads (Fig.  22.5b ; Haglund et al. 
 2011  ) . A high-speed grinding drill is used to completely 
remove vertebral endplates and isolate whole discs with car-
tilage endplates. In this case, bioreactors must be of suf fi cient 
size to accommodate human lumbar intervertebral discs. 
These discs have an average diameter of approx. 34–35 mm 
in length and 41–47 mm in width (L1–L5; Panjabi et al.  1992  ) . 
In turn, the bioreactors must accommodate a large volume of 
media and to simulate daily loading to be able to withstand 
forces of 1,500 N (Adams and Hutton  1983  ) . For dynamic 
compression, computer-controlled loading devices have 
been developed as shown in Fig.  22.5 . The bioreactor cham-
bers are composed of a bottom chamber and a top loading 
piston with sintered porous loading platens on both ends. 
Tubing underneath/above the lower/upper platen provides 
equal distribution of media through and around the disc 
(Fig.  22.3 ).  

    22.10   Limitations of Organ Culture Models 

 Whole disc organ culture models have become an essential 
tool that is available to address important intervertebral 
disc research questions. Some intrinsic drawbacks of these 
model systems impact the types of questions that can be 
addressed. The largest limitations relate to questions of age 
and pain. 

    22.10.1   Age Changes and Use of Human Tissues 

 The structure and composition of the human intervertebral 
disc changes with age, with older discs typically showing 
more signs of degeneration. When large animal discs are used 
to model the human, as they are obtained from abattoirs, they 
are typically younger and healthier than the clinically relevant 
human intervertebral disc. Not surprisingly, the healthy 
human disc is structurally similar to the bovine and ovine 
(Fig.  22.1 ), but compared to the animal spine, the moderately 
degenerate human discs display a more  fi brous nucleus pul-
posus, the tissue appears brownish in color, and the demarca-
tion between the nucleus and the annulus is less distinct 
(Fig.  22.7 ). With progressing degeneration, the nucleus pul-
posus becomes more  fi brous and it is hardly distinguishable 
from the annulus; in some severely degenerated discs, there is 
also vascular ingrowth (Fig.  22.7c ). In the light of these path-
ological differences, it is dif fi cult to extrapolate information 
generated from discs of young healthy animals to answer 
questions concerning severely degenerate human discs.  

 Large animal organ culture models of disc degeneration 
differ substantially from the human. The intervertebral spec-
imens are from the young, meaning that they did not develop, 
grow, remodel, accumulate injury, undergo endplate 
calci fi cation, and respond to pro-in fl ammatory cytokines. In 
other words, animal intervertebral discs are generally 
“healthier,” and most suitable for studies aimed at under-
standing the biology of the young and healthy human inter-
vertebral tissues (up to ~40 years of age), but are probably 
not reliable models for aging studies (Demers et al.  2004  ) . 
This topic is considered in detail in Chap.   18    . 

 Accordingly, because of their high reproducibility, uni-
formity, and availability, animal disc models have consider-
able advantages when used for screening therapeutic agents 
or addressing mechanistic questions regarding degenerative 
changes and responsiveness to injurious and environmental 
conditions. Human discs are the gold standard when investi-
gating aging and degeneration changes. However, inconsis-
tencies between human disc specimens are high, and the 
limited number of available discs exacerbates this variabil-
ity. Nevertheless, human rather than animal organ culture 
models are most valuable for evaluating disc treatment 
options.  

    22.10.2   Measurements of Predictors 
of Painful Conditions 

 Low back pain is often associated with disc degeneration 
(Biering-Sorensen et al.  1985  )  (see also Chaps.   16     and   19    ). 
It is dif fi cult, if not impossible, to directly measure pain in 
a whole-organ culture model due to its subjective nature. 
However, while direct clinical measures of pain cannot be 
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assessed in vitro, it is possible to measure the secretion or 
expression of selected neurotrophic agents and growth 
factors (Jung et al.  2011 ; Purmessur et al.  2008  ) . Assessing 
these factors may indicate potential induction or relief of 
pain; however, the actual pain cannot be measured. 
Interestingly, most patients who have degenerative discs 
are asymptomatic. What makes the degenerative disc 
painful in one patient and asymptomatic in another 
remains unknown. Differentiating the normal aging pro-
cess from pathologic disc degeneration also remains a 
very challenging if not impossible endeavor at this time. 
Further details on neurogenic pain are discussed in 
Chap.   16    .   

    22.11   Conclusions 

 Disc degeneration is a widely investigated disorder strongly 
associated with low back pain. The highly structured extra-
cellular matrix and harsh physicochemical microenviron-
ment of human intervertebral tissues create a unique niche 
with low cellularity and metabolic activity. This niche is not 
well simulated with current cell culture techniques or small 
animal models. The development of organ culture models 
has the capacity to better simulate the important 3D con-
nectivity and other niche characteristics found in the human 
disc with precise control over the mechanical and chemical 
boundary conditions. Intervertebral disc organ culture tech-
niques have advanced from simple free-swelling tissue 
models to computer-controlled and elegantly designed mul-
tiaxis and multi-chamber systems with the capacity to main-
tain disc structure, control nutritional factors, and simulate 
physiological or damaging loads. Successful organ culture 
experiments can now be designed to focus on critical 
scienti fi c questions, having developed procedures that 

inhibit the high swelling propensity of the matrix and enable 
nutrient transport. The high repeatability, uniformity, simi-
lar aspect ratios, and metabolic rates of bovine or ovine cau-
dal discs make them valuable tissues for disc organ culture 
to be used for screening therapeutic agents that are in devel-
opment and for answering mechanistic questions concern-
ing the pathogenesis of degenerative events and progress in 
response to physicochemical challenges. These models rep-
resent the initial battleground for exploring therapies that 
will inhibit catabolic and promote anabolic processes in the 
disc. Experimental variation in human discs is high, and 
specimen procurement is challenging so that human organ 
cultures are best suited for evaluating re fi ned treatment 
options. 

 While animal organ culture models are valuable tools for 
the evaluation of therapeutic interventions, almost all models 
require degeneration to be induced before a repair strategy 
can be implemented. The use of human intervertebral discs 
provides a model with naturally occurring degeneration and 
can therefore serve as a useful tool in validating therapeutic 
interventions for repair of early- to moderate-stage disc 
degeneration. Due to slow disc cell metabolism, long-term 
cultures will be needed to measure a signi fi cant change in 
disc matrix composition during repair. Thus, organ cultures 
provide an important link between conventional in vitro and 
in vivo technologies and offer a means of signi fi cantly reduc-
ing the use of animal models.  

    22.12   Summary of Critical Concepts 
Discussed in the Chapter 

    The native cellular niche of disc cells can be maintained • 
in organ culture providing an important advantage over 
the more traditional 2D and 3D cell culture studies.  

a b c

  Fig. 22.7    Human healthy and degenerate intervertebral discs. ( a ) Healthy intervertebral discs (grade I); ( b ) moderate degeneration (grade III); ( c ) 
severe degeneration (grade IV). Grading is based on the Thompson degeneration scale       
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  Intervertebral disc organ cultures allow precise control • 
over mechanical and chemical boundary conditions, facil-
itating more targeted mechanistic hypothesis testing com-
pared with in vivo models.  
  Intervertebral disc culture under free-swelling conditions • 
results in GAG loss, a decrease in anabolic activity, and 
an increase in the expression of catabolic genes. Retention 
of the endplate in culture maintains collagen connectivity, 
reduces disc cell death near the cut edge of the disc, and 
inhibits swelling.  
  Axial loading is required to fully inhibit swelling, pre-• 
serve the complex extracellular environment of the inter-
vertebral disc, and simulate diurnal loading and daily 
activities that are necessary to maintain physiological bio-
synthesis rates of disc cells.  
  Development of animal models enhances the study of • 
agents that promote degeneration and promote tissue 
regeneration models in a de fi ned and reproducible man-
ner with minimal donor variability.  
  Human discs can be maintained in organ culture and pro-• 
vide an important preclinical technique for screening 
therapies in a way that complements and minimizes 
in vivo animal testing.         
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    23.1   Evolution of Stem Cell Biology 
in Musculoskeletal Tissues 

 The ability of a tissue to respond to stress or injury requires 
the involvement and functions of stem cells resident in tissue-
speci fi c microenvironmental niches. Aging has been shown 
to result in a decrease in stem cell number as well as loss of 
ability to maintain tissue homeostasis and regenerate lost tis-
sue function. Therefore, it is of critical importance to iden-
tify stem/progenitor cell populations in different tissues, 
determine how these cells function in tissue homeostasis, 
and ascertain their potential utility in tissue engineering. 

 Classically, stem cells of the musculoskeletal region were 
de fi ned as undifferentiated cells, found in small numbers in 
the periosteum or the bone marrow (Caplan  1991 ; Deans and 
Moseley  2000  ) . Subsequently, these small populations of 
cells have been found in other stem cell pools, such as the 
adipose tissues, synovial tissues, perivascular regions in the 
surrounding tissue environment, and even in the matrix com-
ponent of tissues (Bianco et al.  2001 ; Crisan et al.  2008  ) . 
They were designated “mesenchymal stem cells” because 
from a developmental perspective, they were thought to be 
mesenchymal in origin. These cells can undergo sustained 
proliferation in vitro and potentially give rise to multiple mes-
enchymal cell lineages, including osteocytes, chondrocytes, 
and adipocytes. Since then, many researchers have reported 
studies of mesenchymal stem cells using different methods of 
isolation and expansion. With the increasing dif fi culties 
encountered in comparing and contrasting study outcomes, 
these cells are now preferentially called “multipotent mesen-
chymal stromal cells” (multipotent MSCs). The Tissue Stem 
Cell Committee of the International Society for Cellular 
Therapy has proposed minimal criteria to de fi ne human MSC 
(Dominici et al.  2006  ) . First, MSC must be adherent to plastic 
when maintained under standard culture conditions. Second, 
MSC must express the surface molecules CD105, CD73, and 
CD90, and not express CD45, CD34, CD14, CD11b, CD79 a , 
CD19, or HLA-DR. Third, MSC must differentiate into osteo-
blasts, adipocytes, or chondroblasts in vitro. Despite these 
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minimal criteria to identify MSC, it is dif fi cult to de fi ne MSC 
other than by the operational de fi nition of self-renewal and 
differentiation potential in vitro. Therefore, our knowledge of 
MSC is based solely on the characterization of cultured cells. 
We still lack any knowledge of their in vivo characteristics, 
such as their development, exact tissue localization, and 
physiological roles. 

 Despite these dif fi culties, the considerable therapeutic 
potential of human MSC has generated marked and increas-
ing interest within a wide variety of biomedical disciplines, 
including studies of the intervertebral disc. Published studies 
involving MSC have increased markedly in this  fi eld and 
may in the long run provide new and useful information on 
disc biology, the pathogenesis of intervertebral disc 
 degeneration, and possibly offer new therapeutic strategies 
(Sakai  2011  ) . However, as with any area of study, resear-
chers must share similar de fi nitions, terminologies, and 
methods to ensure that their  fi ndings can be compared. It is 
important for scientists to know the essential features of a 
stem cell: its capacity for self-renewal and the ability of a 
single cell to regenerate all the cell types and matrices of the 
lineage from which the cell was derived (Fig.  23.1 ) (Blanpain 
et al.  2004  ) . Accordingly, the experimental design and the 
types of stem cells used in investigational studies and trans-
lational cell therapies involving the intervertebral disc must 
be selected with care.   

    23.2   Evidence of a Stem Cell System 
in the Intervertebral Disc 

 As mentioned above, investigation of the tissue-speci fi c stem 
cell niche is a key factor in understanding the degenerative 
processes and tissue regeneration. Although research into the 

stem cell system in the intervertebral disc is still in its infancy, 
recent studies have shown evidence of a potential stem cell 
niche in the intervertebral disc region. Henriksson et al.  (  2009  )  
attempted to detect cell proliferation zones and label-retaining 
cells with in vivo 5-bromo-2 ¢ -deoxyuridine (BrdU) labeling 
in rabbit discs. They also investigated the localization of pro-
genitor cell markers (Notch1, Delta4, Jagged1, C-KIT, KI67, 
and Stro-1) with immunohistochemistry in the degenerated 
intervertebral discs of rabbits, rats, mini pigs, and humans. 
Although slow, ongoing proliferation was detectable in both 
the nucleus pulposus and annulus  fi brosus regions. They also 
found a high number of BrdU-positive cells at the annulus 
 fi brosus borders with the ligament zone and the perichon-
drium region at early time points, whereas only a few label-
retaining cells were observed at later time points, identifying 
a stem cell niche-like pattern. This may support the  fi ndings 
of Melrose et al.  (  2007  ) , who demonstrated spatial annular 
remodeling in experimentally injured ovine discs. 

 The recruitment of cells from the surrounding environ-
ment is another phenomenon often seen in the regenerative 
process. Using the BrdU in vivo labeling technique described 
above, Henriksson et al.  (  2011  )  observed BrdU-labeled cells 
in the intervertebral disc niche, adjacent to the epiphyseal 
plate at early time points, but at later time points, these cells 
were mainly in the outer region of the annulus  fi brosus, sug-
gesting possible migratory pathway. Tzaan and Chen  (  2011  )  
have extended this concept by enhancing bone marrow cell 
migration to the disc by stimulation with granulocyte colony-
stimulating factor. However, their results only demonstrated 
increased bone marrow cells in the endplate. Cell migration 
processes are thus underde fi ned and require substantial 
investigation. 

 There is increasing evidence that stem/progenitor cells 
are present in the intervertebral disc. Risbud et al.  (  2007  )  
reported that cells isolated from degenerative human disc tis-
sues expressed CD105, CD166, CD63, CD49a, CD90, 
CD73, p75 low-af fi nity nerve growth factor receptor, and 
CD133/1, proteins that are characteristic of MSC and repre-
sent the differentiation capacity of these cells toward osteo-
genesis, adipogenesis, and chondrogenesis. Feng et al.  (  2010  )  
have demonstrated that the human degenerative annulus con-
tains cells that express the MSC markers CD29, CD49e, 
CD51, CD73, CD90, CD105, CD166, CD184, and Stro-1 
and two neuronal stem cell markers, nestin and neuron-
speci fi c enolase. In an in vitro assay, they differentiated 
annulus  fi brosus-derived cells into adipocytes, osteoblasts, 
chondrocytes, neurons, and endothelial cells. Blanco et al. 
 (  2010  )  investigated MSC markers in nucleus pulposus cells 
isolated from degenerated discs and compared their differen-
tiation capacities with those of bone marrow-derived MSC 
from the same patient. They found that nucleus pulposus-
derived MSC ful fi lled almost all the morphological, immu-
nophenotypical, and differentiation criteria for MSC 

Definition of a stem/progenitor cell

Clonogenicity

High proliferation

Self-renewal

Multipotency

  Fig. 23.1    De fi nition of a stem/progenitor cell. Criteria of stem/pro-
genitor cell include clonogenicity, high proliferative capacity, self-
renewal capability (from a single cell to reconstitute a tissue in which 
the cell was derived), and multipotency       
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described by the International Society of Cell Therapy, 
except that nucleus-derived MSCs were unable to differenti-
ate into adipocytes. Likewise, Liu et al.  (  2011  )  investigated 
the characteristics of MSC derived from degenerated human 
disc cartilage endplates and reported that the morphology, 
proliferation rate, cell cycle, immunophenotype, and expres-
sion of stem cell genes were similar to those isolated from 
the bone marrow. These research  fi ndings suggest that the 
stimulation of endogenous stem cell populations may be an 
effective strategy for treating intervertebral disc degenera-
tion or to provide cells for the allogeneic transplantation of 
somatic-tissue-speci fi c stem cells.  

    23.3   Commitment of Stem Cells Toward 
an Intervertebral Disclike Cell 

 In contrast to the small steps yet taken in investigating the 
endogenous stem cell system in the intervertebral disc, a 
number of studies have reported the utilization of MSC in 
new, targeted therapeutic strategies (Fig.  23.2 ). MSC utiliza-
tion can be subdivided into three main types of studies. The 
 fi rst approach utilizes the multipotent differentiation capac-
ity of MSC to induce stem cells to commit toward an inter-
vertebral disclike cell. A considerable number of studies in 
the literature describe this strategy (Risbud et al.  2004 ; Li 
et al.  2005 ; Steck et al.  2005 ; Richardson et al.  2006 ; 
Sobajima et al.  2008 ; Vadalà et al.  2008 ; Wuertz et al.  2008 ; 
Chen et al.  2009 ; Kim et al.  2009 ; Le Maitre et al.  2009 ; Wei 
et al.  2009a ; Korecki et al.  2010 ; Strassburg et al.  2010 ; 
Bertolo et al.  2012 ; Choi et al.  2011 ; Feng et al.  2011a ; Luo 

et al.  2011 ; Purmessur et al.  2011 ; Ruan et al.  2012 ; Stoyanov 
et al.  2011  ) . Various methods to induce MSC differentiation 
have been evaluated such as stimulation with growth factors 
under speci fi c culture conditions, coculture with terminally 
differentiated intervertebral disc cells, or seeding cells onto a 
microenvironment-mimicking scaffold. Steck et al.  (  2005  )  
compared the molecular phenotypes of human disc cells and 
articular chondrocytes to determine whether MSC can dif-
ferentiate toward both cell types after transforming growth 
factor- b  (TGF b )-mediated induction in vitro. Their results 
demonstrated that the gene expression pro fi le adopted by 
MSC resembled that of native disc tissue more closely than 
that of native joint cartilage. As well as TGF b 3, insulin-like 
growth factor 1 (IGF1),  fi broblast growth factor 2, and plate-
let-derived growth factor BB have been shown to induce 
MSC differentiation toward nucleus pulposus-like cells 
(Ehlicke et al.  2010  ) . Richardson et al.  (  2006  )  assessed the 
value of a coculture system with or without cell–cell contact 
to induce MSC differentiation toward a nucleus pulposus-
like phenotype. Real-time quantitative polymerase chain 
reaction (RT-PCR) demonstrated a signi fi cant increase in the 
expression of nucleus pulposus marker genes in stem cells 
when the cells were cocultured with contact for 7 days, and 
this change was regulated by the cell ratio. However, no 
signi fi cant changes in marker gene expression was observed 
when the cells were cultured with either the nucleus pulpo-
sus cells or stem cells without contact, indicating a require-
ment for cell–cell contact in this induction process.  

 In a follow-up study, Strassburg et al.  (  2010  )  used human 
nucleus pulposus cells from degenerate and nondegenerate 
intervertebral discs to show that MSC differentiated into a 
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IVD cell-like cell
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Induction of MSC
towards IVD cell-like cells IVD cell activation by MSC Direct transplanation

MSC

Activated IVD cell

Utilization of MSC for IVD regeneration  Fig. 23.2    Utilization of 
multipotent mesenchymal 
stromal cells for disc regenera-
tion. Mesenchymal stem cells 
( MSCs ) can be directly induced 
to differentiate toward an 
intervertebral disc cell ( IVD ) 
using growth factor and coculture 
techniques ( left ). In addition, 
activation can be achieved using 
coculture systems in which there 
is direct cell–cell contact 
( middle ). Alternatively, MSC can 
be directly transplanted into the 
disc and commitment enhanced 
by the local conditions and the 
presence of resident host cells 
( right )       
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nucleus pulposus-like phenotype following direct coculture 
with either of the tissues with signi fi cantly upregulated 
expression of the genes encoding SOX9, collagen VI, aggre-
can, and versican, together with the simultaneous upregula-
tion of growth differentiation factor 5 (GDF5), TGF b 1, 
IGF1, and connective tissue growth factor expression. The 
direct coculture of normal nucleus pulposus cells with MSC 
had no effect on the phenotype of the nucleus cells, whereas 
coculture with degenerated nucleus pulposus cells resulted 
in enhanced matrix gene expression in the degenerate cells, 
accompanied by increases in both  TGFB1  and  GDF5  gene 
expressions. These results suggest that cellular interactions 
between MSC and degenerated nucleus pulposus cells both 
stimulate MSC differentiation to a nucleus pulposus-like 
phenotype and promote the endogenous nucleus pulposus 
cell population to regain a nondegenerated phenotype, con-
sequently enhancing matrix synthesis for self-repair. 
Similarly, when human nucleus pulposus cells were main-
tained in a pellet coculture with human MSC in different 
ratios, the 75:25 and 50:50 NP:MSC ratios yielded the great-
est increases in extracellular matrix (ECM) production 
(Sobajima et al.  2008  ) . Vadalà et al.  (  2008  )  also reported a 
reduction in the expression of collagen I and an increase in 
the expression of collagen II and aggrecan in MSCs after 
coculture with nucleus pulposus cells in alginate hydrogels, 
which allowed short-distance paracrine cell interactions. 
Stoyanov et al.  (  2011  )  have shown the important role of 
hypoxia, together with the addition of GDF5, in enhancing 
the expression of nucleus pulposus markers in a bone mar-
row-derived MSC coculture. 

 MSCs from sources other than the bone marrow have 
also been examined. Lu et al.  (  2007  )  studied the interac-
tions between human nucleus pulposus cells and adipose- 
tissue-derived stem cells in Transwell coculture, using both 
monolayer and micromass con fi gurations. A similar cocul-
ture study was performed by Chen et al.  (  2009  )  utilizing syn-
ovium-derived MSC. Vadalà et al.  (  2008  )  investigated mus-
cle-derived MSC, and Ruan et al.  (  2012  )  assessed whether 
Wharton’s jelly cells could be induced to differentiate toward 
nucleus pulposus-like cells in similar coculture studies. 

 The effects of scaffold properties on the differentiation of 
MSC toward intervertebral disc cells have also been investi-
gated. Bertolo et al.  (  2012  )  evaluated four types of matrices 
as scaffolds, approved as medical devices for other applica-
tions: two made of equine or porcine collagen, one of gela-
tin, and one of chitosan. They showed that although the 
collagen scaffolds induced better chondrogenic differentia-
tion than the other scaffolds, the phenotype of the MSC was 
not fully equivalent to that of nucleus pulposus cells. Feng 
et al.  (  2011a  )  investigated the use of three-dimensional (3D) 
nano fi brous poly( l -lactide) scaffolds seeded with rabbit 
MSCs which were induced to differentiate along the nucleus 
pulposus pathway in a hypoxic chamber (2 % O 

2
 ) in the 

 presence of TGF b 1. The nano fi brous scaffold supported the 
differentiation of rabbit MSC toward a nucleus pulposus-like 
phenotype in vitro, with the upregulated expression of a few 
important nucleus-associated genes (encoding aggrecan, col-
lagen II, and Sox-9), the abundant deposition of ECM (gly-
cosaminoglycan and collagen II), and the continuous 
expression of the nucleus pulposus-speci fi c marker, hypoxia-
inducible factor 1- a  (HIF1- a ). 

 The effect of physiological stimulation on MSC differen-
tiation toward intervertebral disclike cells has also been stud-
ied. Luo et al.  (  2011  )  cultured MSC under simulated 
microgravity in a chemically de fi ned medium supplemented 
with TGF b 1 (positive control group). The results showed 
that MSC independently and spontaneously differentiated 
toward a nucleus pulposus-like phenotype under simulated 
microgravity without the addition of any external bioactive 
stimulant, such as factors from the TGF b  family, which were 
previously considered necessary. 

 Recently, another unique approach to inducing MSC was 
reported by Korecki et al.  (  2010  ) . Because notochord-derived 
cells play a major role in nucleus development, they tested 
whether the culture medium from porcine notochordal cells 
could direct the differentiation of MSCs. Human MSC pel-
lets were cultured  fi rst in serum-free medium for 4 days and 
then in notochordal cell-conditioned medium for 7 days. It 
was found that there was glycosaminoglycan accumulation 
and increased gene expression toward a nucleus pulposus-
like phenotype, together suggesting that there was differen-
tiation toward that of the intervertebral disc phenotype. 

 The results of these studies suggest that MSC from any 
source can be forced to express some of the molecular mark-
ers of intervertebral disc cells in vitro and many external 
stimuli can accelerate differentiation. However, at the end of 
the day, they do not develop beyond nucleus pulposus-like 
cells because the default differentiation pathway is deter-
mined by the localization of the MSC. The most important 
factor in studying the induction of MSC toward interverte-
bral disclike cells is to demonstrate their functional capacity 
in vivo.  

    23.4   Stem Cell Promotion of 
Disc Cell Differentiation 

 Another approach to the utilization of stem cells is to exploit 
their capacity to nourish other cells. Stem cells can act as 
feeder cells to stimulate target cells directly through cell–cell 
contact or indirectly through the secretion of various factors. 
In a rabbit disc cell culture, Yamamoto et al.  (  2004  )  showed 
that direct cell–cell contact between nucleus pulposus cells 
and MSC occurred across a membrane with 0.45 mm pores, 
which allowed only the cell processes to adhere to each other, 
without any more extensive contact between the cultured 
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cells. Compared with the culture systems with no cell–cell 
contact, a coculture system that allowed intercellular adhe-
sion between nucleus pulposus cells and MSC yielded a 
marked increase in target cell proliferation, DNA synthesis, 
and proteoglycan synthesis. This is possibly attributable to 
the increased secretion of cytokines found in the culture 
system. 

 An interesting study by He and Pei  (  2012  )  tested the 
effects of the ECM deposited by synovium-derived MSC on 
the rejuvenation of nucleus pulposus cells. The nucleus pul-
posus cells that were expanded on ECM grew much faster, 
were smaller, and had a more  fi broblastic shape than those 
expanded in plastic  fl asks. ECM-treated nucleus pulposus 
cells acquired enhanced CD90 expression and higher mRNA 
levels of collagen I, collagen II, and collagen X and aggrecan 
as well as a robust redifferentiation capacity for up to six pas-
sages. The authors concluded that the ECM provides a tissue-
speci fi c microenvironment for the rejuvenation of nucleus 
pulposus cells with a higher proliferation rate and greater 
redifferentiation capacity. These characteristics may improve 
any future autologous disc cell-based minimally invasive 
therapeutic approach to the physiological reconstruction of a 
biologically functional disc in the clinical setting. 

 Another use of MSC is in the delivery of bioactive factors 
to resident disc cells. Meyerrose et al.  (  2010  )  suggested the 
use of MSC for the sustained in vivo production of supra-
physiological levels of cytokines to support co-transplanted 
stem cells and resident cells in intervertebral disc therapies.  

    23.5   Stem Cell Transplantation for 
Intervertebral Disc Tissue Engineering 
and Regeneration 

 The  fi nal approach to MSC utilization in intervertebral disc 
tissue engineering and regeneration involves the construc-
tion of a disclike tissue in vitro and its transplantation or the 
direct delivery of stem cells into the intervertebral disc. 
Gaetani et al.  (  2008  ) , Nesti et al.  (  2008  ) , Driscoll et al. 
 (  2011  ) , and See et al.  (  2011  )  have all attempted to construct 
this type of tissue in vitro. To improve the quality of in vitro-
reconstructed tissue, Gaetani et al.  (  2008  )  constructed a 
nucleus pulposus-like tissue using a 3D culture of nucleus 
cells and adipose-derived MSC. To develop a biphasic con-
struct, Nesti et al.  (  2008  )  seeded MSC onto a hyaluronic 
acid–nano fi brous scaffold that consisted of an electrospun, 
biodegradable nano fi brous scaffold enveloping a hyaluronic 
acid hydrogel center. The seeded MSCs were induced to 
undergo chondrogenesis in vitro in the presence of TGF b  for 
up to 28 days. The cartilaginous hyaluronic acid–nano fi brous 
scaffold construct resembled a native disc architecturally, 
with an outer annulus  fi brosus-like region and an inner 
nucleus-like region. Histological and biochemical analyses, 

immunohistochemistry, and gene expression pro fi ling 
revealed the time-dependent development of the chondro-
cytic phenotype of the seeded cells. The cells also maintained 
the microarchitecture of the native disc. An electrospun 
nano fi brous scaffold has also been used to examine the native 
biomechanics of the annulus  fi brosus (Driscoll et al.  2011  ) . 
Previous studies have shown that the tensile and shear prop-
erties of the native tissue are dependent on the  fi ber angle 
and the sample aspect ratio, respectively, so the effects of 
changing the  fi ber angle and the sample aspect ratio on the 
shear properties of aligned electrospun poly( e -caprolactone) 
scaffolds were evaluated. How ECM deposition by the resi-
dent MSC modulates the measured shear response was also 
determined. This team showed that the  fi ber orientation and 
sample aspect ratio signi fi cantly in fl uenced the response of 
scaffolds in shear; indeed, the shear properties of both cel-
lular and cell-seeded formulations can match or even exceed 
the native tissue. 

 A different approach to tissue engineering the annulus 
 fi brosus was reported by See et al.  (  2011  ) . They constructed 
cell sheets from bone marrow MSC and incorporated them 
onto silk scaffolds to simulate the native lamellae of the 
annulus  fi brosus. They then wrapped the construct around 
silicone nucleus pulposus, mimicking an intervertebral disc 
construct, and used a bioreactor to provide compressive 
mechanical stimulation to the silicone disc. Under static con-
ditions, the MSC sheets remained viable, with no signi fi cant 
change in cell numbers for 4 weeks. A histological analysis 
showed that the MSC sheets adhered well to the silk scaf-
folds and glycosaminoglycans were detected within the 
ECM. The ratio of collagen I to collagen II within the ECM 
of the MSC sheets also decreased signi fi cantly over the 
period of culture. These results suggest that extensive remod-
eling of the ECM occurred within the simulated disclike 
assembly and that this assembly is suitable for the regenera-
tion of the inner annulus  fi brosus. 

 Finally, there have been several attempts to supplement 
viable cells in the disc by direct stem cell transplantation. 
The thought behind this concept is the  fi nding that degenera-
tion is initiated by reductions in the numbers, viability, and 
functions of disc cells, especially those of the nucleus pulpo-
sus. Basic in vitro studies have shown that disc cells have a 
low proliferative capacity and that most cells in the adult 
human disc are in a senescent state. These facts have led 
researchers to focus on the idea of transplanting stem cells, 
which may show transplanted site-dependent differentiation 
and function to produce a functional ECM. 

 Sakai et al.  (  2003  )  reported the  fi rst MSC transplantation 
study in a rabbit model of disc degeneration. In follow-up 
studies (Sakai et al.  2005,   2006  ) , they showed that trans-
planted MSCs survive, proliferate, and differentiate into cells 
expressing chondroitin sulfate; keratan sulfate; collagen I, 
collagen II, and collagen IV; HIF1- a  and HIF1- b ; HIF2- a  
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and HIF2- b ; glucose transporter type 1 (GLUT1) and 
GLUT3; and matrix metalloproteinase 2 (MMP2), proteins 
that characterize the native nucleus pulposus cells. They also 
used RT-PCR to quantify the expression of the genes encod-
ing aggrecan, versican, collagen I and II, interleukin 1 b  
(IL1 b ), IL6, tumor necrosis factor- a , MMP9, and MMP13, 
thus demonstrating the increased expression of nucleus pul-
posus cell markers and the downregulated expression of 
in fl ammatory genes. Magnetic resonance imaging (MRI) 
and radiography con fi rmed the regenerative effects of the 
procedure, showing that MSC transplanted into degenerating 
discs in vivo can survive, proliferate, and differentiate into 
cells that express the phenotype of nucleus pulposus cells, 
with suppressed in fl ammatory gene expression. Since then, 
numerous similar studies have used different animal models 
and cell carriers and MSC from various sources (Table  23.1 ) 
(Crevensten et al.  2004 ; Zhang et al.  2005 ; Hiyama et al. 
 2008 ; Hoogendoorn et al.  2008 ; Ganey et al.  2009 ; Wei et al. 
 2009a  ) .  

 Crevensten et al.  (  2004  )  used a 15 % hyaluronan gel as 
the carrier and injected  fl uorescently labeled MSC into rat 
coccygeal discs. Although the number of MSCs retained 
decreased signi fi cantly during the  fi rst 2 weeks after injec-
tion, the initial cell number was restored after 4 weeks, and 
cell viability and disc height were maintained. These results 
indicate that the injected cells had started to proliferate within 
the rat disc. Zhang et al.  (  2005  )  implanted allogeneic MSC 
containing the marker gene  lacZ  from young rabbits into rab-
bit intervertebral discs to determine the potential of this cell-
based approach. As the transplanted allogeneic MSC survived 
and increased the proteoglycan content within the disc, it 
lent strong support to the notion that these cells could be 
used as a potential treatment for intervertebral disc degenera-
tion. Along the same lines, Hiyama et al.  (  2008  )  injected one 
million autologous MSCs into lumbar discs 4 weeks after 

nucleus pulposus aspiration in mature beagle dogs (a chon-
drodystrophoid breed), and the animals were followed for 
another 8 weeks. Radiological, histological, biochemical, 
immunohistochemical, and gene expression analyses dem-
onstrated the clear regenerative effects of the transplanted 
cells. Importantly, MSC found in the nucleus 8 weeks after 
transplantation expressed Fas-ligand protein, which has not 
been detected in MSCs before transplantation. Fas-ligand, 
which is present in tissues with isolated immune privilege, 
including the nucleus pulposus, plays an important role in 
nucleus maintenance. The expression of Fas-ligand indicates 
that MSC transplantation may also contribute to the preser-
vation of the immune privilege of the disc environment. In a 
follow-up study using the same model, Serigano et al.  (  2010  )  
investigated the effects of the numbers of MSC transplanted. 
To determine the optimal number of MSCs for transplanta-
tion, 10 5 , 10 6 , and 10 7  MSCs were transplanted, and their sur-
vival and apoptosis after transplantation were compared, 
together with their regenerative effects, which were assessed 
with histology, radiography, and MRI images. The transplan-
tation of 10 6  MSCs, rather than 10 5  or 10 7  cells, best main-
tained the structure of the intervertebral disc and optimally 
inhibited degeneration. This study demonstrates that the 
number of cells transplanted affects the regenerative capacity 
of MSC transplants in animal models of disc degeneration 
and addresses the importance of cell number in the clinical 
application of MSC transplantation. 

 Leung et al.  (  2006  )  investigated the allogeneic transplan-
tation of MSC and reported many advantages of such trans-
plantations in treating disc disease. They reasoned that if the 
nucleus pulposus is an immunoprivileged environment, then 
by presenting fewer antigens, MSC should escape alloanti-
gen recognition. Wei et al.  (  2009b  )  have also reported the 
xenogeneic transplantation of bone marrow-derived MSC in 
rats, and Henriksson et al.  (  2009  )  transplanted human bone 

   Table 23.1    Summary of in vivo animal experimental studies on stem cell transplantation therapy for intervertebral disc degeneration   

 Stem cell type  Mode  Animal model  Author  Year 

 Bone marrow MSCs  (Autologous MSCs expanded)  Rabbit (nucleus aspiration)  Sakai et al.   2003,   2005,   2006  
 Bone marrow MSCs  (MSCs expanded)  Rat (no injury)  Crevensten et al.   2004  
 Bone marrow MSCs  (Allogeneic MSCs expanded)  Rabbit no injury  Zhang et al.   2005  
 Bone marrow MSCs  (Allogeneic MSCs expanded)  Rabbit (nucleus puncture)  Leung et al.   2006  
 Bone marrow MSCs  (Autologous MSCs expanded)  Canine (nucleotomy)  Hiyama et al.   2008  
 Adipose MSCs  (Autologous MSCs expanded)  Goat (ABC chondroitinase)  Hoogendoorn et al.   2008  
 Adipose MSCs  (Autologous MSCs expanded)  Canine (nucleotomy)  Ganey et al.   2009  
 Bone marrow human MSCs  (Xenogeneic MSC expanded)  Rat (no injury)  Wei et al.   2009a  and  2009b     
 Bone marrow human MSCs  (Xenogeneic MSC expanded)  Porcine(nucleus aspiration)  Henriksson et al.   2009  
 Synovial MSCs  (Allogeneic MSCs expanded)  Rabbit (nucleus puncture)  Miyamoto et al.   2010  
 Bone marrow MSCs  (Autologous MSCs expanded)  Rabbit (nucleus aspiration)  Yang et al.   2010  
 Bone marrow human MSCs  (Xenogeneic MSC expanded)  Rat (nucleotomy)  Allon et al.   2010  
 Bone marrow MSC + 
autologous NP cells 

 (Autologous MSCs expanded)  Rabbit (nucleus aspiration)  Feng et al.   2010  

 Bone marrow MSCs  (Autologous MSCs expanded)  Mini pig (annulus incision)  Bendtsen et al.   2011  
 Adipose human MSCs  (Xenogeneic MSCs expanded)  Rabbit (nucleus puncture)  Chun et al.   2012  
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marrow MSC into a porcine model of disc degeneration, pro-
ducing a regenerative effect. 

 Various stem cells have already been tested as cell sources. 
Hoogendoorn et al.  (  2008  )  reported that adipose-derived 
MSC may be bene fi cial in cell-based therapies for interverte-
bral disc disease because they are isolated more easily than 
are bone marrow MSC. Ganey et al.  (  2009  )  studied the 
ef fi cacy of autologous adipose-tissue-derived stem cells in 
promoting disc regeneration in a canine model of disc injury 
and found enhanced disc matrix production and improved 
overall disc morphology. A recent study by Chun et al.  (  2012  )  
in a rabbit trauma model has also shown that the transplanta-
tion of adipose-derived MSC increased ECM secretion, with 
little ossi fi cation of the damaged cartilage in the nucleus pul-
posus compared with degenerated control discs. MSC puri fi ed 
from the synovial tissue of knee joints demonstrated superior 
proliferative ability and greater chondrogenic differentiation 
capacity than those of bone marrow MSC. Miyamoto et al. 
 (  2010  )  transplanted allogeneic synovial MSC into rabbits and 
found that synovial MSC injected into the nucleus pulposus 
space promoted the synthesis of collagen II in the remaining 
nucleus pulposus cells and inhibited the expressions of degra-
dative enzymes and in fl ammatory cytokines. This allowed 
the structure of the intervertebral disc to be maintained. 

 Although evidence of the regenerative effects of MSC 
transplantation has accrued, whether MSCs perform better 
than transplanted nucleus pulposus cells is as yet unknown. 
Feng et al.  (  2011b  )  compared the regenerative effects of 
nucleus pulposus cell and MSC transplantation in a rabbit 
model. No signi fi cant differences in gene expression were 
observed between the groups transplanted with nucleus cells 
or MSCs, supporting the role of MSC as a useful cell therapy 
substitute for nucleus pulposus cells for intervertebral disc 
degeneration. Furthermore, recent studies have explored vari-
ous modi fi cations to this method to enhance its effect. In vitro 
studies have shown that the coculture of nucleus pulposus 
cells and MSC promotes ECM production. The use of bilami-
nar coculture pellets (BCPs) of MSC and nucleus pulposus 
cells has also been explored by Allon et al.  (  2010  ) . BCPs, in 
which MSCs are enclosed in a shell of nucleus pulposus cells, 
were transplanted into denucleated rat-tail discs with a  fi brin-
sealant carrier. Cell retention was higher in the BCP-treated 
group than in the control group. The disc height and disc grade 
increased over time only in the BCP-treated group. Only after 
transplantation with BCPs was proteoglycan staining evident 
in the nuclear space after 35 days. This approach has been 
combined with growth factor therapy (Yang et al.  2010  ) . MSC 
transplanted with pure  fi brinous gelatin-TGF b 1 resulted in 
less degeneration and a reduction in apoptotic cells in rabbits. 

 The modalities used to evaluate disc degeneration have 
advanced markedly with the evolution of MRI technology. 
Bendtsen et al.  (  2011  )  investigated the regenerative effects of 
MSC transplantation with or without hydrogel in mini pigs, 
using dynamic contrast-enhanced MRI to focus on endplate 

function. They showed that MSC transplantation partly 
regenerated the degenerative disc and maintained the perfu-
sion and permeability characteristics of the vertebral end-
plate and subchondral bone. 

 With increasing evidence of the ef fi cacy of MSC trans-
plantation therapy in promoting intervertebral disc regenera-
tion, three reports of stem cell transplantation in humans have 
been published. Haufe and Mork  (  2006  )  injected hematopoi-
etic stem cells from the bone marrow into ten patients with 
discogenic back pain, diagnosed with provocative discogram. 
There was no improvement in any patient after 1 year. This 
study cautions that the appropriate selection of patients, cells, 
and methods must be made with care before the clinical 
application of this technique. Yoshikawa et al.  (  2010  )  trans-
planted autologous bone marrow MSC into discs showing 
the vacuum phenomenon and instability in two patients 
undergoing decompression surgery for spinal stenosis. The 
MSCs were cultured in medium containing autologous 
serum. During surgery, the stenosed spinal canal was fenes-
trated, and pieces of collagen sponge containing autologous 
MSCs were then grafted percutaneously onto the degener-
ated disc. Two years after surgery, radiography and computed 
tomography showed improvements in the vacuum phenome-
non in both patients. T2-weighted MRI showed high signal 
intensity in the intervertebral discs treated with cell grafts, 
indicating a high moisture content, and dynamic radiography 
showed less lumbar disc instability. Orozco et al.  (  2011  )  also 
transplanted autologous bone marrow MSC into ten patients 
with chronic back pain, diagnosed with lumbar disc degen-
eration with an intact annulus  fi brosus. The feasibility and 
safety of the treatment were con fi rmed and strong indications 
of its clinical ef fi cacy identi fi ed. The patients displayed rapid 
improvement in their pain and disability (to 85 % of maxi-
mum in 3 months), which approached 71 % of optimal 
ef fi cacy, comparing favorably with the results for other pro-
cedures, such as spinal fusion and total disc replacement. 
MRI evaluations 1 year after transplantation showed that 
although the disc height was not restored, the water content 
was signi fi cantly elevated. They concluded that MSC therapy 
might be a valid alternative treatment for chronic back pain 
caused by degenerative disc disease. Its advantages over the 
current gold standard treatments include that it is a simpler 
and more conservative intervention, without surgery, it pre-
serves the normal biomechanics of the intervertebral disc, 
and it offers the same or better pain relief.  

    23.6   Perspectives on the Role of Stem Cell 
Biology in the Treatment of 
Intervertebral Disc Disease 

 Recent advances in stem cell biology offer a number of entic-
ing possible avenues for intervertebral disc research, with 
therapeutic potential. Undoubtedly, studies of the applications 
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of stem cell biology will increase; however, as already dis-
cussed, it is important that investigators share a common stem 
cell terminology. There is an increasing interest in this  fi eld 
and evidence of endogenous stem/progenitor cells within the 
intervertebral disc. Identi fi cation of these stem/progenitor 
cells in their niche and the fates of these cells should provide 
insight into the key elements in the pathogenesis of disc 
degeneration and the endogenous repair system of the inter-
vertebral disc. This insight is required for potential therapeu-
tic interventions. For instance, molecules that enhance the 

recruitment and function of disc stem/progenitor cells may 
enhance the longevity of the tissue itself. This area of research 
is still underde fi ned and awaits rigorous investigation. 
Supporting this insight, an epoch making  fi nding that nucleus 
pulposus progenitor cell exhaustion relates to aging and 
degeneration has been recently reported (Sakai et al.  2012  ) . In 
this study, the authors sorted human and mouse nucleus pul-
posus cells using various surface markers and then scored 
their ability to form colonies. They identi fi ed nucleus pulpo-
sus progenitor cells that formed spheroid colonies in Tie2 +  
and disialoganglioside GD2 +  population. These spheroid col-
onies demonstrated superior aggrecan and collagen II produc-
tion capability compared to other colonies (Fig.  23.3 ). Clonal 
analyses of Tie2 + GD2 +  human nucleus pulposus cell demon-
strated that these cells are highly proliferative and clonally 
capable of differentiation into multiple mesenchymal and 
nucleus pulposus lineages. Moreover, this multipotent ability 
is sustained through long-term engraftment and was demon-
strated to include the ability for self-renewal. Analyses in 
clinically obtained tissue provided new concept in the 
underde fi ned pathology of disc degeneration by showing a 
gradual exhaustion of Tie2 +  cells in the disc correlating with 
aging and degeneration in humans. Moreover, they de fi ned 
the importance of    Tie2/angiopoietin-1 niche (Fig.  23.4 ) in 
 maintenance of Tie2 +  nucleus pulposus progenitor cells, 
which may lead to new treatment targets. To induce MSC to 
differentiate into intervertebral disc cells, an obstacle that 
must be overcome is that induced MSCs never proceed beyond 
intervertebral disclike cells. This problem is exacerbated by 
the lack of a speci fi c marker or assays that de fi nes a cell as an 
intervertebral disc cell. Fundamental studies that can de fi ne a 
cell as a disc cell that can function in vitro will be most useful 
in this  fi eld. The use of MSC as an activation tool for drug 
delivery systems may still offer a novel strategy for tissue 
repair. In the developmental and maturation stages of the disc, 
the mesenchymal cells surrounding the nucleus pulposus are 

  Fig. 23.3    Spheroid colony derived from nucleus pulposus progenitor 
cells. These cells express abundant aggrecan ( red ), the major extracel-
lular matrix component of the nucleus pulposus ( blue  indicates nuclear 
staining with diamidino-2-phenylindole) (Reproduced from Sakai et al. 
 2012  )        

  Fig. 23.4    Tie2/angiopoietin-1 
signaling maintains progenitor 
cells in the nucleus pulposus of 
the intervertebral disc. Both Tie2 
( red ) and Ang-1 ( green ) are 
expressed in cluster of cells 
found in the nucleus pulposus 
( blue  indicates nuclear staining 
with diamidino-2-phenylindole) 
(Reproduced from Sakai et al. 
 2012  )        
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thought to be in fl uenced by notochord-derived cells. 
Knowledge of the interactions between the components that 
participate in disc development will certainly provide new 
information on tissue regeneration and tissue engineering. 
Finally, more clinical trials of actual MSC transplantation for 
intervertebral disc repair will also undoubtedly be reported in 
the future, using various techniques and stem cells from vari-
ous sources. However, caution is strongly warranted. For 
example, using a rabbit model, Vadalà et al.  (  2012  )  reported 
that cell leakage after MSC injection into the intervertebral 
disc can cause osteophyte formation. They suggest that cell 
carriers or annulus-sealing techniques should be assessed or 
perhaps postsurgical rehabilitation protocols investigated, to 
minimize leakage. Unintended differentiation and tumorigen-
esis are also potential risks usually faced in stem cell thera-
pies. Although many animal studies and preliminary human 
trials have supported the promising future of stem cell therapy 
for disc disease, careful application of cells and techniques, 
with the selection of the appropriate types of patients in a 
strictly controlled manner, are key elements in ensuring the 
success of these therapies.    

    23.7   Summary of Critical Concepts Discussed 
in the Chapter 

    While de fi nition of stem cells in the mesenchymal tissues • 
has changed with time, there is still a lack of knowledge 
of their in vivo characteristics, and therefore, selection of 
stem cells for regeneration of the intervertebral disc needs 
to be carefully evaluated.  
  It is important that investigators share a common stem • 
cell terminology in designing experiments to evaluate the 
use of stem cells for intervertebral disc research.  
  Laboratory investigations have revealed that a stem cell • 
system is present in the intervertebral disc and that its 
exhaustion may be related to aging and degeneration.  
  Stem cells can be induced to express some of the charac-• 
teristics of intervertebral disc cells.  
  Stem cells are capable of stimulating intervertebral disc • 
cell metabolism.  
  Stem cells can facilitate intervertebral disc tissue engi-• 
neering and repair.  
  Investigation of intervertebral disc stem/progenitor cells • 
in their niche and the fates of these cells should provide 
insight into key events in the pathogenesis of disc degen-
eration and the endogenous repair system. This informa-
tion should be of great use in the design of new biological 
therapies.         
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          24.1   Introduction: Use of Gene Therapy 
for the Treatment of Disease 

 One of the  fi rst articles describing the use of gene therapy 
was published in  Science  in 1972. In that paper, Friedmann 
and Roblin described how they induced mammalian cells 
to express bacterial and viral DNA, demonstrating the 
possibility that this method could later be used to promote 
therapies for treatment of human genetic diseases 
(Friedmann and Roblin  1972  ) . Today, scientists are explor-
ing the therapeutic use of gene therapy for the treatment 
of numerous pathological conditions including Parkinson 
disease (Yasuda et al.  2011  ) , glioma (Lee et al.  2011  ) , 
X-linked severe combined immunode fi ciency (SCID-X) 
(Huston et al.  2011  ) , diabetes (Rowzee et al.  2011  ) , bone 
fractures (Sheyn et al.  2008 ; Kimelman-Bleich et al. 
 2011  ) , and heart failure (Muona et al.  2012 ; Pleger et al. 
 2011  ) . During the last two decades, efforts have been 
made to enhance the safety and ef fi ciency of gene therapy. 
Despite numerous advances, the immune response, which 
led to the death of a patient in one clinical trial (Somia 
and Verma  2000  ) , and insertional mutagenesis, which 
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triggered the development of leukemia in several patients 
(Hacein-Bey-Abina et al.  2003 ; Cavazzana-Calvo et al. 
 2004  ) , continue to pose a major barrier to the clinical use 
of gene therapy. Fortunately, improvements are constantly 
being made in protocols as well as in the safety features of 
some vectors, such as exogenous control of gene expres-
sion or the use of nonviral gene delivery methods (Herzog 
et al.  2010  ) . Hundreds of clinical trials involving gene 
delivery are currently being conducted in the USA for the 
treatment of various diseases, ranging from cystic  fi brosis 
to HIV (Flotte  2007  ) . 

 Although most developments in gene therapy have as 
their aim treatment of systemic diseases and disorders, a 
few focus on tissue regeneration (Edelstein et al.  2007  ) . In 
orthopedics, gene therapy is studied for its usefulness in 
bone-tissue engineering (Bueno and Glowacki  2009  ) , 
because even transient expression of the  bone morphoge-
netic protein  ( BMP )- 2 ,  BMP - 6 , or BMP- 9  gene is suf fi cient 
to promote bone generation. Gene therapy is also being 
explored for its value in creating cartilage (Menendez 
et al.  2011  )  and tendon (Xia et al.  2010  ) , although success 
has been limited when direct gene delivery approaches are 
used. 

 Viral vectors, primarily adenovirus and retrovirus, are 
the main vectors used in clinical trials involving gene ther-
apy (Edelstein et al.  2007  ) . However, to avoid the safety 
issues associated with viral vectors (discussed earlier), 
there is increasing reliance on nonviral techniques (Edelstein 
et al.  2007  ) . Nonviral vectors are easy to prepare and scale 
up for production (Schmidt-Wolf and Schmidt-Wolf  2003 ; 
Aslan et al.  2006  ) . They also exhibit a high potential for 
orthopedic applications, since bone formation requires 
short-term expression of osteogenic genes (Noel et al. 
 2004  ) . Gene therapy can be performed either directly, by 
injection of a gene-carrying vector into the target area, or 
ex vivo, by inserting the gene into harvested cells and then 
implanting the modi fi ed cells into the desired tissue 
(Wehling  2001  ) . Current studies are underway to explore 
various gene delivery techniques. 

 One of the  fi rst studies in which gene therapy was used 
for the treatment of intervertebral disc degeneration was 
published in 1997 (Wehling et al.  1997  ) . End plate chon-
drocytes were isolated and induced to express an anti-
in fl ammatory gene using a retrovirus. This was a 
feasibility study demonstrating that gene therapy can be 
applied to intervertebral disc cells. Since then, many 
studies have been conducted to locate target genes, 
improve gene delivery mechanisms, and provide 

preliminary proof of the therapeutic potential of gene 
therapy in the organ. However, until now no clinical trial 
involving gene therapy for disc disease or disorder has 
been listed in the clinical trial database of the NIH 
(  www.clinicaltrails.gov    ). 

 Currently, three groups of genes are being used in stud-
ies that explore intervertebral disc gene therapy. First, 
reporter genes (Wehling et al.  1997  ) , such as  green 
 fl uorescence protein  ( GFP ) and  luciferase , are used for 
proof-of-concept studies to demonstrate the feasibility of 
gene delivery and to further understand how gene insertion 
in fl uences the cell’s phenotype. Second, anti-in fl ammatory 
or “anti-degeneration” genes, such as  interleukin - 1  ( IL - 1 ), 
 tissue inhibitors of metalloproteinases - 1  ( TIMP - 1 ), and  Fas 
ligand  ( FasL ) (Wallach    et al.  2003  b ; Le Maitre et al.  2007 ; 
Seki et al.  2009 ; Suzuki et al.  2009  ) , are used to stop the 
degeneration process or to minimize it. Third, anabolic 
genes, such as  growth and differentiation factor - 5  ( GDF -  5 ), 
 BMPs ,  transforming growth factor - beta  ( TGF -  b  ), and     Sox -
 9 , are used not only to mitigate the degenerative process but 
also to promote tissue regeneration (Nishida et al.  1999 ; 
Lee et al.  2001 ; Paul et al.  2003 ; Cui et al.  2008 ; Reddi and 
Reddi  2009 ; Wang et al.  2011  ) . In this chapter, insight is 
provided into the current status of intervertebral disc gene 
therapy. Also discussed are future directions and current 
hurdles that need to be surmounted to promote gene therapy 
as a therapeutic option for intervertebral disc 
degeneration.  

    24.2   Importance of Reporter Genes 
for Studies of Gene Delivery 

    24.2.1   In Vitro Approaches Using Animal Cells 

 Several studies have been conducted to deliver reporter 
genes into disc cells that have been isolated from animal 
tissues. The goal of these experiments is usually to evaluate 
the feasibility and limitations of gene delivery into disc-
derived cells, speci fi cally annulus  fi brosus, nucleus pulpo-
sus, and end plate chondrocytes. Early attempts at delivery 
of reporter genes to intervertebral disc cells used a retrovi-
ral vector with a bacterial  LacZ  gene which was transfected 
into bovine end plate cells (Wehling et al.  1997  )  and deliv-
ery of the same gene into rabbit nucleus pulposus cells 
using adenovector (Nishida et al.  1998  ) . While only 1 % of 
the end plate cells were successfully transduced, the use of 
adenovector yielded much higher levels of  LacZ  expression 

http://www.clinicaltrails.gov/
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(detected by X-gal staining) after in vivo infection (Wehling 
et al.  1997 ; Nishida et al.  1998  ) . In another study, the effect 
of different doses of baculovirus encoding the  GFP  reporter 
gene in rabbit nucleus pulposus cells was evaluated. A 
direct correlation between  GFP  expression and the multi-
plicity of infection (MOI) of the vector was noted up to a 
maximum of 87 % expressing cells at an MOI of 200, with 
gene expression observable up to 21 days after infection 
(Liu et al.  2006  ) . RNA interference (RNAi),  fi rst described 
at 1998 (Fire et al.  1998  ) , was also evaluated as a gene ther-
apy tool, aimed at silencing speci fi c genes involved in the 
disc degeneration process. Kakutani and colleagues used 
small interfering RNA (siRNA, 21 nt in length) to assess 
the use of this strategy in nucleus pulposus cells that had 
been isolated from rats and humans (Kakutani et al.  2006  ) . 
These researchers showed that after a single transfection, 
siRNA could prevent  luciferase  and  GFP  expression for 
2 weeks. Moreover, no differences were found between rat 
and human nucleus pulposus cells (Kakutani et al.  2006  ) . 
Based on these studies, it is concluded that siRNA may rep-
resent a therapeutic strategy which could stop or slow disc 
degeneration.  

    24.2.2   Use of Reporter Genes for Assessment 
of  Gene Delivery: In Vitro Studies Using 
Human Cells 

 Following studies performed on animal cells, researchers 
turned their attention to the delivery of reporter genes to 
human intervertebral disc cells. Moon and colleagues 
were among the  fi rst to analyze the value of adenovectors 
for gene delivery into human disc cells (nucleus pulposus 
and annulus  fi brosus cells) isolated from healthy and 
degenerate discs. They reported that in vitro, an aden-
ovector harboring the  LacZ  or  luciferase  reporter genes 
was able to transduce 100 % of cultured cells, regardless 
of the disc’s degenerative state or the anatomical location 
of the transfected intervertebral disc cells (Moon et al. 
 2000  ) . As it became clear that human disc cells could be 
genetically engineered, efforts were made to use more 
complex expression strategies, such as exogenous regula-
tion of gene expression. Vadala and colleagues reported 
that a Tet-Off system, in which gene expression is shut 
down by tetracycline could be used to control  GFP  
expression in human nucleus pulposus cells (Vadala et al. 
 2007  ) . Lipid-based nonviral gene delivery systems were 
also used to deliver plasmid DNA encoding the  GFP  

reporter into human nucleus pulposus cells, with high 
ef fi ciency (Morrey et al.  2008  ) .  

    24.2.3   Use of Reporter Genes for Assessment 
of Gene Delivery: In Vivo Studies Using 
Animal Models 

 Nishida and colleagues reported the  fi rst successful in vivo 
gene delivery into an intervertebral disc in 1998 (Wallach 
et al.  2003a,   b  ) . After in vitro delivery of the  LacZ  reporter 
gene into rabbit nucleus pulposus cells using an adenovec-
tor, the same virus was injected into the intervertebral discs; 
gene delivery was analyzed up to 3 months postinjection. 
Gene expression was evident, and no pathological changes 
were noted in the injected discs (Nishida et al.  1998  ) . 
Moreover, in a follow-up study, protein expression was 
detected up to 1 year after gene delivery. The fact that no 
pathological changes were noted was encouraging (Wallach 
et al.  2003a,   b  ) . Another paper described the use of the 
 luciferase  reporter gene in noninvasive monitoring of gene 
expression following both ex vivo (cell mediated) and 
in vivo (adenovector injection) gene delivery into rat discs 
(Leo et al.  2004  ) . The authors compared direct injection of 
the viral vector with the use of three different cell types as 
gene vehicles: (1) disc cells, a mix of nucleus pulposus and 
annulus  fi brosus cells; (2) adipose-derived rat mesenchymal 
stem cells (ASCs); and (3) bone marrow-derived rat mesen-
chymal stem cells (MSCs). Of the three groups of cells, the 
most potent gene expressers were the genetically induced 
disc cells (Leo et al.  2004  ) . This was the  fi rst report of bio-
luminescence imaging performed in the intervertebral disc, 
and it demonstrated the feasibility of noninvasive imaging 
of gene expression in this tissue. The use of  GFP -encoding 
baculovirus as a gene delivery vehicle was also tested 
in vivo.  GFP  expression in the intervertebral disc was noted 
as long as 13 days after gene delivery (Liu et al.  2006  ) . 
Following these feasibility studies, the effect of dosing and 
vector choice on the safety aspects of gene delivery into the 
disc was evaluated. When different doses of both adenovec-
tor and adeno-associated viral (AAV) vector encoding either 
 GFP  or  LacZ  were injected into rabbit intervertebral discs, 
no clinical, biochemical, or histological pathological de fi cits 
were noted. However, this was not the case when  BMP - 2  or 
 TGF -  b   was delivered (Levicoff et al.  2008  ) . One take    home 
message from these studies is that a range of markers need 
to be evaluated to assess the safety of gene delivery 
systems. 
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 Following the use of viral vectors, there was an assess-
ment of nonviral vectors for gene therapy. When  GFP - and 
 luciferase -encoding plasmid DNAs were delivered into rat 
discs via sonoporation (an ultrasound technique that 
enhances gene delivery), prolonged expression of the 
reporter genes was noted. Expression of  GFP  was evident 
after 7 days, and  luciferase  activity was recorded up to 
24 weeks following gene delivery (Nishida et al.  2006  ) . This 
 fi nding – remarkable because nonviral gene delivery is 

 usually transient – was probably due to low cellular meta-
bolic activity and proliferation in the disc. It also demon-
strated the advantage of using nonviral gene delivery 
techniques in this organ. 

 Exogenously controlled gene delivery was assessed not 
only in vitro (Vadala et al.  2007  )  but also in vivo (Sowa et al. 
 2011  ) . A novel ligand-based system for gene expression con-
trol (RheoSwitch) was successfully used in a rabbit model. 
 GFP  expression was controlled both in vitro and in vivo, 

  Box 24.1 Bioluminescence: BLI 
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   Survival of  luciferase -expressing stem cells following implantation 
into the intervertebral disc region. Stem cells expressing the 
 luciferase  gene were implanted in a caudal disc space in the rat. At 
each time point listed, luciferin was injected into the implantation 
site. Images and quanti fi ed data were generated using the BLI sys-
tem.  Arrows  indicate  luciferase -expressing cells in the disc region. 
 RLU  relative luminescence unit         

 Bioluminescence imaging can be used to monitor cell 
survival over time both in vitro and in vivo. To apply 
this method,  luciferase -expressing cells are required. 
Following gene delivery and cell culture or implanta-
tion, the  luciferase  substrate luciferin is added to cells 

in culture or injected into the implantation area in the 
animal. In vitro and in vivo imaging is performed using 
a cooled charge-coupled device (CCCD), which can 
detect light (photons) emitted from tissue following 
luciferin degradation by  luciferase  (Sheyn et al. 
2011). 

  Reference  

 Sheyn D, Kallai I et al (2011) Gene-modi fi ed adult stem 
cells regenerate vertebral bone defect in a rat model. 
Mol Pharm 8:1592–1601 
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demonstrating this system’s potential and enhanced safety 
features (Sowa et al.  2011  ) . 

 Finally, ex vivo gene delivery of reporter genes was used 
to assess gene delivery into discs in a preclinical large-ani-
mal model. Omlor and colleagues used a retroviral vector 
to generate stable  luciferase -expressing porcine MSCs. 
These cells were subsequently implanted into the interver-
tebral discs of Gottingen minipigs. The animals were 
sacri fi ced on the same day or 3 days later, and a  luciferase  
assay was performed to assess gene activity. Activity on 
Day 3 postimplantation was reduced to 7 % of initial val-
ues, indicating massive cell loss following implantation 
(Omlor et al.  2010  ) . 

 Recently, siRNA was also used in vivo in a rat model to 
analyze the feasibility of this gene-silencing tool in the inter-
vertebral disc. The siRNA downregulated the activity of the 
 luciferase  reporter gene up to 24 weeks following transfec-
tion performed using the ultrasound technique. At that time, 
gene activity remained at 80 % of control values (Suzuki 
et al.  2009  ) . These  fi ndings indicate that siRNA can be used 
in the disc with high ef fi ciency.      

    24.3   Delivery and Activity of Anti-
in fl ammatory/Anti-degeneration Genes 

 As discussed in other chapters of the book, during disc 
degeneration there is a progressive loss of water, proteogly-
cans, and collagen II from the matrix of the nucleus pulpo-
sus. Although the events that lead to these degenerative 
changes have not been clearly de fi ned, there is overwhelm-
ing evidence to indicate that in fl ammatory mediators are 
elevated during degeneration. Kang et al.  (  1997  )  showed that 
cells obtained from normal, nondegenerate human discs and 
cultured for 72 h with interleukin (IL)-1 b  were biologically 
responsive and increased their production of matrix metal-
loproteinases, nitric oxide, IL-6, and prostaglandin E2. The 
effect was signi fi cantly higher in normal, nondegenerate 
discs, in which spontaneous synthesis of these mediators is 
low. These agents are inhibitors of proteoglycan synthesis, 
but IL-1 is likely to have a direct effect on proteoglycan 
breakdown through activation of members of the metallopro-
teinase (MMP) family of enzymes. 

 Aside from the interleukins, Seguin et al.  (  2005  )  studied 
the in vitro effect of TNF- a  on nucleus pulposus tissue from 
bovine caudal spines. These studies reported decreased pro-
teoglycan and collagen gene expression and protein synthe-
sis and activation of aggrecanase-mediated proteoglycan 
degradation, involving MMPs, and ADAMTS. Since MMP 
activity is normally inhibited within the matrix by tissue 
inhibitors of MMPs (TIMPs) (Nagase and Woessner  1999  ) , 
it is reasonable that members of this family were used to 
explore whether candidate genes would stop or slow the disc 
degradation process. 

    24.3.1   Anti-in fl ammatory/Anti-degeneration 
Gene Delivery into Animal and Human 
Cells: In Vitro and In Vivo Studies 

 In 2003, Wallach et al.  (  2003  b  )  isolated cells from degener-
ate intervertebral disc obtained from patients undergoing 
elective surgical procedures and infected the cells with an 
adenoviral-tissue inhibitor of metalloproteinase-1 (   Adeno-
TIMP-1) construct. Gene delivery of TIMP-1 increased pro-
teoglycan synthesis in a dose–response manner. Disc cells 
treated with Adeno-TIMP-1 demonstrated an optimal 
response at an MOI of 100; cell pellets treated with Adeno-
TIMP-1 at 100 MOI were consistently larger than controls 
and pellets treated with other virus concentrations. Successful 
delivery of the anticatabolic gene  TIMP - 1  resulted in 
increased levels of proteoglycan in three-dimensional cul-
tures of degenerate disc cells. It is likely that TIMP-1 had no 
direct effect on proteoglycan synthesis, but rather inhibited 
proteoglycan degradation, thus promoting its accumulation 
in the culture. In addition, these results may re fl ect a second-
ary effect, that is, inhibition of aggrecanase-1 (ADAMTS-4), 
which is also inhibited by the TIMP family, as reported else-
where (Hashimoto et al.  2001  ) . 

 In a more recent study, Liu et al.  (  2010  )  investigated the 
effect of combined  connective tissue growth factor  ( CTGF ) 
and  TIMP - 1  expression mediated by AAV. These researchers 
isolated rhesus monkey lumbar disc nucleus pulposus cells; 
cultured and transduced the cells with rAAV2-CTGF-IRES-
TIMP-1 (a vector that elicits both  CTGF  and  TIMP - 1  expres-
sion), rAAV2-CTGF, or rAAV2-TIMP-1 at an MOI of 10 6 ; 
and then measured the expression of collagen II and proteo-
glycan using reverse transcription polymerase chain reaction 
(RT-PCR) analysis and Western blotting. By comparing 
transduced with nontransduced cells, these researchers 
showed that  CTGF  induced the synthesis of collagen II and 
proteoglycan, whereas  TIMP - 1  enhanced expression of pro-
teoglycan, but had no effect on collagen. Expression of both 
genes in the lumbar disc nucleus pulposus cells signi fi cantly 
increased the synthesis of proteoglycan and collagen II. In 
this particular case, single gene transduction of  CTGF  or 
 TIMP - 1  increased proteoglycan synthesis (Lee et al.  2001  ) . 
Overexpression of  CTGF  caused an increase in collagen II 
protein synthesis. Combined transduction of both  CTGF  and 
 TIMP - 1  signi fi cantly promoted the expression of proteogly-
can and collagen II to levels greater than that achieved using 
each of the individual genes. This  fi nding is of considerable 
importance as it supports the concept that one approach to 
preventing degradation is by promoting inhibition of cata-
bolic processes. It thus serves as a promising avenue of 
research for the treatment of degenerative disc disease via 
gene therapy. 

 IL-1 is an in fl ammatory mediator implicated in the 
 degeneration of intervertebral discs, especially the nucleus 
 pulposus matrix (Elfervig et al.  2001 ; Shen et al.  2003 ; 
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Jimbo et al.  2005 ; Le Maitre et al.  2005  ) . In 2006, Le Maitre 
et al. targeted the IL-1 receptor using an  IL - 1 receptor antag-
onist  ( IL - 1Ra ) gene that was transferred ex vivo to the inter-
vertebral disc. Normal and degenerate human disc cells, 
growing in a monolayer or in alginate beads, were infected 
with an adenoviral vector carrying the  IL - 1Ra  gene (Adeno-
IL-1Ra). Protein production was measured, and the ability of 
the infected cells to inhibit the effects of IL-1 was assessed. 
In addition, normal and degenerate intervertebral disc cells 
infected with Adeno-IL-1Ra were injected into degenerate 
disc tissue explants, and IL-1Ra production in these discs 
was evaluated. Nucleus pulposus cells and annulus  fi brosus 
cells infected with Adeno-IL-1Ra produced elevated levels 
of IL-1Ra for prolonged time periods, and the infected cells 
were unaffected by IL-1. IL-1Ra protein expression was 
increased and maintained for 2 weeks when infected cells 
were injected into disc explants. In a further study by the 
same group (Le Maitre et al.  2007  ) , Adeno-IL-1Ra was 
introduced into degenerate disc explants directly or via 
genetically engineered nucleus pulposus cells. This resulted 
in cessation of degenerate intervertebral disc matrix, degra-
dation; in situ zymographic and immunohistochemical inves-
tigations showed that there was downregulation of MMP-1, 
MMP-3, MMP-7, and MMP-13 expression as well as 
ADAMTS4 expression. Single injections of disc cells engi-
neered to overexpress IL-1Ra signi fi cantly inhibited degra-
dation enzyme expression for 2 weeks. These studies 
indicated that since IL-1 is a key cytokine that promotes 
matrix degradation, direct delivery of IL-1Ra or direct deliv-
ery by gene therapy provides a powerful new way to prevent 
or inhibit disc matrix degradation. 

 In 2005 Glasson and colleagues reported on the preven-
tion of cartilage degradation in a murine model of 
osteoarthritis by deletion of the  ADAMTS5  “a disintegrin and 
metalloproteinase with thrombospondin motifs” gene 
(Glasson et al.  2005  ) . To pursue the goal of looking for addi-
tional candidate genes that would stop or slow the disc 
degeneration process, the effect of ADAMTS5 was investi-
gated by Seki using siRNA oligonucleotide in a rabbit annu-
lus needle-puncture model (Seki et al.  2009  ) . The ef fi ciency 
of the siRNA constructs was  fi rst evaluated by growing rab-
bit NP cells in culture and transfecting them with the siRNA 
oligonucleotide speci fi c to  ADAMTS5 . Compared with con-
trol, the  ADAMTS5  siRNA-transfected cells displayed an 
approximately 75 % decrease in levels of  ADAMTS5  mRNA. 
For the in vivo portion of the study, the nucleus pulposus was 
punctured, and 7 days later the  ADAMTS5  siRNA oligonu-
cleotide was injected into the rabbit nucleus. The early tim-
ing of the injection was to ascertain the impact of  ADAMTS5  
siRNA during the acute phase of disc degeneration. Eight 
weeks after the siRNA oligonucleotide injection, the rabbit 
spines were examined ex vivo by using MRI. The T2 signal 
intensity was stronger in  ADAMTS5  siRNA-injected nucleus 
pulposi than in the control siRNA-injected nucleus. 

Histological studies supported the MRI results, showing par-
tial maintenance of nucleus pulposus tissues in the  ADAMTS5  
siRNA-injected group, compared with the control group.  

    24.3.2   Fas-Fas Ligand (L) and the Intervertebral 
Disc as an Immune-Privileged Tissue 

 Since the concept of immune privilege is of high relevance in 
the biology of the intervertebral disc, the concept is discussed 
further in the accompanying box. Early in 1995, Grif fi th et al. 
 (  1995  )  published a paper showing that Fas-FasL interactions 
appear to be an important mechanism for the maintenance of 
immune privilege. That publication had as its focus the com-
partmentalization of tissues of the eye. In a related publication, 
Takada and his group reported that FasL exists in the interver-
tebral disc and confers immune privilege (Takada et al.  2002  ) . 
In their study, Takada et al.  (  2002  )  used immunohistochemical 
and RT-PCR analysis to ascertain if FasL was present in human 
and rat disc specimens. They reported that nucleus pulposus 
cells of human and rat origin exhibited intense positive reac-
tions for FasL. Outer annulus  fi brosus cells and notochordal 
cells exhibited weak immunostaining. The results    of RT-PCR 
con fi rmed the existence of FasL in the rat disc cells, but analy-
sis was not performed on human tissues. 

 Results of investigations reported by Han et al.  (  2009  )  
showed that FasL-induced apoptosis of rat nucleus pulposus 
cells was sharply reduced by Fas siRNA, suggesting that it is 
feasible to suppress nucleus cell death using an RNAi approach. 
The authors recognized that this was successful in short-term 
in vitro assays, but for research purposes and especially as a 
therapeutic strategy a much longer period of inhibition may be 
required. Because nucleus pulposus cells reportedly express 
FasL constitutively and since  FasL  is recognized as a marker 
gene, a study led by Suzuki et al.  (  2009  )  investigated the appli-
cability of RNAi technology to downregulate the expression 
of this endogenous gene in rat intervertebral discs in vivo. As 
mentioned earlier in this chapter, the Suzuki group previously 
used RNAi in cultured nucleus pulposus cells in vitro, target-
ing two exogenous reporter luciferase plasmids,   fi re fl y  and 
 Renilla  (Kakutani et al.  2006  ) . For the endogenous  FasL  gene 
study, siRNAs that target rat  FasL  was injected into coccygeal 
intervertebral discs. After the injection, therapeutic ultrasound 
was applied to the skin surface covering the injected discs. 
There was signi fi cant inhibition (53 %) of endogenous  FasL  
gene expression compared with the control group, which was 
transfected with nonspeci fi c siRNA, at both 4 and 20 weeks 
posttransfection. One important conclusion from this study is 
that there is long-term downregulation, which is mediated by 
siRNA for the endogenous gene  Fas  in discs in vivo. Besides 
the  techniques used for Fas-FasL genetic manipulation, it is 
important to take into consideration the actual debate on the 
paradoxical role of FasL. Reports have indicated that FasL is 
involved in the formation of the intervertebral disc and its 
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immune privilege, and also that the expression of FasL is 
decreased in degenerate discs, but does not vary with age 
(Kaneyama et al.  2008  ) . On the other hand, FasL has also been 
found to have a close relationship with disc cell apoptosis and 
is seen as another factor involved in disc degeneration (Han 
et al.  2009  ) .      

    24.4   Gene Targeting of Growth 
and Transcription Factors 

 To maintain the health and integrity of the intervertebral disc, 
both in the nucleus pulposus and annulus  fi brosus, there should 
be a balance among systems that regulate the synthesis, break-
down, and accumulation of macromolecules in the matrix. 
When reviewing work published to date on the gene therapy 
approach to treat disc degeneration, four main intracellular 
regulators were found: BMPs and TGF- b  as morphogens and 
LMP-1 and Sox-9. Growth factors are polypeptides that bind 
to cell membranes and regulate matrix production and regen-
eration of various cell types in paracrine and autocrine path-
ways (Masuda and An  2004  )  (see also Chap.   25    ). In normal 
conditions, intervertebral disc cells express and secrete ana-
bolic growth factors to maintain the balance between normal 
matrix synthesis and degradation. Included in this group of 
molecules is insulin-like growth factor (IGF), transforming 
growth factor-beta (TGF- b ), and members of the BMP family 
(Thompson et al.  1991 ; Osada et al.  1996 ; Cui et al.  2008  ) . 
Another group of targets includes transcriptional factors that 
are “master regulators” of the chondrogenic and osteogenic 
phenotype. Sox-9 is one such factor that has received study for 
cartilage and intervertebral disc basic and preclinical research; 
retroviral expression of Sox-9 can also ef fi ciently induce ASCs 
differentiation into chondrocyte-like cells. Thus, Sox-9 is a 
candidate gene for use as a possible therapeutic tool for the 
treatment of degenerative disc diseases (Yang et al.  2011  ) . 
LIM mineralization protein-1 (LMP-1) is another regulatory 
protein that positively regulates BMP secretion (Boden et al. 
 1998  ) . The activities of both anabolic growth factors and 
selected transcription factors have been used to promote regen-
eration through augmentation of matrix production thereby 
impacting disc height and function (Zhang et al.  2006  ) . 

  Box 24.2 Immune Privilege 

 Immune privilege (IP) is the ability of certain organs to 
suppress the immune response to foreign bodies or 
organisms within their speci fi c boundaries. IP was  fi rst 
described by Sir Peter Medawar in 1948, based on the 
prolonged survival of an allogenic tissue graft that had 
been placed in the anterior chamber of the eye (Hori 
et al. 2010). Additional sites of IP include the brain, 
pregnant uterus, and testis. Recent studies have led to 
the identi fi cation of more tissues with IP-like character-
istics (i.e., tissues that adopt IP mechanisms and hence 
avoid a destructive immune response) such as the gut, 
skin, and lung (Arck et al. 2008). The oral mucosa dis-
plays a similar tolerance: it rarely exhibits acute 
in fl ammatory or allergic reactions to high levels of bac-
terial colonization or frequent contacts with allergens 
(Novak et al. 2008). Although IP was  fi rst thought to be 
a passive process, it soon became evident that many 
active immunoregulatory processes take place in main-
tenance of IP (Hong and Van Kaer 1999; Arck et al. 
2008; Novak et al. 2008; Hori et al. 2010). This phe-
nomenon is believed to be an evolutionary protective 
mechanism designed to prevent a destructive 
in fl ammatory immune response in critical parts of the 
body (Hong and Van Kaer 1999; Arck et al. 2008). The 
potential clinical use of IP is clear. From allogenic cor-
nea replacement (Hori et al. 2010) to implantation of 
xenogenic pancreatic islets performed in both rodents 
and large-animal models (Gores et al. 2003), the possi-
bility of exploiting sites of IP to avoid the immune 
response to implanted tissue is attractive. In addition, 
the inherent IP properties of stem cells overcome the 
host immune rejection response, as in the case of ex 
vivo expanded hematopoietic stem cells, which when 
used in allogenic transplantation in a mouse model sur-
mounts the major histocompatibility complex barrier 
(Zheng et al. 2011). Translated to humans, this strategy 
can signi fi cantly enhance the availability of implanted 
tissues and organs as well as promote novel therapies. 
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    24.4.1   In Vitro Gene Delivery of Growth 
and Transcription Factors 

 Most experiments conducted in this  fi eld are still performed 
in vitro. Research is focused on  fi nding the set of genes and 
cells that will elicit the most promising results (Zhang et al. 
 2006 ; Bron et al.  2009 ; Zhang et al.  2009  ) . Most experiments 
are conducted in 3D cultures known to support chondrogen-
esis and nucleus pulposus-like differentiation (Risbud et al. 
 2004  ) . Another established method for in vitro differentia-
tion is a whole-disc culture model, which mimics the in vivo 
environment (Zhang et al.  2008  ) . 

 Originally identi fi ed by their ability to induce the forma-
tion of bone and cartilage, BMPs are regarded today as key 
signaling proteins responsible for organization of tissue 
architecture throughout the entire body. Today, 20 proteins 
are known to be associated with this group. The Food and 
Drug Administration has recently allowed the initiation of 
Investigational New Drug clinical trials on osteogenic pro-
tein-1 and growth differentiation factor-5 in the United States 
(Reddi and Reddi  2009 ; Zhang et al.  2011  ) . Zhang and col-
leagues compared the effects of overexpression of recombi-
nant adenoviral vectors expressing various BMPs (BMP-2, 
BMP-3, BMP-4, BMP-5, BMP-7, BMP-8, BMP-10, BMP-

11, BMP-12, BMP-13, BMP-14, and BMP-15) on extracel-
lular matrix accumulation by bovine intervertebral disc cells. 
Of the 12 vectors evaluated by these researchers, BMP-2 and 
BMP-7 (also known as OP-1) were best at stimulating pro-
teoglycan accumulation in nucleus pulposus cells, whereas 
BMP-4 and BMP-14 (also known as GDF-5) optimally stim-
ulated collagen production (Zhang et al.  2006,   2009  ) . Similar 
results were seen using the AAV-BMP-7 vector in canine 
nucleus pulposus cells (Wang et al.  2011  ) . In another study, 
researchers injected knee chondrocytes transduced with 
Adeno-BMP-7 or Adeno-BMP-10 into whole intervertebral 
disc explants cultured in vitro. Discs treated with chondro-
cytes expressing BMP-7 demonstrated a 50 % increase in 
proteoglycan within the nucleus pulposus, whereas discs 
treated with chondrocytes expressing BMP-10 evidenced no 
increase in proteoglycan accumulation (Zhang et al.  2008  ) . 

 GDF-5 (BMP-14) is known for its participation in joint 
formation and endochondral ossi fi cation (Cui et al.  2008  ) . It 
is also known that a de fi ciency in GDF-5 leads to abnormali-
ties in intervertebral disc structure (Li et al.  2004  ) . Studies 
have shown that overexpression of GDF-5 in disc cells using 
viral (adenoviral vector) and nonviral (nucleofection) meth-
ods augments expression of proteoglycan proteins and col-
lagen (Cui et al.  2008 ; Feng et al.  2009  ) . LMP-1 is an 
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intracellular regulatory molecule known to induce secretion 
of multiple BMPs from leukocytes and osteoblasts (Boden 
et al.  1998  ) . Boden and colleagues used this activity to 
increase proteoglycan production by intervertebral disc cells 
(Yoon et al.  2004 ; Kuh et al.  2008  ) . They have shown that 
transduction of rat disc cells in a 3D culture or in a  monolayer 
with Adeno-LMP1 results in signi fi cant increases in proteo-
glycan and aggrecan mRNA levels as well as elevations in 
BMP-2 and BMP-7 mRNA levels. 

 A nonviral gene delivery system is a promising alternative 
that avoids the risks of insertional mutagenesis of retrovi-
ruses, immunogenicity of adenoviruses, and acquisition of 
replication competence (Nishida et al.  2000  ) . Using a gene 
gun, Matsumoto et al. demonstrated successful transfection 
of bovine intervertebral disc cells with BMP-7, which led to 
a higher proteoglycan content (Matsumoto et al.  2001  ) . 

 In common with the BMPs discussed above, TGF- b  is a 
secreted signaling protein that regulates many aspects of 

development and tissue homeostasis, including growth, pat-
terning, and cellular differentiation. Three isoforms of TGF- b  
(1, 2, and 3) act through the same heteromeric receptor com-
plex (Baf fi  et al.  2004  ) . TGF- b  signaling plays a key role in 
the development and maintenance of cartilage and, in par-
ticular, the intervertebral disc (Nishida et al.  1999  ) . Lee and 
colleagues examined the effect of TGF- b  on human disc 
cells in vitro. Disc cells were transfected with an adenovec-
tor expressing TGF- b , after which the cells were grown in 
3D pellets. In response to this treatment, the cells increased 
synthesis of proteoglycan and collagen II (Lee et al.  2001  ) . 

 Although positive results have been achieved with gene 
therapy, mainly when using adenoviral vectors, transfer of a 
single gene using high doses of viral vector can produce haz-
ardous systemic effects, in particular cytotoxicity, and an 
immune response (Lohr et al.  2001  ) . It is likely that these 
effects can be mitigated by administration of several vectors 
so as to decrease the level of a single vector and possibly 

     Vector used to monitor bone formation when applied in vertebral 
bone defect regeneration. ( a )  Osteocalcin -driven  luciferase  con-
struct. To monitor bone formation noninvasively in real time, the 
 osteocalcin  promoter was cloned into the commercial reporter Luc2 
vector (pGL.4, Promega). The  luciferase  gene was expressed as new 
bone formed. ( b ,  c ) Stem cells expressing the  osteocalcin -driven 

 luciferase  gene were implanted in a bone defect created in a rat 
caudal vertebra. At each time point displayed, luciferin was injected 
in situ. Images and quanti fi ed data were generated using the BLI 
system. (Figures  b  and  c  are reprinted (adapted) with permission 
from Sheyn et al. (2011). Copyright (2011) American Chemical 
Society         

  Osteocalcin  is one of the pivotal genes expressed dur-
ing new bone formation in rodents. In transgenic mice, 
when the  osteocalcin  promoter is used to control 
expression of the reporter gene  luciferase , bone forma-
tion (or osteogenic activity) can be monitored using the 
BLI system (Iris et al. 2003; Kimelman-Bleich et al. 
2009). The activity of implanted cells can also be moni-
tored using the  osteocalcin -driven  luciferase  gene 
(Sheyn et al. 2011). 
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augment the regenerative potential. Moon and colleagues 
tested this concept in human intervertebral disc cells. The 
cells were transduced with different combinations of Adeno-
TGF- b 1, Adeno-BMP-2, and Adeno-IGF-1, after which the 
cells were placed in a 3D culture in alginate beads. Cells 
treated with double and triple gene combinations were found 
to have higher proteoglycan synthesis rates than cells treated 
with a single vector, hence allowing the use of less viral 
 vector (Moon et al.  2008  ) . 

 Sox-9 is another transcription factor that plays a key role 
in the differentiation process. This transcription factor posi-
tively controls collagen II synthesis and is a key gene for 
chondrogenesis, thus suggesting that its expression could be 
used to promote nucleus pulposus cell survival (Bell et al. 
 1997 ; Paul et al.  2003 ; Yang et al.  2011  ) . After infection with 
Adeno-Sox-9 vector, cells from a chondroblast line, human 
disc cells derived from degenerated discs, and bovine nucleus 
pulposus-derived cells demonstrated elevated collagen II 
mRNA expression and raised protein levels (Paul et al.  2003 ; 
Zhang et al.  2006  ) . In another study, rat ASCs were infected 
with a retro-Sox-9 vector based on the murine leukemia 
virus. In a 3D culture system, supplemented with TGF- b , 
these genetically modi fi ed cells demonstrated increased lev-
els of Sox-9 and collagen II. These researchers also cocul-
tured these genetically modi fi ed ASCs with nucleus pulposus 
cells. The coculturing technique has been shown to enhance 
differentiation toward a nucleus pulposus-like fate since the 
ASC secrete growth factors into the culture medium. When 
this was performed, a marked increase in proteoglycan and 
collagen II production by the nucleus pulposus cells was 
noted (Yang et al.  2011  ) .  

    24.4.2   In Vivo Gene Delivery of Growth and 
Transcription Factors: Animal Models 

 There are few published studies dealing with gene therapy 
for intervertebral disc regeneration in vivo. The experiments 
described in this section are all focused on early stages of 
development and were performed to evaluate the feasibility 
and safety of using gene therapy as a tool for disc regenera-
tion. The model used for these studies is based on intradiscal 
injection of a therapeutic vector into the degenerated inter-
vertebral disc and takes advantage of the avascularity and 
immune privilege of the disc (Nishida et al.  2008  ) . 

 Nishida and colleagues evaluated injections of Adeno-
TGF- b  into rabbit IVDs. The discs were harvested 1 week 
after virus injection and were subjected to histological analy-
sis and biochemical assays. The injected discs showed exten-
sive increases in TGF- b  expression and production, as well as 
in proteoglycan synthesis (Nishida et al.  1999  ) . In a similar 
study, Adeno-GDF-5 or Adeno-Luc vector was injected 
directly into mouse lumbar degenerated intervertebral discs. 

Gene  expression of the delivered vector lasted up to 6 weeks. In 
addition, delivery of the vector succeeded in arresting the 
decrease in disc height and loss of proteoglycan due to disc 
degeneration (Liang et al.  2010  ) . Injection of Adeno-LMP-1 into 
the native lumbar discs of a rabbit resulted in elevations of 
LMP-1, BMP-2, and BMP-7 mRNA levels (Yoon et al.  2004  ) . 

 Surprisingly, to date, there is only one paper reporting on 
degenerated rabbit discs injected with adenoviral vector 
expressing the  Sox - 9  gene. The Sox-9-treated discs retained 
their “chondrogenic” appearance, unlike control discs 
injected with Adeno-GFP vector or control degeneration-
induced discs (Paul et al.  2003  ) .   

    24.5   Use of Gene Therapy for Intervertebral 
Disc Repair: Theoretical and Practical 
Consideration 

 Concomitant with increased human life expectancy, disc 
degeneration and associated spinal disorders are a major 
health concern. Due to the limited regenerative capacity of 
the disc tissues, it is almost impossible to reverse or even 
stop the process of degeneration, a topic extensively dis-
cussed in this book. Thus, there is increasing interest in 
developing new biological approaches to regenerating the 
degenerating disc. In this chapter, we have reviewed how this 
can be achieved through genetic modi fi cation of intradiscal 
gene expression via gene therapy. Other therapeutic 
approaches to disc regeneration include injection of growth 
factors, with or without a carrier, and use of mature cells, 
progenitor cells, and stem cells, with or without scaffolding, 
topics addressed in other chapters of this book. 

 Accordingly, we have reviewed studies of intervertebral 
disc gene therapy performed in the last decade, summarized 
in Table  24.1 . The vast majority of the investigations per-
formed in vitro use reporter genes as proof of concept. 
Several studies were conducted to deliver reporter genes into 
disc cells isolated from animal tissues. Those experiments 
addressed the feasibility and limitations of gene delivery into 
intervertebral disc-derived cells.  LacZ  and  GFP  genes were 
used in various animal and human cells and were delivered 
via viral and nonviral methods. Small iRNA technology was 
also used in vitro in rat and human nucleus pulposus cells to 
downregulate  luciferase  activity. Following studies per-
formed on animal cells, the delivery of reporter genes to 
human disc cells was also pursued. Adenovector harboring 
the  LacZ  or  luciferase  reporter genes transduced 100 % of 
cultured human intervertebral disc cells, healthy or degener-
ate. Another in vitro study demonstrated that it is possible to 
exert exogenous control over gene activity using human cells 
in vitro. To date, both viral and nonviral vectors have been 
used to deliver reporter genes into intervertebral discs in vivo. 
When different doses of both adenovector and AAV  encoding 
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either  GFP  or  LacZ  were injected into rabbit discs, no clini-
cal, biochemical, or histological de fi cits were noted. 
However, this was not the case when  BMP - 2  or  TGF -  b   was 
delivered (Levicoff et al.  2008  ) . It is therefore probable that 
the safety of gene delivery cannot be assessed using only 
reporter genes. Cell- or stem cell-mediated gene therapy is 
another tactic of choice and is viewed as a “more physiologi-
cal” approach to regulating gene expression.  Luciferase -
expressing porcine MSCs were implanted into a minipig 
disc, but massive cell loss followed implantation. siRNA 
against the exogenous  Luciferase  gene was used in a rat 
model in vivo. Because the  luciferase  gene was silenced for 
24 weeks, the siRNA activity was active for a considerable 
time period (Suzuki et al.  2009  ) .  

 Despite these positive results, transitions into preclinical 
and clinical studies require further safety and dose–response 
studies designed to mimic conditions anticipated in human 
disease. There is always concern that the proximity of the 
disc to the spinal canal may result in exposure of cord cells 
to the viral vector and/or therapeutic cDNA/protein (Wallach 
et al.  2006  ) . Thus, we  fi nd it relevant at this point to con-
sider the safety aspect of gene therapy as a therapeutic 
approach to overcome disease. Overall, safety studies that 
mimic possible hazardous situations, such as injection of a 
wrong dose of vector, have produced contradictory results. 
The groups of Wallach and Levicoff mimicked injections of 
an incorrect dosage to assess safety concerns and possible 
complications involving viral vectors carrying BMPs; the 
results of the two investigations were contradictory (Wallach 
et al.  2006 ; Levicoff et al.  2008  ) . Levicoff and colleagues 
reported that up to 80 % of rabbits injected with adeno-
based vector developed signi fi cant morbidity, whereas rab-
bits injected with AAV, a less immunogenic vector, displayed 
no clinical signs of morbidity. In another study, only rabbits 
that received a high dose of Adeno-TGF- b  exhibited signs 
of paralysis; rabbits injected with Adeno-BMP-2 did not. 
However, both studies concluded that with appropriate dos-
ing, the therapeutic bene fi ts of gene therapy may compen-
sate for its risks. 

 Intradiscal injections of therapeutic vectors carrying ana-
bolic genes/transcription factors provide a possible approach 
to treating or preventing disc degeneration. Moreover, the 
authors opine that injections of cells genetically manipulated 
to express the genes discussed earlier (as shown in models 
mentioned in the in vitro section) provide an attractive 
approach to enhancing the abilities of cells and therapeutic 
genes to repair the degenerate intervertebral disc. 

 Undoubtedly, there are many obstacles to be overcome 
and issues to be resolved concerning the timing and the con-
trol of therapeutic gene delivery before this type of remedia-
tion can be clinically relevant. As with all innovative 
therapeutic approaches, preclinical research, translational 
research, and clinical trials will be needed to assess safety 

before focusing on clinical ef fi cacy.    Given what we have 
learned to date, we postulate that in the future a good treat-
ment strategy may improve vectors – viral- or nonviral-
encoding multiple genes. Perhaps a combination of 
anti-in fl ammatory and anabolic genes, which in different 
combinations and stoichiometry, will regenerate the extra-
cellular matrix or, if prevention should prove feasible, will 
mitigate the altered homeostasis brought about by the degen-
eration process in the intervertebral disc.     

    24.6   Summary of Critical Concepts Discussed 
in the Chapter 

    Almost all of the gene therapy studies in the last decade • 
were performed in vitro, using reporter genes,  LacZ  and 
 GFP , in various animal and human cells, delivered via 
viral and nonviral methods, as a proof of concept.  
  In speci fi c cases, gene delivery of TIMP-1 increased pro-• 
teoglycan synthesis at each concentration assessed.  
  Adenoviral vector carrying the  • IL - 1Ra  gene can be trans-
ferred to nucleus pulposus cells and annulus  fi brosus cells; 
of IL-1Ra levels were elevated for prolonged time periods 
and the infected cells were unaffected by the IL-1  
  Fas siRNA mediated a long-term downregulation of the • 
endogenous gene  FasL , showing that RNAi can be used to 
suppress apoptosis in cultured rat nucleus pulposus cells 
and in discs in vivo.  
  ADAMTS5 siRNA restrained intervertebral disc degen-• 
eration in a rabbit model.  
  Plasmids containing  • BMP -,  LMP - 1 -,  TGF -  b  -, and  Sox - 9 -
encoding genes can be used to transfect nucleus pulposus 
cells. Adenoviral vectors bearing the  BMP - 2  or  BMP - 7  
(OP-1) genes were found to be most potent in stimulating 
proteoglycan synthesis, whereas  BMP - 4  and  BMP - 14  
( GDF - 5 ) genes showed more af fi nity and potency in stim-
ulating collagen production.  
  Degenerated rabbit intervertebral discs served as a rele-• 
vant model of disease for studies utilizing adenoviral vec-
tor expressing Sox-9. The architecture and histology of 
the nucleus pulposus were preserved over a 5-week study 
period.  
  Doses of both adenovector and AAV encoding either  • GFP  
or  LacZ  injected into rabbit intervertebral discs elicited no 
detrimental clinical, biochemical, or histological changes. 
Nevertheless, safety studies that mimic possible hazard-
ous situations, such as injection of a wrong dose of vector, 
have produced contradictory results.         
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     25    Enhancing Disc Repair by Growth 
Factors and Other Modalities       

     Won   C.   Bae        and    Koichi   Masuda                  

    25.1   Disc Degeneration: Imbalance 
of Anabolic and Catabolic Activities 

 Recent studies have found an association between disc 
degeneration and genes related to the extracellular matrices 
of the disc, such as those encoding collagen I (Tilkeridis 
et al.  2005  ) , collagen IX (Annunen et al.  1999 ; Solovieva 
et al.  2006  ) , aggrecan (Kawaguchi et al.  1999  ) , matrix metal-
loprotease-2 (MMP-2) (Dong et al.  2007  ) , MMP-3 (Takahashi 
et al.  2001  ) , interleukin-1 b  (IL-1 b ) (Solovieva et al.  2004  ) , 
IL-6 (Noponen-Hietala et al.  2005  ) , vitamin D receptor 
(Videman et al.  1998  ) , asporin (Song et al.  2008  ) , and carti-
lage intermediate layer protein (CILP) (Seki et al.  2005 ; 
Virtanen et al.  2007  ) . These observations suggest that pro-
teins in the extracellular matrix (ECM) or cytokines that may 
degrade the matrix may play a role in disc degeneration. 

 Homeostasis of the extracellular matrix of the nucleus 
pulposus and annulus  fi brosus is conserved by the activities 
of the resident disc cells that maintain a balance between 
anabolism and catabolism. In the young human nucleus pul-
posus, there exists a large population of notochordal cells 
(Trout et al.  1982  ) , which by maturity is replaced by or dif-
ferentiates into a population of chondrocyte-like cells. Both 
cell types synthesize proteoglycans (Kim et al.  2009  )  which 
constitute the bulk of the nucleus pulposus tissue (Aguiar 
et al.  1999  ) . In common with articular cartilage, proteogly-
cans interact extracellularly with hyaluronan to form aggre-
gates that become entangled in a  fi brillar network composed 
primarily of collagen II (Scott and Haigh  1986  ) . Together, 
the large hydrophilic proteoglycan aggregates and the colla-
gen network provide the intrinsic mechanical properties of 
the nucleus pulposus. The annulus  fi brosus contains a rela-
tively homogeneous population of cells that synthesize a 
matrix richer in collagen and poorer in proteoglycans than 
the nucleus pulposus; as a result. The annulus  fi brosus is a 
dense lamellar tissue that contains  fi brillar layers rich in col-
lagen I and in the deeper regions collagen II (Schollmeier 
et al.  2000  ) . For a detailed discussion of collagen and proteo-
glycans of the disc, see Chaps.   4     and   5    . 
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 Molecules that regulate the anabolic state of the 
 intervertebral disc include polypeptide growth factors, 
such as insulin-like growth factor (IGF-1), transforming 
growth factor- b  (TGF- b ), and the bone morphogenetic 
proteins (BMPs) (Thompson et al.  1991 ; Osada et al. 
 1996  ) . Catabolic regulators include cytokines, such as 
IL-1 (Ahn et al.  2002a ; Takahashi et al.  1996a  )  and tumor 
necrosis factor- a  (TNF- a ) (Ahn et al.  2002a ; Miyamoto 
et al.  2000 ; Takahashi et al.  1996a  ) , which in fl uence the 
synthesis of matrix-degrading enzymes. Alterations in 
both anabolic and catabolic processes are thought to play 
key roles in the onset and progression of disc degenera-
tion (Masuda and An  2006  ) . 

 While the upregulation of anabolic genes and regulators 
has been studied (Gokorsch et al.  2005 ; Desmoulin et al. 
 2011  ) , a far greater number of investigations have focused on 
biochemical changes of the intervertebral disc under patho-
logic conditions. These conditions include intervertebral disc 
degeneration (Patel et al.  2007  ) , injury (e.g., puncture or stab 
wounds) (Anderson et al.  2002 ; Sobajima et al.  2005  ) , and 
abnormal mechanical loading (Yurube et al.  2010 ; Iatridis 
et al.  2011  ) . In these conditions, the cells of the disc express 
and synthesize cytokines that can tilt the balance towards 
catabolism. Increases in IL-1 mRNA and protein levels and 
its major regulator, TNF- a , have been observed in degener-
ated or herniated discal tissues in culture (Ahn et al.  2002b ; 
Burke et al.  2003 ; Kang et al.  1996 ; Weiler et al.  2005 ; 
Igarashi et al.  2000 ; Olmarker and Larsson  1998 ; Le Maitre 
et al.  2005,   2007a  ) . The catabolic processes induced by 
cytokines, such as IL-1, may be mediated by a number of 
enzymes, including collagenase (Sakuma et al.  2002  ) , 
cycloxygenase-2 (COX-2) (Kang et al.  1997  ) , prostaglandin 
E2 (PGE2) (Takahashi et al.  1996a ; Rannou et al.  2000  ) , 
MMP-1 (Jimbo et al.  2005  ) , MMP-3, (Jimbo et al.  2005  ) , 
MMP-13 (Miyamoto et al.  2005 ; Le Maitre et al.  2004  ) , and 
the aggrecanases, such as a disintegrin and metalloproteinase 

with thrombospondin motifs-4 (ADAMTS-4) (Patel et al. 
 2007  ) . It is also interesting to note that in articular cartilage, 
low concentrations of IL-1, in addition to inducing tissue 
degradation, can also inhibit the synthesis of proteoglycans, 
mainly aggrecan (Arner and Pratta  1989 ; Benton and Tyler 
 1988 ; Dingle et al.  1991  ) .  

    25.2   Biologic Treatments 
of Degenerative Disc Diseases 

 There are several strategies being pursued for biologic repair 
or regeneration of the disc. A widely used strategy, and also 
the focus of this chapter, is to directly inject therapeutic 
agents into the intervertebral disc. The agents used include 
those aimed at stimulating the anabolism of the host disc, 
providing an environment conducive for biologic repair, and 
those that inhibit or compete with catabolic regulators and 
enzymes that may exist in degenerated disc tissues. Anabolic 
agents include growth factors [e.g., osteogenic protein-1 
(OP-1; otherwise known as BMP-7), other BMPs, and 
TGF- b ], materials containing multiple growth factors (e.g., 
platelet-rich plasma), and cells transfected with therapeutic 
genes (e.g., TGF- b ). Gel-based biomaterials can provide 
several bene fi ts conducive to biologic repair: Gels that have 
similar mechanical properties to the nucleus pulposus tissue 
can provide immediate load support and may promote hydra-
tion. Moreover, they can be mixed or cross-linked with 
growth factors to provide long-lasting anabolic effects com-
pared to the growth factors alone. Inhibitory agents include 
those that inhibit expression of catabolic genes [e.g., small 
interference RNA (siRNA) for ADAMTS-5], antagonists for 
IL-1 receptors, and TNF- a  (i.e., soluble TNF receptor 
type II). Tables  25.1  and  25.2  summarize some of the thera-
peutic agents that have been studied in vitro and in vivo, 
respectively.    

   Table 25.1    The in vitro effects of injectable therapeutic agents   

 Agent  Target  Effect  Reference 

 TGF- b   Mature canine IVD  PG synthesis increased up to 5X; higher in NP than AF  Thompson et al.  (  1991  )  

 IGF-1  Mature canine IVD  PG synthesis marginally increased in NP  Thompson et al.  (  1991  )  

 TGF- b   Human annulus cells, 3D culture  Cell proliferation and PG synthesis increased; reduced 
apoptosis with serum depletion 

 Gruber et al.  (  1997  )  

 IGF-1  Young and old bovine NP cells  Cell proliferation and matrix synthesis stimulated; more 
IGF-1 receptors 

 Osada et al.  (  1996  )  

 OP-1  Young rabbit NP and AF cells; alginate 
beads 

 Increased PG and collagen production and content  Masuda et al.  (  2003  )  

 BMP-2  Rat IVD cells monolayer  Increased cell number, GAG, expression for collagen, 
aggrecan at higher doses 

 Yoon et al.  (  2003  )  

 OP-1  Human NP and AF cells, alginate beads  Maintained cell density, increased PG synthesis and 
accumulation 

 Imai et al.  (  2007a  )  

 OP-1  Rabbit IVD cells; alginate beads: IL-1 a  
preexposure 

 IL-1 decreased PG and collagen; reversed and exceeded 
with OP-1 

 Takegami et al.  (  2002  )  
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 Agent  Target  Effect  Reference 

 OP-1  Rabbit IVD cells; alginate bead: 
C-ABC preexposure 

 OP-1 upregulated PG synthesis. Greater effect on 
C-ABC preexposure than control 

 Takegami et al.  (  2005  )  

 BMP-2  Human IVD cells  Increased PG synthesis, expression of aggrecan, 
collagen types I and II; no bone formation 

 Kim et al.  (  2003  )  

 rhBMP-2 and 
BMP-12 

 Human IVD cells in monolayer  PG, collagen synthesis increased in NP cells; minimal 
effect on AF cells 

 Gilbertson et al.  (  2008  )  

 GDF-5  Bovine IVD cells; alginate bead  Increased DNA and PG content; at higher dose, PG and 
collagen synthesis increased 

 Chujo et al.  (  2006  )  

 PRP  Porcine IVD cells; alginate bead  Mild increase in cell proliferation; marked increase in 
PG and collagen synthesis and PG accumulation 

 Akeda et al.  (  2006  )  

 TGF- b 1 and PRP  Human NP cells  NP cell proliferation and aggregation; increase in 
mRNA of SOX-9, collagen type II, aggrecan 

 Chen et al.  (  2006  )  

 Ad-TIMP-1, 
Ad-BMP-2 

 IVD cells from human degenerated IVD  2,000 pg/ml production of TIMP w/100 MOI at day 4. 
PG synthesis increased with both Ad-TIMP-1 and 
Ad-BMP-2 

 Wallach et al.  (  2003  )  

 Dexamethasone  Human disc herniation tissue explants  Decreased MMP-1 and MMP-3 levels  Genevay et al.  (  2009  )  
 IL-1ra  Human disc herniation tissue explants  Decreased MMP-3 levels  Genevay et al.  (  2009  )  
 IL-1ra  Human normal and degenerated disc 

tissues in situ with IL-1 treatment 
 IL-1ra reduced cytokine levels (MMP-3, MMP-7, 
MMP-13) and matrix degradation in all tissue types 

 Le Maitre et al. 
 (  2007b  )  

 IL-1ra/ELP  Human IVD cells (grades 2–3); alginate 
beads: IL-1ra pre-Tx then IL-1 b  insult 

 Reduced ADAMTS-4, MMP-3 transcription  Shamji et al.  (  2007  )  

 p38 MAPK 
inhibitor (SB 
202190) 

 Rabbit NP cells pretreated with IL-1  Decreased message for collagen, aggrecan, IGF-1. 
Increased message for iNOS, COX-2, MMP-3, IL-6 

 Studer et al.  (  2008  )  

 TNF inhibitor 
mAb 

 Human IVD herniation tissue explants  Decreased MMP-3 levels  Genevay et al.  (  2009  )  

 PDGF, bFGF, 
IGF-I 

 Human NP and AF cells  Increased DNA synthesis via ERK and Akt pathways  Pratsinis et al.  (  2012  )  

 TGFb3 + Dex, 
notochordal 
conditioned 
media 

 Degenerated human NP cells  Stimulated NP cell proliferation and decreased 
ADAMTS-5, MMP-1 expression 

 Abbott et al.  (  2012  )  

 Lactoferricin  Bovine NP cells  Increased PG accumulation and expression of SOX-9, 
aggrecan, TIMP-family genes. Decreased expression of 
MMPs and ADAMTSs in dose-dependent manner 

 Kim et al.  (  2012  )  

 IGF-1, BMP-7, 
IGF-1 + BMP-7 

 Bovine NP cells  Synergistically increased anabolic gene expression, PG 
synthesis, and PG accumulation 

 Kim et al.  (  2010  )  

   TGF- b   transforming growth factor- b ,  IVD  intervertebral disc,  PG  proteoglycan,  NP  nucleus pulposus,  AF  annulus  fi brosus,  IGF-1  insulin-like 
growth factor-1,  3D  three dimensional,  OP-1  osteogenic protein-1,  BMP-2  bone morphogenetic protein-2,  GAG  glycosaminoglycan,  IL-1  interleu-
kin-1,  C-ABC  chondroitinase ABC,  rh  recombinant human,  GDF-5  growth and differentiation factor-5,  SOX-9  sex determining region Y-box 9 
gene,  PRP  platelet-rich plasma,  Ad-TIMP-1  adenoviral vector delivering cDNA of tissue inhibitor of matrix metalloproteinases-1,  Ad-BMP-2  
adenoviral vector delivering cDNA of BMP-2,  MOI  multiplicity of infection,  MMP  matrix metalloproteinase,  IL-1ra  IL-1 receptor antagonist,  ELP  
elastin-like polypeptide,  Tx  treatment,  ADAMTS a d isintegrin  a nd  m etalloproteinase with  t hrombo s pondin motifs,  MAPK  mitogen-activated 
 protein kinase,  iNOS  inducible nitric oxide synthase,  COX-2  cyclooxygenase-2,  TNF  tumor necrosis factor,  mAb  monoclonal antibody,  PDGF  
platelet-derived growth factor,  bFGF  basic  fi broblast growth factor,  ERK  extracellular signal-regulated kinases,  Akt  protein kinases, Dex 
dexamethasone  

Table 25.1 (continued)

   Table 25.2    The in vivo effects of intradiscal injection treatments   

 Agent  Species  Site  Model  Effect  Reference 

 IGF-1  Rat  Tail  Static compression  Clustering of inner annulus cells after single 
injection 

 Walsh et al.  (  2004  )  

 GDF-5  Rat  Tail  Static compression  Clustering of cells, increase in disc height 
(single injection) 

 Walsh et al.  (  2004  )  

 TFG- b   Rat  Tail  Static compression  Proliferation of cells (multiple injections)  Walsh et al.  (  2004  )  

 bFGF  Rat  Tail  Static compression  No response  Walsh et al.  (  2004  )  
 OP-1  Rabbit  Lumbar  None (normal)  Increased disc height and PG content in NP  An et al.  (  2005  )  

(continued)
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    25.3   Model Systems and Outcome 
Measures to Evaluate 
Treatment Ef fi cacy 

 For evaluation of the ef fi cacy of various biologic treatments, 
a number of in vitro and in vivo model systems are routinely 
used. Isolated nucleus pulposus and annulus  fi brosus cells 
from intervertebral discs are seeded in monolayer and treated 
with speci fi c cytokines (e.g., IL-1, TNF- a ) to model degen-
erative conditions. Cells from discs with varying degrees of 
degeneration are also used. In these systems, the ef fi cacy of 
therapeutic agents can be determined at several levels. In 
cells, a decrease in the gene expression of catabolic enzymes, 
such as aggrecanases and proteinases, as well as vascular 
factors and pain-related factors may be assessed using PCR 

techniques. Anabolic genes of interest may include those 
molecules comprising the extracellular matrix, such as col-
lagen and aggrecan, and anabolic regulators, such as TGF- b , 
IGF-1, and growth and differentiation factor-5 (GDF-5). At 
the protein level, the synthesis of collagen and proteoglycans 
can be assessed, using radiolabeled  3 H and  35 S, respectively, 
by determining their incorporation from the media into the 
cells. Other factors can be assessed by enzyme-linked immu-
nosorbent assay (ELISA) or multiplex cytokine assay. 

 Pellets of cells surrounded by three-dimensional extra-
cellular matrices, recovered after alginate culture (Masuda 
et al.  2000  ) , for example, have also been used. The presence 
of the extracellular matrix better mimics the microenviron-
ment of disc cells. In addition to treatments using a mono-
layer  system, pellet cultures may be treated with agents to 

 Agent  Species  Site  Model  Effect  Reference 

 OP-1  Rabbit  Lumbar  C-ABC: co-injection  Increased disc height and PG content in NP  Imai et al.  (  2003  )  
 OP-1  Rabbit  Lumbar  Needle puncture: 

Tx 4 weeks later 
 Increased disc height and PG content in NP and 
AF, improvement of MRI and histology grades 

 Masuda et al.  (  2006  )  

 OP-1  Rabbit  Lumbar  Needle puncture  Increased disc height and viscoelastic properties  Miyamoto et al.  (  2006b  )  
 OP-1  Rabbit  Lumbar  C-ABC: Tx 4 weeks 

later 
 Increased disc height, PG content in NP and AF  Imai et al.  (  2007b  )  

 GDF-5  Rabbit  Lumbar  Needle puncture: 
Tx 4 weeks later 

 Increased disc height, improvement of MRI and 
histology grades 

 Chujo et al.  (  2006  )  

 GDF-5  Rabbit  Lumbar  Thrombin degraded: 
Tx 4 weeks later 

 Increased disc height, improved T1rho and T2 
values. Decreased ADAMTS-4 and ADAMTS-5 
and COX-2 expression 

 Bae et al.  (  2009  )  

 BMP-2  Rabbit  Lumbar  Annular stab 
(5 × 7 mm) 

 More degeneration, vascularity, and  fi broblast  Huang et al.  (  2007  )  

 PRP  Rabbit  Lumbar  Nucleotomy, 
immediate Tx 

 PRP + GHM group had less degeneration and 
increased PG; PRP + PBS group showed no 
differences 

 Nagae et al.  (  2007  )  

 PRP  Rabbit  Lumbar  Nucleotomy, 
immediate Tx 

 PRP + GHM had greater disc height, water content, 
mRNA for PG core protein, and collagen type II; 
fewer apoptotic cells in NP 

 Sawamura et al.  (  2009  )  

 BMP-17  Sheep  Lumbar  Annular stab 
(3 × 6 mm), 
 immediate Tx 

 BMP-17 maintained disc height, MRI and 
histology scores, NP cell density; increased PG and 
collagen synthesis 

 Wei et al.  (  2009  )  

 ADAMTS-5 
siRNA 

 Rabbit  Lumbar  Needle puncture: 
Tx 4 weeks later 

 Improved MRI and histology scores  Seki et al.  (  2009  )  

 8K-NBD 
peptide (NF- k B 
inhibitor) 

 Mouse  Lumbar  Progeroid Ercc1 p65 
KO 

 Restored total NP GAG and PG synthesis  Nasto et al.  (  2012  )  

 allograft MSC 
or JC in  fi brin 

 Minipig  Lumbar  1 cm incision and 
nucleotomy; evaluate 
at 3, 6, 12 months 

 JC Tx: high GAG content at 12 months, rich in 
collagen type II 

 Acosta et al.  (  2011  )  

 Link N protein  Rabbit  Lumbar  Needle puncture: Tx 
4 weeks later 

 Increased aggrecan gene expression and decreased 
proteinase gene expression 

 Mwale et al.  (  2011  )  

   IGF-1  insulin-like growth factor-1,  GDF-5  growth differentiation factor-5,  TGF- b   transforming growth factor- b ,  bFGF  basic  fi broblast growth 
factor,  OP-1  osteogenic protein-1,  PG  proteoglycan,  NP  nucleus pulposus,  C-ABC  chondroitinase ABC,  Tx  treatment,  AF  annulus  fi brosus,  MRI  
magnetic resonance imaging,  ADAMTS a d isintegrin  a nd  m etalloproteinase with  t hrombo s pondin motifs,  COX  cyclooxygenase,  BMP  bone mor-
pho genetic protein,  PRP  platelet-rich plasma,  GHM  gelatin hydrogel microspheres,  PBS  phosphate-buffered saline,  siRNA  small interference 
RNA (siRNA),  8K-NBD  Nemo-binding domain,  NF- k B  nuclear factor kappa-light-chain-enhancer of activated B cells,  Ercc1  excision repair 
cross-complementing rodent repair de fi ciency, complementation group 1,  KO  knock out,  MSC  mesenchymal stem cell,  JC  juvenile chondrocytes, 
 GAG  glycosaminoglycan,  Link N  amino terminal peptide of link protein (DHLSDNYTLDHDRAIH)  

Table 25.2 (continued)
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alter or deplete speci fi c matrix components (e.g., using 
chondroitinase ABC to deplete proteoglycans); this is not 
feasible using monolayer culture. For outcome measure-
ments, the biochemical content of the matrix can be deter-
mined. For example, the dimethylmethylene blue (DMMB) 
assay can be used to assess the proteoglycan content, while 
western blot and PCR can be used to assess protein and gene 
expression levels.  

    25.4   Effect of Growth Factors on 
Intervertebral Disc Cells and Tissues 

 A variety of anabolic growth factors and cytokines alter 
intervertebral disc homeostasis and stimulate extracellular 
matrix synthesis (Masuda et al.  2004  ) . OP-1 (Masuda et al. 
 2003  ) , a member of the BMP family and TGF- b  superfamily 

(Fig.  25.1 ), upregulates proteoglycan metabolism in 
 intervertebral disc cells. OP-1 strongly stimulated the pro-
duction and formation of extracellular matrix by rabbit disc 
cells (Masuda et al.  2003  ) ; similar effects have been noted 
using human intervertebral disc cells (Imai et al.  2007a  ) . 
OP-1 also replenished proteoglycans and collagens after 
depletion of the matrix following exposure of intervertebral 
disc pellets to IL-1 (Takegami et al.  2002  )  or chondroitinase 
ABC (C-ABC) (Takegami et al.  2005  ) . The ef fi cacy of OP-1 
injection has also been evaluated in a number of in vivo ani-
mal models. In adolescent rabbits, an injection of recombi-
nant human OP-1 (rhOP-1), but not the lactose vehicle, 
reversed the reduction in disc height and improved the 
 magnetic resonance imaging (MRI) grade caused by a needle 
puncture of the annulus  fi brosus (Masuda et al.  2006  ) . 
In another rabbit study (Miyamoto et al.  2006b  ) , OP-1 
restored dynamic viscoelastic biomechanical properties, in 
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  Fig. 25.1    TGF- b  signaling pathways. Ligand binds with types I and II 
receptors ( 1 ), which releases FKBP12 ( 2 ) from the GS domain of the 
type I receptor and forms a ligand-receptor complex ( 3 ). The type I 
receptor is phosphorylated by type II receptor ( 4 ). The activated type I 
receptors phosphorylate receptor-regulated SMADs ( rrSMAD ) ( 5 ), 
which associate with SMAD4 ( 6 ) and move into the nucleus ( 7 ). The 
SMAD complex associates with DNA-binding cofactors ( 8 ) along with 

coactivators or corepressors ( 9 ) to activate or repress transcription of 
genes ( 10 ). The activated ligand-receptor complex can begin other non-
canonical pathways ( 11 ), which can affect cofactors ( 12 ), regulate 
cytoskeletal organization and cell adhesion ( 13 ), or inhibit the SMAD 
pathway ( 14 ). In addition, ligand antagonists can sequester ligands 
extracellularly ( 15 )       
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 needle-punctured intervertebral discs (Miyamoto et al. 
 2006b  ) . It was also effective in restoring discs that have been 
chemically degraded with C-ABC, which has been consid-
ered as an alternative to chymopapain for chemonucleolysis 
(Eurell et al.  1990 ; Fry et al.  1991 ; Henderson et al.  1991 ; 
Kato et al.  1992 ; Ando et al.  1995 ; Sugimura et al.  1996 ; 
Takahashi et al.  1996b ; Yamada et al.  2001  ) , in animal mod-
els of disc degeneration such as the rat tail (Norcross et al. 
 2003 ; Hoogendoorn et al.  2007,   2008 ; Boxberger et al.  2008  )  
and goat (Hoogendoorn et al.  2007,   2008  ) . When OP-1 or 
vehicle was injected into rabbit discs degraded with C-ABC 
for 4 weeks, the disc height was initially decreased (~34 %), 
then recovered, and gradually approached the level of the 
control (Imai et al.  2007b  ) .  

 A number of autologous agents have been shown to be 
clinically useful. For example, platelet-rich plasma (PRP) 
contains high levels of multiple growth factors and as such it 
has been used in disc repair in animal studies and in a clinical 
study ongoing in Japan. Moreover, PRP can be easily gener-
ated in the operating room by centrifugal separation of autol-
ogous blood using a point-of-care device. In vitro, 
PRP-stimulated porcine disc cell proliferation and matrix 
synthesis (Akeda et al.  2006  )  and using isolated human disc 
cells provoked the formation of a nucleus pulposus-like tis-
sue (Chen et al.  2006  ) . The ef fi cacy of injecting allograft 
PRP with or without a gelatin hydrogel (which provides slow 
release and mechanical support) was explored using a rabbit 
model of nucleotomy (Nagae et al.  2007  ) . The PRP hydrogel 
was found to markedly suppress further degeneration, com-
pared to PRP alone and a saline control group. A follow-up 
study suggested that the hydrogel microspheres without PRP 
did not have therapeutic value. In contrast, animals treated 
with PRP with microspheres bene fi ted from increased disc 
height, elevated water content, increased expression of pro-
teoglycan core protein and collagen II, and fewer apoptotic 
cells in the nucleus pulposus (Sawamura et al.  2009  ) . In less 
severe models without nucleotomy, PRP (after activation 
with autologous serum and calcium) injection alone has been 
effective for disc repair (Obata et al.  2012  ) . 

 In addition to PRP and OP-1, many other anabolic growth 
factors and cytokines have been investigated. Early studies 
indicated that TGF- b  promoted disc cell proliferation (Gruber 
et al.  1997  )  and stimulated proteoglycan synthesis (Thompson 
et al.  1991 ; Gruber et al.  1997  ) . IGF-1 (Osada et al.  1996 ; 
Pratsinis and Kletsas  2007  )  and platelet-derived growth fac-
tor (PDGF) (Pratsinis and Kletsas  2007  )  also showed a simi-
lar cell-proliferative effect. In addition, PDGF exerted a 
protective, antiapoptotic effect on annulus  fi brosus cells 
induced by serum depletion (Gruber et al.  2000  ) .     

    25.5   Effect of Other Modalities on 
Intervertebral Disc Cells and Tissues 

 Agents other than anabolic growth factors are being 
 considered for repair of the degenerate intervertebral disc. 
In a recent study, ADAMTS-5 expression was silenced using 
siRNA (Seki et al.  2009  ) . In vitro studies, using rabbit 
nucleus pulposus cells, were performed to determine the 
extent of reduction of ADAMTS-5 expression. Then, using 
an annular needle puncture rabbit model, MRI and histologi-
cal analysis were used to assess the ef fi cacy of ADAMTS-5 
siRNA to prevent tissue degradation. After 8 weeks, the 
 control group exhibited a complete loss of nucleus pulposus 
tissue, while the ADAMTS-silenced animals maintained 
disc structure (Seki et al.  2009  ) . 

 IL-1 receptor antagonist (IL-1ra) is another inhibitory 
agent that has been studied. When applied in vitro to 
 degenerated (Le Maitre et al.  2007b  )  and herniated 
(Genevay et al.  2009  )  human disc tissues, IL-1ra reduced 
the expression of MMP-3 (Le Maitre et al.  2007b ; 

  Box 25.1 Platelet-Rich Plasma       
 Platelet-rich plasma (PRP) injection is increasingly 
used as an off-label procedure before resorting to 
orthopedic surgery. PRP contains a mixture of growth 
factors (Weibrich et al.  2002 ; Okuda et al.  2003 ; 
Dugrillon et al.  2002 ; Mazzocca et al.  2012  )  such as 
transforming growth factor (TGF)- b 1 and TGF- b 2, 
vascular endothelial growth factor (VEGF), platelet-
derived growth factor (PDGF), and insulin-like growth 
factor (IGF), which are naturally released from plate-
lets after being activated by calcium or thrombin 
(Tozum and Demiralp  2003 ; Arpornmaeklong et al. 

 2004  ) . Among these growth factors, TGF- b 1 exists in 
the highest concentration (Weibrich et al.  2002  )  and 
may be the core ingredient and the indicator for apply-
ing PRP. These growth factors appear to play an impor-
tant role in wound healing and are assumed to facilitate 
hard and soft tissue regeneration. 

 The ef fi cacy of PRP injection for disc regeneration 
is still being investigated; however, promising results 
such as upregulation of proteoglycan anabolism and 
restoration of disc height have been seen in a number 
of in vitro studies on disc cell (Akeda et al.  2006 ; Chen 
et al.  2006  ) , on explants (Chen et al.  2009  ) , as well as 
in animal models (Nagae et al.  2007 ; Chen et al.  2009 ; 
Obata et al.  2012  ) . PRP is often used in conjunction 
with biomaterials such as gelatin (Nagae et al.  2007  )  
and mesenchymal stem cells (Chen et al.  2006,   2009  ) . 
PRP has been used without activation (Nagae et al. 
 2007  ) ; however, most commercial systems (Castillo 
et al.  2011  )  use PRP releasate. 
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Genevay et al.  2009  ) . In addition, following pretreatment of 
degenerated human nucleus pulposus cells with IL-1ra and 
subsequent treatment with IL-1, there was reduced expres-
sion of ADAMTS-4 and MMP-3 (Shamji et al.  2007  ) . 

 Yet another target for inhibition is TNF- a . In human disc 
cells, the use of soluble TNF receptors along with IL-1ra 
signi fi cantly upregulated proteoglycan synthesis (Kakutani 
et al.  2008  ) , while co-treatment with TNF- a  suppressed 

nitric oxide and IL-6 production (Sinclair et al.  2011  ) . 
Although dominant-negative TNF (DN-TNF) does not acti-
vate TNF receptors, it effectively competes with soluble 
TNF. When applied to human intervertebral disc cells chal-
lenged with IL-1 b  (Pichika et al.  2011  ) , DN-TNF effectively 
reduced the concentration of TNF- a  (Fig.  25.2a, b ), levels of 
MMP-3 in the media (Fig.  25.2c, d ), the expression of intra-
cellular caspase 3 (Fig.  25.2e, f ), and the production of PGE2. 
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  Fig. 25.2    Dominant-negative tumor necrosis factor ( DN-TNF ) effec-
tively antagonizes interleukin-1 b  ( IL-1 b  )-induced catabolic changes in 
human intervertebral disc cells. Human nucleus pulposus ( NP ) and 
annulus  fi brosis ( AF ) cells were isolated from cadaveric intervertebral 
disc ( IVD ) tissues (average of ~60 years old) and cultured in alginate 
beads for 7 days. Cells were serum starved for 1 day and treated for 
2 days in media containing a combination of IL-1 b  and DN-TNF. 

Levels of TNF- a , matrix metalloproteinase-3 ( MMP-3 ), and caspase 3 
released into the media were measured. DN-TNF treatment suppressed 
release of ( a ,  b ) TNF- a , ( c ,  d ) MMP-3, and ( e ,  f ) caspase 3 by both AF 
and NP cells, suggesting DN-TNF may be effective in suppressing cata-
bolic cytokines, matrix-degrading enzymes, and cell apoptosis 
(Modi fi ed from Pichika et al.  (  2011  ) )       
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The use of a monoclonal antibody against TNF- a  suppressed 
the expression and concentration of MMP-3 in explants of 
herniated discs (Genevay et al.  2009  ) . Other TNF-inhibiting 
agents are beginning to be used clinically for analgesic pur-
poses in patients with sciatica (Karppinen et al.  2003 ; 
Genevay et al.  2004 ; Okoro et al.  2010  )  and discogenic pain 
(Tobinick and Britschgi-Davoodifar  2003  ) . Anti-cytokine 
therapeutics include the p38 mitogen-activated protein kinase 
(MAPK) inhibitor, which suppressed MMP-3 and IL-1 
expression (Studer et al.  2008  )  as well as a NF- k B decoy, 
which reduced pain in a rat lumbar disc herniation model 
(Suzuki et al.  2009  ) .  

 Although the exact mechanism is unclear, the use of 
gelatinous biomaterials, alone or in combination with growth 
factors, has shown some ef fi cacy. These materials may work 
by providing immediate load support (Joshi et al.  2005  )  as 
well as a hydrated environment in which host or embedded 
cells can proliferate (Collin et al.  2011  ) . Fibrin glue has been 
used to repair intervertebral discs in a porcine nucleotomy 
model: it suppressed IL-6 and TNF expression and restored 
mechanical properties and the glycosaminoglycan (GAG) 
content (Buser et al.  2009  ) . Hyaluronic acid-cross-linked 
hydrogels have been used in rabbits with less severe annular 
needle punctures and were found to improve disc height 
(Fig.  25.3a ) and T2 MR properties (Bae et al.  2011  )  
(Fig.  25.3a–d ), as well as safranin O staining (Nakashima 
et al.  2009  ) . Mixing the hydrogel with TGF- b  prior to injec-
tion further increased disc height (Fig.  25.3a ) (Bae et al. 
 2011  ) . While little is known about degradation of these 

 biomaterials in vivo and their long-term biologic effects, the 
use of a suitable carrier material may synergize growth factor 
activity.  

 While of limited use for development of injectable thera-
peutic agents, a mechanism for stimulating disc cells anabo-
lism would be of great value for countering the in vivo 
degradation of intervertebral disc tissues. One factor that 
would be expected to impact anabolic events is local oxygen 
tension; in the disc this is low, between 2 and 5 % in vivo 
(Urban  2002 ; Bartels et al.  1998  ) . Low oxygen tension would 
be expected to decrease mitochondrial function and oxida-
tive activity (Bibby et al.  2005  ) . It has been observed that it 
enhanced the anabolic effects of OP-1 (Miyamoto et al. 
 2006a  ) , BMP-7 (Tonomura et al.  2007  ) , and TGF- b 3 (Abe 
et al.  2008  )  by promoting extracellular matrix synthesis by 
bovine nucleus pulposus cells. In addition, in MSCs 
(Stoyanov et al.  2011  )  and notochordal cells (Erwin et al. 
 2009  ) , low oxygen tension has been shown to facilitate dif-
ferentiation and extracellular matrix production. This topic is 
discussed further in Chap.   6    . 

 Low oxygen tension results in lactate accumulation and a 
concomitant decrease in media pH (Pichika et al.  2012  ) . 
Dynamic mechanical stimulation in a physiologic range can 
also stimulate anabolic activities. Thus, applying cycling 
tensile strain to discs resulted in F-actin reorganization and 
an increase in collagen I expression in outer annulus  fi brosus 
cells and an increase of collagen II expression in the nucleus 
pulposus (Li et al.  2011  ) . Rat caudal discs compressed in vivo 
at 1.0 MPa stress and 0.01 Hz frequency exhibited increased 
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  Fig. 25.3    Treatment of intervertebral disc degeneration using 
 injectable hydrogel. Adult (~9 months old) rabbits received annular 
puncture. After 4 weeks, animals were divided into three groups and 
received an injection of either saline, hyaluronic acid-based hydrogel, 
or transforming growth factor  b 3 (TGF b 3) mixed with the hydrogel. 
Lateral plane radiographs were taken biweekly. At week 16, animals 
were sacri fi ced and MRI was performed to determine T2 relaxation 
properties of the discs. ( a ) Disc height index was higher for hydrogel 

samples than saline samples, consistent with ( b ) MRI showing larger 
nucleus pulposus (NP) morphology for the hydrogel samples. ( c ) T2 
property of the NP also showed a trend of being higher for the hydrogel 
group, while ( d ) that of the AF did not show much variation. The addi-
tion of TGF b 3 increased disc height even more (a) but had no effect on 
the T2 property.  ROI  region of interest (Reproduced from Bae et al. 
 (  2011  ) , abstract)       
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expression of anabolic genes (Maclean et al.  2004  ) . For 
 tissue-engineering applications, these techniques may be 
combined with growth factors and scaffold or gel biomateri-
als to help optimize the function of disc tissues (this topic is 
discussed in detail in Chap.   26    ).  

    25.6   Limitations of Injection Therapy 

 While the effects of growth factors on disc cells and tissues 
have been widely studied, questions still remain regarding 
their long-term effects. A major factor in fl uencing ef fi ciency 
is the residence time of an injected protein/compound in the 
disc, which for most agents has not been established. For 
OP-1, while some studies have suggested a short half-life 
(~minutes) (Larson et al.  2006  ) , others, using radiolabeling, 
have noted times longer than 1 month (Pierce et al.  2006  ) . 

This is consistent with a study suggesting that OP-1 binds to 
collagen molecules (Reddi  2000  ) ; a physical interaction 
between the proteins would slow degradation and thereby 
explain the long residence time. There are other confounding 
factors, such as physical characteristics of the intervertebral 
disc tissue, the nature of the carrier or vehicle, as well as the 
injection location and technique. In addition, the duration 
and time course of the anabolic effect resulting from a single 
exposure to a growth factor remain to be established. 

 Many injectable therapies have inherent limitations that 
are dependent on the stage of disc degeneration. Growth fac-
tor injection requires the presence of viable and functional 
cells in the intervertebral disc. In end-stage disc degenera-
tion, very little tissue and cells remain (Gruber and Hanley 
 1998  ) . Even if viable cells are present in the degenerate discs, 
they may exhibit a poor response to the growth factor 
(Le Maitre et al.  2008  ) . For intervertebral disc with very low 
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cellularity, it may be possible to utilize a tissue-engineering 
approach to increase cell number. For example, functional 
cells recovered from herniated tissues could be used or even 
MSCs derived from bone marrow or other tissue sites 
(Nishimura and Mochida  1998 ; Okuma et al.  2000 ; Anderson 
et al.  2005 ; Gruber et al.  2002 ; Ganey et al.  2003  ) . 

 Another consideration is that the level of nutrients in the 
disc may be low (Urban et al.  2004  )  due to vertebral endplate 
sclerosis or cartilage endplate calci fi cation (Bae et al.  2010  ) . 
This region can be visualized using novel imaging techniques 
such as ultrashort time-to-echo MRI (Fig.  25.4 ) (Bae et al. 
 2010,   2012  ) . The perfusion of solutes from the vertebral 
body into intervertebral disc has been assessed indirectly 
using contrast-enhanced MRI in human subjects (Rajasekaran 
et al.  2004,   2008  ) . It remains to be determined if these tech-
niques provide information on the time course of subsequent 
disc degeneration.  

 Lastly, assessment of pain reduction is dif fi cult when 
using a preclinical animal model; this is of critical impor-
tance, as pain is the primary outcome measure for clinical 

trials. One successful attempt to address this issue was an 
indirect experiment using the rat tail compression model. In 
this study, OP-1 was injected into the disc, which was then 
transplanted into the dorsal root ganglion in the same rat 
(Kawakami et al.  2005  ) . It was noted that the animal exhib-
ited less allodynia after OP-1 injection. Other approaches 
include behavioral (Olmarker  2008  )  or gait analysis (Shamji 
et al.  2009  ) . Results of these studies provide preliminary evi-
dence that an injection therapy is effective in reducing pain. 
Moreover, they permit pain generation to be related to 
changes in the biochemical pro fi le of disc tissues following 
treatment.  

     25.7  Conclusion 

 This chapter outlined approaches using injectable therapeu-
tics to enhance biologic repair or regeneration of the inter-
vertebral disc and described methods available to evaluate 
the ef fi cacy of the treatment. Using intervertebral disc cells 

a b  Fig. 25.4    Ultrashort time-
to-echo (UTE) MRI of cartilage 
endplates. Cadaveric human spine 
was imaged using ( a ) a 
conventional spin-echo 
T2-weighted MRI and ( b ) UTE 
MRI.  Square  intervertebral disk, 
 arrows  cartilage endplates, and 
 circle  bone marrow. While the 
region of cartilage endplate is (a) 
invisible in conventional MRI, it 
is shown with high signal 
intensity and contrast in (b) UTE 
MRI. Novel imaging techniques 
such as UTE MRI may be useful 
for evaluation of nutritional 
environment of the disks, as well 
as selection of suitable subjects 
for receiving biological 
therapeutics       
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in vitro and discs in animal models in vivo, there is abundant 
evidence supporting the use and ef fi cacy of treatment using 
growth factors and agents that exert anti-catabolic activity. In 
current preclinical animal studies, outcomes focus mainly on 
structural modi fi cation, and little is known about pain reduc-
tion. More behavioral studies, animal models of pain, and 
other novel methods such as functional MRI may be needed 
to better  understand this important issue. In addition, further 
studies on large animals with intervertebral disc biology sim-
ilar to humans are desired. Ultimately, using agents discussed 
earlier, intradiscal injections offer great potential for treat-
ment of patients with chronic discogenic low back pain. 
Results of clinical trials currently underway will provide 
important initial safety and ef fi cacy information.  

    25.8   Summary of Critical Concepts 
Discussed in the Chapter 

    Intervertebral disc degeneration involves an imbalance • 
between the anabolic and catabolic activities of disc cells 
and a decrease in the number of functional cells.  
  Therapeutic agents that can alter the activities of the inter-• 
vertebral disc cells by direct injections are being actively 
pursued.  
  Therapeutic agents include anabolic growth factors, bio-• 
stimulatory biomaterials, and agents antagonistic to 
matrix-degrading enzymes and cytokines, some of which 
are currently under clinical trials.  
  The ef fi cacy of candidate agents is initially evaluated • 
in vitro using various cell and explant culture models and 
in vivo using preclinical animal models.  
  There is a need for continued development of model sys-• 
tems and evaluation techniques to assess the ef fi cacy and 
safety aspects of injected agents, as well as an understand-
ing of the pathogenesis and progression of degenerative 
disc disease.         
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          26.1   Introduction 

 In an autopsy study, 97 % of individuals 50 years or older had 
histological evidence of intervertebral disc degeneration, a 
disease process that involves the annulus  fi brosus, nucleus 
pulposus, and cartilaginous endplate (Miller et al.  1988  ) . The 
back pain that can develop as a result of this disease has a 
lifetime prevalence of up to 80 % (Manchikanti et al.  2009 ; 
Takatalo et al.  2011,   2012  ) . Approximately 1 in 50 Canadians 
becomes disabled by back pain which is responsible for 40 % 
of all workplace absences (Iron et al.  2004 ; Lee  1994 ; Rapoport 
et al.  2004  ) . Although rarely life threatening, the annual total 
costs in 2002 in the USA as a result of back pain were over 
$100 billion (Asche et al.  2007 ; Dagenais et al.  2008 ; Iron 
et al.  2004 ; Lee  1994  )  (for a detailed discussion, see Chap.   9    ). 
It has been estimated that in the USA alone, there are up to 
four million adults with chronic back pain who have failed 
conservative therapy (Masuda and Lotz  2010  )  and although 
there are a number of surgical options for these individuals, 
they all have limitations (Chou et al.  2009 ; Kishen and Diwan 
 2010 ; Raj  2008  ) . Discectomy which relieves pain (325,000 
operations performed in 2004 in the USA) (2008) does not 
restore disc height or its original load-bearing capacity (Putzier 
et al.  2005  ) . Spinal fusion (375,000 surgeries in 2004 in the 
USA) (2008) is another commonly performed treatment; as 
has been discussed earlier, this is not always successful, often 
leading to pseudoarthrosis and limited  fl exibility (Kishen and 
Diwan  2010 ; Mirza and Deyo  2007  ) . Although controversial, 
some studies suggest that this type of treatment may induce 
degenerative changes in adjacent vertebrae    (Huang et al.  2006 ; 
Javedan and Dickman  1999 ; Kim and Branch  2006 ; Lee et al. 
 2012a,   b ; Schulte et al.  2007  ) . Disc replacement with a motion-
preserving prosthesis, such as partial or total disc replacement, 
is another option (Fekete and Porchet  2010 ; Kishen and Diwan 
 2010 ; Shim et al.  2007 ; So et al.  2007 ; Vernengo et al.  2008  ) . 
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However, there are numerous clinical contraindications to this 
treatment (Fekete and Porchet  2010 ; Shim et al.  2007  ) , and 
these replacements do not fully restore kinematics (Fekete and 
Porchet  2010  ) . This topic is discussed in considerable detail in 
Chap.   14    . As well, disc prostheses can generate wear debris 
(van Ooij et al.  2007  )  and the reaction that this incites has the 
potential to be catastrophic given its location near major ves-
sels and nerves. The long-term exposure to ions, such as cobalt 
and chromium, which can be detected in the serum after disc 
replacement is unknown (Zeh et al.  2009  ) . Given all these 
issues, there has been great interest in developing new thera-
peutic options such as biological approaches for the treatment 
of chronic symptomatic disc disease (Bron et al.  2009 ; Kandel 
et al.  2008 ; Masuda and Lotz  2010 ; O’Halloran and Pandit 
 2007 ; Richardson et al.  2007  ) . Cell-based therapies that regen-
erate the disc avoid the functional impact on the disc and/or 
adjacent tissues as well as the consequences of metal fatigue 
and the reaction to wear debris (Guyer et al.  2011 ; Tumialan 
and Gluf  2011  ) . Importantly the regenerated tissue can remodel 
and respond to load in a way synthetic prostheses or fused 
discs cannot.  

    26.2   What Is the Goal for Cell-Based 
Therapies and Tissue Engineering? 

 The intervertebral disc is a specialized structure consisting of 
interdependent tissues: the annulus  fi brosus which surrounds 
the centrally placed nucleus pulposus and is integrated into the 
cartilage endplate (Hukins  1994 ; Simon  1994  ) . The outer annu-
lus  fi brosus is responsible for withstanding circumferential ten-
sile forces while the nucleus pulposus and inner annulus 
 fi brosus resist compressive forces (Hukins  1994 ; Simon  1994  ) . 
Together these tissues can handle more load than each tissue 
alone, stressing the importance of properly integrated struc-
tures (Bogduk  1997  ) . The intact cartilage endplate is also nec-
essary. This tissue contributes to the maintenance of nucleus 
pulposus cell viability, absorbs the water that extrudes from the 
nucleus pulposus during loading, and prevents protrusion of 
the nucleus into the adjacent vertebral body (Benneker et al. 
 2005 ; Grunhagen et al.  2006 ; Horner and Urban  2001 ; Moore 
 2006 ; Roberts et al.  1996 ; Shirazi-Adl et al.  2010  ) . The impor-
tance of a properly functioning cartilaginous endplate (Miller 
et al.  1988  )  is demonstrated by the fact that animal models of 
disc degeneration are created by damaging the endplate (Cinotti 
et al.  2005 ; Holm et al.  2004  )  or by endplate calci fi cation 
(Gruber et al.  2007 ; Peng et al.  2001 ; Sahlman et al.  2001  ) . A 
recent population study showed that the presence of Schmorl’s 
nodes correlated with disc degeneration and low back pain 
(Takatalo et al.  2011,   2012  ) . The organization of the interverte-
bral disc allows the disc to rotate,  fl ex, and resist tensile and 
shear forces and is critical for proper disc function, especially, 
as the disc under certain conditions has to withstand up to ten 
times body weight. Thus, it would appear that for long-term 

success the goal should be repair and/or replacement of all the 
damaged tissues of the disc.  

    26.3   Intervertebral Disc Composition and 
Architecture: What Will Bioengineered 
Tissues Have to Recapitulate? 

    26.3.1   Annulus Fibrosus 

 While considerable information is provided elsewhere in the 
book concerning the detailed structure of the annulus, it is 
worthwhile reminding the reader that the annulus is a very 
well-engineered tissue and exquisitely adapted to its physio-
logical role. It surrounds the nucleus pulposus and has a  cross -
 ply  laminate structure consisting of between 10 and 25 lamellae, 
each composed of collagen  fi bers oriented parallel to each other 
and about 65° from the vertical (Bron et al.  2009 ; Marchand 
and Ahmed  1990  ) . The direction of the inclination alternates 
with each layer such that the  fi bers in one lamella are 65° to the 
right, while in the next lamella they are 65° to the left, so every 
second lamella has the same orientation. Lamella, which can 
be discontinuous, varies in thickness depending on the location 
in the disc and ranges from 100 to 600  m m (Marchand and 
Ahmed  1990  ) . They have a unique insertion into the vertebral 
body and this differs somewhat between the outer and inner 
annulus (Nosikova et al.  2012  ) . The collagen concentration is 
highest in the outer annulus and gradually decreases with pro-
gression towards the nucleus (Eyre  1979  ) . The outer annulus 
 fi brosus is composed predominately of collagen I with increas-
ing amounts of collagen II present within the inner annulus. It 
also contains elastin both within the lamellae and between 

  Box 26.1 What Is Regenerative Medicine?    
 Tissue engineering (regenerative medicine) is an inter-
disciplinary  fi eld that applies the principles of engi-
neering (materials and biomedical engineering) and 
life sciences (genetics, cell and molecular biology) to 
the development of biological substitutes that can 
restore, maintain, or enhance tissue function that has 
been damaged by congenital abnormalities, disease, 
age, or trauma. It involves any combination of cells, 
materials, biomolecules, and/or mechanics (Langer 
and Vacanti  1993  ) . First recognized as a  fi eld in the 
late 1980s, it has grown to incorporate the advances in 
basic science to enhance biological repair. Tissue-
engineered products being used clinically now include 
skin and bladder and cartilage repair products are in 
clinical trials. Bioengineered tissues have other uses. 
For example, they can be used to investigate the mech-
anisms regulating tissue formation or for preclinical 
drug testing. 
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lamellae (Yu et al.  2002,   2005,   2007  ) , a small amount of pro-
teoglycans of which the most abundant is aggrecan (Inerot and 
Axelsson  1991  )  but others such as decorin, biglycan, versican, 
and  fi bromodulin are also present (Gotz et al.  1997  ) . The pro-
teoglycans have a differential distribution which is opposite to 
that of collagen so that the inner annulus  fi brosus lamellae are 
separated by more proteoglycan-rich matrix than those in the 
outer annulus (Bron et al.  2009  ) . The inner annulus  fi brosus 
merges almost imperceptibly with the nucleus pulposus. The 
difference in composition between the inner and outer aspects 
of the annulus  fi brosus may re fl ect the different functions of 
these regions (Bron et al.  2009 ; Hsieh and Twomey  2010  ) . 
Translamellar bridges are seen in the outer annulus and recent 
work by Elliot et al. suggested that these represent areas of 
blood vessel regression (Melrose et al.  2008 ; Schollum et al. 
 2010 ; Schollum et al.  2009 ; Smith and Elliott  2011  ) . It is not 
known whether they play a role in the biomechanical function-
ing of the disc. The interface of the annulus  fi brosus with the 
vertebral body is complex, as a portion of the collagen  fi bers 
pass through the cartilage endplate into the calci fi ed zone and 
the remainder sweep laterally to merge with the periosteum 
(Nosikova et al.  2012  ) .  

    26.3.2   Nucleus Pulposus 

 Probably the most important tissue to be engineered in the disc 
is the nucleus pulposus. It consists of proteoglycans within a 
loose network of collagen that does not demonstrate the same 
level of organization as the annulus  fi brosus (Bibby et al.  2001 ; 
Chan et al.  2011  ) . Proteoglycans comprise up to 65 % of the 
dry weight of the nucleus. Aggrecan is the major proteoglycan 
and responsible for binding water thereby enabling the nucleus 
to resist compressive loads (Chan et al.  2011  ) . Other proteo-
glycans such as versican, decorin, and  fi bromodulin are also 
present (Melrose et al.  2001 ; Singh et al.  2009 ; Smith et al. 
 2009  ) . The nucleus contains predominately collagen II and 
lesser amounts of collagens III, VI, IX, and XI (Chan et al. 
 2011  ) . The nucleus contains notochordal cells but the latter 
cell type either disappears or its morphology changes with age 
(for a detailed discussion of this topic, see Chaps.   3     and   21    ) 
(Choi et al.  2008 ; McCann et al.  2012 ; Risbud and Shapiro 
 2011 ; Weiler et al.  2010  ) . The notochordal cells likely contrib-
ute to disc function and/or maintenance, but how this is 
achieved is not entirely known at this time (Abbott et al.  2012 ; 
Cappello et al.  2006 ; Risbud et al.  2010  ) .  

    26.3.3   Cartilage Endplate 

 The cartilage endplate is a thin (about 1 mm) layer of hya-
line cartilage, rich in collagen II. It is integrated with the 
vertebral body, nucleus pulposus, and annulus  fi brosus 
(Moore  2006  ) . Like articular cartilage, the plate consists 

predominately of water, proteoglycans, and collagen, but 
differs from that tissue in organization and amounts of these 
molecules (Gruber et al.  2007 ; Moore  2006  ) . Vascular chan-
nels penetrate the cartilaginous endplate (Miller et al.  1988  ) , 
but after growth has ceased, these are obliterated and nutri-
ents and oxygen must diffuse from blood vessels in the ver-
tebral body through the tissue (Benneker et al.  2005 ; 
Rajasekaran et al.  2004  ) . In vitro studies suggest that the 
chondrocytes produce a factor that inhibits TNF a  produc-
tion by nucleus pulposus cells, and thus it may play a role in 
preventing many of the changes that are characteristic of 
aging (and degeneration) (Arana et al.  2010  ) . The multiple 
functions of the cartilage layer in terms of nutrition and oxy-
gen diffusion as well as protection of the nucleus stresses 
the necessity for an intact cartilage endplate when engineer-
ing a substitute tissue.   

    26.4   The Role of Tissue Architecture 
in Disc Function 

 Aside from addressing the needs of the molecular architec-
ture brie fl y described above, the engineered disc will also 
need to replace many if not all of the functional  requirements 
of the spine. As a major component of this functional unit, 
the annulus  fi brosus can be viewed as an anisotropic, non-
linear, viscoelastic tissue (Hsieh and Twomey  2010  ) . As dis-
cussed in detail in Chaps.   2     and   7    , compressive loading 
causes disc narrowing and outward bulging, placing axial 
compressive forces as well as tensile (biaxial) strains along 
the circumference of the annulus  fi brosus (Nerurkar et al. 
 2010a,   b  ) . Part of the compressive force is transmitted by 
the nucleus from one vertebral body to the next, decreasing 
the load borne by the annulus. Sudden increases in compres-
sive stress are propagated through the vertebral column; 
because of interpositions of the intervertebral disc, changes 
in compressive stress are converted into tensile stain towards 
the outer annulus (Markolf and Morris  1974  ) . This region 
experiences tensile strain with some compression in the 
inner aspect; the inner annulus  fi brosus is compressed as it 
resists the circumferential expansion of the nucleus pulpo-
sus. With compression, collagen crimp angles change from 
outer to inner annulus  fi brosus, resulting in both depth-
dependent and linear region stiffness (Holzapfel et al.  2005  ) . 
It has also been suggested that inter-collagen  fi ber shear is 
important in strain redistribution (Desrochers and Duncan 
 2010  )  which may affect nutrient diffusion (Ambard and 
Cherblanc  2009  ) . These biomechanical events are relevant 
to the healthy disc; however, with degeneration of the 
nucleus pulposus, reorientation of the annulus  fi brosus is 
compromised and tensile forces are transferred to the annu-
lus  fi brosus (Adams et al.  1996,   2009 ; Guerin and Elliott 
 2006  ) . Finite element modeling suggests that strains in the 
inner annulus increase with degeneration and that with 
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 progressive disease this strain is transferred to the vertebral 
endplate (Schmidt et al.  2009  ) . Thus, intact and properly 
oriented and interfaced annulus  fi brosus lamellae are neces-
sary for proper responses to loading (Adams et al.  2009 ; 
Guerin and Elliott  2006  ) . Furthermore, it appears that annu-
lus  fi brosus  fi ber tension not only limits axial rotation 
(Krismer et al.  1996  )  but also limits susceptibility to degen-
eration (Lotz et al.  2008  ) . These biomechanical principles 
are critical architectural features to be borne in mind in 
engineering a new intervertebral disc.  

    26.5   Tissue-Engineering Components 

 Diseases that af fl ict articulating joints in the appendicular 
skeleton involve cartilage and in some settings bone. In the 
disc, three tissues, the nucleus pulposus, the annulus  fi brosus, 
and the cartilaginous endplate, are all impacted by the dis-
ease process (Miller et al.  1988  ) . From this perspective, in 
order to achieve proper function, all of these tissues may 
require repair/replacement. Having to recapitulate three tis-
sues, each with very different molecular architecture and 
function adds a level of complexity to successful biological 
disc repair. 

 The strategies for tissue engineering of disc tissues are 
similar to that of other tissues, namely, to use a combination 
of cells, scaffolds, growth factors, and/or mechanical signals. 
The choice is dictated by the tissue(s) under repair. Given 
that the disc is always loaded, the repair/replacement tissue 
will likely experience mechanical forces and signals imme-
diately upon implantation. 

    26.5.1   Cells 

 One of the major issues limiting the clinical application of 
biological disc repair/replacement therapies is the identi fi cation 
of a suitable source of cells. Cells could be obtained from a 
number of tissues, such as the disc itself, cartilage, or bone 
marrow. It is not yet clear whether the cells used for nucleus 
pulposus repair must include notochordal cells. In vitro stud-
ies have shown that notochord cells produce factors, such as 
CTGF, which enhances matrix production by nucleus pulpo-
sus cells (Erwin  2008 ; Purmessur et al.  2011  ) . Some investi-
gations indicate that notochordal cells are critical for the 
maintenance of nucleus tissue (Risbud et al.  2010 ; Risbud and 
Shapiro  2011 ; Shapiro and Risbud  2010  ) . If these cells are 
required, obtaining suf fi cient numbers from any of the sources 
listed above may be problematic, although recent studies in 
our laboratory suggest that under the appropriate culture con-
ditions, notochord cell numbers in nucleus pulposus tissue 
can be increased in vitro (Kandel 2011, unpublished data). 

 Although nucleus pulposus cells would be ideal to use for 
tissue engineering, they are limited in number and would 

have to be expanded in culture to get suf fi cient numbers 
(Gruber et al.  1997 ; Maroudas et al.  1975  ) . In the healthy 
nucleus, the cell density has been reported to be 4,000/mm 2 ; 
however, it may even been even lower since, with age, a pro-
portion of the cells become senescent (Roberts et al.  2006  ) . 
Not only do these cells have a slower proliferative rate, they 
also have an altered phenotype (Le Maitre et al.  2007  ) . A 
suf fi cient number of cells may be obtained from herniated 
disc tissue; this approach may not be straightforward since 
these cells may be dedifferentiated with limited ability to 
regenerate tissue in vitro compared to cells obtained from the 
nucleus pulposus compartment (Hegewald et al.  2011a    ) . 

 For the reasons stated above, it may be necessary to uti-
lize allogeneic or xenogeneic sources; these cells carry the 
risk for immune reaction and disease transmission. If cells 
from the nucleus pulposus are to be used for tissue-engineer-
ing purposes, then genetic problems must be accommodated. 
As discussed in Chap.   10    , polymorphism (Trp2 allele) in the 
COL9A2 gene encoding the alpha2 chain of collagen IX can 
predispose an individual to disc degeneration (Richardson 
and Hoyland  2008 ; Jim et al.  2005  ) . Non-degenerated discs 
from these individuals were found to be mechanically infe-
rior to non-degenerated normal discs (Aladin et al.  2007  ) . 
This  fi nding suggests that the use of genetically altered pri-
mary cells isolated from an otherwise healthy intervertebral 
disc may not be appropriate for regeneration of normal tis-
sue. Use of nucleus pulposus cells also may be limited as 
they have been shown to lose their regenerative capacity with 
age (Kandel et al.  2007  ) . A recent study demonstrated that 
matrix retention by nucleus pulposus cells obtained from 
adolescent cows is impaired and that compared to those 
obtained from younger animals (calves), matrix gene expres-
sion is decreased (Kandel et al.  2007  ) . If similar alterations 
occur in human cells, it may not be appropriate to use nucleus 
pulposus cells from older patients unless conditions are 
identi fi ed that “prime” the cells and encourage reversion to a 
more juvenile geno/phenotype. 

  Box 26.2 Requirements of Cells for Regenerative 

Medicine 

 One of the factors preventing clinical application of 
regenerative medicine is a suitable source of cells to 
generate the tissue. Clearly primary cells are not an 
option. Stem cells will likely be critical to overcome 
this limitation. However, the mechanisms regulating 
differentiation to the appropriate cell types have yet to 
be fully elucidated. Delineation of the conditions to 
accomplish this in vitro is necessary, and factors such 
as the culture conditions, choice of culture media, 
presence of biomolecules, appropriate biomaterial, 
proper oxygenation status, and mechanical stimulation 
are all currently under investigation. 

http://dx.doi.org/10.1007/978-3-7091-1535-0_10
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 Many of the issues limiting the use of differentiated cells 
may be overcome using autologous stem cells. 
Developmentally, the annulus cells are derived from meso-
derm, whereas nucleus pulposus cells are derived from the 
notochord (Chan et al.  2011 ; Choi et al.  2008 ; McCann et al. 
 2012  ) . Thus, these cells could be obtained from a number of 
different tissue types, the most common being bone marrow 
(marrow stromal cells, MSCs) or adipose tissue (adipose-
derived stem cells) (Ahmed et al.  2007 ; Bieback et al.  2008 ; 
Zuk et al.  2002  ) . MSCs have the capability to commit to sev-
eral different lineages including cartilage, bone, or adipose 
tissue in vitro, and it is speculated that they can also give rise 
to disc cells although the evidence for this is limited. 
Generating nucleus pulposus or annulus  fi brosus cells from 
MSCs has been stymied by our lack of knowledge of tissue 
phenotype such as the characteristic molecular pro fi le of 
these cells, a topic considered in detail in Chap.   11    . 

 Despite an ever-increasing number of studies of stem cells 
and cells of the nucleus pulposus, dif fi culties still exist in 
con fi rming that a stem or stromal cell has differentiated along 
the disc lineage. For example, Steck et al. suggested that 
MSCs can adopt a gene expression pro fi le resembling native 
disc cells but the molecules they examined are also present in 
the cartilage (Steck et al.  2005  ) . It has been suggested that 
co-culturing MSC with disc or notochordal cells may be 
another way to effect conversion to a chondrogenic/disco-
genic phenotype (Korecki et al.  2010 ; Le Visage et al.  2006 ; 
Purmessur et al.  2011 ; Richardson et al.  2006 ; Strassburg 
et al.  2010 ; Vadala et al.  2008  ) , possibly via paracrine effects 
or cell-cell interactions (Vadala et al.  2008  ) . Given that MSC 
can differentiate to chondrocytes, ensuring that the MSC 
commit entirely to the nucleus pulposus phenotype has not 
yet been possible. An alternative approach is to use MSC to 
secrete factors that activate and stimulate nucleus pulposus 
cell matrix production and/or accumulation and thus potenti-
ate tissue repair (Doorn et al.  2012 ; Miyamoto et al.  2010 ; 
Strassburg et al.  2010  ) . However, there are further issues 
associated with the use of MSCs: with age they can lose their 
regenerative capability (Choumerianou et al.  2010 ; Erickson 
et al.  2011  ) . Extensive culture and population doublings may 
promote senescence, and cell karyotype and gene expression 
can become altered (Wang et al.  2005 ; Wilson et al.  2010  ) . 
For example, a subpopulation of cells in MSC culture was 
noted to appear morphologically distinct from typical human 
MSCs (Wang et al.  2005  ) . These cells showed a high level of 
telomerase activity compared with typical MSCs and formed 
tumors when transplanted into NOD/SCID mice. 

 Embryonic stem cells (hESC), another potential source 
of cells, are derived from the inner cell mass of the embryo 
(Munoz et al.  2008  ) . ESC can be readily maintained as 
undifferentiated cells under de fi ned conditions, providing 
an unlimited supply of pluripotent stem cells. They are 
capable of differentiating into all three germ layers of the 
embryo and hence all cell types of the human body. While 

developing new approaches to use hESC as a source of 
chondrocytes is an area of intense investigation, little work 
has been done in this regard with disc cells. To date, deriv-
ing chondrocytes from embryonic stem cells that can form 
articular cartilage tissue has not been fully accomplished, 
suggesting that identifying conditions that induce differen-
tiation of hESC to disc cells in cell culture is a long way off. 
Interestingly, in one study mouse ESC were differentiated 
in vitro to chondrocyte-type cells; these cells transdifferen-
tiated to notochord cells following implantation into rabbit 
discs (Sheikh et al.  2009  ) . These results suggest that ESC 
may be a source of notochordal cells, but this topic requires 
further study. Another issue associated with the use of ESC 
cells is that they can give rise to teratomas – an unacceptable 
complication for a treatment of a benign disease (Schriebl 
et al.  2012  ) . To circumvent this problem, it will be necessary 
to ensure that there are no residual hESCs after induction of 
differentiation (Schriebl et al.  2012  ) . Consideration will 
also have to be given to the ethical concerns related to the 
collection of these cells which could limit their application 
clinically. 

 Inducible progenitor cells (iPSC) hold much promise for 
disc repair and obviate the ethical issues related to the use of 
embryonic stem cells. iPSC can be generated by the transfec-
tion of the four transcription factors Oct3/4, Sox2, c-Myc, 
and Klf4 (Yamanaka factors) into somatic cells such as 
human  fi broblasts (Maherali et al.  2008 ; Takahashi et al. 
 2007 ; Takahashi and Yamanaka  2006  ) . The transduced cells 
return to an undifferentiated, pluripotent state and resemble 
ES cells (Takahashi et al.  2007  ) . A new technology using 
virus-independent, transposon-mediated reprogramming of 
somatic cells into iPS cells has recently been developed 
(Woltjen et al.  2009  ) , eliminating one of the potential con-
traindications to the clinical use of these cells. Successful 
differentiation into cell types such as chondrocytes and mel-
anocytes suggests that iPSC have the potential to be an 
appropriate cell source for tissue engineering of the disc 
(Wei et al.  2012 ; Yang et al.  2011  ) . However, recent studies 
have identi fi ed genetic and methylation changes in iPSCs 
and issues related to immunogenicity, all of which raise 
questions as to their suitability for tissue engineering 
(Barrilleaux and Knoep fl er  2011 ; Lister et al.  2011 ; Zhao 
et al.  2011  ) . Clearly, there is much work to be done before 
these cells can be used in clinical trials (Nakagawa et al. 
 2008 ; Yamanaka  2007  ) . 

 Chondrocytes are another source of cells to use for nucleus 
pulposus repair. A study by Acosta et al.  (  2011  )  showed that 
juvenile chondrocytes formed cartilage tissue when implanted 
into porcine discs whereas MSC did not. However, the 
ef fi cacy of these cells in the long term is not known. As there 
is increasing evidence that nucleus pulposus cells are differ-
ent than chondrocytes, even though they produce many of 
the same molecules, perhaps they should not be used for 
nucleus repair (Mwale et al.  2004  ) . 

http://dx.doi.org/10.1007/978-3-7091-1535-0_11
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 There has been little investigation into which cells are suit-
able to use for annulus  fi brosus repair. MSC would seem to be 
an appropriate source of cells as the annulus  fi brosus develop-
mentally arises from the mesoderm. Annulus cells themselves 
could be used as when grown in monolayer culture, annulus 
cells maintain their phenotype for up to two passages (Chou 
et al.  2006  ) . These cells would either have to be obtained 
from allogeneic or xenogeneic tissues similar to nucleus pul-
posus cells unless the entire disc is being replaced. 

 Another potential problem with growing the cells in vitro 
prior to implantation is their contact with animal products 
such as fetal calf serum (Tekkatte et al.  2011  ) . Bovine pro-
teins incorporated into the cell membrane could induce an 
immune response. There is also the risk of infection follow-
ing implantation (Harrison et al.  2000  ) . Interest in develop-
ing alternatives to animal serum to avoid these problems, 
such as growing cells in autologous serum (Harrison et al. 
 2000 ; Lange et al.  2007 ; Shahdadfar et al.  2005 ; Tekkatte 
et al.  2011  )  or human platelet plasma, is being investigated 
(Bieback et al.  2009 ; Schallmoser et al.  2007  ) .  

    26.5.2   Scaffolds 

 For disc tissue engineering, roles for scaffolds include reten-
tion of cells in a desired location, provision of mechanical 
properties (suf fi cient for weight bearing while tissue is grow-
ing and maturing), and/or delivery of biochemical cues to the 
tissue as it is developing or to guide tissue ingrowth (Ikada 
 2006  ) . Scaffold requirements are such that the material must 
be biocompatible and biodegradable at a rate that mirrors tis-
sue regeneration. For the nucleus pulposus, a liquid-based 
scaffold would likely be preferable, whereas for the annulus 
 fi brosus, a  fi ber-type scaffold would be better. The choice of 
scaffold is critical as it can affect the tissue that develops. 
Scaffold  fi ber diameter and stiffness have been shown to 
in fl uence cell phenotype, function, proliferation, and orien-
tation (Hadjipanayi et al.  2009 ; Hsia et al.  2011 ; 
Saino et al.  2011  ) . These responses could be utilized in the 
design of disc scaffolds that enhance cell differentiation. 

 Adhesion molecules used to coat the scaffolds can also 
affect cell function (Attia et al.  2010  ) . For example, as shown 
by Attia et al.  (  2010  ) , polyurethane scaffolds coated with 
 fi bronectin result in an annulus  fi brosus-like structure, cells 
that are aligned and elongated similar to native tissue, and 
importantly the newly synthesized collagen is also properly 
oriented parallel to the cell. In contrast if the scaffold is 
coated with collagen I, the cells assume a polygonal shape 
and collagen production is delayed and poorly oriented. In 
addition, the scaffold can in fl uence the recipient tissue reac-
tion after implantation. For example, breakdown products 
could induce  fi brosis or lower the local pH; this is seen when 
polylactic/glycolic acid scaffolds degrade and release acid 

which negatively affects cell matrix synthesis (Razaq et al. 
 2003  ) . One way to overcome some of the problems linked to 
cell source is to functionalize acellular scaffolds with biomol-
ecules or genes. For example, in a study of intervertebral disc 
degeneration in rabbits, injection of platelet-rich plasma 
(containing growth factors) encapsulated in gelatin micro-
spheres into the nucleus pulposus slowed down the disease 
process compared to untreated animals (Nagae et al.  2007  ) .  

    26.5.3   Growth Factors 

 The role of growth factors in maintaining the disc phenotype 
during cell expansion in vitro and for tissue formation has not 
been studied extensively. Several studies have shown that 
growth factors, for example, OP-1 (BMP-7) (Masuda and 
Lotz  2010  ) , enhance matrix production by nucleus pulposus 
and annulus  fi brosus cells. Treatment of MSCs with growth 
factors may in fl uence differentiation: one example is TGF b 3 
treatment of MSCs maintained on a photo-cross-linked car-
boxymethyl cellulose hydrogel scaffold (Gupta et al.  2011  ) . 
Whether the treated cells commit to a nucleus pulposus cell 
lineage or chondrocyte phenotype has yet to be determined.    It 
has been shown that treatment with a growth factor, such as 
GDF5, or transduction with growth factor genes can enhance 
disc repair in vivo. These results lend strong support to the 
notion that growth factors have a major role to play in biologi-
cal repair (Masuda  2008 ; Zhang et al.  2008  ) . Further discus-
sion of this topic is presented in Chaps.   23    ,   24    , and   25    .   

    26.6   Tissue-Engineering Approaches 

    26.6.1   Nucleus Pulposus Tissue Engineering 

 Repair of the nucleus pulposus by tissue engineering has 
received more attention than the annulus  fi brosus for two 
reasons: the nucleus is a relatively less complex tissue and 
early disc degeneration can occur in the nucleus before being 
evident in the annulus. A number of different approaches 
have been taken to engineer the nucleus pulposus such as 
injections of cells (nucleus pulposus cells, chondrocytes, or 
mesenchymal stromal cells or stem cells) alone or in a scaf-
fold or implantation of nucleus pulposus tissue formed 
in vitro prior to implantation. 

    26.6.1.1   Cell Therapy 
 A strategy for early disease repair is to inject cells into the disc 
at a time when only the nucleus pulposus is damaged and the 
annulus  fi brosus and cartilaginous endplate (Miller et al.  1988  )  
are intact. The implanted cells are postulated to work by one 
of two ways: either by synthesizing matrix or stimulating the 
endogenous remaining nucleus pulposus cells to synthesize 
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matrix. There is increasing evidence that cell therapy for 
nucleus pulposus repair may be an appropriate approach. 
Injection of autologous nucleus pulposus cells or stem cells 
into the disc has been shown to delay degeneration in both small 
and large (dog and monkey) animal models (Allon et al.  2010 ; 
Crevensten et al.  2004 ; Ganey et al.  2003 ; Gruber et al.  2002 ; 
Hiyama et al.  2008 ; Meisel et al.  2007 ; Okuma et al.  2000 ; 
Sakai et al.  2005 ; Sheikh et al.  2009 ; Sobajima et al.  2008  ) . In 
a rat study, the injection of a pellet of both nucleus pulposus 
cells and MSC was shown to preserve disc height, suggesting 
that the use of both cell types maybe advantageous (Allon 
et al.  2010  ) . The duration of these individual studies was vari-
able; the longest was a dog study in which the implant was 
assessed at 1 year (Ganey et al.  2003  ) . Although the cells used 
in these trials were for the most part autologous, there were at 
least two studies that used allogeneic or xenogeneic cells. One 
was a rat study in which allogeneic MSC were used to repair 
the disc. There was no evidence of an immune reaction at 1 
month, raising the possibility that the disc does provide an 
“immunoprivileged” environment and that it may be possible 
to use allogeneic or xenogeneic cells in this setting (Crevensten 
et al.  2004  ) . In keeping with this premise, mouse ESC which 
were partially differentiated in vitro to chondrocytes were 
injected into rabbit degenerated discs: at 8 weeks no immune 
reaction was observed (Sheikh et al.  2009  ) . Cell labeling stud-
ies con fi rmed that the injected cells remained in the disc. Since 
both of these studies were short term, longer-term studies are 
required. 

 Human cell therapy studies are ongoing.    In one clinical 
trial cervical discs were injected with nucleus pulposus cells 
harvested from herniated disc tissue. While the 2-year results 
were promising (Hohaus et al.  2008  ) , the longer-term out-
come has yet to be reported. More recently, a pilot study was 
performed in which ten patients received intra-discal injec-
tions of MSCs; there was signi fi cant pain relief by 3 months 
and at 12 months there was increased water content in the 
disc even though disc height was not fully restored (Orozco 
et al.  2011  ) . 

 Another approach to cellular repair is to inject MSC, not 
into the disc, but intravascularly (Alini M, personal commu-
nication 2012   ). It is expected that the cells would then home 
to the disc obviating the need for a delivery system or annu-
lus  fi brosus needle puncture, which has been shown in ani-
mals to alter disc mechanics and in humans to possibly 
promote disc degeneration (Carragee et al.  2009 ; Iatridis 
et al.  2009 ; Michalek et al.  2010 ; Zhang et al.  2009  ) . 
Validation of this approach is lacking at this time, but an 
in vitro study showing that MSC can migrate into the disc is 
promising (Illien-Junger et al.  2012  ) .  

    26.6.1.2   Cell-Seeded Scaffolds 
 A large number of scaffolds have been developed for nucleus 
pulposus repair and an overview of these have been  published 

(see reviews) (O’Halloran and Pandit  2007 ; Yang and Li 
 2009  ) . In summary, most have been shown to support cell 
growth and, in some cases, tissue formation. Agarose and 
alginate have been utilized, but the inability of agarose to 
degrade and the impurities in alginate may limit clinical 
application (Bron et al.  2011 ; Chou and Nicoll  2009  ) . Other 
examples of scaffolds that have been developed for this pur-
pose include collagen I, atelocollagen type II, collagen II 
enriched with hyaluronan and cross-linked with polyethyl-
ene glycol (4S-StarPEG), polylactic acid, combined thiol-
modi fi ed hyaluronan and elastin-like polypeptide, 
chitosan-glycerophosphate, and collagen II/hyaluronan/chon-
droitin-6-sulfate copolymer sponge which have been seeded 
with either nucleus pulposus or MSC cells (Bowles et al.  2010 ; 
Collin et al.  2011 ; Halloran et al.  2008 ; Hegewald et al. 
 2011b ; Huang et al.  2011 ; Lee et al.  2012a ; Nettles et al. 
 2010 ; Richardson et al.  2008 ; Sakai et al.  2005  ) . Some of 
these constructs have been evaluated in animal models. For 
example, nucleus pulposus cells seeded into collagen type II/
hyaluronan/chondroitin-6-sulfate copolymer sponge were 
grown in culture for 1 week and then implanted into rabbit 
lumbar discs immediately after nucleotomy. At 6 months, the 
disc height was greater in rabbits that received the cell-seeded 
scaffold compared to scaffold alone; comparison to the nor-
mal unoperated disc was not provided. The implanted cells 
were present and there was evidence of tissue formation 
(Huang et al.  2011  ) . However, as rabbit nucleus pulposus 
cells are predominately notochordal, the relevance of this 
study to humans is not clear. In another study, MSC were 
seeded into type I atelocollagen and implanted into rabbit 
discs 2 weeks after nucleus pulposus tissue aspiration. There 
was evidence of disc repair as the proteoglycan content 
returned to 83 % of normal. Cells were shown to be neces-
sary as the scaffold alone resulted in only 13 % of the proteo-
glycan content of the native disc (Sakai et al.  2005  ) . Studies 
in larger animals have not been performed. There has been 
increasing interest in hydrogels as they are injectable, able to 
swell and retain water, and thus withstand loading (Pereira 
et al.  2013  ) . The plethora of scaffolds that have been gener-
ated would suggest that the ideal scaffold has yet to be 
identi fi ed.  

    26.6.1.3   Tissue Formation In Vitro 
 Nucleus pulposus tissue can be formed in the presence or 
absence of a scaffold in vitro prior to implantation. Supporting 
this approach, a study in rabbits showed that implantation of 
nucleus pulposus tissue was more effective in delaying disc 
degeneration than isolated cells (Nomura et al.  2001  ) . There 
are several advantages to developing tissue prior to implanta-
tion. As the disc is always loaded in vivo, a formed tissue 
that is able to withstand some degree of loading after implan-
tation is an obvious advantage. In addition, the tissue does 
not have to form in a harsh environment, e.g., presence of 
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proin fl ammatory cytokines. Furthermore, this approach 
facilitates formation of more than one tissue type. For exam-
ple, the authors have developed an in vitro system to form a 
portion of the intervertebral disc consisting of nucleus pulpo-
sus tissue adherent to a subjacent layer of cartilaginous tissue 
(representing the endplate), thus recreating the inner disc tis-
sue (Hamilton et al.  2006  ) .   

    26.6.2   Annulus Fibrosus Tissue Engineering 

 The annulus  fi brosus experiences complex loading patterns, 
for example, under compression on the side of applied bend-
ing, there is both tensile radial and compressive axial strain, 
whereas the opposite side undergoes tensile axial strains 
(O’Connell et al.  2011  ) . As the annulus  fi brosus experiences 
residual strain even when unloaded (Michalek et al.  2012  ) , it 

is not surprising that by midlife, about 50 % of individuals 
have annular tears (Videman and Nurminen  2004  ) . However, 
the healing potential is limited and it is usually replaced by a 
 fi brous tissue which is biomechanically inferior and hernia-
tion of the implant is not uncommon. Thus, once damaged, in 
order to restore its complex architecture, the annulus  fi brosus 
requires repair and more likely replacement (Bron et al. 
 2009  ) . Moreover, given the complex loading patterns of the 
annulus  fi brosus, it is critical that the replacement tissue is 
engineered to closely match the original. Relevant to this 
issue, the inability of the annulus  fi brosus to regenerate also 
in fl uences the type of nucleus replacements that can be used. 

    26.6.2.1   Cell Therapy 
 Given the complexities of the engineered architecture of the 
annulus  fi brosus and the continual strains it experiences, cell 
therapies are not suitable to use to repair this tissue.  
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  Fig. 26.1    Annulus  fi brosus tissue engineering. ( a ) Appearance of 
electrospun nano fi brous scaffold grossly and by scanning electron 
microscopy. Bovine annulus  fi brosus ( AF ) visualized by scanning 

 electron microscopy shown as control. ( b ,  c ) Histological appearance of 
AF cell-seeded multilayer scaffold with AF tissue rich in collagen 
( C    trichrome stain,  S  scaffold)       
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    26.6.2.2   Cell-Seeded Scaffolds 
 A number of biological and synthetic scaffolds have been 
shown to support annulus  fi brosus cell attachment and 
 subsequent synthesis of extracellular matrix (Chang et al.  2007 ; 
Chou et al.  2008 ; Gruber et al.  2004 ; Helen and Gough  2008 ; 
Saad and Spector  2004 ; Shao and Hunter  2007 ; Yang et al. 
 2009  ) . Contraction of a rat tail collagen solution around a poly-
ethylene disc resulted in aligned collagen that supported growth 
of oriented annulus cells (Bowles et al.  2010  ) . However, given 
the need to form multi-ply tissues with alternating angle of ori-
entation (angle-ply multi-lamellated tissues), electrospinning 
has been gaining interest as a way to generate scaffolds suitable 
for the formation of annulus  fi brosus tissue. Electrospun 
nano fi brous scaffolds can be generated on continually rotating 
circular mandrels, so they are aligned and resemble the scale of 
native  fi brillar collagen, the major component of the annulus 
 fi brosus matrix (see Fig.  26.1 ). Several studies have shown that 
annulus  fi brosus cells will align on these scaffolds and produce 
a properly oriented matrix (Koepsell et al.  2011 ; Nerurkar et al. 
 2009 ; Vadala et al.  2012  ) . A variety of biomaterials can be elec-
trospun including  polyurethane, polycaprolactone, poly( l - 
lactide), and poly- e -caprolactone. As shown by Nerurkar et al., 
these cell-seeded scaffolds can form multi-lamellated struc-
tures and will be discussed further below (Nerurkar et al.  2009, 
  2010a  ) . How to develop annulus  fi brosus tissue with inner and 
outer zones has yet to be determined.     

    26.7   Engineering the Cartilage Endplate 

 The cartilage endplate is critical to disc function and yet it has 
not been intensively studied. A recent study by Broom et al. 
demonstrated some of the features of collagen organization in 
this tissue (Wade et al.  2012  ) . The authors have developed an 
in vitro system to form a layer of cartilaginous tissue (repre-
senting the cartilaginous endplate) which is integrated into the 
top surface of a biodegradable porous bone substitute material 
(calcium polyphosphate) (Waldman et al.  2002  ) . The intent of 
the bone substitute is to allow for  fi xation of the construct into 
the vertebral body, an approach that has been used success-
fully in cartilage implant studies (Kandel et al.  2006  ) . 
Generating nucleus pulposus tissue on this layer of cartilage, 
a composite structure is generated that exhibits enhanced 
interfacial shear strength to the bone substitute compared to 
nucleus pulposus tissue only (Hamilton et al.  2006  ) .  

    26.8   Engineering the Intervertebral Disc 

 Although cell therapy studies have provided promising evi-
dence in support of this approach in restoring disc function, 
the cellular and architectural aspects of the repair tissue 
formed have not been clari fi ed. Moreover, it is likely that 
transplantation of tissue rather than cells may be a better 

approach. A study in rabbits demonstrated that insertion of 
nucleus pulposus tissue was more effective than nucleus pul-
posus cells in delaying disease (Nomura et al.  2001  ) . 
However, implantation of cells alone, or even nucleus pulpo-
sus tissue, cannot reverse changes such as cartilaginous end-
plate calci fi cation, which may be the cause of the disease 
process, nor will it be able to restore structural functionality 
when all three tissues are degenerated. In these settings the 
optimal approach would be to replace the entire disc. 

 Intervertebral disc and vertebral body graft transplants 
have been used successfully in animal models (Frick et al. 
 1994 ; Luk et al.  1997 ; Olson et al.  1991  )  and more recently in 
humans (Ruan et al.  2007  )  and serve as proof of concept for 
biological disc replacement. Autografts are not an option in 
humans, and the use of allografts is limited by tissue avail-
ability – they also generate their own problems, such as their 
ability to transmit disease. Hence, research groups have been 
developing methods to create a functional spinal unit using 
tissue-engineering principles. Mizuno et al. generated the  fi rst 
model of an intervertebral disc using nude mice as the biore-
actor. They formed a disclike structure by generating a mesh 
of polyglycolic/polylactic acid polymers seeded with annulus 
 fi brosus cells which was placed around an alginate hydrogel 
seeded with nucleus pulposus cells (Mizuno et al.  2006  ) . This 
composite formed tissue only when grown subcutaneously in 
athymic mice. After 16 weeks, the biochemical properties 
approximated the mouse disc but the mechanical properties 
(Young’s modulae) were inferior (Mizuno et al.  2006  ) . 

 Since the inability to form tissues in vitro limited fur-
ther study, Bowles et al. developed another model which 
uses collagen gels, rather than a synthetic polymer, to 
mimic the circumferential alignment of the annulus  fi brosus 

  Box 26.3 Tissue Engineering of Articular Cartilage 

 Articular cartilage is very different than the interverte-
bral disc, as it is a simpler organ in that it is composed 
of only one tissue containing a small number of chon-
drocytes surrounded by a large amount of extracellular 
matrix rich in proteoglycans, collagen, and water. 
Although similar in some ways to the nucleus pulpo-
sus, the cells of these two tissues are very different and 
they can respond differently to stimuli. Tissue engi-
neering of articular cartilage is further advanced than 
the disc, and the principles can be translated to engi-
neering a functional endplate cartilage. However, both 
cartilage and disc tissue engineering have the same 
issue which is the recreation of the soft tissue to hard 
tissue (bone) interface. It is not yet clear whether this 
integration should be developed prior to implantation 
or whether it can be induced to develop in vivo, but it 
is a necessary goal if tissue-engineering approaches 
are to be successful. 
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(Bowles et al.  2011  ) . In this construct, annulus-seeded col-
lagen surrounded a nucleus pulposus-seeded alginate plug. 
The cells used in this study were xenogeneic as they were 
obtained from sheep. Although this construct did not mimic 
the cross-ply alignment of the native annulus  fi brosus, when 
implanted into rat caudal spines, there was integration with 
adjacent vertebral bodies, and disc height was restored. There 
was evidence of tissue formation while the modulus indi-
cated that load-bearing properties were maintained. 
Interestingly, there was less energy dissipation which may be 
important for prevention of adjacent disc disease (Bowles 
et al.  2011  ) . Although it could be argued that the implant was 
small and would not be subjected to the loads or nutritional 
demands of human discs, the study demonstrates that a bio-
logical disc replacement can integrate. To evaluate biological 
functionality and potential for use in a clinical setting, assess-
ment in a large animal will be necessary. 

 A number of other groups have also generated biological 
discs in vitro, although these are yet to be evaluated in vivo. 
Mauck and Elliot have generated a composite disclike struc-
ture of cross-ply poly- e -caprolactone aligned scaffolds cul-
tured with mesenchymal stromal cells wrapped around an 
agarose plug containing MSCs (Nerurkar et al.  2010a  ) . There 
was tissue formation after 6 weeks of culture which showed 
some resemblance to the native intervertebral disc. A con-
struct measuring 8 mm, inner diameter of 3.5 mm, and a 
height of 3 mm using annulus  fi brosus cell-seeded  fi brous 

silk scaffolds surrounding a chondrocyte-seeded porous 
 fi brin-hyaluronan hydrogel was engineered by Park et al. 
 (  2012  ) . Likewise, Lazebnik et al.  (  2011  )  generated a disclike 
composite by electrospinning circumferentially orientated 
polycaprolactone  fi bers (an annulus  fi brosus analog), seed-
ing it with porcine chondrocytes which had been passaged 
three times and then gelling a chondrocyte ( fi rst passage 
cells)-agarose solution in the center (nucleus pulposus ana-
log). Cells were present and remained viable in this con-
struct, but no further characterization was performed. An 
electrospun poly( l -lactic acid) (PLLA) nano fi brous scaffold 
seeded with MSC was injected into the center of a MSC-
containing slurry of hyaluronan to generate a composite 
structure. Nesti et al.  (  2008  )  showed that at 28 days, cells 
were embedded in a matrix rich in proteoglycans. The 
authors’ group has taken a somewhat different approach to 
generating a disc. An annulus  fi brosus cell-seeded aligned 
multi-lamellated polyurethane nano fi brous scaffold was 
wrapped around scaffold-free nucleus pulposus tissue which 
is integrated to the top surface of a porous bone substitute 
(see Fig.  26.2 ). The bone substitute will allow for  fi xation of 
the construct into the vertebral body by bone ingrowth into 
the pores. In aggregate, although these studies suggest that it 
will be possible to engineer biological disc replacements, 
further investigations are still required to generate an 
 intervertebral disc that mimics the native tissue and is shown 
to be functional in a large animal model.   
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  Fig. 26.2    Tissue-engineered 
intervertebral disc tissue. ( a ) 
Appearance of nucleus pulposus 
tissue on bone substitute. ( b ) 
Appearance of intervertebral disc 
model composed of nucleus 
pulposus surrounded by annulus 
 fi brosus       
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    26.9   Additional Challenges for Tissue 
Engineering a Functional 
Intervertebral Disc 

 A number of questions related to tissue engineering an inter-
vertebral disc still need to be answered. Firstly, since the 
annulus  fi brosus is composed of an inner and outer zone, 
will it be necessary to recapitulate both zones or will they 
form spontaneously in vivo? Attempts to address this are 
ongoing. For example, Wan et al.  (  2008  )  has developed a 
biphasic construct. The outer phase of the construct was a 
ring-shaped demineralized bone matrix gelatin scaffold 
extracted from cortical bone (rich in collagen I to mimic the 
outer annulus  fi brosus) and an inner phase composed of 
poly(polycaprolactone triol malate) orientated in concentric 
sheets and seeded with chondrocytes to recapitulate the 
inner aspect of the annulus  fi brosus (contains collagen II 
and proteoglycans). This in vitro study demonstrated that 
the cells on these scaffolds remain viable; no further charac-
terization was performed. 

 Secondly, it is not known if the tissue-engineered disc tis-
sue will exhibit the minimal mechanical properties necessary 
for survival following implantation. We have some rudimen-
tary appreciation of the requirements for mature tissue, but 
little about the implanted tissue. Yao et al.  (  2006  )  predicted, 

using  fi nite element modeling, that the nucleus pulposus 
should have a Young’s modulus of between 5 and 10 MPa 
and be able to withstand compressive stress in excess of 
1.67 MPa. It has been suggested that the annulus  fi brosus 
should be able to withstand strains of up to 15 % (Bass et al. 
 2004  ) . Cortes and Elliott  (  2012  )  demonstrated that the inter-
lamellar tissue has an aggregate modulus of 10.2 ± 3.3 kPa; 
although nonlinearity was detected for compression less than 
0.8. The contribution of the interlamellar tissue (de fi ned as 
extra fi brillary matrix) to the total aggregate modulus of the 
annulus  fi brosus decreased from 70 to 30 % for an applied 
compression of 50 % of the initial thickness. These data pro-
vide baseline information about what is desired from mature 
disc tissue. 

 Thirdly, it is not known at what rate the regenerating tis-
sues will acquire the desired native mechanical properties. In 
a previous study, we demonstrated that in vitro-formed carti-
lage implanted into a focal articular joint defect in sheep 
with a compressive equilibrium modulus 1 % of native tissue 
survive showed a 30-fold improvement in mechanical prop-
erties by 9 months (Kandel et al.  2006  ) . This raises the pos-
sibility that in vitro-formed disc tissue will remodel similarly 
in response to the mechanical environment into which it is 
placed as is seen in the maturation and growth of native disc 
tissue that occurs with aging (Fig.  26.3 ).  
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  Fig. 26.3    Histological appearance of annulus  fi brosus tissue in fetus and adult showing tissue growth with age (H&E stain)       
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 Fourthly, the required strengths of the interlamellar inter-
faces and the nucleus pulposus-annulus  fi brosus interface 
need to be determined; information that is critical for 
de fi ning design parameters for tissues that will function 
in vivo. 

 Fifthly, the effect of the environment into which the disc 
will be placed has yet to be considered (Smith et al.  2011  ) . 
It is likely that this will be unfavorable particularly if the 
disease process is long standing and the sclerotic osseous 
endplate is not replaced. Time to vascularization of the 
implant and nutrient diffusion are also unknown factors. 
Finally, clinical issues such as which individuals should 
receive an implant and how should these discs be implanted 
and the subsequent rehabilitation protocol need to be 
determined.  

    26.10   Summary of Critical Concepts Discussed 
in the Chapter 

    No consensus exists as to which approach is optimal to • 
treat symptomatic disc degeneration: implantation of 
cells, tissues, or an entire disc.  
  The biological repair treatment paradigm will likely be per-• 
sonalized to the individual and in fl uenced by extent of dis-
ease. For example, early symptomatic degeneration, 
characterized by pathogenic changes in the nucleus pulposus, 
may be better treated with cells alone, especially if a delivery 
method other than injection (needle puncture) is developed. 
However, when the disease affects the nucleus pulposus and 
annulus  fi brosus, the entire disc may have to be replaced.  
  Concomitant with the development of tissue-engineering • 
approaches to biological repair, it will also be necessary 
to delineate the mechanism(s) leading to back pain so that 
the right patients are selected for treatment to ensure that 
biological treatment will be effective in ameliorating 
symptomatology.  
  It will be necessary to determine how to best facilitate • 
biological repair/replacement and what is the optimal 
posttreatment rehabilitation protocol.                  
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